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Ensuring the reliability and safety of buildings and structures largely depends on a proper understanding of nature and
quantitative description and rationing of loads on building structures, including snow loads. Analysis of the evolution of
domestic snow load codes together with their statistical substantiation is an urgent task. The article contains a systematic review
of codes and publications on the problem of snow load over the 80-year period from the 40s of the twentieth century to the
present. The main attention is paid to the tendencies analysis of designing codes development concerning changes of territorial
zoning and design coefficients, the appointment of normative and design values of snow load, and involvement in it of
experimental statistical data. There is a high scientific level of domestic code DBN B.1.2-2006 "Loads and effects", which
have a modern probabilistic basis and are associated with the codes of Eurocode. Scientific results that can be included in
subsequent editions of snow load standards are highlighted.

Keywords: snow observations, snow load, territorial zoning, normative load, design load

Po3BUTOK iMOBIPHICHUX 3aca/]] HOPMYBAHHS
CHIrOBOI0 HABAHTAKEHHS HA OyAiBeJbHI KOHCTPYKIII
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3abe3neyeHHs HaIIHHOCTI Ta Ge3aBapiitHOCTI OyAiBelb 1 CHOPY/ Y BEIMKIN Mipi 3aIe)KUTh Bil IPaBHILHOTO PO3YMIHHS IIPH-
poay i KiJIbKICHOTO OMKCY Ta HOPMYBaHHs HAaBaHTAXXEHb Ha Oy/AiBeNIbHI KOHCTPYKIII, B TOMY YHCIIi CHITOBHX HABAHTAXKEHb.
L1i HaBaHTa)KEHHS HA CHOPYAU MalOTh JOCUTh CKJIaJIHY (i3HUHY IIPUPOAY | MiHIMBUH XapakTep, L0 BUMAraioTh 3HaHHA Tep-
MOJMHAMIYHHX IPOIIeciB B aTMocdepi i Ha IpyHTI, (i3HIHUX BIACTHBOCTEH CHIT'Y, METOIUKH METEOPOJIOTTYHHAX CIIOCTEPEKEHD
1 KIIIMaTOJIOTIYHOTO OIICY MICIIEBOCTI, MIHJIMBOCTI HAaBaHTA)KEHb, XapaKTepy BiIKJIQJCHHS CHIT'Y Ha KOHCTPYKIISX i ciopynax.
Taki 0coOnMBOCTI y IeBHIH Mipi BifoOpaXkaloTECSl B PO3/iiax HOPM HPOEKTYBaHHS OyIiBENbHUX KOHCTPYKIIH, IO MICTATh
HOPMATHBH CHIFOBOTO HAaBaHTa)XEHHs. BibIIICTh TapaMeTpiB HOPM CHIFOBOTO HABAHTAXKEHHS MAIOTh IMOBIPHICHY ITPUPOLY 1
BUMAraroTh IJisl CBOr0 OOIPYHTYBaHHS 3aCTOCYBaHHS CTaTUCTUYHUX MeToAiB. LI MeTomu mocTiitHo 3MiHIOBaNMCs i pO3BUBa-
JIMCSI Pa30M 3 PETYISIPHUM MEPeriisiioM HOpM OyaiBeJIbHOrO MPOEKTYBaHHs. AHAII3 €BOMIOLIT BITYM3HSIHUX HOPM CHIrOBOTO
HABAHTA)XCHHS Pa30M 3 IX CTATHCTUYHUMHU OOIPYHTYBAHHSM € aKTyallbHOIO 3aJaueto. MaTepiaiu, NpUCBI4EHi CHIrOBUM HaBa-
HTa)XEHHSM, OIyOIiKOBaHi B Pi3HUX HayKOBO-TEXHIYHUX JKYpHaIax, 30ipHUKax cTaTei, MaTepiaiax koHgpepenuid. Ctarts mi-
CTUTH CHCTEMaTH30BaHUH OIS HOPM IIPOEKTYBAHHS Ta ITyOuikalii o mpoOiemi CHIrOBOrO HaBaHTaKEHHS 3a 80-piuHMit
niepiox 3 40-x pokiB XX CTOJITTS KO TenepimHboro yacy. ['oJloBHA yBara mpuAUISETHCS aHATi3y TEHACHIIH pO3BUTKY HOPM
MIPOEKTYBaHHS KOHCTPYKIill B 9aCTUHI 3MiH TEPUTOPIabHOTO paliOHYBaHHS Ta PO3PaXyHKOBUX KOe(IIi€HTIB, IPH3HAUYCHHS
HOPMAaTHBHHX 1 PO3paxyHKOBHX 3HA4Y€Hb CHIFOBOT'O HABAHTAXKCHHS 1 3ay4eHHS IO I[bOTO JOCIHIHUX CTaTUCTUYHHX JAHUX.
Binsnavaerscs BHCOKMH HaykoBHil piBeHb BiTun3HsIHNUX HOpM JIBH B.1.2-2006 «HaBaHTa)keHHS 1 BIUIMBIY, SIKi MAaIOTh Cydac-
HHI IMOBIpHICHUIT 6a3uC 1 aCOLIIOI0ThCS 3 HOpMaMK €BPOKOI. BUIUIAIOTECS HAYKOBI pe3ybTaTH, 110 MOXKYTh OyTH BKIIIOYE-
HHMHU B HACTYITHI HOPMH CHITOBOTO HABaHTa)KCHH.

Kuio4oBi ciioBa: cHiroBi CIIOCTCPECIKCHHA, CHITOBe HaBaHTAXXCHHS, TepHTOpiaﬂLHe paﬁOHyBaHHS{, HOpMAaTHUBHE HaBaHTAKCHHS,
PO3paxyHKOBEC HaBaHTAKCHHS
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Introduction

Ensuring the reliability and trouble-free operation of
buildings and structures depends on a correct under-
standing of the nature, quantitative description, and
regulation of loads on building structures, including
snow loads. These loads on structures are of a rather
complex physical nature and changeable character, re-
quiring knowledge of thermodynamic processes in the
atmosphere and on the ground, physical properties of
snow, methods of meteorological observations and cli-
matological description of the terrain, variability of
loads, the nature of snow deposition on buildings and
structures. These features are reflected to a certain ex-
tent in the sections of the codes for the building struc-
tures design containing the standards for the snow load.
Most of the parameters of the snow load codes are of a
probabilistic nature and require the use of statistical
methods for their substantiation. These methods have
been constantly changing and evolving together with
the regular revision of building design codes. Analysis
of the evolution of domestic snow load norms, together
with their statistical justification, is an urgent problem.

Review of research sources and publications

Regular snow measurements have been carried out
since the end of the 19th century. In the 1930s, their
results served as the basis for the compilation of the
first normative document on snow load and the first
publications on this problem [1]. This process has in-
tensified with the preparation for the transition of struc-
tural calculations to the method of limit states [2, 3].
In subsequent years, along with the regular revision of
the codes of loads and effects on structures, the regula-
tion of the snow load was improved. The evolution of
snow codes was covered in publications of leading sci-
entific and technical journals [4-14]. Reviews of the
development of snow codes have been published as
sections of monographs and dissertations devoted to
loads on buildings and structures [18—21]. Since the 90s
of the last century, design standards have been devel-
oped by separate states that were previously part of the
USSR. In this regard, probabilistic studies of the snow
load on the territory of Ukraine became more active
[25-30], the result of which was the corresponding sec-
tion DBN V.1.2-2006 "Loads and effects". In subse-
quent years, studies of the snow load continued along
with the substantiation and refinement of a number of
code coefficients [31-35].

Definition of unsolved aspects of the problem

Materials on snow loads have been published in vari-
ous scientific and technical journals, collections of ar-
ticles, and conference proceedings. Access to these
publications is difficult; some institutions began to de-
stroy paper magazines of the past years, motivating the
transition to electronic editions. However, in reality, the
transfer to electronic form has occurred so far only for
publications published after 2000. Published reviews of
the snow load regulation development are incomplete
and do not include the results of studies of the last 15 —
20 years.

Problem statement

The article contains a systematized review of publi-
cations in leading scientific and technical journals on
the problem of snow load for the period from the 40s of
the twentieth century to the present. The main attention
is paid to the analysis of the evolution of structural de-
sign codes in terms of changes in territorial zoning and
design coefficients, the appointment of normative and
design values of the snow load, and the involvement of
experimental statistical data. It highlights the scientific
results that can be included in subsequent editions of
snow load codes.

Basic material and results

The regulation of snow loads in the USSR was devel-
oped based on experience in the operation of buildings
and structures, as well as with the improvement of
methods for building structures calculating.

One of the first normative documents on the snow
load in the USSR was the "Unified Norms" OST / VKS
7626 / B (introduced from June 1, 1933). A certain sci-
entific basis for substantiating the codes at that time al-
ready existed: long-term meteorological snow observa-
tions; snowdrift research carried out since pre-revolu-
tionary times at the St. Petersburg Institute of Railways
and Moscow State University (laboratory of hydrody-
namics, N.E. Zhukovsky); the results of snow accumu-
lation studying on the roofs of industrial buildings, ob-
tained by TsNIPS in the early 30s [1]. However, due to
the limited source material, it can be assumed that the
first domestic snow codes were drawn up based on ex-
pert assessments of specialists and taking into account
the experience of operating buildings and structures.
In this document, the snow load was normalized de-
pending on the height of the snow cover £, and the av-
erage maximum height for the last ten years was taken
into account. Thus, the design of snow depth had some
statistical justification. At the same time, the density of
snow, without sufficient explanation, was taken equal
to p = 100 kgf/m>. The design value of the snow load
was determined as p = 1,6 ph. On the territory of the
Soviet Union, only 4 regions were identified with dif-
ferent snow cover heights and the corresponding snow
load, determined from a map or table: the 1st region
without permanent snow cover, for which the load was
taken p = 25 kgf/m?; 2nd region with a snow cover
height # <30 ¢m and p = 40 kgf/m?; 3rd area with a
height of 30 cm < 4 < 60 ¢cm and p = 80 kgf/m?;
4™ region with 2 > 80 cm and p = 120 kgf/m?. For
mountainous areas, the height of the snow cover was
presented in tabular form.

These codes determined such features of the snow
load distribution on the roofs as the dependence on the
roof slope and the presence of lanterns. It is interesting
to note that for roofs with a slope of 20 ... 30° the snow
load increased by 25% (in the subsequent versions of
the codes, this increase is absent). For roofs with height
discontinuity, a scheme was recommended with a 50%
decrease in the snow load on elevated areas (but not less
than 25 kgf/m?) with an additional 50% load drift to the
lower areas. Possible accumulation of snow (snow bag)

6 Academic journal. Industrial Machine Building, Civil Engineering. — 2(55)’ 2020



with a maximum height equal to the height of the ob-
stacle, but not more than 44 was taken into account
near-vertical obstacles. A triangular shape of snow bags
was assumed, but the codes did not contain recommen-
dations for their length. The load from the snow bag
was taken into account at the above-mentioned snow
density p = 100 kg/m?. For gable and vaulted roofs, the
level of snow load was determined according to two op-
tions: full uniform loading of the entire span and one-
sided loading of the half span.

In the determination of the snow load on the roof, the
type of terrain was taken into account. For open areas
with frequent strong winds at a speed of 12 m/s and
more, the snow load was allowed to be reduced by 50%,
but not less than 25 kgf/m?. For areas closed from the
wind, the snow load increased by 25%. The codes con-
tained detailed recommendations for accounting for
snow melting on roofs, as a result of which a suffi-
ciently large (up to 50 ... 75%) decrease in snow load
was allowed depending on the thermal resistance of the
roof, internal air temperature, and the amount of heat
release. However, in subsequent regulations, these rec-
ommendations were omitted.

A serious drawback of these codes was the underesti-
mation of the accepted snow density, although at that
time there was already information about its signifi-
cantly higher values. So, according to TsNIPS [1], the
density of freshly fallen snow was 85 ... 190 kg/m?
(on average 135 kg/m?), the maximum density during
the winter — 240 ... 250 kg/m®. As a result, the design
snow loads quite often turned out to be noticeably lower
than the actual loads. In addition, the codes included the
snow cover height, measured using constant slats,
which did not make it possible to fully take into account
the terrain peculiarities and the wind regime. Taken by
TsNIPS in 1932-1933 measurements of snow accumu-
lation on the roofs of industrial buildings revealed the
complex nature of the snow bags, which significantly
differed from the simplified recommendations of the
first domestic codes. From the height of historical ex-
perience, it is possible to assess the conjunctural and
political shade of the underestimated loads codes of the
30s (this applied not only to snow loads), aimed at all-
round savings in the construction of a country that was
experiencing massive industrialization. Despite this,
such rationing provided a generally satisfactory opera-
tion of buildings and structures, since relatively high
safety factors were taken in the methodology for calcu-
lating structures for permissible stresses, which was in
force at that time.

This was followed by OST 90058-40 (1940),
compiled on the research results basis of the building
aerodynamics laboratory of the Central Scientific
Research Institute of Industrial Construction (TsNIPS).
When substantiating the snow load code, the snow den-
sity was increased with differentiation depending on
the snow cover height. At a height of 2 > 50 cm, the
density p~200 kg/m® was taken, for A~30 cm —
p=~230 kg/m? and for #<20 cm — p=~250 kg/m’.
The territory of the USSR was divided into 5 snow re-
gions with the following values of the snow cover

height and the estimated weight of snow p on the sur-
face of the earth at a slightly higher level compared to
the previous codes: Iregion — height up to 20 cm,
weight p = 50 kgf/m? Ilregion — height from
20 to 40 cm, p = 70 kgf/m?; 11l region — height from
40 to 60 cm, p = 100 kgf/m?; IV region — height from
60 to 90 cm, p = 150 kgf/m?; V region — height more
than 90 ¢cm, p = 200 kgf/m?. For mountainous areas, the
design weight of the snow cover (kgf/m?) was recom-
mended to be determined as p. = 24 (but not less than
60 kgf/m?), where & is the average 10-year snow cover
height in cm, taken from the data of meteorological ob-
servations. In this document, the recommendations for
taking into account the coverage profile were slightly
changed towards simplification.

The development of methods for calculating building
structures, especially for assessing the safety factor of
structures, required to objectively identify the parame-
ters of loads and strength of materials [2]. Therefore,
the need has increased to use statistical methods to de-
scribe snow loads, which have a distinctly random na-
ture. An example of a statistical analysis of the snow
cover was the distribution curves of the snow height for
the Moscow region, built for the period from 1898 to
1935. N.S. Streletsky was the first who had used this
data to numerically assess the reliability of steel truss
structures, designed according to the codes in force at
that time [3].

Further refinement of the snow load with the justifi-
cation of the design values based on field observations
was carried out in the post-war 50s of the twentieth cen-
tury. Materials of snow surveys on the roofs of indus-
trial buildings and new data on the features of the drift
and melting of snow were obtained, which confirmed
the need to adjust this code. Taking into account the
new data, in 1954, Codes and Rules SNiP II-B.1-54
"Loads and effects" were introduced, in which the val-
ues of the snow load were increased for certain regions,
in particular, the snow-covered territory in the region of
Perm was assigned to the V snow region, to the
IV snow region — the region of Novosibirsk, the need
for which was evidenced by the publications of special-
ists. These codes were consistent with the introduction
of structural analysis using the limit state method.
When switching to this method, the values of the calcu-
lated weight of the snow cover according to the previ-
ous norms p were taken as the normative loads, i.e. av-
erage values of annual maximums. The design snow
loads, which began to be interpreted as the highest pos-
sible during the operation of the structure, began to be
determined by multiplying by the overload factor.
This coefficient, due to the lack of reliable data on the
variability of annual maximums, was taken to be com-
mon for the entire territory, n = 1,4. Thus, the normative
load p increased by 40%. This correction was justified
by the fact that p was determined as the average of the
maximum weights of snow for each year (and the
weight was determined from the average density of
snow). Consequently, the actual values of snow loads
can exceed the normative load in about 50% of winters.
The design snow load on the buildings' roofs was deter-
mined as p. = npc, where c is the coefficient introduced
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for the first time, taken depending on the profile of the
roof. In this document, the recommendations for taking
into account the roof profile were slightly changed
towards simplification, which included the range
¢ =0 ... 1,0 for simple single-slope and gable roofs,
c=0,3 ... 1,0 for vaulted roofs, c= 0,4 ... 1,6 for roofs
with skylights, with only the transverse profile of the
building taken into account. In buildings with a height
difference H (m), the maximum height of the snow bag
was specified p. = 200 H < 4¢ with the length of the ad-
ditional triangular part a = 2H, with S m<a < 10 m.
Damages and collapses of roofs in several cities
[4-6] showed that the codes of that time did not provide
the necessary reliability of roof structures. Therefore,
further clarification of snow loads was required, pri-
marily in places of increased snow accumulation.
Based on the generalization of the results of mass meas-
urements of snow cover on 50 roofs of various profiles
in different regions, carried out in 1958-1959 at
TsNIISK [7], in the development of SNiP II-B.1-54,
were developed and approved in 1959 SN 69-59
"Guidelines for the determination of snow loads on the
roofs of buildings." In these instructions, individual cal-
culation schemes of snow loads, placed in the SNiP,
were clarified, and new schemes for the distribution of
loads for the most common roof profiles (12 schemes
in total) were given [8]. It is taken into account that
snow accumulations on vaulted roofs strongly depend
on the strength and frequency of winds; snow load on
such surfaces is increased by 25%. The loads from
snow bags at the lanterns of single-span and multi-span
buildings are differentiated, the load at the ends of the
lanterns is highlighted and the schemes of snow loads
on the roofs of two- and multi-span buildings without
lanterns are supplemented. Additional accounting of
snow load on parts of the span has been regulated, tak-
ing into account possible wind blowing off snow or car-
rying out snow cleaning operations. At the same time,
it is envisaged to reduce the snow load by 20% on sur-
faces with excessive heat release, as well as for flat and
gentle surfaces with a wind speed of at least 4,0 m/s.
It is interesting to note that Soviet works of this period
in the field of studying snow loads were well known
abroad, were translated into English, and taken into ac-
count when compiling snow codes for Canada.
Recommendations SN 69-59 were included in the
next edition of SNiP II-A.11-62 “Loads and effects”
with minor changes. In this edition, the snow zoning of
the USSR was clarified — 5 regions of the previous
SNiP 1954 with normative values of 50 — 200 kgf/m?
were left and a 6th region was introduced for Kam-
chatka with 250 kgf/m?. The code developers had used
data from 4075 weather stations and posts. They also
took into account more reliable maps of the average an-
nual maximum weight of the snow cover on the earth,
built based on data from 140 meteorological stations.
At the stations simultaneously with the height of the
snow cover, its weight was measured and the average
density was determined. They used the results of route
snow surveys accumulated over the past 15 ... 20 years,
the accuracy of which is significantly higher than meas-
urements on three permanently installed rails [9].

It should be noted that in the absence of snow survey
data, it was nevertheless allowed that the weight of the
snow cover was determined by the formula po =220 H,
where H is the height of the snow cover in meters, taken
from the data of meteorological observations as the av-
erage of the maximum annual heights in a protected
place for a long-term period (at least 10 years).
SNiP II-A.11-62 specifies the effect of wind on the
level of snow loads due to wind drift from the roofs. As
in the previously developed "Guidelines", for individ-
ual roof profiles of buildings located in areas with an
average wind speed of at least 4 m/s for the three cold-
est months, a reduction in snow load by 20% was pro-
vided.

During this period, some researchers continued to
work on the clarification and regulation of snow bags
on the roofs [10]. A technical and economic compari-
son of the methods of snow removal from the roofs was
carried out [11].

The next revision of SNiP 11-6-74 “Loads and effects”
was adopted 12 years later and had an almost modern
look, including a map of the zoning of the USSR terri-
tory by weight of snow cover. These codes took into
account the results of further studies of the methodol-
ogy for determining the weight of snow cover, the study
of the drift and transfer of snow under the wind influ-
ence, and statistical substantiation of overloading snow
loads coefficients on buildings and structures. As in the
previous editions of the codes, the regional snow load
standard was determined as the average annual maxi-
mum obtained over a 10-year period based on long-
term snow measurements. In this version of the codes,
classification of loads was developed, in which tempo-
rary long-term loads were highlighted. They are ad-
dressed to structural calculations, taking into account
the effect of the loads' action duration on displace-
ments, deformations, and cracking (for example, for re-
inforced concrete structures). For the snow load with-
out statistical justification, the weight of the snow cover
of the I1I-VI regions, reduced by 70 kgf/m?, was taken
as the long-term part.

According to Institute “TsNIIPromzdaniya» data for
112 cities, the actual snow loads (kgf/m?) in the indi-
cated period exceeded the design ones (shown in brack-
ets): I region 100 (70); II region 132 (98); III region
179 (140); IV region 252 (210) [11]. Considering this
situation, as well as the fact that during the period of
validity of SNiP II-A.11-62 there were cases of light
roof accidents due to overloading with snow, a differ-
entiated increased coefficient of overload was intro-
duced into SNiP II-6-74. It depended on the ratio of the
dead load ¢ (own weight of the roof, including the
weight of the suspended stationary equipment) to the
normative weight of the snow cover py.
For relatively heavy roofs with ¢/pp = 1 or more, the
overload factor assumed the previous value of n = 1.4,
with the relative lightening of the roof, it increased:
at g/po = 0.8 — n = 1.5; at g/pp = 0.6 — n = 1.55;
at ¢/pp= 0.4 and less — n = 1.6.

In support of this proposal, its author Driving A.Ya.
[12] gave the following considerations. The dead-
weight of heavy roofs is several times higher than the
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normative snow load. So, in region III, the normative
snow load was 100 kgf/m?, and the roof weight was
4-5 times more. Light roofs, on the contrary, had their
own weight less than the normative snow load (in re-
gion III, 30-50% of the snow weight). When zoning the
territory according to snow loads, their values were
taken into account, which is possible once every
10 years. In fact, over a longer period of the structure's
existence, snow loads may exceed the normative value
(which has been repeatedly observed in practice).
This excess for heavy roofs is insignificant and is
within the calculation accuracy and tolerances. At the
same time, the tolerances and overload factors taken
into account in the design of lightweight roofs turn out
to be insufficient, and exceeding the normative snow
loads becomes dangerous for them.

A significant advantage of these codes edition is a
more accurate and specific accounting of snowdrifts
by the wind. This was preceded by experimental
studies conducted at TsNIISK by Otstavnov V.A. and
Rosenberg L.S. [13]. As a result, for flat roofs, the snow
load was determined for each year, taking into account
the snowdrift:

§=01.24-013v,) S3—q Lz, (1)

where S3 is the maximum weight of snow that fell dur-
ing the winter;

v — wind speed during snowfall;

q — the average intensity of snowdrift per day during a
blizzard without snowfalls (depends on the wind speed
during blizzards);

11, — repeatability of wind speeds over 6 m/s in the ab-
sence of snowfall;

7 — the duration of snowdrift during the period of no
snowfall.

As can be seen from formula (1), the phenomenon of
snowdrift has a clear probabilistic nature, depending on
several random factors, which were taken into account
by the developers of the codes. As a result, it was sub-
stantiated that the normative load on flat and gently
sloping roofs without lanterns with slopes of up to 12%
and curved roofs with a boom-to-span ratio f// <0,05,
designed in areas with an average wind speed for the
three coldest months v > 2 m/s, it is allowed to reduce
it by multiplying by a factor £ = 1.2 — 0.1v. For roofs
with slopes from 12 to 20% in areas with v >4 m/s, the
normative snow load may be reduced by 15%. For
buildings with a width of up to 60 m or a height of more
than 20 m, the coefficient & is additionally reduced by
10%. In addition, the coefficient ¢ of the transition from
the weight of the earth snow cover to the snow load on
non-insulated roofs of workshops with excessive heat
release has been clarified. With slopes of such roofs of
more than 3% and ensuring proper water drainage, this
coefficient can be reduced by 20%. In this version of
the codes, the schemes of snow loads on the roofs with
complex profiles and parapet parts are also clarified.

SNiP II-6-74, which was in operation for 11 years,
quite accurately regulated snow loads. However, the
peculiarities of snow accumulation on certain types of
roofs remained unaccounted, which caused numerous

requests from design organizations. In this regard,
TsNIISK 1982 issued "Recommendations for deter-
mining the snow load for some types of roofs" (devel-
oped by L. S. Rosenberg) as an addition to this version
of the codes. They provide recommendations for taking
into account the accumulation of snow near the ridge of
a gable roof, on pointed arches and sagging cylindrical
roofs. However, the questions of the design organiza-
tions to the developers of the codes (TsNIISK) contin-
ued. One of the most frequent questions was the follow-
ing: how were the schemes of uneven snow deposition
built at differences in the height of the roofs? One of
the authors of the load codes Bat A.A. gave the follow-
ing answer to this question [14]. In the determination of
coefficient ¢, a single initial condition was used — the
total amount of unevenly deposited snow on the surface
should be equal to the amount of uniformly deposited
snow. Part of the snow is blown down from the upper
roof; snow also falls on the lower roof with a different
wind direction. Therefore, the coefficient ¢ increases as
the lengths from which snowdrifts and onto which
snow is applied increases. In this case, the experimen-
tally established fact was taken into account that une-
venness is observed on the lower cover at a length ap-
proximately equal to twice the height of the drop.
Therefore, the maximum unevenness will decrease as
the drop increases, and the height of the drop is in the
denominator. The coefficient ¢ characterizing the une-
venness is limited by two conditions: ¢ < 200 4/po — the
limitation physically reflects the complete filling of the
drop with snow; ¢ < 4 for buildings and ¢ < 6 for awn-
ings — inequality takes economic considerations into
account.

In subsequent years, several organizations continued
to study the factors influencing the snow load. In par-
ticular, field observations of snow bags on various
types of shells were carried out in the Krasnoyarsk,
Sverdlovsk, and Chelyabinsk [15]. A one-sided trape-
zoidal scheme of snow loading of pointed arches was
proposed, which was taken into account in the next edi-
tion of the codes [16]. A study of snow loads on flat
surfaces of industrial buildings with skylights was car-
ried out [17].

An active study of the loads on building structures in
the 70-80s of the last century contributed to the release
in 1985 of SNiP 2.02.07-85 "Loads and effects".
This version of the codes, like the previous one, regu-
lated six values of the quantity So = 50 — 250 kgf/m?,
which corresponded to the number of snow regions on
the territory of the former USSR. At the same time,
most of the territory belonged to the III and IV snow
regions, the areas south of 49° or 50° north latitude cor-
responded to the I and II snow regions (including
Ukraine), the V region was mainly distributed in the
Urals, Western Siberia, and Kamchatka, and the
VI snow region was found only on Sakhalin. Snow load
in mountainous areas was not standardized; it should
have been established according to meteorological
data. The normative values Sy were noticeably in-
creased in the foothill areas.
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The overload factor, which was renamed "load safety
factor" and the new designation y, remained at 1.4 for
most cases. When calculating the structural roof ele-
ments, for which the ratio of the considered normative
value of the uniformly distributed load from the weight
of the roof to the normative value of the snow cover Sp
weight is less than 0.8, it was prescribed to take y; equal
to 1.6. For cases that should provide for the considera-
tion of rheological processes in structures, special re-
duced standard values of the snow load were estab-
lished without a statistical justification, obtained by
multiplying the full design values by coefficients
0.3 for the III snow region; 0.5 — for the IV region;
0.6 — for V and VI regions.

A number of researchers have identified significant
shortcomings of SNiP 2.01.07-85 in terms of the snow
load regulation [18-20]. With the collapse of the USSR,
the new states had the opportunity to move away from
the coarse Soviet snow rationing and develop their
own, more differentiated snow zoning. Further devel-
opment of snow codes on the territory of the CIS was
realized in the form of national codes of each state.

Russia followed the path of gradual development of
SNiP codes. The Code of Rules SP 20.13330.2011
“Loads and effects”, an updated version of
SNiP 2.01.07-85*, was developed. It introduced a new
principle for standardizing the weight values of the
earth's snow cover, in accordance with the highest an-
nual values exceeded, on average, once every 25 years.
They are determined according to the data of ten-day
route snow surveys on the largest reserves of water in
the snow cover in areas protected from direct wind im-
pact (in the forest under tree crowns or forest glades)
for at least 20 years. In this case, the data of Roshy-
dromet were used for more than 4600 meteorological
stations and posts with a row length of 20 ... 45 years,
obtained by directly measuring the weight of the snow
cover using a weight snow meter. On the basis of the
outlined basic provisions, a new zoning map of the Rus-
sian territory was developed according to the estimated
weight of snow cover, on which the boundaries of
8 snow regions (instead of 7 in the previous codes)
were plotted with regional values in the range of
0.80 ... 5.60 kPa [20, 21]. Region values have increased
markedly in comparison with the corresponding design
values according to the previous standards. For exam-
ple, for the I1I region, the design value became equal to
Se = 1.8 kPa in comparison with the previous calculated
value § = Sy y f=1.0-1.4 = 1.4 kPa. In this edition of
the snow codes, the same principle is applied that was
used earlier in the rationing of snow loads when terri-
tories with a snow cover weight about 2/3 more and
1/3 less than the accepted regional values were included
in one region. SP 20.13330 “Loads and effects” defines
the normative value of the snow load on the horizontal
projection of the roof as a base value:

So=0.7ceciuSq, (2)

where S, is the weight of the snow cover per 1 m? of the
earth horizontal surface, the procedure for determining
which is described above;

c. — coefficient of the possible drift of snow from the
building roof under the influence of wind or other fac-
tors (previously indicated as & and k);

¢ — coefficient of reduction of snow load due to the ef-
fect of temperature (previously did not have a special
designation);

1 — coefficient of transition from the weight of the earth
snow cover to the snow load on the roof.

To switch to the calculated value of the snow load,
the load safety factor yr= 1.4 is used.

As in SNiP 2.01.07-85, the scope of the explicitly in-
troduced snowdrift coefficient extends to gentle (with
slopes up to 12% and with f// < 0.05 roofs of single-
span and multi-span buildings without lanterns de-
signed in areas with average wind speed for the three
coldest months V> 2 m/s. The formula for determining
this coefficient has been slightly changed

¢, =(1.2-0.17k)(0.8-0.0025) , 3)

where k is a coefficient that takes into account the
change in wind pressure along with the height;
b — the roof width, taken no more than 100 m.

In addition, the coefficient ¢, is introduced for spher-
ical and conical roofs of buildings on a circular plan.
The specified Code of Rules for the first time deter-
mines the possibility of using the thermal coefficient to
take into account the reduction of snow loads on roofs
with a high heat transfer coefficient (> 1 W/(m?°C), leav-
ing its justification for the developers of special recom-
mendations. At the same time, similar to the previous
editions of SNiP, the coefficient ¢; is taken equal to
0.8 for non-insulated roofs of workshops with increased
heat release, provided that meltwater is removed from
the roof with a slope of more than 3%.

Unlike the previous version of the codes, the reduced
normative value of the snow load is determined regard-
less of the snow region by multiplying the full norma-
tive value by a factor of 0,7, except for areas with an
average January temperature above minus 5C.

Despite a significant increase in the design values of
snow loads in the considered version of the Russian
codes, there were some critical remarks about the
method of snow rationing in Russia. In particular,
Maliy V.I.  (TsNII  Proektstalkonstruktsiya) [24]
harshly criticized the main criterion of this rationing —
the use of a 25-year repetition period of the annual max-
imum to substantiate the design values of the snow
load. In support of this, data was given that in the Mos-
cow region over 100 years of observations, the snow
load reached 2.1 kPa at a rate of 1.8 kPa according to
SP 20.13330.2011 “Loads and effects”. The critic also
drew on a well-known independent test scheme to show
the high probability of exceeding the design value of
1.8 kPa over a period of 100 years. Taking this into ac-
count, as well as the example of the Eurocode stand-
ards, which use an additional safety factor of 1.5, a pro-
posal was made to increase the design snow load to
3.0 kPa for the Moscow region. The developers of
the codes from TsNNIISK strongly disagree with this
[22, 23]. In principle, one can agree with them, since
the load standards should be considered not in isolation
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for individual loads, but as part of a general assessment
of the structures reliability [25]. Maliy V.I. also criti-
cizes the principle of zoning the weight of the snow
cover, when points which differ from the regional ones,
both to a greater and a lesser extent, are combined into
regions for the purpose of unification. A number of
publications note that the zoning of the Russian terri-
tory according to the design snow loads still does not
fully take into account the variability of the snow load
in the area, and alternative approaches to snow ration-
ing are proposed [26].

Ukrainian specialists, in contrast to the Russian de-
velopers of the codes, prepared the State Norms of
Ukraine DBN V.1.2-2006 "Loads and effects", concep-
tually different from SNiP in terms of snow loads.
The probabilistic representation of loads, including
snow loads on building structures, was significantly de-
veloped. Such mathematical models have been devel-
oped as stochastic processes, absolute maxima of sto-
chastic processes, independent test schemes, discrete
representation, extremes, and correlated random se-
quence of overloads [27]. This made it possible for the
first time to substantiate a probabilistic model for the
snow load in the form of a quasi-stationary differentia-
ble random process with a stationary frequency struc-
ture and an annual seasonal trend of the mathematical
expectation and standard [28]. For the snow load of
Ukraine, which has an unstable nature, a relatively lit-
tle-known bimodal distribution, called "polynomial-
exponential", was successfully applied:

f(}/):exp(CO "'Cﬂ""czﬂ’2 +C373)’ 4

where y =(x—Xx)/Xx is the normalized deviation of the
load from its mathematical expectation x;
x — standard (standard deviation).

The statistical characteristics of this probabilistic
model were calculated based on data from over one
hundred meteorological stations located in the territory
of Ukraine. They are summarized in publications
[19, 29]. Due to sufficient information provision, the
probabilistic model of a quasi-stationary random pro-
cess has been successfully applied to normalize the
snow load in the DBN. For this, the results of snow sur-
veys were used, carried out at 222 meteorological sta-
tions and posts in Ukraine during 1950 ... 1990 with the
duration of climatic series from 21 to 35 years. In gen-
eral, a representative sample of more than 100 thousand
snow survey results was used to normalize the snow
load in Ukraine.

The DBN consider the snow load as a variable load
with three design values: limiting S,,, operational S,
and quasi-constant S, (5):

S ="Ypn So C;
Se=7v7S0 C; ©)
S, = (0.450— 160) C

where Sy — the characteristic value of the snow load,
equal to the weight of the snow cover per 1 m? of the
earth surface, which can be exceeded on average once

every 50 years (similar to the Eurocode), is taken from
the map of territorial zoning of Ukraine;

ym and y — respectively, the safety factor for the limit-
ing and operational design value.

The reliability factor for the limiting design value
is presented in tabular form in the range 0.24 — 1.44 de-
pending on the specified repetition period of the snow
load T=1— 500 years. The reliability factor for the op-
erational design value y is presented in tabular form in
the range 0.88 — 0.10, depending on the fraction
1n=10.002 — 0.1 of the established service life of the
structure, during which this value may be exceeded.
Giving reason to the quasi-constant design value of the
snow load, the phenomenon of concrete creep under
load was taken as the basis, as the most common rheo-
logical effect, which is taken into account in the calcu-
lations of building structures [30]. The values of the co-
efficients and the design values of the snow load in the
formula (5) have a statistical justification [19].

The features of a particular roof are taken into account
by a coefficient C determined by the expression:

C= M Ce Calt 5 (6)

where u is the coefficient taking into account the roof
profile, adopted mainly according to the recommenda-
tions of SNiP, but expanded with the involvement of
the Eurocode data;

C. — coefficient taking into account, similarly to SNiP,
the operating mode of the roof;

Cur — coefficient of geographic height H, taken as
1.4H+0.3 for H € 0.5 km.

The generalized statistical data testified to significant
territorial variability of the snow load, which signifi-
cantly differed from its standardization of SNiP, ac-
cording to which almost the entire territory of Ukraine
belonged to the least snowy regions I (So= 0.5 kPa) and
IT (So= 0.7 kPa). Meanwhile, the experimentally sub-
stantiated design values of the snow load corresponding
to the base average repetition period 7 = 50 years vary
from 0.76 kPa for the Kherson region to 1.79 kPa in the
northeastern regions of Ukraine. Attention is drawn to
the rather high values (1.20...1.80 kPa) of the snow load
recorded at some southern meteorological stations.
The analysis of experimental data, in addition,
confirmed that in Ukraine there are especially snowy
winters, for example, in 1963-64, 1966—67 and 1986—
87. In some points, the largest weight of the snow cover
exceeded 2.0 kPa, which, nevertheless, did not fall out
of the total set of annual maximums.

The territorial zoning of Ukraine according to the
characteristic values of the weight of the snow cover
was carried out according to the method developed by
V.A. Pashinsky [19]. A probabilistic model of a non-
stationary normal random field was used, the ordinates
of which were the values of the loads for individual me-
teorological stations located at distances of 30 ... 60 km.
The smoothing procedure made it possible to obtain a
smooth surface of the mathematical expectation of the
snow load, free from random fluctuations in the data of
individual meteorological stations. The regional values
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of the design snow load were set so that the excess re-
serves of territorial zoning were minimal. As a result,
six territorial regions with characteristic values from
0,8 to 1,8 kPa were allocated on the territory of
Ukraine. At the same time, it was revealed that the ac-
tual design loads exceed the regional ones by no more
than 12%, for 21% of meteorological stations. At the
same time, due to the necessary generalization, the val-
ues increased by an average of 16,4% and in some cases
exceeded the actual loads by 50%.

It should be emphasized that the limiting design
values of the snow load included in the DBN in most
cases exceed the corresponding values established by
the SNiP. On the one hand, this leads to an increase in
the cross-sections and material consumption of the sup-
porting structures of the roofs, but on the other hand, to
an increase in their level of reliability. At the same time,
a noticeable increase in the calculated values of the
snow load leads to a smaller increase in material con-
sumption. So, for example, at 7= 50 years, the design
values of the snow load increase on average by 58%,
and the mass of steel trusses for a light roof — by only
22% [19].

Giving a general assessment of the Ukrainian codes
DBN V.1.2-2006 "Loads and effects" in terms of snow
load, it should be emphasized that they are compiled on
a modern methodological basis, are close to the Euro-
code, are based on representative statistical material,
are more differentiated and have a scientific probabilis-
tic basis more deeply developed than the codes of pre-
vious years.

In subsequent years, probabilistic studies of snow
load continued in Ukraine, the practical results of which
were recommendations for improving design codes.
Kinash R.I. proposed an alternative method for zoning
snow loads for the territory of Ukraine [18]. Proposals
were developed for a more detailed snow zoning of the
mountainous Carpathian region (within the boundaries

of the Transcarpathian region) with the introduction of
additional 5 regions (from 7th to 11th) with character-
istic snow loads in the range of 2.2 ... 3.0 kPa [31].
The probabilistic research of snow loads was continued
by the scientific school of building structures reliability
of the Yuriy Kondratyuk Poltava National Technical
University [35]. Snow accumulation on the roofs with
height discontinuity was studied, which gave a practical
result in the form of a statistically substantiated combi-
nation coefficient of 0.8 for snow bags on the territory
of Ukraine [32]. A probabilistic assessment of the in-
fluence of the building roofs thermal characteristics on
the snow load value is carried out. The results of this
work are presented in the form of a differentiated coef-
ficient of roof operation [33]. Design snow loads on
cold roofs of buildings with positive indoor tempera-
tures were determined [34].

Conclusions

It is shown that over the past eighty years, domestic
codes for the design of building structures in terms of
the regulation of snow loads have undergone signifi-
cant changes and have expanded their statistical foun-
dations. Territorial snow zoning has developed, the
number of snow regions has increased, especially on
the territory of Ukraine. The substantiation of the nor-
mative (characteristic) and design values of the snow
load was modified on the basis of an increased return
period. A probabilistic account of wind drift of snow
from roofs has been developed and included in the
codes, and a quasi-constant value of the snow load has
been statistically substantiated. The high scientific
level of domestic standards DBN V.1.2-2006 "Loads
and effects", that have a modern statistical basis, which
is associated with the Eurocode and provides the re-
quired level of reliability of building structures, is
noted. New scientific results are highlighted that can be
included in subsequent editions of snow load codes.
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The current state of the building covering structures is thoroughly investigated, in particular, the world experience in the con-
struction and building of various roof and floor structures, made of various materials, including composites, has been studied.
A thorough results analysis of theoretical studies and experimental tests on the constructive solutions effectiveness determina-
tion conducted by domestic and foreign scientists has been carried out. Based on the received information about the features of
the construction and technological solutions, there were determined the advantages and disadvantages of existing construction
structures, the prospective development directions. Based on the result of actual scientific and technical literature analysis, the
main research objectives are formulated.
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JlocBin i mpodyeMu NPOEKTYBaHHA CTAJIe3a1i300e TOHHUX
KOHCTPYKUIH MOKPHUTTS Ta MEPEeKPUTTSH
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JocnimkeHo cygacHuid cTaH Oy/IiBelbHUX KOHCTPYKIiH MOKPUTTS i MEPEKPUTTS, 30KpeMa BUBYEHO CBITOBHIA JOCBIJ MPOEK-
TYBaHHsS, KOHCTPYIOBaHHS Ta OyIIBHHITBA TAKUX KOHCTPYKLiif, Y TOMY 4YHCIi BHUTOTOBICHHX i3 PI3HHX Marepiaiib.
BUKOHaHO IDYHTOBHHMII aHaJIi3 pe3yJbTATIB TEOPETHYHHUX JOCIIJXKEHb Ta KCIEPUMEHTAIPHUX BUIPOOYBaHb LI0J0 BH3HA-
YeHHS €(eKTHBHOCTI KOHCTPYKTHBHHMX PillleHb IIOKPUTTS H NEPEKPHUTTS, BAKOHAHUX BITYN3HAHUMH T2 3apYOKHUMU BUCHUMH.
OCKiNbKU CTaxe3a1i300eTOHHI KOHCTPYKIIT 3a3HAIOTh OyPXJIMBOTO PO3BHUTKY, MOAUDIKYIOTECS H YXOCKOHAIIOIOTHCS, TO BH-
BYEHO IpoOiieMy X e)eKTUBHOCTI Ha BCIX €Tamax >KUTTEBOIO IUKIY Ta MPOEKTHOro pecypcy. [IpoanarnizoBaHo HOBITHI mif-
XOJI JI0 IIPOCKTYBaHHS CTaIe3a1i300€TOHHUX KOHCTPYKLiil MOKPUTTS i nepexpurTs. Ha mizcTaBi oTpuMaHuX BioMocTei po
0cOOJIMBOCTI OyJOBH  TEXHOJIOTIYHHX PIIICHB, IIEPEBArd Ta HEJOJIKH iCHYIOUNX KOHCTPYKIIH MOKPHUTTS ¥ NMEPEKPUTTS BH-
3HA4YEHO MEPCHEKTHBHI HANPSAMH IX PO3BUTKY. Y CTaie3ali300€TOHHUX KOHCTPYKLISIX MOKPUTTS i NEPEeKPHUTTS PaLliOHAIBHO
Ta MOBHOIO MipOI0 BUKOPHCTOBYIOTBCS XapaKTEPUCTHKU MII[HOCTI MarepiaiiB, TOOTO CTaleBi €lIEMEHTH PO3TALIOBYIOTHCS B
30Hi Aii 3yCHIIb PO3TATY, a OSTOH — Y 30Hi il 3ycHiib CTUCKY. Takuil Mo i po3MexyBaHHs PI3HOPIAHUX MaTepialliB BUMarae
3axo[iB i3 3abe3nedeHHs ix cymicHOi po6oTu. ChoroaHi HaiOiIbLI e(heKTUBHUM CIIOCOOOM 00’ €AHAHHS CTAaJeBUX JAeTalei Ta
0eTOHy € 3aCTOCYBAHHS Pi3HOMAHITHUX aHKEPiB: JKOPCTKHUX, THYYKHX i KOMOIHOBaHMX. Y 3arajJbHOMY BHIIAJIKy HEcyda 3/aT-
HICTB CTaJe3a1i300€TOHHUX KOHCTPYKIIH, 32 BUHATKOM TPyOOOETOHHMX Ta CXOXKHX 3a OYZOBOIO €IEMEHTIB, BU3HAYAETHCS
caMe HeCcy4olo 3/1aTHICTIO aHKEepHHX 3ac0o0iB Ha 3pi3 1 3CyB. 3 Oy Ha 3a3HaYE€HE OCTAHHIM YacOM yCe JacTille IIPH Po3po-
OJICHHI HOBMX KOHCTPYKTHBHHX PillIeHb CTae3a1i300eTOHHUX €JIEMEHTIB 3aCTOCOBYETHCS CIOCIO 3a0e3neueHHs CyMicHOT po-
60TH, CYTh SIKOTO IMoJArae B 00 €qHaHHI CTAJICBOrO Kapkaca i3 3a1i300€TOHHHMH eJleMEHTaMU B Ipolieci OeToHyBaHHS 0e3
BUKOPHCTAHHS aHKEpiB, TOOTO CTaieBa KOHCTPYKLis 3a0eToHOBYeThesi. Takuid MmifXiJ A03BOJISIE OTPHUMATH LTICHY, HEmo-
JiTbHY KOHCTPYKIIiIO, HeCyda 3AaTHICTh KOTPOI 3aJIeKHTh BiJl HECYYOT 3[aTHOCTI 3aJ1i300€TOHHUX Ta METaJeBUX CJIEMEHTIB.

KunrodoBi ciroBa: cranes3anizo0eToHHA KOHCTPYKIis, TIOKPHUTTS, IEPEKPHUTTS, HE3HIMHA onayOka, mepepi3
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Introduction

Steel and concrete structures are designs that have a
long story of development, a wide scope, advantages,
and shortcomings compared to other designs types.
The scope and rate of such designs development are
closely related to the significant amount of their fea-
tures and difficulties caused by them. A part of the chal-
lenges concerns the design, construction, and further
steel and concrete composite structures service, another
part relevant to their structural concept features. All this
demands the detailed and thorough analysis of the ex-
perimental and theoretical studies results, and obtained
data synthesis with the purpose of establishing a shared
understanding of steel and concrete composite struc-
tures stressing features, and further research trends al-
location. Steel and concrete composite structures is a
widespread composite material that is made of a con-
crete mix, and filler, and includes steel elements and
reinforcement. Steel and concrete composite structures
can be strengthened with rods, rigid and external rein-
forcement; also, they can be reinforced with different
steel sections: tubes, plates, corners, steel sheets, etc.

Studying the stress-strained state, the search for effec-
tive ways of achieving steel and concrete members
combined action, optimization, and design improve-
ment taking into account the last achievements in sci-
ence and technology are the main steel and concrete
composite structures research trends.

A combination of positive reinforced and steel struc-
tures' physic-mechanical properties with simultaneous
disposal of their shortcomings is the main advantage of
steel and concrete composite structures.

Refer to the increased rigidity and bearing capacity
unlike other designs to advantages of steel and concrete
composite structures.

The finding of positive characteristics is the criterion
that defines the structure efficiency. Therefore, in the
steel and concrete composite structures, it is possible to
reach a favorable strength indicator combination as
steel during stretching as concrete on compression
thanks to their combined action. The efficiency of such
association is known and the application expediency in
construction is proved and recognized long ago.

Thanks to such connections, steel and concrete com-
posite structures are characterized by reduced sensitiv-
ity to damages and defects compared to reinforced con-
crete or steel. Besides, an established fact that they are
capable of sustaining considerable loadings, even after
achieving the yield point by the reinforcement. Also,
treat steel and concrete composite structures ad-
vantages: high bearing capacity; low construction
height; resistance to dynamic influences; technological
effectiveness.

The steel and concrete composite structures designs
are extremely various therefore they can be classified
by different signs: for example, on kind of structures
behavior, a way of production, or construction.

Also, steel and concrete composite structures can be
classified by structural element type: supports or col-
umns with the side hollows filled with concrete, and
with external and internal rigid reinforcing; beams or
crossbars with the side hollows filled with concrete,

and with external reinforcement with steel flat strip, and
internal rigid reinforcing, including reinforced concrete
structures with a permanent shuttering; the precast and
monolithic steel and concrete composite slabs, includ-
ing slabs with the metal decking or orthotropic plates,
or with a steel frame; the reinforced combined concrete
structures reinforced or strengthened by lattice, rod or
other steel elements; the rafter combined steel struc-
tures with the reinforced concrete elements; elements
of the spatial combined structures; elements of high-
rise buildings and constructions; elements of long-span
constructions, bridges, platforms, etc.; other special and
engineering constructions and elements.

Steel and concrete composite structures gained the
biggest distribution in bridge construction, and civil en-
gineering. Steel and concrete composite structures in
construction of buildings and structures are effectively
used as a column, slabs, beams, crossbars, etc. Increas-
ingly design features, properties, and resistance to dam-
ages and defects define the scope of steel and concrete
composite structures.

However, it should be noted corrosive environments
limit the steel and concrete composite structures scope.

It is known that corrosion of the steel and concrete
composite structures open and unprotected steel parts
and surfaces is one of the most frequent reasons for
damages, which significantly reduce bearing capacity
and affect the structure service suitability and durabil-

1ty.

Review of the research sources and publications

Quite often steel members carry out the role of per-
manent shuttering. Steel and concrete composite struc-
tures as material are not new and the fact that it has high
technical and economic rates is known for a long time,
therefore, he didn't lose its relevance and presently is
intensively investigated around the world [1-3].

In most cases, steel and concrete composite structures
have the highest technical and economic effects com-
pared to other structures [4].

Analysis of the sources showed that they are devoted
to detailed individual problems research, but there are
reviews devoted to the data generalization [5-8].

Definition of unsolved aspects of the problem

Because steel and concrete composite structures ex-
perience rapid development around the world, are con-
stantly modified and improved there was the obtained
data analysis and synthesis problem. This problem is
urgent as its solution will allow considering in a com-
plex all factors at all life cycle stages in a particular de-
sign, building and service, the feature of behavior under
load, and the stress-strain state.

Problem statement

Study an experience and current issues of steel
and concrete composite structures designing of roof
and floor systems.
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Basic material and results

Steel and concrete composite structures are a special
building structures class that found application in mod-
ern construction. As is known, a balance between the
non-concreted steel members bearing capacities and
concrete steel members belonging to the same structure
is the feature that distinguishes steel and concrete com-
posite structures from other structures.

At the steel and concrete composite structures design
obviously, there is what their intense deformed state de-
pends on physic-mechanical materials properties,
which are their part, namely steel, and concrete. Steel
is a uniform material, therefore, it has constants, within
a class, physical and mechanical properties, as for con-
crete, they are very different in the physical and me-
chanical properties. The physical and mechanical con-
crete properties depend on its structure, which has the
ability to change over time that in total under action ex-
ternal loadings cause the creep concrete deformation.
Also, the concrete structure is affected by changing
stresses and formatting of their concentration owing to
communications between particles of concrete col-
lapse. At compression, there are longitudinal compres-
sion stresses and cross stretching stresses from which
action concrete collapses.

Except for material selection with necessary physical
and mechanical properties, additional complexity at the
design of steel and concrete composite structures, there
is a problem of ensuring the combined action of concrete
and steel. The combined action of these materials is en-
sured by coupling among themselves, only in that case
materials will be deformed and work in common.
The triaxial stress state availability is the most favorable
condition under which it is possible to reach the neces-
sary coupling between concrete and steel elements.
This state is a well-known tube-concrete element charac-
teristic where concrete is in a steel cage. Unlike tube-
concrete elements, the special shear connectors applica-
tion for the steel and concrete composite structures ma-
jority is a typical solution for the steel and concrete com-
bined action problem.

In general, many studies of scientists from different
world countries are addressed to studying this issue.
There are the largest shear connectors species, but the
most typical and modern decisions into known shear
connectors are short steel rods with a cap at the end —
a headed stud shear connector (Fig. 1a) [9].

It should be noted the shear connectors can have var-
ious configurations and are produced practically from
any steel fragment, a detail, or a plate (Fig. 1b).

Except for the typical design, shear connectors can be
as a rigid connector (Fig. lc, d), as loops (Fig. le, f);
made from steel rods (Fig. 1g, h). The way of placement
of shear connectors depends on the service of struc-
tures, and efforts that arise under loading. In order for
the shear connector to be a flexural member, it must be
placed perpendicularly, and if it is placed at an angle of
45° in the direction of the shear force, it will be in ten-
sion.

The type choice and shear connectors shape depends
on the shear connectors' simplicity, also their ability to
be connected to the steel parts and elements by welding,

and service conditions of the structure. As already men-
tioned, the most widespread types of shear connectors
are headed stud shear connectors (Fig. 1a) and shear
connectors made from short steel rods (Fig. 1g, h).
Except for the basic purpose — to combine steel and
concrete, the shear connectors can carry out the role of
transverse reinforcement in designs with external rein-
forcement.

ia) i ib) i
I) i :i) -
f) - f -
f) i ih) i
Figure 1 — Certain types of shear connectors:
a — headed stud shear connector;
b — shear connector made of the perforated plate;
¢ — rigid connector; d — flexible connector;

e — vertical loop; f— inclined loop;
g — vertical bar; h — inclined bar.

Usage of various glue substances [10] is the less
known way for ensuring combined action of steel and
concrete structure parts.

A different important issue that is closely linked to
the steel and concrete composite structures design is the
assessment and rationing of their technical conditions.
The relevance of the search for the solution to this prob-
lem is especially accurately outlined against the back-
ground of the actual wear and obsolescence of fixed as-
sets of production, economic, educational, and other in-
stitutions. On the other hand, the importance of the so-
lution of this problem predetermines the fact that de-
signs are improved and developed more intensively,
than methods of their calculations, and there are no
standard recommendations and provisions, which reg-
ulate a technique of steel and concrete composite struc-
tures technical condition estimation. A bigger measure
of the technical states concerns objects rationing ques-
tions, which are operated, but also does not lose the
sharpness on the relation and to new construction. For
new construction, definitions of a steel and concrete
composite structures design resource are a current

30ipHUK HayKOBHX mpails. ['amy3eBe MammHOOyAyBaHHS, OymiBHUITBO. — 2(55)° 2020 17



problem also. There are recommendations concerning
the definition of a steel and concrete composite struc-
tures design resource according to which at the steel
and concrete composite structures design operational
suitability indicators are set with a stock [11].

The specified technique provides acceptance of the
steel service strategy and concrete composite structures
and the resource coefficient introduction [11].

The service strategy of steel and concrete composite
buildings and constructions or their members provides
two options: 1) without capital repair throughout all
characteristic terms of service; 2) carrying out capital
repairs. The approach described in the paper [11], gives
the chance to consider a time factor and allows optimiz-
ing construction and service structures costs.

Today the international bearing structures experience
of construction from steel and concrete composite
structures incredibly various also contains a significant
amount of different objects, buildings, and structures in
all construction fields. Despite universality and a vari-
ety of steel and concrete composite construction ele-
ments, the most frequent application they found was in
industrial and civil engineering, especially in the floor
structures.

Steel and concrete composite beams, which consist of
areinforced concrete plate, and a steel beam (Figure 2a)
belong to the most widespread steel and concrete com-
posite structures types. Scientists of the Frits laboratory
of Lehigh University conducted thorough such designs
research in the middle of the last century in the USA.
The research results testify to high strength and tech-
nical and economic rates.

In such structures, the combined action of a steel ele-
ment and reinforced concrete plate can be provided
with different shear connectors types, but in terms of
effective action conditions under shear forces, rather
with rod shear connectors and connectors made of sep-
arate corner pieces, shear connectors as inclined loops
are better and ensure combined elements action practi-
cally until the total structure break [12].

Steel beams with a reinforced concrete top belt (Fig-
ure 2b) are a kind of steel and concrete composite
beams. The structures application reduces by 15 % cost
and for 35 % labor of installation and construction [13].

Steel and concrete composite beams that have exter-
nal reinforcing with a sheet (Figure 3) are one more
kind of composite structure made of steel and concrete.
Such structures can have both a rectangular shape of
section (Figure 3a, b) and T-type (Figure 3c), besides,
they can be box-type. The bearing capacity of a steel
and concrete composite box-shaped type beam com-
pared to analogs, depending on the accepted reinforcing
way is 2-6 times more [14].

To increase the rigidity and bearing capacity of the T-
type steel and concrete composite beams, it might also
be reinforced with tubes (Figure 3d) [15,16].

The steel and concrete composite beams usage that
reinforced externally with sheet compared to typical re-
inforced concrete beams assists economy of high-
strength longitudinal armature up to 20 % and 25 % at
single and double reinforcement in construction respec-
tively, and the structures advantage, which made steel

entirely lies in the steel economy of up to 35 % at iden-
tical bearing capacity [17]. The resistance to damages
compared to the beams made of different materials and
the fact that steel and concrete composite beams at sim-
ilar damages have greater durability than reinforced or
entirely steel structures is one more steel and concrete
composite beam advantage. However, the structure's
bearing capacity depends on service conditions and the
mode of loading. Because of an experimental study of
the influence of short-term cyclic and sign-variable
loads on durability and deformability of steel and con-
crete composite beams, it is established that the bearing
capacity decreases up to 20 % compared to the bearing
capacity of beams at single loading. Besides the bearing
capacity depends on the total number of cycles of load-
ing and the level of the previous loading by negative
bending moment [18].

In most cases, steel elements play a role in steel and
concrete strengthening composite structures, but there
are also such structures where this role is played by
concrete. Beams that are formed from steel elements
with the hollow (Figure 4) filled with concrete belong
to such structures. The concrete coupling with a beam
can be reached both using different shear connectors
and using adhesives. In general, steel and concrete
composite beams are highly bearing capacity. Experi-
mental studies showed that the bearing capacity of the
beams thanks to concrete in hollow increases compared
to typical steel beams of a similar profile by 30-40 % in
bend and for 40-50 % in shear [19].

b)

Figure 2 — Types of steel and concrete
composite beams:
a — a structure that consists of a reinforced

concrete plate and a steel beam,;

b — a steel combined beam that held
a reinforced concrete top flange;

1 — steel beam; 2 — shear connector;

3 — concrete slab; 4 — reinforcement.
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Figure 3 — Types of the cross-sections
of steel and concrete composite beams:
a — with external horizontal reinforcing;
b — rectangular with external vertical reinforcing;
¢ — T-type; d — type with reinforcing by a steel tube.

a)

Figure 4 — Steel and concrete composite beams
with the hollows filled with concrete:
a -- beam with an open profile;
b -- beam with a closed profile;
1 — rolled steel; 2 — concrete;
3, 4 — crosswise and longitudinal reinforcement;
5 — shear connectors.

Composite structures, which consist of monolithic
plates coupled to steel sheets (Figure 5) are widely
used. Their main advantage is the small height of the
cross-sections that are within limits of2.5...5 % of their
length, however, the bearing capacity of such steel and
concrete composite plates at different consolidation
ways significantly depends on the steel sheet thickness.
It is experimentally established that the bearing capac-
ity increases correspond to the increase in the thickness
of a steel sheet [20].

Such structures were extremely often applied in high-
rise construction as the bearing horizontal systems in
recent years [21]. They were used in large quantities in
the USA in the middle of the last century. Over time
such systems began to be applied in Europe, in particu-
lar in Great Britain, began to consider a steel part of a
structure (the pro-thinned-out flooring) not only as a
permanent shuttering but also as external reinforcement
[22]. In this case, there is a perception problem design

of the horizontal shifting efforts and to the prevention
of separation of concrete from the sheet. At different
times this issue was resolved differently, at first com-
bined steel sheet and concrete action was reached
thanks to the special sheet shape [23] over time began
using the corrugated steel sheet with the drawing on the
side [24]. In recent years the combined systems that can
be formed from the special shape sheet with the applied
relief image, reinforcing grids, and different fibers are
actively investigated [25, 26].

To carry out these experimental studies and establish-
ment of strength characteristics of steel and concrete
composite slabs there were used samples with sizes of
1x1 mand 50 mm high. The steel sheet thickness varied
within 1...3, 5 mm.

Considering good strength characteristics the most ef-
fective way is an application of special shear connect-
ors that join steel elements by means of welding [27],
but there are cases when such a shear connector could
not apply or it is not economically expedient. Then non-
standard structural concepts can serve as their alterna-
tive. An example of such shear connectors are items
that are connected to the beam differently. Such shear
connectors are produced as cold-formed steel Z or C-
sections, which are connected to the beam with bolts or
self-tapping screws.

b)

Figure 5 — Steel and concrete composite floor sys-
tems that consist of reinforced concrete slabs cou-
pled to steel sheets:

a -- orthotropic sheet; b -- steel sheet;

1 — sheet; 2 — shear connector;

3 — concrete; 4 — reinforcing.

The thin-walled composite slim-floor systems are a
kind of such design. Their structural concept is in ap-
plying an innovative composite connection. This con-
nection is reached by making reinforcing bars through
openings in beams. Such technology is economic and
effective as it is possible to use the full concrete ele-
ments potential. Results of experimental studies under
the action of different loadings types, including dy-
namic and vibration, which demonstrate the increased
bearing capacity and rigidity of such designs compared
to analogs for 100 and 150 % [28] are confirmation
to it.
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Other steel and concrete composite structures repre-
sentatives are a beams system with a box-shaped
A-similar cross-section [29]. The beam's feature is
opening with a diameter of 75 mm or 150 mm, which
is regularity distributed in length in a certain opening
quantity \with the edges bent inside. Thanks to the
availability of such openings with curved edges, the
materials combined action are ensured. Such beams can
be applied both with combined thin-walled (Figure 6a)
and with typical reinforced concrete hollow slabs
(Figure 6b) [30].

The structures, which include slabs that consist of the
profiled steel sheets and the spatial framework made of
reinforcing bars as a lattice [31] are one more kind of
steel and concrete composite bearing system.

The systems have many advantages, such as profita-
bility, convenience, and safety that allow them to re-
duce construction terms considerably compared to
other systems. The structure can maintain the consider-
able concrete and construction equipment weight and is
set directly on steel beams without additional support
details [32]. Also, monolithic slabs with the profiled
steel sheet can be mounted on different substructures or
support structures like beams, crossbars, farms, etc.
Besides the substructures can be reinforced concrete,
steel, or steel-concrete. The steel and concrete compo-
site slabs in association with steel farms or steel beams
are an example of such a structure. Moreover, the de-
sign of the top knots can be diverse, most often apply-
ing steel rolled sections and thin-walled steel structures
to the systems top belt production.

In research [33] a similar design is considered by the
length of 44 m which is made of a spatial farm and a
concrete slab. The finite element method is applied to

a)

the theoretical analysis of the composite structure be-
havior. The results show that the concrete slab, when it
is in combined action with the composite space truss, is
compressed curved, and the internal forces in the com-
posite truss elements are distributed evenly, thus, the
materials strength properties are effectively used.

The interesting constructive concept is a system with
usage of the steel tubes filled with concrete. This sys-
tem consists of a monolithic slab that is connected to a
profiled steel sheet, it sets over the truss with parallel
belts where the top belt is filled with concrete [34, 35].
The steel and concrete composite slab can be lying as
in the steel tube plane filled with concrete, (Figure 7)
as on the steel tube top filled with concrete (Figure 8).
In addition, according to the first scheme, the combined
steel and concrete members action between themselves
is implemented due to contact of a tube and concrete,
and for the second, it is due to the shear connectors ap-
plication. Experimentally it is proved that the structures
have an increased bearing capacity.

The dependence between the failure load level (the
load when the connection between concrete and steel
members is lost) and a concrete class durability and
concrete top layer thickness is established. It is estab-
lished that at the increase in a concrete durability class
the failure load for the first scheme increases up to
45 %, and for scheme 2 — up to 33 %. Besides, the shift-
ing effort for the first scheme is almost four times more,
than for scheme 2. Depending on the concrete top layer
thickness, the failure load for the first scheme increases
by up to 21 %, and for the second scheme — up to 26 %
[36].

The opening with the Face of the steel and concrete
edges bent inside ‘\ /7 composite floor structure
T

Reinforcement —

z< |

- Concrete

| >~

Combined
thin-walled slab
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W
A-similar cross-section beam

Face of the steel and concrete
composite floor structure

Concrete
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The opening with the
edges bent inside \
il

Reinforcement 7 }f \\ e

Concrete & A-similar cross-section beam
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Figure 6 — Steel and concrete composite systems consist of A-similar beams
and thin-walled (a) or hollow slabs (b) [29, 30].
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Figure 7 — The structure with a monolithic steel and concrete composite slab that
is lying in the plane of the tube filled with concrete [35]:
1 — steel basic deck; 2 — reinforcing grid; 3 — the profiled steel sheet; 4 — concrete;
5 — the steel tube filled with concrete; 6 — the top layer of concrete; 7 — the face of the plate.

Figure 8 — The structure with the monolithic steel and concrete composite slab that
is lying on the tube filled with concrete [35]:
1 — concrete; 2 — the steel tube filled with concrete; 3 — reinforcing grid;
4 — the profiled steel sheet; 5 — shear connector.

Along with the monolithic steel and concrete compo-
site structures research, combined steel and concrete
composite precast systems are studied. The combined
structures use is the perspective direction for improving
structural concepts of the bearing steel and concrete
composite systems.

The slab with a steel frame (Figure 9) is one of the
combined steel and concrete composite structure ele-
ments. It is experimentally established that the bearing
capacity of such slab compared to a reinforced concrete
slab of a similar section is more on 45-50 % [37].
Besides, due to a steel frame, the slab has increased ri-
gidity.

Figure 9 — The slab with a steel frame for the sys-
tem of the precast flat slab construction [37]:
1 — concrete; 2 — reinforcing grid; 3 — steel frame.
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It should be noted that the slab framed with steel
members, except the key qualitative physic-mechanical
parameters, has technological advantages, it is the low
labor of production that is reached due to the frame use
as a permanent shuttering. Experimentally confirmed
advantages of such plates give the chance to apply them
in the flat slab construction.

Other examples of the complex roof systems type are
structures that consist of typical ridge reinforced con-
crete slabs and steel trusses. While the application of
that structure the materials economy is reached if the
combined action between slabs and trusses is provided.
If trusses by the length of 30 and 36 m and slabs
of 6 and 12 m are used, the steel economy reaches up
to 18 %, concrete — up to 10 % [38], and in case of ap-
plication of the long-span light grid steel and concrete
composite slabs, the steel economy increases up to
25 % [39]. Among rod steel and concrete composite
rafter designs, some consist of reinforced concrete
beams and steel farms.

In general, the inclusion of typical reinforced con-
crete elements in combined action as the top belt with
typical steel farms is an economically justified design.
Even though these structures are effective, they have
also essential shortcomings: firstly, it is the design
complexity and the need for typical elements adapta-
tion under new service conditions.

In general in industrial and civil engineering the tech-
nical and economic effect promotes the steel economy
up to 33 % rather than entirely metal and up to 11 %
compared to traditional reinforced concrete structures
that have steel and concrete composite elements appli-
cations. Besides the given expenses decrease up to
30 % rather with steel and up to 50 % compared to re-
inforced concrete structures [40].

It is possible to claim efficiency and expediency of
steel and concrete composite structures usage in the
roof or floor systems construction, leaning on analysis
results of current researches, as well as based on the
different structural concepts review of the steel and
concrete composite bearing elements, and widely used
connections between steel and concrete details. How-
ever, for this purpose, it is necessary to execute thor-
ough theoretical research of the spatial bearing systems
and construction ways for most effective spatial sys-
tems allocation, which will be possible to be applied to
shaping the roofs.

Conclusions

For achieving the goal, the existing bearing systems
and ways their shaping complex review was executed.
As the result is the allocation of an among all bearing
systems variety of the most effective in spatial behavior
terms, low weight, material consumption, and architec-
tural expressiveness, etc. Based on the steel and con-
crete composite structures review and the theoretical
and experimental studies results, it is possible to notice
that such structures are effective.

In such structures, materials strength characteristics
are rationally and fully used, in general through the
steel members are located in stretching elements, and
concrete — in compression. Such an entirely different
materials combination requires measures for ensuring
their combined action.

Today in the most effective steel details and concrete
members connection way is applications of different
shear connectors: rigid, flexible, and combined. Gener-
ally, the steel and concrete composite structures bearing
capacity, except for concrete-filled steel tubular struc-
tures and similar structures, is defined by the bearing
capacity of the shear connectors in shearing or shifting.

Considering specified, for developing new steel and
concrete composite systems structural concepts, the
way of ensuring combined action between steel and
concrete members the essence of which is the combina-
tion of a steel frame and reinforced concrete elements
together during the concreting without the shear con-
nectors usage is becoming increasingly applied, it
means the steel structure is put in concrete solid. Such
an approach allows creating integrity and indivisible
structure in which bearing capacity depends on the
bearing capacity of reinforced concrete or steel ele-
ments.

Steel and concrete composite structures have signifi-
cant advantages and positive properties that allow ap-
plying them successfully in the different industrial and
public buildings construction. In such structures the ef-
ficient materials use concept, and functions distribution
is implemented, therefore the structure components are
in the stresses that are inherent for them only, which
means steel members are in tension, and concrete mem-
bers are in compression. However, it is necessary to no-
tice that the steel and concrete composite systems also
have structural concepts imperfections. First of all, it is
the complexity and massiveness of nodal connections.
In certain cases, there is a need for shear connectors.
It is possible to carry to shortcomings as well that such
structures are monolithic, and it considerably limits a
scope. In the case of the precast structures industry or
on the building site, the span is limited and if concreting
is carried out in design position — the construction pro-
cess technology complexity due to concreting or weld-
ing overhead works, the need of timbering installation
of, etc is increased.
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The scientific article proposes a method for calculating the bending strength of steel-reinforced concrete (SRC) composite span
truss structures. This method allows calculating the flexural strength of the calculated sections of steel-reinforced concrete truss
structures, taking into account their stress-strain state at the time of maximum load-bearing capacity or failure. The analysis of
experimental and theoretical values of flexural SRC truss beam strength showed their adequate convergence, which allows the
application of the calculation method in practice design SRC span truss structures and members.
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MiuHicTh Ha 3THH NPOTIHHUX CTAJIe3aJ1i300e TOHHUX
(pepMOBHX KOMIIO3UTHUX KOHCTPYKIii

Tlaginceka T.A.'*, Osciii JI.M.2, Osciit 0.M.?

123 Hanionanenuii ynisepcurer «[lonraschka nosnitexnika imeni IOpis Konaparioka»
*Anpeca i uctyBanHs E-mail: Galinska@i.ua

HaBezieHo 3aranbHy METOIMKY PO3PaxyHKY MIIHOCTI Ha 3THMH MPOTIHHHUX CTalle3ali300eTOHHUX (DEepPMOBHX KOHCTPYKIIH.
Jlana MeToarka 103BOJISIE HA OCHOBI €KCTPEMAJIBHOTO KPUTEPist JOCATHEHHs AedopMalliii 30HH CTUCKaHHS OCTOHY BEIUYUHU
€u y KpaiHiil BepXHiil rpaHi nonumi nepepizy pepMoBHX KOMIIO3UTHUX KOHCTPYKIIH, IPH SIKOMY MIIHICTh Ha 3ruH (Mrd) Oyne
MaKCHMaJIbHOK, BUKOHATH PO3IOJLT BUIIAKIB HAIIPYKEHO-1e(OPMOBAHOrO CTaHy B PO3PaxXyHKOBHX iX Iepepi3ax 3aJexHO
BiJl MIITHOCTHHX BJIACTUBOCTEH KOMIIOHEHTIB Ta IX 00 €My (IOl OETOHHOI IOJIMI Ta MPOLCHTY 11 apMyBaHHS, IIONI €KBi-
BQJICHTHOT'O CTAJILHOTO €JIEMEHTa). B MOMEHT IOCSTHEHHS BEJIMYMHU TPaHUYHOI IeopMallii eu BifOyBaTHCS MIaCTHYHA CTAIis
py#nyBauns 6erony nosuii (Composite-PSD), npu sikiii MIIHOCTHI XapaKTepUCTUKH KOMIIOHEHTIB cTajie3aniz00eTOHHNX (e-
PMOBHX KOHCTPYKIIili Oy1yTh BAKOPUCTOBYBATHCS B MOBHOMY 00cs13i (BUIaL0K a). B TOil ske uac, IpH HeNnpomnopIiiHOMYy KOHC-
TPYKTHBHOMY BHpILICHHI Iepepi3y cTane3anizo0eToHHOT pepMOBOi KOHCTPYKIIiT, KOJIH Iepepi3 Ui MIL[HOCTHI XapaKTePUCTUKU
OJIHOTO i3 KOMITIOHEHTIB NPUHHSITI YU 3a[POEKTOBAHI 3 BU3HAYCHHUM 3aI11acoM, PYHHYBaHHS B PO3paXyHKOBHUX Iepepizax KOHC-
TPYKIil MOXe BinOyBaTHcs Ha npyxHO-MiactiuHii cranii (Composite-SC) (Bumanok c¢). Mexero Mix Npy»KHO-IIACTHIHOIO 1
IUIACTHYHOIO CTAMisSIMH € BUIAA0K b, konu nedopmarii B kpaifHiX TpaHsAX PO3TATHEHOI i CTUCHEHOI AUITHOK Iepepizy Jocsra-
I0Th OJITHOYACHO T'PAaHIYHUX 3HaueHb. B poOOTi BUKIIaJeH] aHANITHYIHI 3aJI€XKHOCTI IS ITOCIIITOBHOTO PO3paxyHKy MIIHOCTI Ha
3THH Iepepi3iB cTane3aTi300eTOHHUX (epMOBUX KOHCTPYKIIAX 3 ypaxyBaHHSM iX HaNpPYKEHO-Ie(OPMOBAHOTO CTaHY B MO-
MEHT MaKCHMaJIbHOI Hecy4oi 34aTHOCTI abo pyiHyBaHHs. [IpoBeneHuit MopiBHAHHMUIT aHAII3 eKCIEPUMEHTAIBHUX Ta TEOpe-
TUYHHX 3HAYCHb MIIHOCTI Ha 3TUH 21-0i KOMIO3UTHOT PpepMOBOi OGaNKOBOT KOHCTPYKIIiT, SIKI MM KOPCTKUIM 3B’S130K MK
CBOTMH KOMITOHEHTaMH. 3iCTaBJICHHS EKCIICPMMEHTAIbHUX 1 TEOPETHYHMX 3HAYCHb MII[HOCTI Ha 3TMH CTale3ali300eTOHHUX
(epMOoBHX OasIOK MOKa3ao iX afeKBaTHY 301KHICTB, 1110 I03BOJISE 3aCTOCOBYBATH METOJ] PO3PAaXyHKY Ha IPAKTHULII IPH Mpoe-
KTYBaHHI CTaj1e3a1i300eTOHHUX MPOTiHHUX KOMITO3UTHHX (hepPMOBHX KOHCTPYKIIi#i i1 €IEMEHTIB.

KurouoBi cioBa: craint3asnizo300eToH, IPOTiH, CKIaAeHNH, epMOBi KOHCTPYKIil, MIIIHICTh Ha 3THH
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Introduction

Span steel-reinforced concrete (SRC) truss structures
of various combined cross-sections are widely used to-
day in the construction of bridges and buildings and
structures coverings. Structural solutions of SRC truss
structures allow arranging airs transport and pedestrian
crossings with runs up to L=15...40 m and more to
L=60 m.

The analysis of constructive decisions of modern
truss bridges is carried out in the works of such scien-
tists as: Nussbauera A., Schumachera A. and
Hirta Manfreda A. [1, 2]; Daunera H.-G., Oribasi A.
and Wery D. [3, 4].

In the work [5], the authors Zhijuan Tian, Yongjian
Liu, Lei Jiang, Weiqing Zhu, and Yinping Ma collected
32 typical design cases of composite truss bridges and
also summed up the historical results of developments.

The structural solutions analysis of span bridges, are
carried out by scientists Mohammad Hossein Taghiza-
deha and Alaeddin Behravesh in the work [6], showed
the economic and structural efficiency of truss struc-
tures in comparison with traditional beam structures of
bridges.

As a result of many years of monitoring the technical
condition of bridges in Ukraine, the article authors
Bodnar L., Koval P., Stepanov S., Panibratets L. [7]
found that in 2019, 35% of bridges had got technical
condition 5 (inoperable) and 48% - technical condition
4 (limited serviceability) and required repairing or re-
placement. Therefore, the main task at the moment is
developing and implementing in the construction prac-
tice new effective structural solutions of girder truss
structures, which are also used in bridge construction.

Review of the research sources and publications

Scientists Martinez-Munoz D., Marti J. V. and
Yepes V., as a result of studying more than 150 scien-
tific works, conducted in work [8] the analysis of a con-
dition and directions of the researches devoted to de-
sign and operation structures of steel-reinforced con-
crete bridges. The distribution of publications by re-
search areas were [8]: design and behaviour - 66%; op-
timization - 13%; life cycle assessment - 8%; mainte-
nance and repair - 6%; construction process - 5%;
multi-criteria decision-making - 2%.

Experimental-theoretical study of the strength and de-
formability of span steel-reinforced concrete truss
structures are devoted to the work of scientists: Reis A.
and Pedro J.J.O. [9]; BujnakJ., Michalek P.,
Baran W. [10]; Luiz Alberto Araujo de Seixas Lea and
Eduardo de Miranda Batista [11]; Luo L., Zhang X.
[12]; Kuch T.P. [13]; Shkoliar F.S. [14]; Braz J. [15];
Videira O. [16]; Azmi M.H. [17]; Yiyan Chen, Jucan
Dong, Zhaojie Tong, Ruijuan Jiang, Ying Yue [18];
Zhijuan Tian, Yongjian Liu, Lei Jiang, Weiqing Zhu,
Yinping Ma [5]; Zhang D., Zhao Q., Li F. & Huang Y.
[19, 20].

Definition of unsolved aspects of the problem

Nowadays, an important issue is the development of
methods for calculating the flexural strength of span re-
inforced concrete truss structures depending on the
stress-strain state of their calculated cross-sections at
the time of failure.

Problem statement

The work aims to develop a method for calculating
the flexural strength of span steel-reinforced concrete
truss structures.

Basic material and results

Basic prerequisites for the calculation of the span
SRC truss structure.

To develop a general method for calculating the flex-
ural strength of a span steel-reinforced concrete (SRC)
composite truss structure the following prerequisites
were adopted:

— in the cross-section of the SRC truss structures, the
steel profile has rigid vertical and inclined connections
with the concrete slab;

— at the moment of failure, the cross-section of the SRC
truss structure can have three cases of the limiting
stress-strain state, at which:

case a Myirp (€cu, €a>€4u) = max — is the plastic stage;

case b: Mgy (écu, €a=6au) = max — the border between
plastic stage and elastic-plastic stage;

case ¢: Mgy (&cu, €a<€au) = max — elastic-plastic stage;
— the compressive force in the concrete N of the upper
flange in the section of the SRC truss structures is de-
termined as for reinforced concrete, taking into account
the percentage of its reinforcement, according to the
scientific proposals of D. Kochkarev [21] for the de-
pendencies of Eurocode 4 [22];

— analysis of cross-sections SRC truss structures
showed that most of their cross-sections can be gener-
alized about the vertical axis to an equivalent I-section,
see Fig.1 and Fig.2;

— depending on the position of the neutral line and the
nature of fracture determining the bending strength, the
main boundary cases of the stress-strain state of the
cross-section of truss structures are distinguished, see
Fig. 3.
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Figure 1 — Equivalent design cross-section
of an SRC truss structure along the vertical axis
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Figure 2 — Cross-sections of SRC truss structures:
a) V- a similar shape of the section;
b) I1- a similar shape of the section;
c) Equivalent a shape of the cross-section

The method foundations of calculating steel-rein-
forced concrete structures were previously laid in the
works of the authors [23, 24].

The sequence of calculation of the bending strength Nota =Aafy; (3)
of the span SRC truss structures.

According to the proposed method of calculating the Checking the inequality condition (4):
bending strength, SRC truss structures determine the
value of the limiting moment Mg, and compare it with Gafl 2 Oa Hlopt ; )

the external moment M from the action of the load: where aupiop — coefficient, which is determined by the

MergM. . . method given in the works [23, 24], and by the formu-
First, we accept the parameters and cross-sectional di- las (5), (6), (7), (8):

mensions of truss structures and technical characteris-

Ner=0.85 fea Br Ty 5 2)

tics of their components: (ccu, €as Ec, Ear foar frs o, =E,/E.; %)
Ac= B}, Aa= tnbn+hutw tipbp, hw=ha—tn— tp).
Determining the dependence () by the formula B [ZAZA JA+A))-A, —l] ) 6
(D: Hopt = a,2A,(1+A,)-A,(1+A,)] ©
(o7 :EaAa/ EL'AL' 5 (1)
# (&4 A= Zo ) (Ty+ha/ 2); 7

Determining values of the internal forces Ncrand Npa,
respectively, by formulas (2) and (3): A= /e = ha ! Ty )

Next, determine the position of the neutral horizontal
axis at the height (7y), when N> Npja.
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Figure 3— Limiting states of the equivalent section of a steel-reinforced concrete
truss structure when determining the bending strength
When N¢> N,iq, the neutral horizontal axis of the el-
ement is located within the height of the upper concrete Qafl < Qa Hopt ; ©)
shelf Ty, determining the compressed concrete zone (x.)
height and bending moment (M.Rd) for .cross-section N2 Npra; (10)
SRC truss structures at stress-strain state in cases la or
1b, ¢ (Fig. 3). B )
Checking the conditions (9, 10). If conditions (9, 10) Xe=Aafy/ (085 /e Br) (n
are satisfied, then the limit stress-strain state in the sec-
tion span SRC truss structures corresponds to case la, Myrsy = 0.5 Au f (2o — X 12) ; (12)

see Fig.3.

Then, using dependence (11), the height x. of the con-
crete compression zone is determined.

Using dependence (12) is determined the flexural
strength M,r» SRC truss structures.

where: z, — distance between the center of mass of the
steel equivalent section and the middle of the compres-
sion zone section of the reinforced concrete slab.
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If condition (9) is met and condition (10) is not met,
need to calculate distance from the top edge of the com-
pressive zone of the concrete to the neutral section line
Y3 using the equation (13). If condition (14) is satisfied
the SRC truss structure's limit state corresponds to case
2a (Fig. 3). Using dependence (15) is determined the
flexural strength M,r» SRC truss structures.

Yp=Aafy/ (085 f. By); (13)
Y <ha—ha: (14)
Mpiry = Aa fy za +0.85 fe B Ty z; (15)

where:
ze=Yg—Ts/2. (16)

If condition (9) is fulfilled and condition (10) is not
fulfilled, then it is necessary to check condition (17). If
condition (17) is satisfied, then we have case 3a of the
limit state SRC truss structures (see Fig. 3).

The distance from the upper face of the compression
zone of concrete to the section neutral line in the second
approximation is calculated by the equation (18).
The bending strength Mz, of a section, the truss
structures are determined according to equations (19)
and (22).

h—hg<Ys<h—ha+Tp; (17)

where: Yp — the distance from the upper face of the
compression zone of the concrete shelf to the section
neutral line in the first approximation, which is
calculated by the equation (13).

Yp=(Aafy—0.85fc BrTy) | 21y b) + h—ha;  (18)
Mlebl :Aaf)‘fzal 72](“4 B/"(YBJ'_h*ha) Za2 5 (19)
where:

21 =05Qh—h,—T); (20)

z22=05Ys—ha+th-Tp (21)

Mpirp2 =0.85 fe By Trze + 2 fa By (Yp + ha) za3 ;. (22)
where: z. — the same as equation (20);

zi3=0.5 (h—Y3p); (23)

If condition (9) is satisfied and conditions (10, 17) are
not fulfilled, then there is a case 4a of the limit state of
the SRC truss structures at the time of their failure (see
Fig. 3).

The distance from the upper face of the compressed
zone of concrete to the section neutral line in the second
approximation is determined by the equation (24).

Vo= (ufy= 085 e B T=2 /i By TS+ 5
+h—he+ Tp;

The bending strength Mz, for SRC truss structures
are determined by equations (25) and (27).

Mlebl = Aa]()‘i Zal — 2](4‘1 BfZa4 -

it (Yt hah—t)zes; )
where: z,4 — the same as the equation (20);
2a5s=05(Yo—ha+h—Tr1); (26)
Mpirpo = 0.85 fe By Trze + 2 fo By Trzas+ 27)
+ 2f(‘4 tW(YB + haf h - tf) Za7 5
where: z. — the same as the equation (20);
Zq6 — the same as equation (23);
za7=05(h—Ys—1); (28)

If condition (9) is not satisfied and condition (29) is
fulfilled, then the SRC truss structure's limit state
corresponds to case 1b, c¢ (see Fig. 3). The height x.
compression of the concrete zone of the cross-section
is calculated by equation (30).

The bending strength Mp;, for SRC truss structures are
determined by equations (31) and (32)

Nep> 0.5 Npra s (29)
)Cc:OS Aaﬁ)/(085ﬁ3f), (30)

at & = &
MRb:O.S Aa]g) (ZaS_XC/Z) 5 (31)

at & < &
Mz =0.5 Ay 04 (zag — X/ 2) ; (32)

where:

&= (& (h—x0) 1 X0 ; (33)
0u=6sFq4. (34)

If conditions (9, 29) are not met, it is necessary to
calculate the distance from the upper face of the
compressed zone of the concrete shelf to section line
neutral Ysg, using the equation (35).

If condition (6) is satisfied, then there is a stress-strain
state of the cross-section of the SRC truss structures in
accordance with cases 2b, ¢ (see Fig. 3).

The bending strength Mz, section the truss structure
is determined according to equations (36) and (37).

Y5=0.544f;/(0.85/.B); (35)
at &, = &

Mgy =0.5 Ao fy za9+ 0.85 /2 By Tz ; (36)
at &, < &u

Mgy =0.5 A, 04200+ 0.85 f; B Ty 2 ; (37)

where: z. — the same as the equation (16);
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&= (&u(h—Yp)/ Yp); (38)

o, — the same as the equation (34);

If condition (9, 29) is not fulfilled, you need to check
condition (18). If condition (18) is satisfied, then there
is a limit stress-strain state SRC truss structures
according to case 3b (see Fig. 3).

The value of the distance Yz should be calculated by
equation (35)

The distance from the upper face of the compressed
zone of the concrete to the neutral line of intersection
in the second approximation is calculated by equation
(39).

Ys=(0.5A4.f,—085£B;Tr)/ (c2) + h—ha; (39)
where:

ga2:8cutf/YB; (40

Ou2 = &Ea2 Ea (41)

Flexural strength Mgz, for SRC truss structures are
determined according to equations (42, 45) and (47).
at Eal = Eau

Mpro1 = 0.5 Au fy zaro — 0a2 by (Y + ha — h) za11;  (42)
where:

Zat0=h—ha!3=T;/2; (43)

Zn = Y5/ 3=T 22 (ha=h) /3 (44)

Mri2=0.85fc By Tyze + 02 by (Ya + ha — h) za12 ;. (45)
where: z. — the same as equation (35);

Za12:(h+ha7YB)/3; (46)

at &1 < &

Mpp1 = 0.5 Aq 0u1 za10 — 02 by (Ye + h — ha) zan 5 (47)

where: &, — the same as equation (38);
ox2 — the same as equation (34).

If conditions (1, 29, 35) are not met, then there is a
limit stress-strain state SRC truss structures, which
corresponds to case 4 b, ¢ (see Fig. 3).

The distance from the upper face of the compressed
zone of concrete to section line neutral in the second
approximation is determined according to the equation
(48).

Yp=(0.5A4af,—0.85 f. By Ty—

— Ow bf t/) /[ (Ow3tw) T h—hs + tr; (48)

where:
g0 =6u (Ys+h—hy)/Ys; (49)
Ow =& Eq 5 (50)

ga3zgcu(YB+h{I—h_tf)/YB; (51)

o3 — the same as the equation (50);

Flexural strength Mg, for SRC truss structures are
determined according to equations (52, 56) and (60).
at &1 = &

Mgrp1 = 0.5 Ao fy Za13 — Oz tr by zara —

52
_O-a3tw(YB+ha_h_tf)Za15; ( )
where:
za3=Q2h+Yp)/3-T/2; (53)
Za14:hfha+tf/3*T/’/2 5 (54
Zas=Q (h—hy) + Yp) /13 +t,—Ts/ 2, (55)
Mgry2 = 0.85 fe By Trze + 0wz brty Zars + (56)
+ Ou3 tw (YB +ha—h- t/‘) Zal7 5
where: z. — the same as the equation (53);
zae=ha—(h+t,—Yp)/3; (57)
za7=2ha/3—tr; (58)
zas=Q (h—h)+Yp)/3+t,-T;/2; (59)
at Eal < Eau
Mgyt = 0.5 Au Ca1 Za13 — Ou2 brtrza1a — (60)

— Ou3 tw (YB +ha—h- t/‘) Zal5

where: g1 — the same as the equation (38);
oa1 — the same as equation (34).

The calculated flexural strength (Mgps) in the
calculated cross-section is compared with the
magnitude of the bending moment (M) from external
forces acting on the SRC truss structure.

Bending strength in the SRC sections of the truss
structure will be ensured if the requirement (61) is met:

(61)

If the bending strength condition (61) of the SRC
truss structure sections is not met, then it is necessary
to increase the size of their steel equivalent cross-
section or take the materials of the components of the
composite structure with higher values of strength
characteristics and recalculate.

Comparative analysis of experimental data of tests
and theoretical calculations of flexural strength of SRC
of truss structures.

To compare the theoretical developments of the
authors with the data of experimental studies of the
bending strength of rafter structures, the results of
experimental studies of the following scientists were
used: Buinak J. et al. [10]; Leal L. et al. [11]; Luo L. et
al. [12]; Kuch T.P. [13]; Scientist F.S. [14]; Braz J.
[15]; Videira O.P. [16] and Azmi M.H. [17].

Mpp1 = Mgy .
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To analyze and summarize the results of comparing
the theoretical and experimental values of bending
strength of truss structures, statistical indicators were
determined: arithmetic mean ( X ), standard deviation
(0w-1) and coefficient of variation (V).

The results of the comparison of experimental tests
(M™") and analytical calculations of the bending
strength of SRC truss structures (M) are shown in
table 1.

The following statistics were obtained by comparing
the experimental and theoretical strength values of the

21 SRC truss beams, which had a rigid connection
between the components.

With coefficients y > 1.0 and yu > 1.0 that take into
account the properties of components with parameters
of the indeterminate model and size variations:

X =1.229; 0,.1 =0.020; v=1.65%.

With coefficients 5 = 1.0 and s = 1.0 that take into
account the properties of components with parameters
of the indeterminate model and size variations:

X =1.085; 6.1 = 0.010; v=0.88%.

Table 1 — Comparison of experimental results
with theoretical values of bending moments

os test test

specimen | aubor | ool | W) M | MO M | MO
kNm Mo kNm M2,
- Leal L.A.A.S. 2020 91,2 95,1 0,96 99,7 0,91
B-1 Luo L. 2019 385.,6 300,6 1,28 364,6 1,06
B-2 405,9 300,6 1,35 364,6 1,11
B-3 408,7 300,6 1,36 364,6 1,12
- Bujnak J. 2018 357,8 243 .4 1,47 281.,9 1,27
B-1.1 Shkoliar F. 2015 33,0 26,2 1,26 31,8 1,04
B-1.2 32,0 26,2 1,22 31,8 1,01
B-2.1 21,0 15,1 1,39 17,5 1,20
B-2.2 20,0 15,1 1,32 17,5 1,14
B-3.1 30,5 21,2 1,43 25,5 1,19
B-1 Kuch T. 2012 38,5 33,7 1,14 37,0 1,04
B-2-1 27,8 25,5 1,09 27,3 1,02
B-2-2-1 28,3 26,1 1,08 27,8 1,02
B-2-3 29,8 26,5 1,12 28,1 1,06
B-3-1 46,5 38,8 1,20 45,0 1,03
B-3-2-1 50,3 40,6 1,23 46,5 1,09
B-3-3 52,0 41,9 1,24 47,4 1,10
- Braz J. 2009 352,5 314,7 1,12 338,2 1,04
- Videira O.P. 2009 517,5 363,6 1,42 388,1 1,33
I Azmi M.H. 1972 703,9 667,8 1,05 712,9 0,99
VI 526,5 485 1,08 516,0 1,02
Conclusions

The scientific article proposes a method for calculat-
ing the bending strength of steel-reinforced concrete
composite span truss structures. This method allows
calculating the flexural strength of the calculated sec-
tions of steel-reinforced concrete truss structures, tak-
ing into account their stress-strain state at the time of
maximum load-bearing capacity or failure. The analy-
sis of experimental and theoretical values of flexural
strength of SRC truss beams showed their adequate
convergence, which allows the application of the calcu-
lation method in practice to design SRC span truss
structures.
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One of the factors influencing the stress-strain state of the structure is the placement method of the columns and their step.
The problem formulated in the article is to determine the design solution of the space grid structure with the least weight.
The paper examines how the columns location, the number of support points, and the supports step affect the force values in
the space grid structure rods and the supports (columns). The first variant of the model adopted a space grid structure supported
in the corners of four columns. The second variant of the model adopted a space grid structure supported on two sides —
six columns on each side. In the third variant, the structure is supported by 20 columns along the perimeter. It has been deter-
mined that the third method of supporting location is the most efficient.

Keywords: material capacity, optimization, space grid structure, stress-strain state regulation, tension regulator

Hanpy:xeHo-1epopMoBaHuii CTaH CTPYKTYPHOI INIUTH
Cpionax H.M.", uranenxo JI.A.2, Iluranenxo I'.M.3, Famymka C.A.*

I:CyMchKkuii HallioHaILHUIA arpapHuii YHiIBEpCHTET
2CyMCBbKUH HalliOHANbHMIT arpapHuii yHiBEPCUTET
3:CyMChbKUi HalliOHANbHUIT arpapHuii yHiBEPCUTET
4CyMchbKkuii HallioHaILHUIA arpapHuii YHiIBEpCUTET
*Anpeca s muctyBanHs E-mail: nataliia.sribniak@snau.edu.ua

CTpyKTYpHI IUTUTH — LI IPOCTOPOBI CTEPIKHBOBI KOHCTPYKIii. PopMa CTpyKTypHOI OAMHHULI IUIUTH € TOAIOHOI0 10 hopMHU
NPUPOJHUX KPUCTAIIB, TOMY, OYEBUIHO, € ePEKTHBHOIO Ta 3aCIyroBye Ha HociipkeHHs. CTPYKTypa CKIaga€eThesl i3 MpocTo-
POBHX eJieMeHTIB 3a (opMoOI0 HmipaMiau, 110 TOBTOPIOIOThCs Gararopa3oBo. CTPYKTYpHI IUIMTH IIUPOKO 3aCTOCOBYIOTHCS
JUISL TIEPEKPHUTTS OJHOMOBEPXOBHUX CIOPYA 1 MalOTh BEJIMKE DPIi3HOMAHITTS KOHCTPYKTHBHHX 1 apXiTEeKTypHHX (GOpM.
CTpyKTypHa KOHCTPYKLIs € 6araTo pa3iB CTATUYHO HEBH3HAYYBAaHOK KOHCTPYKLi€r0. OJJHUM i3 YMHHHUKIB, 10 BIUIMBAIOTH HA
HaIpyXeHo-1e()OPMOBaHHI CTaH KOHCTPYKIii, € po3TalryBaHHs KOJOH. CxeMma, KPOK pO3TalllyBaHHsS KOJIOH, iX KiIbKiCTh
BIUIMBAIOTh Ha BEJIMYUHU 3YCUIIb B CTEPIKHSIX CTPYKTYpPH. 3a/1a4a, o GOpPMYIIOETHCS B CTATT, HOJISIra€ y BU3HAYCHHI KOHC-
TPYKTUBHOI'O BHPILIEHHS CTPYKTYPHOI IUIMTH 3 HallMEHILOIO Barolo cepell IEKUIbKOX KOHCTPYKTHBHUX BapiaHTIB IUIMT, 11O
BIIPI3HSIOTHCS Pi3HOIO KiJIBKICTIO OMOP, ajie MaloTh OJHAKOBI po3MipH B IUI1aHi. B po6oTi nociimkeHo, sik caMme po3TallyBaHH;
KOJIOH, KUIBKICTh TOYOK CIIMPaHHS Ta KPOK ONOP BIUIMBAIOTH HA BEJIMYMHU 3yCHJIb B YCIX €JIE€MEHTaX CTPYKTYPHOI IUIMTH Ta B
caMux oropax (kojoHax).ba3oBa cTpyKTypHa IUIMTA [0 BEPXHBOMY HOsicy Mae po3Mipu B ruiani 30%30 m. Ha 6as3i wiel muiutu
CTBOPEHO TPH PO3PaxXyHKOBI MOEINI, SIKI BiIPI3HSAIOTHCS KPOKOM KOJIOH Ta iX kinmbkicTio. IIpn mepmomy BapianTi Monemni
MIpUIfHATE CIIMPAHHS IUIMTH B KyTaxX Ha 4OTHPH KoJoHU. Kpok xomon npuitasro 27 . [Ipu npyromy BapiaHTi NpuiHATE CIIH-
paHHS IUIUTH 110 JIBOM CTOPOHAM — Ha LIICTh KOJIOH 3 KOXKHOTO OOKy. BincTanp Mixk kosoHamu 6 M. IIpu TpeThoMy BapiaHTi
CIUPaHHS CTPYKTYpPHA IUINTa COMPAEThCs Ha 20 KOJIOH O MEPUMETPY, L0 PO3TAIIOBaHI 3 KPOKOM 6 M. Y BHCHOBKaX IpoaHa-
Ji30BaHO PE3yJIbTATH CTATHYHOTO PO3PAaXyHKY MOJENeH CTPYKTYPHOI IUIMTH MOKPUTTS 3 Pi3HUM CIIOCOOOM PO3TalllyBaHHS
omnop. BusHa4eHo, 1110 3a KpUTEPieM METaTOMICTKICTKOCTI [JIsl PO3TIITHYTHX MPOSKTHUX PillleHb HaitO1mbi1 eekTHBHUM TpeTiit
BapiaHT PO3TAIIyBaHHS KOJIOH.

KunrodoBi ciroBa: cTpykrypHa mnta, perymoanas HIIC, cTpykTypa, MeTaJoeMHICTb, ONTUMI3ALIis, PETYIATOP HAPYKEHb
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Introduction

In the world construction practice, many unique and
unusual constructions of public and industrial function
have been created. The load-bearing structures are con-
sidered separately for each of the structures

Metal space grid roof structures are widely used.
These roof systems are distinguished not only by origi-
nal architectural forms but also by progressive design
solutions. Pipe profiles occupy a special place in the de-
sign of large-role roofs. They have an efficient cross-
section of the rod and perceive axial forces. [1, 2].

Structural slabs (structures) are spatial rod structures
[1] similar in structure with crystalline metal grates
[3, 4].

They are characterised by many positive properties:
multiple connections, versatility, the possibility of pro-
duction on high-performance production lines, simplic-
ity of transportation [5]. The structure consists of spa-
tial elements in the shape of a pyramid which is re-
peated many a time and oft [8]. Multiple connections
cause a number of advantages of structural designs in
comparison with traditional structures, which are made
up of roof trusses, secondary trusses, girders [8].

As noted in [1], the structures can be used as a roof
structure for large buildings in the plan [6]. Internal
forces in space grid structures, therefore, cross-section
and weight of the structural elements, largely depends
on the accepted design parameters. Finding the most ef-
fective design solution for the structural plate is one of
the tasks to be solved in the initial stages of design [7].
The option that is chosen directly affects the further la-
bor intensity of manufacture, installation, and, ulti-
mately, the cost of the structure.

Review of research sources and publications

Spatial structures are three-dimensional systems con-
sisting of linear members, subjected to loads at their
joints or along their length, and connected to each other
using pin or moment connections. These structures can
take various forms such as flat-double-layer grid
(FDLG) or flat-multi-layer grid, braced barrel vault, or
dome, or any other form (free-form). The decision to
use rod systems as a roof structure is primarily associ-
ated with obtaining the most effective design solution
for the space grid structure. The criterion for this deci-
sion may be material capacity. The choice of the orien-
tation of the structural structure relative to the support
contour directly affects the economic performance of
the structure. For example, the internal forces in the
chord of the structure are obtained by 27% less in the
diagonal orientation of the structure relative to the
square support contour than in the orientation of the
structure parallel to the support contour. The maximum
roof displacement is 4 times less than the displacement
of the conventional trusses roofs [12]. In [12] it is indi-
cated that the support of space grid structures with
chord grids of triangular lattice on four or more nodes
causes static indeterminate of the structure. In such a
system, a change in the ratio of the rigidity of the rod
causes a significant redistribution of internal forces in
the rods. At the same time, there is no significant redis-
tribution of internal forces in the statically determinate

structure (when the lower triangular grid is supported
by three nodes and the quadrangular grid by four nodes)

In addition, in order to obtain a structure with mini-
mum weight, the regulation of the stress-strain state can
be carried out by varying many parameters.

Such parameters that can change are: the class of steel
rod elements of the plate, the choice of the orientation
of the space grid structures relative to the support con-
tour, different types of chord grid (triangular, rectangu-
lar, rotated relative to each other by 45° chord grids
from square grids); number of columns and their loca-
tion (in the corners, on the sides of the plate, on the pe-
rimeter of the plate) [12], methods of connecting the
rods of the structure. So, the criteria and factors influ-
encing the change of internal forces in rods of structure
and on: internal force value are many enough. Sepa-
rately, each of the factors needs research and analysis,
because such a criterion of design efficiency as metal
capacity is the most important criterion in the first stage
of finding the optimal design. The second criterion of
efficiency is the labour content of the erection of the
structure.

The objective of the work and research methods

The aim of the work is to determine the least material
capacity model of a spatial grid structure. Three options
for the location of the support columns are accepted for
stress regulators. The scheme, the interval of columns,
the number of columns influence the force values in the
rods of the structure.

Objectives that were formulated to achieve this goal:

— the creation of finite element models of space grid
structures in the Lira-SAPR software for studying their
structural behavior when changing the layout of col-
umns and their number;

— selection of the cross-sections of the structural ele-
ments of the space grid structures models based on the
results of static analysis;

— calculating the weights of each model of the space
grid structure and determining the space grid structure
model with the lowest weight. At the same time, the
sufficient manufacturability of the model remains.

The object of the research is the space grid structure
(structural rod plates of the roof) with chord grids of
square lattices having a different number of supports.

The subject of the research is the stress-strain state of
the structural rod plates of the roof with chord grids of
square lattices, which have a different number of sup-
ports and their interval.

The research method is the method of computer
modeling of structures using software systems that im-
plement the finite element method (SP LIRA-SAPR).

The research results make it possible to determine the
most effective of several possible space grid structures
of the roof according to the criterion of effective mate-
rial consumption, that is, according to the criterion of
the lowest weight of the structure.
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Basic material and results

As indicated in the study [4], there are 20 main types
of rod plates of interest for the practice of designing
structural roof slabs (space grid structures).

Among this set, one can single out a system of the type
of inclined cross trusses of two directions [9].

A structural slab (Fig. 1-2) with dimensions in the
plan of 30.0 x 30.0 m, having an orthogonal grid of
chords with a cell of 3.0 x 3.0 m and a height along the
axes of the chords 3.0 m.

The structural plate (Fig.1-2) with a plan size of
30.0 x30.0 m, with an orthogonal grid of chords with a
cell of 3.0 x 3.0 m and chords height of 3.0 m is taken
as the structure to be researched. Thus, the height of the
structure is 1/10 of the span, which is the optimal height
for simply supported structural plates [13]. The nodes
of the upper and bottom chords are connected by diag-
onal rod elements.

upper chord
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The crystals of the structural plate have the shape of
a pyramid with a square base. The columns are 6,0 m
high. The structural plate is supported on the columns
along with the lower chords. The plate dimensions in
the plan, the active load, the crystal type are taken as
parameters, do not change.

The restrictions are the strength condition for the ten-
sioned rods, the stability condition for the compressed
rods, the limit slenderness and the limit deflection of
the structure [14]. There are no intermediate supports
in the structure (Fig. 2). The combination of all ele-
ments made in a hinged way, intersections of all ele-
ments — pipes electro-welded straight-seam according
to GOST 10704-91.

The rod system on the square plan works in two di-
rections and belongs to the most perfect types of space
grid structures.

Figure 1 — The system of the type of inclined cross trusses in two directions
and with chord grids of square lattices is used to model the structural plate (a);
the spatial model of the structural plate is researched investigated (b)
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Figure 2 — Geometric scheme of the space grid structure: top view (plane XOY) (a);
side view (plane XOZ or YOZ) (b)
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There are no monitors and level differences in the
building. To ensure the removal of atmospheric precip-
itation, as a rule, the space grid structure is made with
a two-sided slope.

However, this design feature is neglected in this static
analysis.

When a square space is overlapped, the space grid
structure makes full use of its load-carrying capacity. It
is the square form exactly, not the rectangular form, that
is, the ratio of sides 1:1 determines its work in two di-
rections. Data is given that with the height-to-width as-
pect ratio of 1:0.8, the space grid structure begins to
work in only one direction and the difference in forces
in the elements along and across the span is 2,25 times
[15].

The greater the difference in the height-to-width as-
pect ratio of the structure, the greater will be the uneven
distribution of forces in its elements in two mutually
perpendicular directions [8]. Thus, we will assume that
in a structural plate with the height-to-width aspect ra-
tio of 1: 1, the forces in its elements will be equal.

The number of columns and the method of their loca-
tion on the plan will be taken as regulators of forces in
the rods of the structure (Fig. 3). In model No.1, the
distance between the columns is 27,0 m and the number
of columns in the model is 4. In model No.2, the dis-
tance between the columns is 6,0 m and the number of
columns in the model is 12. In model No. 3, the distance
between the columns is 6,0 m, the number of columns
in the model is 20.

The spatial model consisting of the space grid struc-
ture (plate) and columns was created for the static anal-
ysis. All elements of the structural plate were defined
by the rods of a spatial truss with three statistical de-
grees of freedom: X, Y, Z, columns — spatial universal
rods (FE No.10) with six statistical degrees of freedom:
X, Y, Z, Ux, Uy, Uz.

Analytical models according to fig. 3 are shown in
fig. 4.

All rods of a structural plate are accepted from com-
mon steel, made from hot-rolled pipe profiles.
Accepted steel class C245 [16] with the following char-
acteristics: R, = 24,0 kN/cm?, R,,= 24,5 kN/cm?,
E =2, 06108 kN/cm?, y = 77,0085 kN/m?, p = 0,3.
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The rods of the upper chord and bottom chord of the
structural plate is made from hot-rolled pipe profile
242x32 mm, the inclined rods are made from hot-rolled
pipe profile 168x25 mm. The columns have 6,0 m
length and are made from a hot-rolled pipe profile
273x40 mm.

Construction loads are constant — roof load (from the
steel sheets and the girders), the dead load of the struc-
ture, which was automatically set in the SP Lira-SAPR.

The live load is the snow load (characteristic for
Sumy) is 1,64 kN / m?. Since the slope of the upper
chord of the structure is o <30 °, a uniform distribution
of the snow cover over the entire roof is assumed [1].

The steel sheets are based on the girders. Girders are
attached to the upper chord of the space grid structure.
Thus, in the analytical models, a point load from the
steel sheet and snow was applied to the nodes of the
upper chord of the space grid structure (Fig. 5).

All rods of a structural plate are accepted from
common steel, made from hot-rolled pipe profiles.
Accepted steel class C245 [16] with the following char-
acteristics: R, = 24,0 kN / ecm %, R,, = 24,5 kN/cm 2,
E =2, 06-108 kN/cm?, y = 77,0085 kN/m?, p = 0,3.

The rods of the upper chord and bottom chord of the
structural plate is made from hot-rolled pipe profile
242 x 32 mm, the inclined rods are made from hot-
rolled pipe profile 168 x 25 mm. The columns have 6,0
m length and are made from a hot-rolled pipe profile
273 x 40 mm. Construction loads are constant — roof
load (from the steel sheets and the girders), the dead
load of the structure, which was automatically set in the
SP Lira-SAPR.

The live load is the snow load (characteristic for
Sumy) is 1,64 kN/m?. Since the slope of the upper
chord of the structure is o < 30 °, a uniform distribution
of the snow cover over the entire roof is assumed [1].

The steel sheets are based on the girders. Girders are
attached to the upper chord of the space grid structure.
Thus, in the analytical models, a point load from the
steel sheet and snow was applied to the nodes of the
upper chord of the space grid structure (Fig. 5).

Figure 3 — Analytical model of location column:
a —model No.1 (in four corners of the bottom chord), b — model No.2 (on both sides of the bottom chord),
¢ —model No.3 (on four sides of the bottom chord with a step of 6,0 m)
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Figure 4 — Spatial analytical models of the space grid structure that are being researched:
analytical model No.1 (a); analytical model No.2 (b); analytical model No.3 (c)
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Figure S — The application scheme of nodal load on the space grid structure

The results of the numerical research of space grid
structure

The static analysis was conducted to determine the
stress-strain state of the whole structure. The selection
of the cross section of tensioned elements was carried
out based on strength analysis, compressed elements
were carried out based on strength and durability anal-
ysis. The static analysis also took into account the lim-
ited slenderness of the elements and vertical linear dis-
placements of the whole structure. Structure designed
by the elastic method of analysis [1].

The upper chord rods are under the influence of the
axial compression forces and the bottom chord rods are
under the influence of the axial tension forces.

The axial force N in the inclined rods has an alternat-
ing value, so the rods are in both tension and compres-
sion. Fig. 6 shows the simple bar charts of the maxi-
mum forces in the rods of the structures.

Thus, the charts in Fig. 6 show that the forces in all
chord systems and inclined rods decrease, but at this
time there is an increasing number of structural sup-
ports. There are forces uniform in value in the rods of
the chord systems.

Thus, the maximum compression forces in analytical
model No.2 decreased in comparison with these forces
in analytical model No.1 by 1,71 times, and the maxi-
mum compression forces in analytical model No. 3 de-
creased in comparison with these forces in analytical
model No.1 by 3,12 times. The maximum tensile forces
in analytical model No.2 decreased in comparison with
these forces in analytical model No.1 by 1,85 times, and
the maximum tensile forces in analytical model No.3
decreased in comparison with these forces in analytical
model No.1 by 4,16 times. The maximum compression
forces in the inclined rod in analytical model No.2 de-
creased in comparison to these forces in analytical
model No.1 by 2,53 times, and the maximum compres-
sion forces in analytical model No.3 decreased in com-
parison to these forces in analytical model No.1 by 3,97
times.
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Figure 6 — Maximum forces «N» in the rods
of the structures:
axial forces in the rods of the upper chord (a);
axial forces in the rods of the bottom chord (b);
axial forces in the inclined rods (c)
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The maximal tensile forces in model No.2 are
2,84 times less than those in model No.1 and the maxi-
mal tensile forces in model No.3 are 7,57 times less
than those in model No. 1. Fig. 7-8 shows the bar charts
of forces in the columns.

Maximum compression forces in columns in analyti-
cal model No.2 are 2,7 times less than in analytical
model No.l and maximum compression forces in col-
umns in analytical model No.3 are 3,77 times less than
in analytical model No.1. The bending moments in col-
umns also decrease with the increase of the support
points for the space grid structure.

It should be noted that the forces in analytical models
No.2 and No.3 (both in the structure rods and in the col-
umns) decrease in comparison with the forces in the
most stressful analytical model (analytical model No.1)
by approximately the same value. Fig. 9 shows charts
of vertical load deflections at the nodes of the structure
in its cross-section.

For example, Fig. 9 shows that the least rigidity will
be a structure in analytical model No.1, supported by
four columns in the corners. The most rigid scheme will
be analytical model No.3 — with the support of the
structural plate around the perimeter. The general view
of the deformed analytical models is given in Fig. 10.

The deformability of all models is within acceptable
limits [17], and the maximum actual deflection for all
analytical models does not exceed the maximum allow-
able value of 90 mm.

fu=1/300=27000 /300 =90 mm

Cross-section analysis of structural rods

Strength analysis of steel elements with characteristic
strength R,,, < 440 N/mm? with axial tension and com-
pression, it should be performed according to the for-
mula (1.4.1) [16]:

N/A, Ry - <1 (1)

Stability analysis of the elements under axial com-
pression should be calculated by the formula (1.4.3)
[16]:

2

Thus, the required cross-section area with axial ten-
sile strength:

N/ -Ay R, -y <1

A, =N/R, -y (3)

Thus, the required cross-section area with axial com-
pressive strength:

Ay =N/@ Ry -y (4)

Tables 1 and 2 show the maximum axial forces oc-
curring in the rods of the structure and the columns.
Based on these data, we will find the necessary cross-
sectional area of the rods according to the strength (1)
and stability (2) conditions for a compressed rod.

The cross-sectional area of the rod required with
the strength condition is calculated according to (3)
and (4) and written in tables 1-4. We will also select a
pipe profile according to the schedule of pipes
(GOST 8639-82), calculate its weight and the total
weight of the upper chord, bottom chord, inclined rods
and columns.

Fig. 11 shows the ratio of the space grid structures and
the weight of the columns.

As the number of supports increases, the weight of the
roof plate decreases, and the weight of the columns in-
creases (Fig. 12).
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Figure 9 — Charts of the nodes vertical deflections
of the structure in its cross-section
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Table 1 — Upper Chord Weight Count

Figure 10 — Deformed structure: analytical model No. 1 (a);
analytical model No. 2 (b); analytical model No. 3 (¢)
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EX | $EE |8 €E |S%w|fEg |2 |z
=i 2= 7 g &7 S 8, < & & 2 = .20
S S es< | & g < = 3 g 5.8 5
= O 5 ey = = = = = S =
1 470,68 19,61 80x7 19,6 15,38 0,01538 660 10,15
2 274,09 11,42 80x4 11,88 9,33 0,00933 660 6,16
3 146,46 6,10 50%3,5 37,74 4,94 0,00494 660 3,26
Table 2 — Bottom Chord Weight Count
Model Ne .
e2 | g8, |2 £, |3 |5g |gE |G
EZ 2758 | 2 S £ =Bw |=% |SE =
=8 2 e, oh g4 o g 2 g oD
s 8 cs<d |2 g < 5 g 5 & g5 5
= O & & S = = = = S =
1 619,20 25,80 120x76 26,74 20,99 0,02099 540 11,33
2 333,54 13,90 60x77 14 11 0,011 540 5,94
3 148,71 6,20 50x73,5 6,3 4,94 0,00494 540 2,67
Table 3 — Inclined Rods Weight Count
Model Ne N
% | g3, |2 . |3 |3 |s8 | B
EZ 758 | 2 S £ =Bw |=% |SE =
=8 2 e, oh g, 4 o g 2 g oD
s 8 cs<d |2 g < 5 g 5 & g5 5
= O & & = = = = = S =
1 333,04 13,88 60x7 14 11 0,011 2936 32,30
2 131,15 5,46 50x3 5,48 4,31 0,00431 2936 12,65
3 83,78 3,49 35x3 3,68 2,89 0,00289 2936 8,49
Table 4 — Columns Weight Count
Model Ne o _ — = “ = [T
1 U3 > g = 2 0
S |8l |3E | 28| 5% |FEE
NAN | A s = | 232 | B2¥| BE | £EE| 2558
2 °SE< | 3 E 5 = S22 | E0s5
= O S = u Z 3 Z3% | €5 ¢
1 841,99 35,08 140x7 36,4 28,57 0,17142 4 0,69
2 312,15 13,01 70x5 12,57 9,87 0,05922 12 0,71
3 223,27 9,30 45%7 9,8 7,69 0,04614 20 0,92
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Figure 11 — The ratio of the weight of the space
grid structure and the weight of the columns
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Figure 12 — Weight changes in space grid structure
depending on the number of columns according
to the variants of their location
(model No. 1— 4 columns, model No. 2— 12 columns,
model No.3 — 20 columns)

Conclusions

As the number of supports increases, the weight of the
space grid structure itself decreases and the weight of
the columns increases (see Tables 4-5). The model ac-
cording to variant No.3 has the lowest weight, despite
the largest number of columns in this model. As can be
seen in Fig. 11 the weights of the columns in the weight
of each model are values of the same order. The weight
of the columns is from 0,7 to 0,9 tons, and the weight
of the space grid structure differs by 2,17-3,8 times rel-
ative to the heaviest structure (according to model
No.1). The most rigid is model No.3, the least rigid is
model No.1 (when the space grid structure is supported
by four columns at the corners). Based on the analysis
of the obtained results, we can conclude that the crite-
rion of metal consumption for the considered design so-
lutions is the most effective third option for the location
of the columns (along the perimeter of the lower chord
of the space grid structure with a step of 6,0 m).
In this case, the total weight of the whole structure
would be the lowest. Prospects for further research are:
the study of plate structures models with different vari-
ants of steel classes of construction and the labour con-
tent during the model erection.
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The characteristic damage of masonry walls under the combined action of vertical and horizontal loads has been analyzed.
Possible schemes of masonry destruction are considered. A diagonal shear is identified as a typical case of the destruction of
piers under seismic impacts. The closeness of the loading conditions of the piers of the bearing walls under the action of the
seismic force to those that arise in the frame when it is skewed is noted. The article considers the results of experimental studies
of masonry specimens on the skew as models of the operation of piers under seismic impacts. The nature of destruction is
analyzed, determining factors of influence. Based on the analysis of known experiments, proposals are presented for a kine-
matically possible scheme for the destruction of masonry walls, which is proposed as a base for the calculation

Keywords: diagonal shear, damage, seismic influences, schemes of destruction

PoGora kam'siHOI KJIaAKU IPU CyMicHI il
BEPTUKAJbHUX i TOPU30HTAJILHUX HABAHTAKEHb:
aHAJII3 eKCNEPUMEHTAJbHUX H0CTi/IKEeHb

JHosxenko 0.0.'*, Iorpionnii B.B.2, ¥cenko JI.B.>, Kinico MaxJuin3za*

1.2,3.4 HanionaneHumii yHiBepcutet «IlonraBebka momiTexHika imeni IOpis KongpaTioka»
*Anpeca g muctyBanHs E-mail: 0.0.dovzhenko@gmail.com

IIpoananizoBaHi XapakTepHi HOIIKOPKEHHSI KaM STHUX CTiH IPY CyMICHIH Jii BEepTHKAIBHNX 1 TOPU30HTAIGHUX HABAHTAXKCHb.
Po3risiHyTO MOXIIHBI CXeMH pyiHyBaHHS KiIagkd. OcoOJINBY yBary NpHIiIeHO MiXXBIKOHHIM IPOCTIHKaM, KOTPi € OAHI€I0 13
HaWOIIBII HANIPYXKEHUX H ypa3IMBUX KOHCTPYKIIH HEerNITHUX Oy/iBelb 3 TOUKHU 30py celicMocTiiikocTi. BuaineHo miaroHans-
HHH 3CYB SIK XapaKTepHHH BHUIAJOK PyWHYBAaHHS MPOCTIHKIB NpH ceHcMiuHMX BIutMBax. HarosmorieHo Ha GIM3BKOCTI YMOB
3aBaHTAXXCHHsI MIPOCTIHKIB HECYYHX CTiH MPHU il CeHCMIYHOT CHIIM [0 THX, SIKi BUHUKAIOTh Y KapKaci rmpu ioro nepekoci. Po3-
TISTHYTO Pe3yNbTaTH CKCIEPUMEHTAIbHHUX JOCITIKEHb KaM sSTHUX 3pa3KiB Ha MepeKic sk Mopeneit podoTtu mpocrinkis. [Ipo-
aHaNi30BaHO XapakTep pyiHyBaHHs, BU3HAYaNIbHI (AKTOPH BIUIMBY: MaTepiaa KJIaaKH, MIIHICTh KAMEHIO 1 pO3YHHY, BHYTpI-
ITHE 1 30BHIIIHE apMyBaHHS KJIaJKH, MiACHICHHS PO3UMHHUMY i OETOHHUMH aIUTiKalisMH, HePeXpecCHUMH Ta TOPH30HTAIb-
HUMU 3aJ1i300€TOHHUMH CMYyTaMH, BYTJICBOJIOKHOM, JliarOHaJIbHUMU METaJIeBUMH TsbKaMu Ta iHmri. Ha ocHOBI aHanizy BiqoMux
SKCIEPUMEHTIB HaJlaHi MPOMO3HLIT 10710 KIHEMATHYHO MOKIIMBOI CXEMHU PYHHYBaHHs KaM’sIHHX IIPOCTIHKIB, KOTPY 3arporio-
HOBAHO sIK 0a30BY IS PO3paxyHKY BapiallitHIM METOJIOM Yy TeOpii INacTUYHOCTI, po3pobiennM y HanionansHOMY yHIBEpCH-
teri «[lontaBcpka mositexuika iMeHi IOpis Konaparioka» 1uist po3paxyHKy MILIHOCTI GETOHHHMX i 3a51i300€TOHHUX, KaM’ THHX
Ta apMOKaM sSHHX €JIEMEHTIB IPH 3pi3i, MiCLIEBOMY CTHCHEHHI Ta MpoJaBiIioBaHHi. B cranil pyiiHyBaHHS MPOCTIHOK PO3ALIS-
€THCsI HA YOTHPH KOPCTKI JUCKH: [Ba KJIMHH I1i1 BAHTAXXHOIO IIOIIAIKOIO 1 ABa AUCKH, OKPECIICHI 3CYBHUMH IUISTHKaMH KJIMHIB
1 IUIOIIMHOIO PO3KOJIIOBaHHA, KOTpa 3’€iHye X BeplMHU. KIMHM pyXaroThCs Ha3ycTpid OJMH OJHOMY, a J[BA IHIUMX JUCKH
BIJIANISFOTHCS OJIMH BiJl OHOTO B HATIPSMKY, TICPIICHIUKYIIIPHOMY JI0 IUIOLIMHU PO3KOJIFOBAHHS

KurouoBi ciioBa: niaroHanabHUI 3CYB, MOIIKO/DKEHHSI, CEHiCMiUHI BIUTHBH, CXeMHU PYHHYBaHHS
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Introduction

Ensuring seismic resistance is always one of the main
tasks in the design and construction of buildings and
structures in earthquake-prone areas. Recently, the ap-
plicability of this problem for Ukraine has significantly
increased in connection with the frequent cases of
earthquakes in Europe, including with a large number
of human victims and significant material damage.

New seismic zoning maps ZSR-2004, put into effect
in the norms [1] since 2006, provide for an increase in
the proportion of territories subject to seismic effects.
According to them, at this time, approximately 15% of
the territory of Ukraine is earthquake-prone with design
seismicity of more than 7 points.

The size of economic losses from seismic effects es-
tablished as a result of the analysis for buildings with
different structural schemes (with the same seismicity
of the site) [2] indicates that buildings with masonry
walls that are widespread in Ukraine are the most vul-
nerable to seismic effects and belong to the least seis-
mic-resistant type. This is due, in particular, to the in-
creased mass of structures and the presence of a large
number of joints and seams, which leads to significant
damage to building elements.

Review of the research sources and publications

The results of recent studies [3 — 8] show that build-
ings with bearing masonry walls receive the following
typical damages from the action of seismic loads: in-
clined and cruciform cracks in the piers of walls and
unpierced walls; vertical cracks at the junction of the
longitudinal and transverse walls with possible falling
out of the walls; horizontal cracks in the walls, often at
the level of the bottom of window areas, lintels or at the
level of support of the floor; cracks in the places where
reinforced concrete lintels were laid; cracks of a chaotic
direction in the walls, which are a combination of the
above (Fig. 1).

Definition of unsolved aspects of the problem

Currently, there is no methodology for calculating
masonry structures under the combined action of verti-
cal and horizontal forces, which would be based on a
common theoretical basis.

Problem statement

To create a reliable method for assessing the bearing
capacity of masonry walls under the combined action
of vertical and horizontal loads and informed decision-
making regarding their effective reinforcement, it is
necessary to analyze the nature of the destruction of
structures and the results of their physical modeling in
the experiment. The data obtained will serve as the ba-
sis for creating design diagrams of elements in as-
sessing their strength.

Basic material and results

Tumanov A. [9], based on the results of experimental
studies, proposed a classification of cracks observed in
masonry walls under the combined action of vertical
and horizontal forces. The main types are:

- main vertical cracks that divide the surface of the
walls into separate vertical blocks;

- limiting inclined cracks that define the boundaries
of an inclined compressed strip (destruction area);

- microcracks, the accumulation of which leads to
crushing of the masonry;

- cracks in the tensile zone;

- cracks that characterize a shear of compressed ma-
sonry in inclined compressed strips.

The proposed classification of cracks can be consid-
ered as a criterion for the implementation of individual
schemes of masonry destruction: displacement in the
horizontal plane, diagonal shear, failure beyond the ten-
sile zone, and crushing (Fig. 2).

Figure 1 — The nature of the destruction of ma-
sonry walls under seismic effects:
a — a diagonal cracks [3];
b — a vertical crack at the junction
of the longitudinal and transverse walls [7];
¢ — a cruciform crack in the wall [8]
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Figure 2 — The nature of the destruction
of masonry under the combined action
of vertical and horizontal loads:

a — displacement in the horizontal plane;
b — diagonal shear;
¢ — failure beyond the tensile zone;

d — crushing

One of the most vulnerable structures of masonry
buildings in terms of seismic resistance are piers, cases
of destruction are shown in Fig. 3 [10].

Pier Toe
Crushing

Bed Joint
Sliding

Diagonal
Tenslon

WEAK PIERS

Figure 3 — Cases of destruction
the piers under seismic effects

The width of the piers to a certain extent affects the
location of the cracks (Fig. 4).

The most typical damage to walls is the formation of
inclined and X-shaped cracks, which propagate mainly
along the joints of the masonry, starting at the corners
of the holes and other places where the walls weaken
(change in stiffness). If the crack crosses the stones,
then this is a sign of their insufficient strength, the lay-
ering of the masonry indicates a weak bond of the mor-
tar to the stone. The value of crack opening can be dif-
ferent and is the main sign when assessing the degree
of damage to a wall element.

According to [12], the piers of bearing walls under the
action of a seismic force are under loading conditions
that are close to those that arise in the frame when it is
skewed.

N N D4
70 D= 1

Figure 4 — Schemes of cracks location
in the piers during earthquakes:

a — e — damage in relatively narrow piers;
f, g — the same in relatively wide piers [11]

In the first stage of deformation of the masonry
(Fig. 5), when the seismic forces are small, the piers
work together with the above-window chord over the
entire contact area. The vertical load is transferred from
the upper to the lower piers at all levels along all hori-
zontal sections.
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Figure 5 —The work of the piers of bearing walls
under the action of horizontal seismic force:
a — characteristic damages;
b — stages of deformation of the piers

S
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In the second stage, cracks form in the tensile zones
of the horizontal section of the walls at the levels of the
upper and lower parts of the window area adjacent to
them, and the contact between the masonry is broken.
At this stage, the transfer of vertical and horizontal
loads in the mentioned sections is carried out only along
with the length a. <2a (where a is half the width of the
pier). With an alternating horizontal load, the bond in
the masonry is broken along the contact between the
top of the pier and the bottom of the chord due to the
formation of cracks.
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The third stage is characterized by a further reduction
in the length of the compressed zone and the formation
of a diagonal crack in the pier. One and the same pier
on different floors of a building may be at different
stages of deformation, which is associated with a
change in the values and ratio of vertical and horizontal
forces, as well as with possible differences in the
strength and stiffness of the piers.

So, an experimental study of the work of piers for the
combined action of vertical and horizontal loads can be
carried out when testing masonry samples on the skew,
first performed by Dmitriev A. in 1940 in the laboratory
of masonry structures CRIIS [13]. He tested fragments
of vibrational masonry walls from hollow ceramic
stones. Since 1948 Polyakov S. studied the features of
work of filling in frame-stone buildings: 57 samples
with frame and continuous filling were tested. Since the
publication of the monograph by Polyakov S. [14],
many authors have carried out experimental studies of
the strength and deformability of fragments of masonry
made of bricks of various types, limestone, and other
materials when skewed without frame framing. In most
cases, the specimens were tested with a concentrated
load applied along with one of their diagonals (Fig. 6).
To prevent crushing of the loaded corners of the ma-
sonry, the latter were reinforced with steel or reinforced
concrete bearing elements. With this test scheme, the
strength indicators of the samples are influenced by the
length of the support areas (/i.c), through which the load
is transferred to the sample.

Various methods of increasing the bearing capacity of
elements under the combined action of vertical and hor-
izontal forces were investigated.

Roéze
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Figure 6 — Schemes used by researchers when
testing masonry specimens for deformation during
the application of a load along the diagonal

Known experiments with vibrational masonry panels
with sides dimensions 1060x1060, 1120x1120,
800%800, 8001200, and 800x1600 mm [15] without
reinforcement and with reinforcement with vertical
bars and wire meshes through three courses of ma-
sonry, which did not increase the strength of the sam-
ples. The desired result was achieved with external re-
inforcement, and here the distance between the moment
of the formation of a diagonal crack and the destruction
of the element significantly increased.

Kabantsev A. and Tonkikh P. [16] manufactured and
tested 7 series of experimental samples with dimen-
sions 1060%1060%250 mm from solid brick with
strength f, = 10 MPa on cement-sand mortar with
strength f,, = 7.5 MPa: control samples without rein-
forcement and reinforced with one or two sides.
Carbon fiber FibARM Tape 230 and FibARM
Tape 240 and binder FibArm Resin 230+ and FibArm
Resin 530+ were used as reinforcement elements [15].
The use of an external reinforcement system made it
possible to increase the bearing capacity of the masonry
by 30 — 100%, depending on the strength of the carbon
fiber, area, thickness, and a number of reinforcement
layers. The destruction of these samples, in contrast to
those reinforced with reinforced concrete and concrete
applications, which are applied according to the usual
technology and by the concrete shotcrete method [16],
occurred along a diagonal crack outside, brittle, almost
instantly after reaching the ultimate loads.

During the tests Derkach V. of unreinforced samples
with dimensions of 500x500%140 mm made of bricks
with strength f,= 15 MPa[17] the moment of formation
of diagonal cracks coincided with the moment of de-
struction. At the same time, depending on the strength
of the mortar, the following mechanisms of destruction
were observed: splitting along the diagonal, in which
the trajectory of the crack passes both along with the
stones and along individual vertical and horizontal
joints of the masonry (with a mortar with compressive
strength £,, = 7.9 —10.9 MPa); splitting along the diago-
nal, in which the critical crack has a stepped trajectory
and passes only along the horizontal and vertical joins
of the masonry; displacement along the horizontal
joints of the mortar (the last two types of destruction
were observed when using a mortar with strength
fn=3.1 MPa).

The experiments of Demchuk I. [18] were carried
out on masonry samples with dimensions of
500%500x65 mm for the manufacture of which solid
and hollow (18%) bricks were used on standard mortars
with compressive strength f,, = 3.1, 7.9, and 10.9 MPa.
The results obtained indicate a decrease in the shear
strength of the masonry f;, at the mortar strength
fm=73.1 MPa.

Gasiev A. [12] produced and tested 3 series of sam-
ples with dimensions 1030x965x250 mm using a brick
of average strength f, = 12.5 MPa on a mortar with
strength f,, = 7.5 MPa: control samples and reinforced
with a sheet of carbon fiber brand MBRACE FIB
CF230/4900.200g / 5.100m with one and two sides of
the specimen along its extended diagonal. The bearing
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capacity in the first case of external reinforcement in-
creases by about 1.5 times, and in the second by 2 times.

In the work of Izmailov Yu. [19], the results of exper-
imental studies of the strength of four series of samples
on the action of static and pulsating loads directed along
the diagonal are presented. Both traditional masonry
and vibrational brick elements were used. Strengthen-
ing was carried out by applying a plaster layer from a
high-strength mortar to the side surfaces or reinforcing
the plaster layer with steel meshes. Vibrations and the
presence of plaster layers on the lateral surfaces of the
samples increase the strength of the masonry up to 2
times; reinforcement postpones destruction from the
moment of cracking, creating conditions for the devel-
opment of plastic strain. Destruction of brick elements
occurred along a diagonal crack, which spread along
the joins, vibrational brick samples collapsed along a
bandaged section; the destruction of the reinforced vi-
brational brick samples occurred along an inclined
compressed strip. The effect on the resistance of the
masonry was also analyzed by reinforcement with steel
diagonal ties or during preliminary compression.

Experimental studies by Kadam S. and Singh Y. [6]
included tests of six series of samples with strength
characteristics of brick f, = 21.06 MPa and mortar
fm=3.72 MPa. The first two series had three reinforced
masonry piers with dimensions of 700x700x115 mm
(single-layer) and 700%700%230 mm (two-layer). Sam-
ples 3 — 6 series were reinforced from the outside
(in one and two planes) with welded wire meshes lo-
cated in a layer of concrete. Destruction of unreinforced
specimens occurred behind a jagged diagonal crack and
was sudden and externally brittle. The authors propose
to consider this failure as a combination of diagonal
shear and horizontal displacement. The behavior of re-
inforced specimens depended on their thickness, inten-
sity, and method of reinforcement. The destruction be-
gan with the formation of a diagonal crack, the devel-
opment of which was restrained for a certain time by
reinforcement, which promoted more plastic failure in
comparison with the samples without reinforcement.
For specimens reinforced in one direction, the failure
was accompanied by cracks that were localized along
the edges of the specimen. At large displacements,
there was a significant local crushing of the concrete
adjacent to the welded mesh, which was torn in some
places. For specimens reinforced in two directions, fail-
ure occurred along a crack that propagated along the
length of the compressed diagonal of the specimens.
At the last stage of loading, local crushing of the ma-
sonry in the places of load application was observed.
The increase in the shear strength of the reinforced
specimens in comparison with the reference was in the
range of 0.57 — 1.48 MPa.

In the experiments of Dong K., Sui Z., Jiang J.,
Zhou X. [20], solid brick and ordinary mortar
were used to make samples with dimensions of
2100%1560%240 mm and 1560%1560%240 mm (a total
of 11 piers were tested). Three samples without rein-
forcement served as reference, the other 8 were rein-
forced with reinforced cross and horizontal strips from
a solution 250 mm wide. The experiment varied: the

strength of the mortar of masonry and reinforcement
strips, their thickness, the reinforcement ratio of the
strips, the location of the reinforcement (on one or both
sides), as well as the value of the vertical load. For the
value of samples, a brick with dimensions of
240%x115%53 mm with f, = 10 MPa and a mortar with
fm=1MPa, 2.5 MPa, and 10 MPa for unreinforced el-
ements were used. For reinforcement strips with a
thickness of 40 mm and 60 mm, a mortar with f,, = 2.5
MPa, 5 MPa, and 10 MPa was taken, respectively. The
strips were reinforced with steel bars 6 — 12 mm in di-
ameter. To simulate the work of the walls of the first
floor of a seven-story building, a vertical load of 0.516
MPa was applied, the third — 0.4 MPa, and the seventh
—0.21 MPa. In the reference specimens, the first diag-
onal crack appeared in the center of the wall. It spread
mainly along with horizontal and vertical layers of mor-
tar, while in some places it crossed the brick. Some-
times a second diagonal crack could appear perpendic-
ular to the first. Reinforced specimens collapsed from
shear-compression along diagonal and vertical cracks,
the latter appearing in unreinforced zones of the wall.
When the maximum bearing capacity was reached, the
strips retained their integrity and prevented the collapse
of the samples during failure. The cracking load for the
reinforced elements increased by 20 — 40%, and the ul-
timate load by 40 — 65%. An increase in the reinforce-
ment ratio of the strips, the level of vertical stresses, and
the strength of the mortar increased the shear resistance,
while an increase in the ratio of the thickness to the
width of the element, on the contrary, decreased it.
The reinforcement increased the plastic properties of
the masonry by 1.6 times with one-sided reinforcement
and 2.8 times with two-sided reinforcement.

In the experiments of Mustafaraj E. and Yardim Y. [5],
6 specimens with dimensions of 1200x1200%250 mm
was used with an average strength of a brick f, = 24.03
MPa and mortar f,, = 5.68 MPa in compression.
The samples were reinforced with a fiberglass mesh on
both sides of the wall, followed by a layer of mortar.
The test procedure was carried out in accordance with
ASTM [21].

In the control unreinforced samples, destruction oc-
curred along the compressed diagonal, mainly behind
the mortar joins. However, in some cases, a combina-
tion of displacement along mortar horizontal joins over
a length of about 500 mm was observed with a diagonal
crack that propagated exclusively through he mortar
joints. Specimens reinforced with fiberglass were de-
stroyed along the compressed diagonal, their strength
increased by an average of 1.3 times, while the plastic
characteristics of the masonry increased.

So, analyzing the experimental studies of masonry on
the skew, which can be considered as a simulation of
the operation of masonry piers with the combined ac-
tion of vertical and horizontal seismic forces, it should
be noted that the most characteristic variant of failure
(Fig. 7) is a diagonal shear in accordance with the clas-
sification (a crack can be stepped — extends only along
vertical and horizontal mortar joins or rectilinear —
crosses both the seams and the stone). Local crushing
of masonry at the supports is also observed [16].
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according to [6]

according to [5]

Figure 7 — Diagonal shear of masonry
in experimental studies on the skew

Undoubtedly, the most complete data on the nature of
deformation and destruction of masonry under the
shear can be obtained experimentally. However, exper-
iments require significant costs, and most importantly
are parametrically limited, therefore, numerical calcu-
lations are an effective addition to physical experi-
ments. A correct mathematical model is a tool for ana-
lyzing the influence of the selected parameters and their
combination on the stress-strain state of the masonry.
As a computational model, it is proposed to use the var-
iational method in the theory of plasticity [22], which
is widely used in calculations of concrete and rein-
forced concrete structures with a shear failure scheme
[23 — 26]. And the failure obtained in experiments
serves as a justification for the accepted kinematically
possible failure scheme.

In the theoretical model, at the stage of destruction,
the pier is divided into four hard disks: two wedges un-
der the loading area (in the general case, the wedges
should be non-sided) and two hard disks indicated by
the shear sections of the wedges and a splitting plane
that connects the tops of the wedges.

The wedges move towards each other; the other two
disks move away from each other in a direction perpen-
dicular to the splitting plane. There are four unknowns
in the problem: two angles of inclination of the sections
of shear of the wedges to the vertical, the ratio of the
speeds of movement of hard disks, and the ultimate
load.

Conclusions

In the experiments performed, the nature of the de-
struction of masonry samples was investigated when
they were skewed, the effect of the masonry material,
the strength of the stone and mortar, the internal and
external reinforcement of the masonry, its reinforce-
ment with mortar and concrete applications, cross, and
horizontal reinforced concrete strips, carbon fiber, di-
agonal steel tension bar on strength of elements were
revealed under the combined action of vertical and hor-
izontal loads.
The analysis of the material under consideration made
it possible to propose a substantiated kinematically pos-
sible scheme for the failure of masonry elements when
skewed, which will serve as the basis for using the
method for calculating the strength of such structures
by the variational method in the theory of plasticity, de-
veloped at National University «Yuri Kondratyuk Pol-
tava Polytechnicy.
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OmnucaHo pi3Hi BUAM IPATIaCTUX OJHO- i JBOIIAPOBUX KOHCTpYyKLUii. HaBeaeHo pi3Hi BapiaHTH THIIIB IPaT4acTUX KOHCTPYKIIIH,
1110 3aCTOCOBYIOTHCS OiTbIIIE AT TPOMAACHKHUX OyniBenb. BiukoHaHO aHasi3 iCHYIOYHX THUIIIB KOHCTPYKTUBHUX (OPM rpaTyac-
THX CTPYKTYPHHX CHCTEM, BUSIBIICHO HEJOJIIKH Ta MepeBark Takux KOHCTpykuiil. [IpeacTaBieHo THIOBI MPUKIAAU CIIOPY 3
BUKOPHCTAHHSIM I'PaTYaCTHUX CTPYKTYPHHX CHCTEM, 30kpema Bexa Illyxosa B Ykpaini, xmapouoc «I'epkin» B JIoHIOHI, onep-
uuii Teatp B [lexini, bpurancekuii myseit y Jlonmoni, kymon «Kiimatpon» y CILA # iH. BusiBieHo 0co0IMBOCTI po3paxyHKy
ciTyacTiX 00OJOHOK 3a JAOMOMOIOK CYYacHHX MPOrpaMHUX KOMIUICKCIiB. 3alipONOHOBAHO HOBHl THII IIOCKHX IPaT4aCcTHX
KOHCTPYKIUIH y BUIVISII MPAaBHJIBHUX [IECTUKYTHHUKIB i3 THYTHX MpodiiiB. Po3risiHyTO BapiaHTH BUTOTOBICHHS i 3’ €IHAHHS
€JIEMEHTIB TAKOT0 THITYy KOHCTPYKIii. PO3Mipu rHYTHX IIBesIepiB Ta CHCTEM KpiIUIeHHs Ha 6onTax abo caMOHapi3HUX TBUHTAX
BU3HAYAIOTBCS PO3PAXYHKOM. 3alpOIIOHOBAHO KOHCTPYKIII0 METAJIEBOTO OJHOILIAPOBOTO MOKPHUTTS 3 €IEMEHTaMH i3 THYTHX
mBesepiB. Taka KOHCTPYKLIS CKIIANA€ThCS 3 TUIIOBOIO MOHTaXKHOTO IIECTUKYTHOTO €JIEMEHTA, 1110 BUPI3HA€ETHCS THM, L0 BCi
€JIEMECHTH BUKOHaHI 3 OJHAKOBOT'O [IEPETUHY IIBEJIEPiB, MOHTAXKHI CTHKU — Ha CAMOHAPi3HUX IBUHTAX, IO 03BOJISIE 3MCHIIUTH
METaJOEMHICTh 3’€IHaHHS 1 IPUCKOPHTH MOHTAX, & TAKOXK CIIPOCTUTH TPaHCHOPTyBaHHsS. KOHCTPYKIIisi TOKPUTTS 3aBOACH-
KOT'0 BUT'OTOBJICHHS 3 APIOHUX THIIOBHX YM BEJIUKOPO3MIPHUX IIOCKHX EIEMEHTIB 3aCTOCOBYETHCS ISl CTAJICBOTO IIOKPHUTTS
cropy/n 3 mpoiTbOBAHUM HACTHIIOM poroHamu 12 M i Oinbie. {7 OLIbIIHX MPOTOHIB MOKHA 3aCTOCOBYBATH I'HYTI €JIEMEHTH
TOBILINHOIO 4 — 6MM, TOJIi AOITyCKAEThCSI HAPI3aHH OZHAKOBHX €JICMEHTIB 31 CKOIICHUMH KPassMH 1 3BapIOBaHHS 1X MiX c00010.
Po3mipu eJeMeHTIB BH3HAYalOThCS PO3PAXyHKOM BiIOBIJHO OOYMOBIICHHX 3aMOBHHKOM IPOrOHIB. Po3paxyHKOBi cxemu
[bOTO THITy KOHCTPYKLii, moOyaoBaHi B mporpamuomy komiuiekci SCAD, MaioTh koHGIrypariro mpsMoKyTHHKa abo KBagpaTa,
a CIUpaHHs BiZI0YBAETHCS 10 KOHTYPY YH 3 JIBOX CTOPiH; MOXJIMBE 3aCTOCYBAHHS HPOMIXKHHX OHOP (KOJIOH)

Kawu4osi cioBa: rparyacta CTpyKTypHA CHCTEMa, KOHCTPYKIIisl, IIECTUKYTHUK, THYTI €IEMEHTH, PO3PaXyHKOBA MOJIEIIb, THY-
TUH 1IBEJIEp
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Introduction

The use of space-rod structures is not a new
technology: construction with their use has more than
half a history century. Diagrid structural systems were
most often used in civil construction, where it was
required to cover spans of more than 30-40 m with
minimal metal costs. At the beginning of the industry
development, diagrid structural systems were used in
their simplest geometric forms - domes.

This was due to the relative simplicity in calculating
individual structural elements. The first domes were
designed by Richard Fuller in the 40s of the last
century. Fuller decomposed the dome structure into
triangles, the sides of which are located on lines
connecting two points on a curved surface. This design
made it possible to cover the maximum possible space
using the least amount of building materials. The works
of R. fuller brought their results: the world community
drew attention to a new promising type of structures,
which made it possible to create several interesting
projects in the following decades [1].

A new vector of industry development was set relati-
vely recently, due to the improvement and widespread
computer technology introduction. The emergence of
new computer-aided design systems and programs
allowed us to go beyond the simplest diagrid structural
systems configurations, to build not only domes, but
also to give objects a shapes variety. Nowadays, huge
data amounts can be processed automatically, and a
large number of similar structural elements that differ
in a small range of parameters can be created in semi-
automatic mode with minimal human input. For this
reason, with the diagrid structures various configu-
rations appearing, the proposed topic is gaining more
and more relevance.

Review of research sources and publications

Diagrids are advanced framing systems composed of
diagonal steel grids [1]. Developed a decade ago for
spectacular buildings like the Swiss Re (the gherkin) in
London, diagrid structures connect a breathtaking
appearance with tangible advantages: a massive
reduction in material use, a gain of available floor
surface area and more flexibility. For the first time, this
book gives a comprehensive account of the key aspects
of this structural system. Diagonalized grid structures
have emerged as one of the most innovative and
adaptable approaches to structuring buildings in this
millennium. The diagrid system variations have
evolved to the point of making its use non exclusive to
the tall building. Diagrid construction is also to be
found in a range of innovative midrise steel projects.
The paper [2] will examine developments in the recent
history of diagrid buildings to include the design
and detailing. Images by author unless otherwise noted
in [3].

In recent time diagrid structures are often used as the
main framework for high-rise buildings due to
structural efficiency and unique geometry. System
structural features allow to design the most innovative
architectural solutions in the form and layouts of the
building. Author of the article [4] considered the

possibility of using a diagrid system for construction of
low-rise public buildings and the effectiveness of such
a solution. The article [4] describes the shell frame
design and the impact loads calculation. The calcula-
tion results were compared with a structure with a
regular grid of columns. Conclusions about the
effectiveness of the diagrid structures use are described.

The diagrid structural system has been widely used
for recent tall buildings due to the structural efficiency
and aesthetic potential provided by the unique
geometric system configuration. The paper [5] presents
a stiffness-based design methodology for determining
preliminary member sizes of steel diagrid structures for
tall buildings. The methodology is applied to diagrids
of various heights and grid geometries to determine the
optimal grid con-figuration of the diagrid structure
within a certain height range. Constructability is a
serious issue in diagrid structures because the nodes of
diagrids are more complicated than those of
conventional orthogonal structures. The paper [5] also
presents various strategies to improve constructability
of diagrids through prefabrication of the nodes.

Diagrid structural systems are emerging as structu-
rally efficient as well as architecturally significant
assemblies for tall buildings. The paper [6] presents a
simple methodology for determining preliminary
member sizes. The methodology is applied to a set
of building heights ranging from 20 to 60 stories,
and parameters for the optimal values of the grid geo-
metry are generated for representative design loadings.
These values are shown to be useful for architects and
engineers as guidelines for preliminary design.

Diagrid structures are prevalently used for today's tall
buildings due to their structural efficiency and architec-
tural aesthetic potentials. The paper [7] studies struc-
tural performance of diagrid systems employed for
complex-shaped tall buildings such as twisted, tilted
and freeform towers. For each complex form category,
tall buildings are designed with diagrid systems, and
their structural efficiency is studied in conjunction with
building forms. In order to investigate the impacts of
variation of important geometric configurations of
complex-shaped tall buildings, such as the rate of
twisting and angle of tilting, parametric structural
models are used for this study. Based on the study
results, design considerations are discussed for the
efficient use of diagrid structures for complex-shaped
tall buildings.

Characteristics and stiffness-based preliminary
design methodology of diagrid structures are discussed
in [8]. The design methodology is applied to a set of
diagrid structures, 40, 50, 60, 70, and 80 stories tall.
The diagrid structure of each storey height is designed
with diagonals placed at various uniform angles as well
as gradually changing angles along the building height
in order to determine the optimal uniform angle for
each structure with a different height and to investigate
the structural potential of diagrids with changing
angles. Based on these design studies, design
guidelines are provided for the optimal configuration of
the diagrid structure grid geometry within a certain
height range.
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Diagrid systems have stronger structural efficiency
than other systems like braced systems. Diagrid
systems have unique geometric configuration used for
various heights of tall structure. Geometric configu-
rations and grid geometrics of diagrid structure depends
on the heights and angle of the diagrids. Joints of
diagrid structure are more complicated than conven-
tional structure therefore Construction of diagrid
structure is complicated than conventional structure. In
early days tall buildings have importance due to their
architectural view and diagrid structure have better
architectural view as well as good structural stability.
Recent forms in tall structures have complex shapes
like tapered, twisted and tilted. The paper [9] includes
required data, model, Earthquake and Wind analysis of
Braced Tube Structure and diagrid structure with
Circular, Square and Rectangular plan. Then by
keeping the same plan area and structural data for
circular, square and rectangular plan, Earthquake and
Wind analysis result of both Braced Tube and Diagrid
Structures is carried out and by comparing the braced
tube structures results and diagrid structures results
conclusions drawn from the present investigation.

In the paper [10], an overview on application of such
typology to high-rise buildings is carried out; in
particular, in the first part of the paper, the diagrid
systems peculiarities are described: starting from the
analysis of the internal forces arising in the single
diagrid module due to vertical and horizontal loads, the
resisting mechanism of diagrid buildings under gravity
and wind loads is described, and recent researches and
studies dealing with the effect of geometry on the
structural behavior are discussed. In the second part of
the paper [10] a comparative analysis of the structural
performance of some recent diagrid tall buildings,
characterized by different number of stories and
different geometries, namely the Swiss Re building in
London, the Hearst Headquarters in New York and the
West Tower in Guangzhou, is carried out, and some
general design remarks are derived.

The paper [12] aims at discovering the evolutionary
process of diagrid structures and their progresses which
leads to major breakthroughs in architectural, structural
and sustainability concepts. Indeed, these recent
advances are investigated and reported for architects
and engineers. The results, based on case studies, show
that these structures have been able to address most of
the designing requirements. They have also been used
in different projects with totally different heights, areas
and functions, suggesting diamond modules can be
applied not only for high-rises but for a wide range of
projects.

Recently diagrid structural systems have been
adopted in tall buildings due to its structural efficiency
and flexibility in architectural planning [13]. Compared
to closely spaced vertical columns in framed tubes,
diagrid structure consists of inclined columns on the
exterior surface of the building. Due to inclined
columns lateral loads are resisted by axial action of the
diagonal compared to bending of vertical columns in
framed tube structure. Diagrid structures generally do

not require cores because lateral shear can be carried by
the diagonals on the building periphery.

Recently a diagrid structural system has been adopted
in tall buildings due to its structural efficiency and
flexibility in architectural planning. Diagrid structures
consist of inclined columns on the exterior surface of
buildings compared to closely spaced vertical columns
in framed tubes. The lateral loads are resisted by axial
action of the diagonal. In the paper [14], the comparison
study of 20-storey simple frame building and diagrid
structural system building is presented in [14].

Definition of unsolved aspects of the problem

For a long period of light metal structures deve-
lopment, scientists around the world have been
studying the problems of designing diagrid structural
systems and selecting methods for calculating them.
The issue of developing new effective design solutions
remains relevant and requires further research and
suggestions.

Problem statement

The purpose of this work is to conduct a thorough
analysis of existing design solutions for diagrid
structural systems, as well as to identify their
advantages and disadvantages. One of the main
objectives of this study is to develop an easy-to-install
coating of spatial hexagonal elements made of bent
channels with reduced metal consumption and labor
costs, assembly on the ground and installation of the
coating as a whole. The research also aims to find
optimal calculation methods using existing software
packages.

Basic material and results

In the last 10-20 years, the so-called diagrid structural
systems have become an increasingly popular solution
when choosing a structural scheme of buildings with
different purposes, shapes, heights and spans. In such
structures, the usual vertical load-bearing elements,
columns, along the perimeter of the building are
replaced by inclined elements that form the diagrid
structures of the building.

In this case, the internal columns are completely or
partially excluded, and the loads from the floors and
roof are borne by the beam or truss system, which
transmits them to the diagrid structures. Also,
additional diagrid elements can be created inside the
building, which form a core of rigidity. Complete
replacement of columns is possible due to the fact that
the diagrid structural systems equally well perceive
both vertical and horizontal loads on the building, as
well as reduce shear and bending deformations due to
the nature of the work of inclined elements.

Other design diagrid structural systems advantages
include:

- increased stability, thanks to triangular elements;

- providing multiple load distribution options and
reducing the possibility of failure;

- reducing the own structures weight;

- reduced material consumption.
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From an architectural point of view, these structures
also have a number of advantages:

- building unique shape creation both in plan and in
height;

- architectural expressiveness due to diagrid elements,
even with a simple building shape;

- large variation in the parameters of the load-bearing
elements grid: size, angle of inclination, shape and cells
number;

- large sunlight amount due to panoramic windows;
- creating column-free interiors.

Diagrid structural systems are load-bearing building
structures that are made of metals, composite materials
or wood. Today, the structures are relevant for the
world's progressive architecture in the "high-tech"
style. The mesh structure's advantage is the ability to
block large spans or achieve a unique shape and
architectural expression of building elements-facades
and roofs.

The world's first diagrid structural systems were used
by engineer and inventor Vladimir Shukhov. He desig-
ned and built the 150-meter hyperboloid tower in 1922
(fig. 1, a). The inventor had a landmark-the Eiffel tower
with a height of 325 m and a weight of 7300 tons.
Shukhov managed to reduce the metal consumption per
unit height of the structure by 14 times relative to the
tower in Paris. He managed to increase the expres-
siveness of the building elements-facades and roofs.

Today, diagrid structural systems are used quite often.
Especially in Europe, America and Asia, buildings and
structures for various purposes are being actively built
using mesh structures. These are the skyscraper in
London "the Gherkin" (fig. 1, b), the Opera house in
Beijing (fig. 1, c), the British Museum (fig. 1, d),
diagrid structures of research centers in Canada, etc.

One of the reasons why diagrid structures are not
often designed by our specialists is the complex
modeling of structures in calculation complexes. It is
important to take into account the geometric and
physical nonlinearity in the work of mesh structures
under the loads influence in order to obtain the most
reliable picture of the spatial structures stress-strain
state and stability [15].

Today, the studying methods issue for modeling
diagrid structures using software and computer systems
is relevant. To do this, it is necessary to consider the
main modern modeling structures methods — discrete
and continuous.

In a discrete model, edges are represented as diagrid,
beam or three-dimensional finite elements. Today, the
model can be used to successfully solve problems
where restrictions are imposed on critical forces or
moments. The reason is the modern computers compu-
tational capabilities. Software packages for finite
element modeling, such as SCAD and others, allow you
to use programming to generate diagrid structures
models. These programs help you determine the degree
of the diagrid structures parameters influence on the
critical force or moment in a short time.

Figure 1 — Examples of the diagrid
structural systems:
a — the Shukhov Tower in Ukraine;
b — "the Gherkin" in London;
¢ — the Opera house in Beijing;
d) the British Museum
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The continuum diagrid structure model is characte-
rized by frequently positioned edges. This system is
conditionally replaced by a solid shell, the stiffness of
which takes an average value. It depends on the layout
and stiffness of the forming edges. When using the
continuum model, the diagrid structural systems are
described by the traditional orthotropic shells equa-
tions. In this case, the issue of a correct mathematical
model constructing a continuous construction with the
most accurate geometric and physical properties of the
real construction is relevant.

A new industry development vector was set relatively
recently, due to the improvement and widespread
introduction of computer technology.

The emergence of new computer-aided design
systems and programmable machines allowed us to go
beyond the simplest mesh structures configurations, to
build not only domes, but also to give objects a shapes
variety. Nowadays huge data amounts can be processed
automatically, and a large number of similar structural
elements that differ in a small parameters range can be
created in semi-automatic mode using programs with
minimal human involvement.

A characteristic diagrid structures feature is the load-
bearing structures absence in the form of various
columns, beams. The structure is self-supporting and in
most cases has higher load-bearing properties in
comparison with other structures types. This is due to
the uniform load distribution on all the structure rods,
which virtually eliminates brittle destruction. The
dome-based structure has good aerodynamic characte-
ristics in addition to its high load-bearing properties,
which expands the applications range.

The diagrid structures assembly is carried out in a
faster time and requires a magnitude order less labor
compared to traditional structures. Installation does not
require special construction equipment, equipment and
accessories, the main working tool is a wrench.

Membrane materials are often used to cover diagrid
structures. The membrane is a high-tech, universal
coating. These coatings are easy to transport and install,
compact and non-flammable. In a harsh climate, it is
possible to use insulated membranes. In addition to the
membranes, steel sheet materials, sandwich panels,
etc., cut in the form of triangles can be used for coating.
They are attached to each other by bolted and riveted
connections.

Structures glazing is widely used. Such a coating is
most attractive from an architectural and aesthetic point
of view, but the glass use as an enclosing structure
always leads to higher prices and an increase in metal
consumption due to a decrease in the movement
tolerance of structural elements and precipitation.

The designing mesh structures process is carried out
in specialized computer-aided design systems software
complexes. These calculation programs meet all
requirements and standards.

The creating a model process and calculating strength
includes several stages:

1. The surface shape and size are determined
depending on the building or structure purpose, the
architectural and design concept, and the customer's

wishes. There are an infinite number of surfaces used
in construction.

2. The pattern, shape, and size of the triangle grid cell
can be different (Fig. 2). The most popular division into
triangles, quadrilaterals, and hexagons is a structure
based on the icosahedron vector division. A diamond-
shaped partitioning system is also used, which is
universal and suitable for any free-form mesh structures
type. The mesh cells’ frame consisting can be single-
layer or multi-layer. The frame type is selected
depending on the span size, seismic, climatic
conditions, and other factors.

In diagrid structures with the less than 30 m diameter,
a single-layer rod structure is used. For more than 30 m
spans, as a rule, a two-layer truss of the first or second
type is used, depending on the surface shape, external
loads and the structural elements type choice.

3. When the construction model is ready, it is
imported into the calculation program to determine the
rod elements stiffness. Depending on the construction
area, loads on the structure are selected in accordance
with regulatory documents.

4. The last stage is the structure 3D model creation,
design and working documentation calculation and
development.

After creating the design model, it is imported into
CAD, where all further design work will be performed.
The construction and calculation of individual nodes
and rods are carried out on the basis of the original
model with fully integrated CAD tools and do not cause
difficulties. However, for a structure containing tens of
thousands of such elements, manual design will require
a huge amount of time. In addition, the slightest change
to the original design model will again require
recalculation of all elements.

Figure 2 — Structures:
a — single-layer structure;
b — two-layer structure (diagonal);
¢ — two-layer structure (with racks)
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In the course of the study, the single-layer metal
covering design with hexagonal elements made of bent
channels was proposed (Fig. 3).

This diagrid design is used in flat and spatial cross
systems.

This metal coatings construction type with triangular,
quadrilateral elements is mainly used in diagrid domes,
diagrid for various purposes. Such structures are
common abroad and are effective for large spans and
have the architectural expressiveness of buildings.

a)

Figure 3 — Construction of a single-layer
metal covering with hexagonal
elements made of bent channels:

a — a fragment of the coating made of hexagonal
standard elements;

b — a typical hexagonal element made of bent channel
is connected on self-tapping screws;
¢ — cross-section 1-1 of the bent channel,

d — cross-section 2-2 of the connection of channel
belts on self-tapping screws,

(bolts according to calculation) [16]

Notes: end elements (1); hexagonal elements (2)
obtained from a straight channel, then bent (4) and
connected on self-tapping screws (3) for rigidity.

A special feature of the coating is the use of rectilinear
bent channels, which can be cut and connected in the
form of a hexagonal element separately (fig.4), or in the
form of blocks with the best dimensions for
transportation and subsequent installation. Assembly
elements of these structures are manufactured in metal
structure factories in the form of flat hexagonal
elements to simplify delivery and are connected on the
construction site using self-tapping screws or bolts
according to the calculation.

| I N
. —

[ (H'0.06)6

[ (H°0.06)/6 l (-'0.06)6 (H*0.06)/6 1 (H*0.06)6 ] (1-'0.06)6 l _(L0.06)

Figure 4 — Diagram of a hexagon blank
from a rectilinear bent channel

The construction of a metal covering with spatial
hexagonal elements from bent channels consists of:
mounting end elements; mounting hexagonal elements
obtained from a rectilinear channel marked on equal
sections and at equal distances and a clipped shelf, then
bent and connected on self-tapping screws for rigidity.
Hexagons can be transported to the construction site
separately, or connected in flat elements to simplify
transportation and subsequent large-size installation.
The structure is assembled on the ground and only then
transferred to the design position on the walls or on the
columns.

In general, all elements of the proposed design,
performed according to the design calculation, are
made of channels. A technological feature of the design
of a metal covering with spatial hexagonal elements
made of bent channels is the use of self-tapping screws
on the construction site to obtain structures with
minimal weight. Factory-made covering design made
of small standard or large-sized flat elements. It is used
for steel structures’ covering with profiled flooring with
spans of 12 m or more.

For larger spans, it is possible to use bent elements of
a larger thickness of 4-6 mm, then we allow cutting
identical elements with beveled edges and welding
together. The element dimensions are determined by
spans calculation, respectively, agreed by the customer.
These type calculation schemes (fig.5) structures have
a rectangle or square configuration. Support occurs
along the contour or on both sides. It is possible to use
intermediate supports (columns). In calculations, we
accept the actual channel cross-sections. The criteria
for load-bearing capacity are the ultimate strength and
deformation.

Diagrid structural systems are used in the triangular
and diamond-shaped grids form. An example of such
an application is the dome "Climatron" of B.Fuller

(fig. 6).
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Figure 5 — Fragment of the calculation scheme of
the SCAD program

Figure 6 — The Dome "Climatron" (B. Fuller) [1]

Conclusions

The widespread diagrid structural systems use is
constrained by the difficulties of designing, modeling,
and calculating such structures. It is necessary to
introduce new and atypical software complexes and
related disciplines into the educational process in order
to obtain in-depth knowledge in the programming and
mathematical analysis field. The training of new highly
specialized engineering personnel will allow us to put
into practice the architects ideas.

Discrete and continuous models serve as comple-
mentary methods for modeling diagrid structures.
The discrete model shows reliable results with a sparse
grid step, or a small finite elements number.
The continuum model is more suitable for a compacted
grid and allows you to use the theory of differential
equations to simplify the problem solution.

Diagrid structures are certainly one of the most
promising areas in construction. They justify the name
"structures of the XXI century”, as they were dubbed
by engineers. This is evidenced by the steadily growing
structures number made using this technology and the
customers interest. The technology potential is great,
specialists predict special prospects for structures in the
almost unlimited architectural forms possibilities,
successful application in changing climatic conditions.
But to realize this potential, many more developments
in the materials science field, design automation, and
building codes will need to be completed.

As the analysis result, the design of a single-layer
metal covering with hexagonal bent channels elements
was proposed.
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The main stages of creating a spatial model of the steel frame are considered for industrial buildings or warehouses with a
pitched roof. Different approaches to the analysis of internal forces of the first and second orders and the stability calculation
for steel elements of building structures under the combined action of compression and transverse bending are highlighted
using software applications. Ways to improve the process of creating a calculation model, design documentation, and working
drawings are outlined. A comparison of specialized software products for calculating building models with portal frames (Au-
todesk Robot Structural Analysis Professional, PortalPlus, Consteel, Tekla Structural Designer, and Dlubal RFEM) is pre-
sented. Their advantages and disadvantages are indicated
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Po3risiHyTO OCHOBHI €Tary CTBOPEHHS IPOCTOPOBOT MOJIEINi CTalIeBOro Kapkaca AJs IPOMUCIIOBUX OyniBens abo ckiamiB 3i
CKaTHOIO MOKPiBJIel0. BHCBITICHO Pi3HI MIAXOAHU 10 MPOBEACHHS aHaji3y BHYTPIIIHIX 3yCHIIb MEPILIOro Ta APYroro MopsaKiB i
BUKOHAHHSI PO3PAaXyHKY CTIMKOCTI CTaIeBHX €JIeMEHTIB OyIiBeNbHUX KOHCTPYKLIH MpH CyMicHii aii CTUCKY i HOIepedHOoro
3rUHY i3 3aCTOCYBaHHSAM HPHKIAIHNAX 3aC00iB MPOrpamMHOro 3abesnedeHHs. HaMiueHO IUSIXH BIOCKOHAJICHHS POLIECY CTBO-
PEHHS PO3paxyHKOBOI MOJIEII, IPOEKTHOI TOKYMEHTALil Ta po6ourx KpecieHb. HaBeIeHo NOpiBHSHHS CleLiali30BaHUuX MPo-
TpaMHHX IPOIYKTIB U PO3paxyHKy Mopeneil OyaiBenb i3 mopramsHuMH pamamu (Autodesk Robot Structural Analysis
Professional, PortalPlus, Consteel, Tekla Structural Designer i Dlubal RFEM), yka3zaHo ixHi niepeBaru ta He1oJiku. BecTaHoB-
JICHO, 110 AJIs 301IbLICHHS] TOYHOCTI PO3PAaXyHKIB i HAOMIKEHHS 1X 10 AifICHUX YMOB pOOOTH KOHCTPYKLIi BHYTPIIIHI 3yCHILISL
NOTPiOHO BH3HAYATH B IPOCTOPOBIH MOAEINI 3a HEMIHIHHOIO TEOpi€ro Apyroro mopsaky. Y mporeci o0urcieHHs KoedinieHTa
CTIHKOCTI IPH 3rMHi AOLITEHO BPaxyBaTH KPYTHIIbHY a00 KPYTHJIBHY Ta 3CYBHY JKOPCTKICTh KOHCTPYKIIiH, 10 PO3KPIILIIOIOThH
CTHUCHYTHH TOSIC €IEMEHTIB, CXWIBHHUX JI0 BTPATH CTIMKOCTI. 30KpeMa, XpecToBi B 5131 YaCTKOBO CHPUHMAIOTh, PO3MOIIISIOTH
i Iepe/iatoTh Ha OCHOBY TOPHU30HTANIbHI HaBaHTaXKeHHs Ha OyaiBio. KpiM 1iboro, BOHM 3a6e31e4y0Th IPOCTOPOBY KOPCTKICTH
OyniBii Ta CIYTYIOTH I PO3KPIIIIEHHS 1 3MEHIIEHHSI PO3PaxyHKOBOI JOBXUHU €JIeMEHTIB pamMu. B’s31 MOXyTh HE TLIBKH
BHKOHYBATH CBOIO Oe3rocepe/iHio QyHKILio, aje i e)eKTHBHO BUKOPHUCTOBYBATHCS IJIsl PO3KPIILUICHHS CTAICBHUX CJIEMEHTIB 3
METOK YHHUKHCHHS BTPAaTH CTiHKOCTi, TaKMM YHMHOM 3MEHIIYIOYHM CTYIiHb BHKOPHMCTaHHs Iepepidy i BUTpaTH CTali.
PO3IIISIHYTO KOHCTPYKTHUBHI 3aXO[H JUISl YCYHCHHs SIBUII[A BTPATH MPOCTOPOBOI CTIMKOCTI JiHIHHUX €IEMEHTIB HONepeYHOl
pamu kapkaca Oy[iBi mpu CyMicHi#l Aii CTHCKY, HOMEPEYHOro 3riuHy Ta KpydeHHs. [IpueanHani 10 enemeHTa pi3HOro poay
JIPYTrOpsiiHI KOHCTPYKIIT, B TOMY YHCIIi BCTAHOBJICHI INIAHOMIPHO, 301IBIIYIOTh HOTO )KOPCTKICTh 1 HEPEIIKOHKAIOTh Ae(op-
MyBaHHI0. [IpoaHai3oBaHO BIUIMB PO3KPIIUICHHS Ha HECY4y 34aTHICTb

KurouoBi c1oBa: mporpaMue 3a6e3nedeHHs, IPOCTOPOBA MOJIEINb, HOPTaJbHA PaMa, BTpaTa CTIHKOCTI, pO3KPIIUICHHS
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Introduction

Conventional mathematical models do not character-
ize all the behavior features of the frame structure in the
building framework, especially with significant rigidity
of the connected elements. In such cases, the simulation
often has little in common with the actual processes,
does not correspond to the real picture of the stress-
strain state, and needs refinement to adequately reflect
the using degree of the cross-section by stress required
to ensure the reliability of the structure as a whole.
To increase the accuracy of calculations and bring them
closer to the actual operating conditions of the struc-
ture, the internal forces must be determined in a spatial
model by a nonlinear theory of the second order.
It takes into account the geometric nonlinearity and is
essentially the calculation of the deformed scheme, in
which the equilibrium equations are written for the de-
formed state of the system. By buckling from compres-
sion, bending and torsion in the vertical or inclined el-
ement of the portal frame, which acts as a beam-column
in a complex stress-strain state, several deformations
occur simultaneously. The spatial deformed state of the
rod consists of the angle of rotation around the longitu-
dinal axis, as well as displacements in the direction of
the horizontal axis y and vertical axis z in cross-section,
respectively (curvature and deflection).

Review of the research sources and publications

The transverse frames linear elements stability issue
taking into account all possible factors, in the spatial
setting for different types of loads, boundary condi-
tions, and cross-sections is already practically solved in
scientific and technical schools of Western Europe at
the level of theory, rationing and programming.
Issues of operation and behavior of thin-walled load-
bearing elements of frame structures under complex
loads are covered in great detail. So, the articles [1 — 4]
are devoted to the advanced design and geometrical op-
timization of steel portal frames. The papers [5, 6] pre-
sent the influence of the diaphragm effect on the behav-
ior of pitched roof portal frames. The purpose of the
research is to make a comparison between the simpli-
fied design model of a portal frame, where the supports
simulating the purlins are considered with infinite axial
rigidity, and a portal frame design model where the cal-
culated stiffness of the cladding for the lateral supports
is introduced manually. The approbation of the second-
order theory in the works [7, 8] demonstrates that in-
sufficient restrained structure in an elastic stage is very
sensitive to the load and curvature change, therefore, by
determining the bearing capacity consideration of
braces rigidity possibly will be effective.

Definition of unsolved aspects of the problem

Not solved before a part of the problem is the alloca-
tion of those points, to which need to pay special atten-
tion by the analysis, design, and calculation of portal
frames for built model compliance with real work of
structures at complex resistance. As a research task, it
was decided to compare different software products for
the design of the structures.

Problem statement

We will analyse and identify ways to solve the prob-
lem of determining the load-bearing capacity of steel
beams and columns, which are part of the portal frames
and prone to loss of overall (spatial) stability, as well as
the problem of expanding options and improving the
design of single-storey buildings.

Basic material and results

The tendency of the element to instability arises due
to its considerable flexibility and insufficient fastening
of the compressed flange by attached structures, which
include: monolithic and prefabricated reinforced con-
crete slabs; steel flat and profiled flooring, sandwich
panels and other enclosing structures; girders, purlins,
floor beams, and other secondary beams; discrete brac-
ings (horizontal cross bracings, strands). The first two
types of structures can be attributed to continuous brac-
ings, the other two belong to discrete ones. These struc-
tures reduce the calculated effective length of the beam
and increase its overall stability. In construction, thin-
walled structures that work in conjunction with the
load-bearing flooring are widely used. For coatings of
industrial and civil frame buildings due to high-effi-
ciency light roofs are often used, consisting of purlins,
which can support on the main beams (rafters) on top
or adjacent to them at the same level, and steel profiled
sheet, the rigidity of which when fixed to the upper
flange is used to increase the stability and fixing of the
beams from twisting. Also, the stabilization of the
beams can be done through the arrangement of struc-
tural parts: rafter stays, flat and three-dimensional stiff-
eners, protrusions of the beams in the supporting areas,
and the adjacency to the columns in the supports.
Where the compressive flange is not laterally sup-
ported, additional elements should be provided to en-
sure a torsional or lateral restraint in selected cross-sec-
tions of the rafter. Such elements could be inclined bars
(rafter stays) connecting the compressive flange with
the purlins or longitudinal bars anchored at rigid parts
of the overall structure.

To check the stability of the steel element, it was de-
cided to determine the stresses in the compressed flange
and compare them with critical ones, which were equal
to the calculated resistance of steel (yield strength) mul-
tiplied by the stability factor, which depends on the de-
sign scheme, geometric cross-sectional properties, and
distance between points of compressed flange restrain-
ing. To determine the conditional flexibility for lateral-
torsional buckling, depending on which the decreasing
coefficient of bending stability is set according to
European standards, it is necessary to know the elastic
critical moment for lateral-torsional buckling. Its value
for the I-beam hinged at the ends, loaded with an evenly
distributed load, can be set following building codes. In
other cases, it is recommended to quantify the critical
moment by simulation. For a rod hinged at the ends,
loaded with an evenly distributed load and reference
bending moments, there is a method of determining the
critical moment. Under such conditions and different
boundary conditions and types of loads, it is recom-
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mended to use a special free LTBeam program. A crit-
ical moment is required to calculate the insufficiently
restrained bending steel I-elements by the lateral-tor-
sional buckling. In addition, it is sometimes advisable
to take into account the rotational or rotational and
shear stiffness of structures that discretely or continu-
ously restrain the compressed flange of the beam in
most practical cases and reduce the deformation of its
displacement. Taking into account the rounding at the
junction of the flange to the web allows you to signifi-
cantly increase the value of the torsional constant re-
quired for calculations. It can also be identified in this
common computer program.

Taking into account the main factors that characterize
the special operating conditions of the steel rod element
with complex resistance and providing spatial stability
for reliable operation of the structure without failures
due to detailed analysis, allows you to more accurately
determine the value of internal forces. This affects the
overall stress-strain state of the structure and deter-
mines the calculated ratio of normal stresses, and there-
fore has a positive effect on the level of use and strength
of the material.

In particular, the cross bracings partially receive, dis-
tribute and transmit the horizontal loads on the building
pavement. Besides, they provide the spatial rigidity of
the building and serve to secure and reduce the effective
length of the frame elements. Bracings can not only
perform their direct function but can also be used effec-
tively to restrain steel elements to avoid loss of stabil-
ity, thus reducing the use of cross-section and steel con-
sumption.

The process of creating a calculated schematic model
of a single-storey building should, taking into account
the current state of development of computer technol-
ogy, describe in as much detail, accurately, and conven-
iently as possible the structural relationships between
the wvarious elements of the building system.
The process should include the following basic steps,
maintaining a balance between structuring, the speed of
obtaining the final results through automation, and ease
of use (for example, testing the Frame Generator Auto-
desk Robot Structural Analysis Professional 2021).
When creating steps and spans of load-bearing
elements of the building in the window of the Frame
Generator, which is the first stage of modeling, the
number of structural elements in the transverse and lon-
gitudinal directions is indicated. If necessary, it is pos-
sible to create a geometric grid of complex shapes. In
the next step, the geometry of the roof (flat, one- or two-
slope), the size of the transverse frame, the type of sup-
ports (hinge, rigid clamping), cross-sections of columns
and beams, steel grade are described. When choosing
the type of rafter and its design, not all outline schemes
are specified. In particular, the scheme with a puff (tied
portal frame), the scheme with welded rafter and col-
umn cross-sections with linearly variable height, or, the
curvilinear scheme (curved rafter portal frame) is not
presented. These schemes are shown in Figure 1.

b)

41 p s

Figure 1 — Restraining points between bracings
and buckling coefficients definition

In a tied portal frame (Figure 1,a) the horizontal
movement of the eaves and the bending moments in the
columns and rafters are reduced. A tie may be useful to
limit spread in a crane-supporting structure. The high
axial forces introduced in the frame when a tie is used
necessitate the use of second-order software when ana-
lysing this frame form.

Large spans over 30 m can also be overlapped with
solid-wall frames. For such large hall dimensions, com-
pletely welded construction is shown in Figure 1,b.
The welding of two flanges sheets and a web sheet for
rafter and column cross-sections with linearly variable
height is done using automatic welding machines, the fil-
let welds with larger length can produce economically.
The high, slender webs of the welded I-section are prone
to buckling, so buckling stiffeners may be required, as
for the welded structures used in bridge construction.

Portal frames may be constructed using curved rafters
(Figure 1,c), mainly for architectural reasons.
Because of transport limitations, rafters longer than
20 m may require splices, which should be carefully de-
tailed for architectural reasons.

The curved member is often modelled for analysis as
a series of straight elements. Alternatively, the rafter
can be fabricated as a series of straight elements. It will
be necessary to provide purlin cleats of varying heights
to achieve the curved external profile.

Next is the process of creating sections, grids, chords
for through rafter (braces, racks, support braces).
It is also necessary to cover the floor slabs (if any, their
type, location, size of beams, columns, supports, slab
cross-section of reinforced concrete platform). Eaves,
cantilevers, and roof parapets are described by size, lo-
cation, cross-sections. Creation of haunches between a
column and a beam, haunch of beams in a roof ridge
provides types of cross-sections, the sizes (height and
width). Next is the design of the purlins: their number,
deviations from the edges and the middle of the span,
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the type of scheme (single, continuous), the rafter stays,
puffs. But the rafter stays are not reflected in the model
and therefore do not have a geometric description. Lay-
outs of vertical bracings and bracings on the roof re-
quire more detail, as well as the scheme of the outer
wall (columns, beams, bracings can be in different var-
iations).

During initial design, the rafter members are normally
selected according to their cross-sectional resistance to
bending moment and axial force. In later design stages
stability against buckling needs to be verified and re-
straints positioned attentively.

The buckling resistance is likely to be more signifi-
cant in the selection of column size, as there is usually
less freedom to position rails to suit the design require-
ments; rail position may be dictated by doors or win-
dows in the elevation.

If introducing intermediate lateral restraints to the
column is not possible, the buckling resistance will de-
termine the initial cross-section size selection.
It is therefore essential to recognise at this early stage if
the side rails may be used to provide restraint to the col-
umns. Only continuous side rails are effective in
providing restraint. For example, side rails interrupted
by roller shutter doors, cannot be relied on as providing
adequate restraint.

Where the compression flange of the rafter or column
is not restrained by purlins and side rails, restraint can
be provided at specified locations by column and the
rafter stays to the inside flange (Fig. 2).

Purlin

Rafter

Figure 2 — Torsional restraint of a rafter
with a lower flange under compression
through rafter-stays
a — with stiffeners; b, ¢ — with short local connectors

Purlins attached to the top flange of the rafter provide
stability to the member in several ways: direct lateral
restraint, when the outer flange is in compression; in-
termediate lateral restraint to the tension flange be-
tween torsional restraints, when the outer flange is in
tension; torsional and lateral restraint to the rafter when
the purlin is attached to the tension flange and used in
conjunction with rafter stays to the compression flange.
Initially, the out-of-plane checks are completed to en-
sure that the restraints are located at appropriate posi-
tions and spacing. Unfortunately, the restraining points
are not set automatically (Fig. 3) after creating a model
in the Frame Generator, which requires additional time.
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Figure 3 — Restraining points between bracings
and buckling coefficients definition

Although efficient portal frame analysis and design
will use special software, which is likely to be using
elastic-plastic analysis, initial manual elastic analysis is
simple. In most circumstances, a reasonable estimate of
the maximum bending moments will be obtained by
considering only the vertical loads. Appropriate cross-
sections can then be chosen based on this analysis.
For the initial analysis, it is common to assume that the
second moment of area of the column is 1,5 times that
of the rafter section. For the pinned base frame, the
bending moments at the eaves and apex can be calcu-
lated following [9, 10].

It is probably that many portal frames will be sensi-
tive to second-order effects, which are likely to increase
the design moments by up to 15%. If undertaking a pre-
liminary analysis, bending moments from a first-order
analysis should be amplified to allow for these effects.
Calculation of boundary conditions, verification, and
selection of cross-sections include stability testing by
EN 1993-1-1. Loads in the Frame Generator can be
constant, variable, crane, meteorological. The parame-
ters of wind and snow include speed, pressure, terrain,
unexpected precipitation. Explanatory notes, drawings,
spatial view of the main components (with joints) are
generated automatically (Fig. 4) but require some re-
finement and adjustment manually.
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Figure 4 — Design model of the building framework;
drawings, spatial view of the main bolted and welded joints

Let's compare different software for the portal frame
design. Advantages of Autodesk Robot Structural
Analysis Professional [11] are next:

- automation and speed of model creation;

- the Frame Generator with a user-friendly interface;

- integration with other products.

Disadvantages of Autodesk Robot:

- the need to refine the model,;

- sharpening under reinforced concrete structures;

- simplified export to Advance Steel.

Advantages of Consteel, Tekla Structural Designer,
and Dlubal RFEM:

- accuracy, versatility and systematization;

- profile for steel structures;

- the ability to create drawings (Tekla SD);

- the ability to consider the bracings stiffness and de-
sign of composite structures (Consteel and RFEM).

Disadvantages of Consteel, Tekla SD and RFEM:

- the difficulty of development due to the versatility;

- cost, limited area of application;

- no frame generator and long calculation (Consteel).

Advantages of PortalPlus [12]:

- quick calculation with details;

- clarity of presentation;

- lightness and free distribution.

Disadvantages of PortalPlus:

- no bracings;

- approximate definition of internal efforts;

- the limited scope of use and no guarantee.
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Conclusions
By the design of portal frames it can use the indicative
data for parameter values:

- portal frame span: 20 — 50 m;

- portal frame step: 5 — 7,5 m;

- roofslope: 6°—10°;

- construction height of solid-wall rafter:
1/25 — 1/45 of span;

- construction height of through rafter:
1/18 — 1/40 of span;

- ratio of column height to span: 1/4 — 1/7;

- column weight: 1,5 — 2 of rafter weight;

- length of the haunch area: 10% of span;

- height of the haunch: 2 rafter heights;

- step of purlins: 1,5-3 m.
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Compositions of alkali-mineral binders based on wastes of alumina industry with application of research physicochemical
methods have been developed. It has been established that impregnations with hot CaClz solution accelerate the curing time.
It has been established that the conditions of hardening significantly influence the physical-mechanical properties. The devel-
oped binding materials with a compressive strength of 40.0... 65.1 MPa belongs to hydration-condensation, alkaline-alkaline
type. The results of studies on the ash slag influence from circulating fluidized bed boilers on the heavy concrete properties are
presented. The studies were carried out using mathematical planning of the experiment. Mechanical concrete properties have
been studied using in the study of freeze-thaw resistance, the dilatometry method was applied.

Keywords: alkali-mineral binders, compressive strength, DT A-analyses, fine-grained concretes, industry wastes, IR- spectrum,
slags of TPP, X -ray analysis

MinepaJibHi B’ s15Ky4i Ta 0eTOHM
HA OCHOBI TeXHOTreHHHX BigxoaiB
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! Azep6aiikaHCbKull YHIBEPCHTET apXiTeKTypH Ta Oy iBHUITBA
23,4 HaionansHuii yriBepcutet «IlonTaBekka nonitexHika iMeni IOpis Kongparioka»

Anpeca s muctyBanHs E-mail: akhmednabiev4@gmail.com

Po3po6neHo ckiaiu JyKHO-MiHEpaIbHUX B’sDKYYHX HAa OCHOBI BiJXOJiB INIHHO3EMHOTO BUPOOHHMIITBA i3 3aCTOCYBaHHIM (i-
3MKO-XIMIYHUX METO/IiB JOCII/UKEHHsI. BHBYEHO mpoliecH TBEpAiHHS Jy)KHO-MiHEPaIbHUX B SDKYYHX 1 OSTOHIB Ha X OCHOBI.
VYcraHoBieHO, 10 NpocodeHHs rapsyuM po3dnHoM CaCl2 nmpHcKoprooTh TEpMiH TBepIiHHA. Bu3HaueHo, 1110 yMOBH TBep-
JIHHS iICTOTHO BIUIMBAIOTH Ha (hi3MKO-MEXaHI4HI BIACTUBOCTI i (hOPMyBaHHS CTPYKTYpPH JIy>KHO-MiHEpaJIbHHUX B’ SDKYIHX 1 Oe-
ToHIB. JloBeNeHO, 10 JTyXKHO-MiHEpaJIbHI B’sDKY4i Ha OCHOBI aJIFOMOCWIIIKATHHUX BiJXOJIB TBEPAHYTH Y pi3HHX yMoBax. IIpo-
JYKTOM TXHBOT B3a€MO/Iii € BHCOKOMIIIHI, JOBIOBIYHI Ta BOJOCTIHKI aFOMOCIIIIKATH, T1IPOCHIIKATH 1 TIAPOATIOMOCHITIKATH.
IIpurorosieHo cymimii 3 pi3HUM CIIBBiTHOIIEHHSIM B’sDKydJOro U 3armoBHIoBada (Big 5:1 1o 1:5), BUTOTOBIEHO 3pa3ky i micist
TepMiuHOT 0OpOOKH BUKOHAHO BUIIPOOYBaHHS 3a CTAHIAPTHOIO METOIHUKO. Pe3ynbraTn BUIpoOyBaHb MiATBEPANIIH, IO PO3-
poGJIeHi B’ Ky TO3BOJISIOTE OlEpKaTH APiOHO3EPHUCTI GETOHM 13 CEPENHBOIO TYCTHHOKO B CyXoMy cTani 1815 —2311 kr/m’,
Mexero MIHOCTI npu ctucHenHi 15 — 28 MITa. JlociipkeHo BIacTHBOCTI 30JI0MUIAKIB KOTIIB i3 HUPKYISIHHAM KUIUITIUM
mapoM. YCTaHOBIICHO, LIO TPH TBEPAHEHHI LIEMEHTHO-30JI0LIUIAKOBHX cMilield npoTtsiroM 60 1i0 He YTBOPIOIOTHCS IIKiTHBI
HOBOYTBOPEHHS THUILY TipoagioMocyib(atiB Kajblio. Y IOCIIPKEHHIX BUKOpHcTOBYBanu noprianguement [1TIC 500 H,
micok 3 MomyneM ToHkocti M = 1,05, rpanitTHuii mebinp ¢paxuiii 5 — 10 MM, mnactudikarop «Fluid Premia-196».
JocnikeHHs 311 ICHIOBAINCS 3 BUKOPUCTAHHAM MaTeMaTHYHOTO IJIaHyBaHHs eKCIIepUMeHTy. [Ipy BUBYCHHI CTIHKOCTI 110 3a-
Mep3aHHS-BiITaBaHHS 3aCTOCOBYBAJIM AWIATOMETPUYHHI METO, a ISl KPUTEPIt0 TOPUCTOCTI — BOJOIIOITIMHEHHS Y BaKyyMHIit
Kamepi. 3a3HaueHo, IO 31 30UIBIIEHHSAM CTYIICHS 3aMileHHs IMICKY 30JI0IIIaKaM{ MIIHICTh OeTOHY 3HIXKYyeThes Ha 3 —10%
MOPIBHIHO 3 OETOHAMH, 110 HE MICTATh IUIAKY. Y pe3yJbTaTi AOCHi[KeHb BU3HAYCHO ONTUMAJIbHI BaXKKi OSTOHHI KOMITO3HUIIIT
i3 3acrocyBanHsM 3oouuiakis TEC.

Kuarouosi cioBa: DTA-anamizu, npiOHO3EpHHUCTI OETOHM, 30JIOIIIAKH TeIuloeneKkTpocTaHmii, [Y-ciexTpansuuii anais,
Jy’>KHO-MIHEpaJIbHI B’sDKydi, MIIHICTh HA CTHCK, IPOMHCIIOBI BIIXOM, PEHTT€HOCTPYKTYPHHI aHai3
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Introduction

To date, mankind has accumulated a large number of
technogenic wastes, which can be notionally named
new deposits. The largest amount of industrial waste is
generated by the following enterprises: chemical indus-
try; non-ferrous metallurgy; ferrous metallurgy; power
industry; building materials industry; agro-industrial
complex; forestry and woodwork and timber industry;
textile industry; metal-processing industry, as well as
human domestic activities.

Metallurgy is one of the main industries where large
amounts of technogenic waste are generated. Some
metallurgical wastes have already undergone high-tem-
perature treatment, crystalline structures in the waste
have been formed, and they do not contain organic im-
purities. Other wastes such as those of iron ore enrich-
ment have not yet found their application in construc-
tion. Thus, for example, wastes of iron ores, wet enrich-
ment, are still being stored in refuse dumps occupying
large areas and polluting the environment. Technogenic
products of the metallurgical industry, it is advisable to
divide into wastes of ferrous and non-ferrous metal-
lurgy, as well as hydrometallurgy sludge.

It is known that in the world, the degree of electric
energy consumption, including thermal power plants, is
growing every year. Billions tons of ash and slag have
been accumulated in the territories of thermal power
plants. The utilization of these wastes is an urgent task
of humanity because they pollute the environment not
only in places where they are accumulated, but also
pose a threat to people’s health all over the world.

The complex technological techniques development
allows the waste use from the thermal power stations in
the obtaining construction materials technology [2].
As a rule, waste from the coal burning in the thermal
power plant boilers is gray-colored, and their chemical
composition is represented by oxides of silicon, alumi-
num, iron, and calcium, as well as impurities in the
form of magnesium, sulfur, sodium, and potassium ox-
ides. The phase composition of the ash slag is repre-
sented mainly by aluminosilicate glass and also in-
cludes quartz, iron oxides.

The purpose of the study is to study the influence of
ash salts from circulating fluidized bed boilers on the
stability to freezing and thawing and, consequently, on
the strength of heavy concretes designed for operation
in the climatic conditions of Ukraine.

Review of the research sources and publications
According to the research publications [1], the utiliza-
tion rate of thermal power plants waste in CIS countries
does not exceed 10 - 13%, whereas in Europe: Ger-
many and Denmark it reached almost 100%, in the UK
and Poland — 50 - 70%. This is due to the fact that ashes
and slag waste in developed countries are the same
commodities as heat and electricity.

The development of sophisticated technological tech-
niques permits the use of thermal power plants waste in
the technology of obtaining building materials [2].
The phase composition of the ash slag is mainly alumi-
nosilicate glass and also includes quartz, iron oxides

[2]. Blast-furnace slag is mainly used in the cement in-
dustry. A great deal of work has been devoted to stud-
ying the process of their interaction with the minerals
of Portland cement clinker, both domestic and foreign
researchers. The expediency of blast furnace slag wide-
spread use in the cement industry has been proven by
numerous studies and practical recycling experience
[3]. The processes of ashes and ash-slag interaction
with the minerals of Portland cement clinker are the
subjects of the modern researchers’ studies [2, 4 — 7].

Efficient and prudent use of the components that
make up mineral composites is an urgent scientific
problem.

One of the fields of mineral origin waste management
is their use in building materials technology.
Some wastes can be used in cement production, while
others can be a basis for other types of binders. The idea
of producing alkaline-alkaline earth aluminosilicate hy-
draulic cement, as well as building concretes, belongs
to the Ukrainian scholar V.D. Glukhovsky [8].

Today, cement, including slag-alkali binders, is
widely used in construction. It is known that slag-alkali
binders and concrete based on them are considered to
be high-strength, frost-resistant, and durable materials.
Slag alkali cement differs from the known composi-
tions by the fact that it can be manufactured based
on various industrial wastes and an alkaline composi-
tion [9].

In Azerbaijan, the goal of many researchers in the
field of building materials technology is to develop
composite binders using industrial wastes.

One of the research projects we are carrying out in
this field is developed based on alkali-mineral binders
and concrete.

Definition of unsolved aspects of the problem

Despite the large number of studies conducted, the
utilization of industrial waste in Ukraine remains at a
low level compared to European countries. Also, new
technologies and, accordingly, new types of waste ap-
pear in the industry, which should be studied and areas
of their use identified.

The problem statement is to develop an alkaline-
mineral binder and high-strength concrete based on in-
dustrial waste

Basic material and results

Industrial aluminosilicate wastes from the Ganja Alu-
mina Refinery Plant are used as mineral raw materials
for the production of alkaline-mineral binder and con-
crete. Liquid glass with a density of 1.215 g/ cm3 and
a silicate module of 2.9 was used as the alkaline com-
ponent, the chemical composition of which is charac-
terized in percent for weight: Na,O + nSiO, — 22.5;
Si02, 16.87; NaxO — 5.63; HO — 77.5.

It was established that the chemical composition of
aluminosilicate waste is characterized by the following
oxides in percent for weight: SiO; - 65.18; Al,O3 18.71;
Na,O —1.70; K»0 — 1.06; MgO 0.60; CaO — 0.72; TiO,
—0.21; MnO - 0.07; Fe;O3 — 7.56; p.p.p. —4.76.
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Sodium hydroxide NaOH, bentonite clay of the Dash-
Salakhly deposit and Portland cement PC 500 of the
Garadag plant was used as an additive, and quartz sand
of the Imishli deposit of the Azerbaijan Republic with
fineness modulus Mkr = 1.56 was used.

The method to accelerate hardening, temperature and
the processing mode is important for alkaline-mineral
binders. The choice of processing temperature is based
on the DTA data (fig. 1).

/
Tl

Figure 1 — Thermogram of an alkaline-mineral
composition based on aluminosilicate waste

On the DTA curve, two endo-effects are observed
having maxima of 70°C (weak) and 140°C (deep).
This is because there are weakly coordinating water
molecules in the system. In the range from 240°C to
885°C temperature, two particularly weak endo-effects

were recorded, having maxima of 310°C and 367°C and
one weak endo-effect at 557°C temperature.
There is dehydration of the original minerals here.
The DTG curve is similar to the DTA curve range from
240°C to 885°C temperature, two particularly weak
endo-effects were recorded, having maxima of 310°C
and 367°C and one weak endo-effect at 557°C temper-
ature. There is dehydration of the original minerals
here. The DTG curve is similar to the DTA curve.

As it can be seen from the TG curves, when a sample
is heated from 20 to 885°C, an intensive mass loss of
only 56.6% occurs, including 1.2% in the range of
20-70 C, 55.4% in the range of 70—170°C. After a tem-
perature of 170°C, the process stabilizes, and no mass
loss is observed.

Based on the DTA results of the initial alkaline-min-
eral raw material, a treatment temperature of
140 —150°C was adopted for 11 (2 + 7 + 2) hours.

It is known that, along with various hardening accel-
erators, impregnation with calcium chloride also accel-
erates the hardening of alkaline-mineral binders, espe-
cially since CaCl, is economically more profitable.
Based on a series of experiments on the processing of
samples with calcium chloride solutions, the treatment
model was established: processing after manufacturing
the samples with a hot (60°C) CaCl, solution with a
density of 1.35 g/cm? for 1 h, then drying at the temper-
ature of 140 —150°C for 2.5 (0.5 + 1.5+ 0.5) h.

Compositions of alkaline-mineral binders and the
conditions of their heat treatment are given in table 1.

Table 1- Optimized composition of alkaline-mineral binder based on alumina silicate waste

Composition, in percent per weight
o
- B0
» g5 o 5
. .. 3 g TR Es
Ne | Hardening conditions 50 T g > L8| o &
) e 2 g 22|82
Bl 7| 2|~ |Eg|E
z E 2% 3
Chamber drier
1 140-150°C 35.2 9.7 10.4 8.6 36.1 | 40.00
Air dry flow
2 140-150°C 32.0 9.4 9.4 8.0 41.2 | 4475
3 [mpregnation with CaCla | g 5 | g4 | g4 | 73 | 469 | 5323
hot solution 60°C
Autoclave 9 atm.,
4 temperature 174.5°C 29.1 8.5 9.5 6.1 46.8 | 65.1

The table shows that binders, hardened in an auto-
clave have the maximum strength. Processing with a
hot solution of calcium chloride provides strength
lower than that in an autoclave, but also higher than in
other conditions, within the experiment.

Thus, we can conclude that the alkaline-mineral
binder based on aluminosilicate waste hardens under
various conditions. The product of their interaction is
high-strength, durable and water-resistant aluminosili-
cates, hydro silicates and hydro aluminosilicates.

The resulting binder material refers to hydration-con-
densation binders, such as alkaline-alkaline earth, with
ratios of oxides: R,O - RO - R,0; - Si0, = (0.72 | L.5):
0.4 10.73): 1: (2 03: 3.2).

At the next stage, the possibility of obtaining concrete
based on the developed binder was studied.
A mixture prepared with a different binder/aggregate
ratio from 5:1 to 1:5, samples were made and tests were
carried out after heat treatment (tab. 2).
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Table 2 — Optimized composition of fine-grained concrete based on alkaline mineral binder

Composition, by weight % L
Binder g & E)
%) ' __.L g 2.\ &D
Ne | Hardening conditions én - |8 - . 'g % Sand ; gn é‘
o Q E8| = | £58 s g g
2| 2 2% | Eg £%) 4
S ~ < ° =
Chamber drier
1 140-150°C 19.6 54 5.4 4.6 19.5 45.5 | 15.73 | 1815
Air dry flow
2 140-150°C 19.5 5.5 5.3 4.7 24.1 40.9 | 18.77 | 2044
3 |Impregnation withCaCla | 19 5 | 55 | 545 | 455 | 30.1 | 349 | 26.42 | 2254
hot solution 60°C
4 |Autoctave 9 atm., 195 | 55 | 546 | 454 | 301 | 349 |28.41 | 2311
temperature 174.5°C

The table shows that there is practically no difference
between the strength indices of concrete hardened in an
autoclave and treated with a hot solution of calcium
chloride.

At the next stage, the possibility of obtaining concrete
based on slag of circulating fluidized bath of TPP was
studied.

The following materials were used in the work: Port-
land cement PC 500 N (42,5), sand with the fineness
modulus M = 1.05; slag from boilers with circulating
fluidized bed; superplasticizer «Fluid Premia-196»
based on modified polycarboxylates; as a coarse aggre-
gate - crushed granite fraction of 5-10 mm taken from

Kremenchuk deposit. For more complete detection of
the slag and studying the hyperplastic bizer's influence
on the concrete freeze-thaw resistance and strength, a
three-level experiment planning matrix was imple-
mented in the study.

When planning the experiment, the following input
parameters were established:

X — cement consumption;

X» — hyperplasticizer consumption;

X3 — degree of sand replacement with slag.

Terms of the experiment planning are presented in the
table 3.

Table 3 — Terms of the experiment planning

Variable factors Variation levels Variation
interval
Natural appearance Coded 1 0 11
appearance

Cement consumption X1 400 | 500 | 600 100
Additive consumption X2 0.8 1.4 2.0 0.6
Degree of sand replacement with X3 -1 0 1 0.5
ash slag

Freeze-thaw resistance was determined by the rapid
method. The dilatometry method for determining the
freeze-thaw resistance by freezing in the kerosene me-
dium was used in the work. According to this method,
the freeze-thaw resistance is determined by the maxi-
mum difference between volumetric deformations of
concrete and standard samples. The standard sample is
an aluminum cube with a side length of 100 mm.

The concrete strength was determined by testing the
100-mm side sample-cubes on hydraulic presses.
The concrete porosity was assessed by the degree of
water adsorption in the vacuum chamber at the vacuum
level of 0.7 Pa.

The chemical composition of the slag is shown in
table 4. The properties of the slag were studied using

X-ray diffraction (XRD) fig.2 and spectral analysis
methods fig. 3.

The table shows that the content of calcium oxide
Ca0=5, 17%, and silicon oxide Si0, =48.95%, accord-
ing to these indicators, the slag can be attributed to
acidic. The content of sulfur oxide SO3 is more than 7%
and according to this indicator, the slags are sulfate.
The sulfur oxide may be in the composition of the slag
in the form of gypsum CaSO42H,O or anhydride
CaSO0s. In both cases, they can react with the aluminate
minerals of Portland cement and create hydrosulfite
aluminates CA3S31H (ettringite) [14-16]. If they ap-
pear after cement hardens, the structure of the cement
stone may be destroyed, which may lead to the destruc-
tion of concrete.
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Table 4 — The chemical composition of the slag

Al 2191 ALO; 26.89
Si 44.37 Si0; 48.95

S 6.80 SO; 7.36

6.99 K>O 3.90

Ca 7.94 CaO 5.17

Ti 1.02 TiO, 0.81

Fe 9.57 FeO 6.12

Zn 0.04 ZnO 0.04
Mo 0.00 MoOs 0.00

In 1.36 In203 0.76

W 0.00 WOs 0.00
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Figure 3 — Spectral pattern of ash slags

Decoding of the X-ray diffraction pattern indicates
that the maxima with vertices are 3.5149; 3.1959;
2.578;1.8711; 1.1424 belong to anhydride CaSO4 min-
eral, and with vertices — 3.3476; 2.4575; 2.2851;
2.1306; 1.9201; 1.6724 — belong to silicon oxide and
correspond to the SiO, formula. Thus, the crystallized
part of the slag consists of calcium minerals and silicon
oxide. With the X-ray diffraction pattern, it is also evi-
dent that most of the slags are represented by amor-
phous structures, which can be combined under the
name of vitreous phase, which promotes slag hydration.

The hydraulic activity of slags is associated with the
presence of such compounds as lime in a free state or
anhydride, which can react with water to form a water-
resistant stone without introducing additional activators
[7]. Tt is known that the different content of CaO affects
both the change in the composition of the vitreous
phase and the composition of the newgrowths crystal-
lized, and the manifestation of hydraulic and poz-
zolanic properties of slags [7].

The IR spectra of slag contain bands characteristic of
silicates and aluminosilicates with absorption bands in
the region of 1050-1200 cm!. The spectrum also con-
tains a doublet characteristic of aluminosilicates within
the range of wavenumbers 770-810 cm!, which refers
to vibrations of the Al-OH and Si-O-Al stretch oscilla-
tion. The deformation oscillations of the Si — O stretch
are expressed in the absorption band within the range
of wavenumbers 500400 cm!.

The presence of carbonates in the composition of slag
is proved by the presence of absorption bands, which
are caused by C — O oscillations: valency — an intense
band on the wavenumber 1440 cm™, a narrow intense
band on 875 cm ~'; deformation — a weak band at
713 cm’!, as well as bands at 2516 and 1795 cm™.

Sulfate groups are determined by the intense absorp-
tion band within the range of wavenumbers 1090- —
1180 cm™ and 680-650 cm™. According to the position
of the maximum, it is possible to reliably determine the
mineral in the sulfate group. In the composition of slag,
judging by the spectrum, only anhydrous sulfates are
present.

The high-frequency region of the absorption bands
with the values: 2918; 2850 and 3443 cm! refers to the
stretch vibrations of connected OH-groups. The ab-
sorption band with a frequency of 1630 cm™! refers to
the stretch vibrations of water molecules. The presence
of bands corresponding to valent deformation vibra-
tions of OH-groups and the valent vibrations of water
molecules is associated with the phenomenon of mois-
ture adsorption from the environment due to the high
activity of minerals that are part of ash and slag com-
position.

Thus, the studies have established that anhydrous cal-
cium sulfate is present in the composition of ash and
slag, and this may be anhydrite.

Studies have shown that ash slags belong to high-cal-
cium ashes (CaO> 20 % wt), i.e. to basic ashes; as to
the content of SOz — to sulfate (S03> 5 % wt) ashes.
The main sulfate mineral is anhydride CaSO4 [12].

The processes of cement-ash compositions hydration
should be subordinate to the established general funda-
mental laws, which, in particular, consist in the fact
that, at ordinary temperatures, the ash silica glass is
slowly hydrated, which leads to the formation of
C4AN13-19 or calcium carboaluminate with excess
CH in the liquid phase. Then it can go into the hy-
drogranate, aluminum hydroxide, or gibbsite. If these
phases do not go into more stable hydrosulfoallumi-
nates, the durability of the product will decrease [6,13].

A fragment of the graphs is shown in fig. 4.

70 Academic journal. Industrial Machine Building, Civil Engineering. — 2(55)’ 2020



As can be seen from the X-ray diffraction pattern’s
fragment, the maxima inherent in ettringite in the ce-
ment stone at the age of two months are absent. Studies
of cement-slag stone at the micro-level with a scanning
microscope confirmed the absence of needle crystals
inherent in hydro sulphoaluminate (figure 5-6).

e 2,367

1628

s

1023

Figure 4 — X-ray diffraction pattern’s fragment
of cement-slag stone after hardening
for 60 days in wet conditions

Figure 5 — Electron-microscopic photographs
of the cement - slag stone fracture surface after
its hardening for 60 days in wet conditions

x6.00k

WD=14.6mm

30.00kV

Figure 6 — Electron microscopic photographs
of the cement stone fracture surface after
its hardening for 60 days in wet conditions

Studying microscopic photographs of a pure cement
stone compared to a cement slag stone, we can con-
clude the following: in a cement stone without slag,
there are typical components of a cement stone-like
Portlandite and calcium hydrosilicate. In micrographs
of cement-slag stone the picture is almost the same, but
with a large amount of portlandite. In our opinion, it is
evidenced by an increase in the number of light crystals
fig 5.

After no traces of hydro sulfoaluminate were found in
the cement-slag stone, concrete samples were prepared
according to the matrix of the experimental design
(table 5).

Table 5 — Experiment planning matrix

Ne X1 X2 X3

1 600 2.0 ash

2 400 2. ash

3 600 0.8 ash

4 400 0.8 ash

5 600 2.0 sand
6 400 2.0 sand
7 600 0.8 sand
8 400 0.8 sand
9 600 1.4 0.5+0.5
10 400 1.4 0.5+0.5
11 500 2.0 0.5+0.5
12 500 0.8 0.5+0.5
13 500 1.4 ash
14 500 1.4 sand
15 500 1.4 0.5+0.5
16 500 1.4 0.5+0.5
17 500 1.4 0.5+0.5

Mixing of the concrete mixture components was car-
ried out in a compulsory-type concrete mixer with a
skip capacity of 150 liters. Dosing of the mixture com-
ponents was carried out using electronic scales with an
accuracy of 0.1 kg. Dosed components of the mixture
were charged into the mixer in the following sequence:
crushed stone + sand (slag) + cement. The components
were mixed without adding water for three minutes. In
our work, we used a complex additive consisting of the
plasticizer “Fluid premia 196” and the hardening accel-
erator TEMP-3. Dosing of the plasticizer was carried
out according to the experimental matrix, and the
amount of the hardening accelerator was constant 1%
of the mass of cement. A mixture of water, accelerator
and plasticizer was prepared in advance. A plasticizer
and a hardening accelerator in measured amounts were
added to water and mixed with a mixer for 30 seconds.
The finished mixture was added to the concrete mixer.
Mixing the components lasted 5 minutes. Af-
ter 5 minutes, the mixture was discharged from the
mixer. From the finished mixture, the samples were
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made in the form of cubes with a side of 10 cm.
The samples were compacted using vibration with an
oscillation amplitude of 0.5 mm and a frequency of
50 Hz. A day later, samples were taken from the molds.
Samples were laboratory cured for 28 days. After
28 days of curing, the samples were tested according to
the experimental matrix.

The results of the samples testing for compressive
strength are presented in Table 6 and fig. 7.

Table 6 — Properties of concretes

Compressi Water Frost
Batch | on strength | absorption | resistance,

N/mm? Wi, % cycle

1 72,3 5,22 480
2 43,4 8,76 238
3 70,1 7,3 332
4 38,6 9,86 105
5 75,0 3,82 633
6 45,1 5,05 380
7 72,7 4,1 580
8 41,3 6,26 365
9 73,6 4,71 538
10 44,4 6,64 360
11 61,1 5,25 487
12 59,5 5,26 408
13 63,6 6,65 390
14 65,4 5,58 435
15 66,7 5,31 424
16 67,0 5,36 416
17 68,0 5,1 464

W wpuens NSTAANOD
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Figure 7 — 3D Surface Plot of strength against
the degree of sand replacement with slag
and Plasticizer consumption

Analysis of the samples testing results shows that
when the sand is completely replaced with ash slag and
at the minimum cement consumption within the limits
of the experiment, the strength of the concrete is re-
duced by 6.5% (compositions 4 and 8). With a maxi-
mum amount of cement strength is reduced by only
3.6% (compositions 1 and 5). The concrete strength
within the experimental design matrix varies from
38.6 to 75 N/mm?. With the mean values of the con-
crete components consumption, the strength of the sam-
ples varies from 44.4 to 73.6 N/mm?.

The fact of the strength reducing at the compression
of the sample with increasing the sand replacement de-
gree with slag can be explained by the fact that the slag
is not so strong a mineral like quartz. Grains of slag
have internal pores reducing their durability. The re-
duction of concrete strength is associated with the in-
creased porosity.

Analysis of 3D Surface confirms that with increasing
substitution of sand by slag, concrete strength decreases
slightly. With an increase in the consumption of plasti-
cizer to 1,4 — 1,6%, the strength of concrete increases.
With a further increase in the consumption of plasticiz-
ers, the strength decreases. This fact can be explained
by the fact that a large amount of plasticizer increases
the plasticity of the concrete mixture and at the same
time sedimentation of the mixture occurs.

Increasing porosity leads to an increase in water ab-
sorption. The results of research on water absorption of
concrete in the experiment are presented in Table 6 and
fig. 8.
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Figure 8 — 3D Surface Plot of water absorption
against the degree of sand replacement
with slag and Plasticizer consumption

The 3D Surface analysis shows that the maximum
water absorption of 9.86% is observed in concrete
batch 4, in which sand is completely replaced with slag.
Specimens of batch 8, in which sand is not replaced by
slag, but other components of concrete are the same,
showing the water absorption of 7.26%, which is 26%
lower. This fact confirms that slag contributes to in-
creasing the porosity of the concrete.
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An increase in the porosity of the concrete will reduce
not only the strength but also frost resistance. The re-
sults of the concrete samples study for frost resistance
are presented in fig. 9.

apk LIRSS 18O

Figure 9 — 3D Surface Plot of frost resistance
against the degree of sand replacement
with slag and Plasticizer consumption

Analogues are compositions number 1 and number 5
with a maximum amount of cement and 4 and 8 with a
minimum amount of cement. Frost resistance of sam-
ples number 1 is 480 cycles, that of number 8 is 633 cy-
cles. The frost resistance reduction makes 24%. When
comparing water absorption of the same compositions,
the water absorption increase of composition 1 is 36%.

With the minimal amount of cement, the analogues
are compositions 4 and 8. The frost resistance of com-
position 4 is three times lower than the frost resistance
of composition 8. Analyzing the water absorption of
these compositions, it can be stated that the water ab-
sorption increase of composition 4 makes 57%. It is ob-
vious that the frost resistance of the concrete does not
change in proportion to the water absorption change.

In concrete micropores sizing 10~ cm, usually, there
is bound water that does not turn into ice even at ex-
tremely low temperatures (to -70 °C), therefore mi-
cropores do not significantly affect the concrete's re-
sistance to freezing-thawing. The latter depends on the
particular macropores and their structure.

A number of laboratory studies have shown that con-
crete containing fly ash and ash slag may be less re-
sistant to frost during freezing and thawing [17-19].

Concrete with fly ash can provide satisfactory re-
sistance to freezing-thawing provided waterproof ce-
ment is used and W/C (water-cement ratio) does not ex-
ceed 0.45. In this case, of course, it is assumed that the
concrete has an adequate porous structure [20].

The influence degree of ash and ash slag on the con-
crete properties depend not only on its amount in the
mixture but also on other parameters, including the
composition and ratio of other ingredients in the con-
crete mixture, the type and size of the particular com-
ponent, the hardening conditions in the process of
molding and hardening, as well construction methods
[21].

In the studies, all the technological parameters were
the same for all batches of samples. The concrete wa-
ter/cement ratio did not exceed 0.45 due to the use of a
plasticizer. Obviously, samples of concrete batch 4
showed the lowest frost resistance because, due to the
small amount of cement and the maximal replacement
of sand with ash slag, a relatively large macropore
structure was formed in which the water freezes when
the temperature drops.

Based on the studies performed, optimal composi-
tions of heavy concretes were suggested with the use of
ash slag instead of silica sand for the manufacture of
small road products. All the concrete components provide
frost resistance of products not less than 200 cycles, thus
meeting the requirements of Ukrainian standards.

The optimal compositions of concretes are presented in ta-
ble 7.

Table 7 — Optimal compositions of concrete with the use of ash
and slag boilers with circulating fluidized bed

No Class Materials consumption per 1 m? of concrete mixture

of conc. Cement, Crushed Sand, Ash slag, | Plasticizer, | Water,

kg stone, kg kg kg kg liter

3 B25 400 1116 335 335 4.8 200
4 B30 420 1100 320 320 5.0 210
5 B35 450 1068 312 312 5.4 220
6 B40 490 1035 300 300 6.0 248
7 B45 525 1000 290 290 6.3 260
8 B50 580 950 280 280 6.9 290
9 B55 600 900 270 270 7.2 300
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Conclusion

The results of the studies permit the following con-
clusions.

1. Alkaline-mineral binders have been developed us-
ing local industry waste (liquid glass, NaOH, Portland
cement, clay, aluminosilicate waste), hardening under
various conditions; various factors influence the con-
struction and technical properties of alkaline-mineral
systems based on alumina production waste was stud-
ied and the composition of the alkaline-mineral binder
was optimized.

2. It has been established that the hardening condi-
tions have a significant effect on the physical-mechan-
ical properties and structure-forming of alkaline-min-
eral binder and fine-grained concrete.

3. The compositions of fine-grained concrete based
on alkaline-mineral binders and river sand have been
developed, hardening under various conditions with the
following physical-mechanical properties: mean dry
density 1815.9 ... 2311.2 kg / m3, compressive strength
15.73 ... 28.41MPa.

4. It was established that in the chemical and miner-
alogical composition of the ash and slag of boilers with
a circulating fluidized bed there are no salts and miner-
als that can adversely affect the hardening of cement-
ash and slag compositions.

5. The results of X-ray diffraction analysis and micro-
scopic studies prove that when hardening cement with
slags, compounds such as hydrosulfite aluminates that
can destroy concrete are not formed.

6. The use of slag as a fine aggregate in concrete leads
to a decrease in strength by 3-5% and helps to reduce
the water-cement ratio, which leads to an increase in the
strength of concrete.

8. As a result of the studies, the optimal compositions
of concrete were selected using slags as fine aggregate

9. It is advisable to use slag of boilers with a circulat-
ing fluidized bed as a fine aggregate in concrete in areas
of their accumulation in terms of improving the envi-
ronmental situation.
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The problems of estimating the stress-strain state of the foundations during the deep foundation pits installation are considered.
The results of finite element calculations in the plane formulation of the stability of the pit walls and the retaining structures'
operation under dense urban development are presented. It is proved that the proposed method specifies the calculation of
determining the impact of the new building on existing buildings and structures, which enables assigning the design of retaining
structures from drilled piles on the conditions of normal further operation of existing facilities. It is established that the param-
eters of the structures retaining the walls of deep foundation pits in the presence of existing buildings, should be assigned based
on the actual condition of these buildings and the allowable additional deformations.

Keywords: soil massif, dip foundation pit, stress-strained state, finite element method, retaining structure, drilled pile.
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Po3risiHyTO MpOGJIeMH OLHIOBAaHHS HAIPYKEHO-Ae(HOPMOBAHOTO CTaHY OCHOB IIPH IPOXOJUKCHHI TIIMOOKHX KOTJIOBaHiB.
B OCHOBY aropuTMy BH3HAYCHHs J0JATKOBHX AedopMariiil iCHyro4YnX OyIiBenb i ClOpya, pO3TAlIOBAHMX HABKOJIO KOTJIO-
BaHy, MOKJIAICHO MPHUHILKII TiICYMOBYBaHHs AedopMalliil BiZi BIUIUBY YCiX CYTTEBUX (aKTOpiB (3HIKCHHS HAMPYKESHb Y Ma-
CHBI HAaBKOJIO iCHYI0UHMX (DyHIaMEHTIB IIPU PO3POOIICHHI KOTIOBaHIB, OiYHMI aKTHBHUI THCK IPYHTY Ha icCHyIoui GyHIaMEHTH,
BTpara CTIfKOCTI IPYHTY HaBKOJIO (DyHAaMEHTY, HepiBHOMIpHE BUIIMPAHHS IPYHTY HA JHI KOTJIOBaHY; BUTUCKAHHS IPYHTY 3-
min migomBy GpyHAaMEHTY B OiK KOTIOBaHA), IO 1X BUKJIMKAIOTh. [1iciisl MOPIBHSHHS IPAHUYHUX 1 PO3PAXYHKHUX JOAATKOBHX
nedopMariiif X OyaiBeIb 1 CIOpPY I MPU3HAYAIOTH 3aX0/11 31 3HW)KEHHS HETATUBHOTO BIUIMBY HOBOTO OyniBHHALTBA. HaBeneHO
pe3yNbTaT! PO3PaxXyHKIB METOAOM CKIHYCHHHX CJIEMEHTIB Y IUIOCKIH MOCTAHOBII 3 BUKOPUCTAHHSAM IPYKHO-IUIACTHYHOT MO-
JIeTIi TPYHTY Ta y3araJbHEeHOTro KpuTepito MirHocti Miseca-1llneiixepa-boTkina cTIHKOCTI CTIH KOTJIOBAHIB i POOOTH yTpUMY-
I0YHX CIIOPY/[] 32 YMOB IUIBHOI MiChKO1 3a0y0BU. J[oBeIeHO, 110 3aIIpONOHOBaHA METOANKA KOHKPETHU3YE PO3paxyHOK BU3HA-
YeHHS BIUIMBY HOBOOYJOBM Ha iCHYIOUi OyIBII Ta CHOPY/H, IO JO3BOJISIE IPU3HAYATH KOHCTPYKIIIO YTPUMYIOUHX CHOPYA i3
OypoHaOHMBHUX MaJib 3 YMOB MOAAJIBIIOI HOPMAIBHOT eKCIUTyarauii icHytounx 06’ ekriB. [Ipu MoaeroBaHHI pO3IIISTHYTI Bapia-
HTH BJIAIITYBaHHS HaJlb Y OJIMH Ta [Ba PSJH, a TAKO)K BUKOPUCTAHHS IPYHTOBUX aHKepiB. BCTaHOBIIEHO, 1110 TapaMeTpH CIIo-
PYZ, YIPUMYIOUUX CTIHKHM TJIMOOKHX KOTJIOBAHIB (THII, KUIBKICTh, )KOPCTKICTh, MiCLIEpO3TALIYBaHHS) MPH HASBHOCTI MOPSI
icHyro4HX OymiBeNb, IIOBHHHI NIPU3HAYATHCS, BUXOAMUN i3 (PaKTHYHOTO CTaHy IUX OyAiBENb i JOIYCTHMUX JOJATKOBUX IS
HUX a0COJIIOTHHX 1 BITHOCHMX Aeopmaniii. Takosk BCTAaHOBJIEHO, IO CJIiJl BpaXOBYBATH MOCIITOBHICTE POOIT 1 XapakTep Ha-
BaHTA)KCHb, BIANOBIHI XapaKTepPUCTHKU MaTepianiB KOHCTpYyKLii. [loka3aHo, [0 yTpUMYyrO4a CIIOpYyAa, IPH PO3PAXyHKY 3a
TaKUM NPUHIUIIOM, MOJKE MaTH OUIBITY MaTepiaJoeMHICTb, HIX Ta, sSIKa PO3paxoBaHa JIMIIE 32 MII[HICTIO, ajic BOHA MTOBHICTIO
BUKJIIOUYUTh MOXKJIUBICTh PYHHYBAaHHS i1CHYIOUMX HABKOJIO KOTJIOBaHY Oy/liBelb.

Kiro4oBi cjioBa: rpyHTOBHiI MacuB, IIIMOOKHH KOTJIOBaH, HAIPYKEHO-1e(OPMOBAHUH CTaH, METOJ CKIHUCHHUX €JIEMEHTIB,
yTpHMyIoda cropyza, OypoHaOHBHA Majs.
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Introduction

At the present stage of the construction industry de-
velopment in Ukraine, the reconstruction of large cities
is being carried out intensively, which, in particular, in-
cludes new construction of houses of various purposes
(including high-rise ones) with a developed under-
ground part, underground structures of public and tech-
nical purpose (parks, shops, underground passages,
warehouses), transport and communication tunnels, etc.

Groundworks are mostly performed in an open way.

Review of the research sources and publications

Reconstruction, in this case, is understood as the
placement of these objects among the existing build-
ings and structures in terms of compact urban develop-
ment. The contours of the underground space, within
which the foundation part of new buildings and struc-
tures is located, are directly close to the existing foun-
dations [1 — 5].

Experience shows that as a result of such an approxi-
mation, the violation created before the new construc-
tion, stress-strain state (SSS) of the foundation is pos-
sible. This leads to cracks in the load-bearing structures
of existing buildings, skew of the openings in the walls,
displacement of floors, and so on. [1 — 5].

The main factors that arise as a result of new con-
struction and cause the listed damages are changes in
the SSS of the basis of existing buildings due to
[1-38]:

— at the stage of construction of new foundations -
foundation pit excavation;

— at the stage of further construction and operation -
the emergence of additional stresses from the weight of
the new building.

Of course, at the stage of the foundation construction,
other influences on the basis of existing structures are
possible, such as dynamic - from the operation of mech-
anisms, and even more with the dynamic immersion of
piles and soil compaction; consequences of water low-
ering, etc. [1 — 5].

From the above analysis it follows that when building
in dense conditions to ensure the preservation and sub-
sequent normal operation of building structures exist-
ing in the building area of buildings and structures, ad-
ditional requirements should be made to the choice of
design solutions, technologies, and construction of new
buildings [6 — 8].

This requires the development of special enclosing
walls and retaining structures, in all cases, to reduce the
settlement of existing buildings [1 — 5, 9 — 11].

This is also accompanied by an assessment of the SSS
of the foundations of new buildings to determine the
additional deformations existing along with the new
buildings and structures during construction and opera-
tion [2 — 4, 12].

Definition of unsolved aspects of the problem

When excavating pits and trenches near existing
buildings, vertical and horizontal stresses in the soil
mass around the existing foundations are reduced. This
causes a decrease in the strength of the base due to the
disappearance of the lateral load.

At the same time, there are some other negative phe-
nomena, namely: lateral active soil pressure on the ex-
isting foundation (in buildings without basements); loss
of soil stability around the foundation; uneven protru-
sion of soil at the bottom of the pit; squeezing the soil
from under the base of the foundation towards the pit,
etc. [6 — 8].

When deepening pits near buildings on pile founda-
tions below their grilles, the soil may spill out of the
inter-pile space and expose piles, which may eventually
lead to uneven subsidence and destruction of grilles,
floors, damage to inlets and outlets of communications
[2, 5].

Problem statement

Therefore, the goal of this paper was to improve the
method of determining the impact of new buildings on
existing buildings and structures, which would enable
selection of the retaining structures design, based on the
conditions of the further normal operation of existing
buildings.

Basic material and results

Thus, the main task in the design of buildings and
structures in dense urban development is the principle
of "do no harm".

It is implemented in the following sequence:

— within the construction site, buildings and structures
that may be affected by new construction are identified;

— technical inspection of certain existing buildings
and structures is carried out in order to establish their
technical condition, which determines their maximum
additional deformations;

— for specific conditions, the negative factors of new
construction which will affect the condition of existing
buildings and structures are determined;

— from each factor the additional deformation of the
building is defined, preference is given to methods of
calculation which allow considering together the influ-
ence of more factors;

— total additional deformations of existing buildings
and structures are defined as the sum of deformations
from the influence of all identified factors;

— on the basis of boundary comparisons and calcu-
lated additional deformations, measures on reduction of
the new construction negative influence are defined.

Further, it was considered the features of the SSS
change of the existing buildings and constructions' ba-
sis only during the foundation pits' excavation for new
construction.

As a result of the pits' excavation due to partial un-
loading of the base, there are deformations (Fig. 1),
which can be divided into two groups:

— the first group of deformations is the protrusion of
the pit bottom, with the maximum values they have in
the center and the minimum at the periphery of the pit
(Sh max and Sh minA);

— the second group of deformations is associated with
the operation of the pit slopes, they occur with the loss
of their stability (u; and u>).
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Figure 1 — Deformations development scheme during the foundation pit excavation

In the standards for foundations of buildings and
structures [7, 8] in this regard, in particular, it is said
that "temporary and permanent attachments of deep
pits, for which the requirements for displacement are
set, must be calculated by the finite element method
(FEM).

At the same time, it is necessary to consider the se-
quence of works and the load nature, to use the speci-
fied models of soil base, and also the corresponding
characteristics of structural materials, and to provide
measures for influence reduction of new construction
on the existing building.

Modeling of retaining structures work can be carried
out both by the plane, and spatial calculation scheme.

The choice of the scheme depends on the size of the
structure in length. With a significant increase in the
length of the supporting structures, the results of calcu-
lations in the flat and spatial settings are close in value.

Therefore, the assessment of SSS bases should be car-
ried out with due regard to all the features of the sup-
porting structures and the pit in the challenging urban
and geological conditions.

Calculations of the pits' excavation at the second
boundary condition make it possible to design more re-
liable retaining structures, excluding any destruction of
existing buildings.

To establish the base's SSS, we used the software
package "CONCORD - 4.2" (author — S.F. Klovanych)
FEM in a plane setting [13].

The theoretical basis of the "CONCORD - 4.2" is a
mathematical description of the soil as a continuous
isotropic medium. The proposed soil model is a devel-
opment of the theory of small elastic-plastic defor-
mations by AA Illiushin and the deformation theory of
G.A Geniiev.

This phenomenological model takes into account
physical and geometric nonlinearity, dilatancy, com-
paction in the process of deformation, different re-
sistance to compression and tension, pore and hydro-
static pressure, shrinkage, and swelling of the soil.
When posing the problem of nonlinear soil mechanics,
the following hypotheses are adopted [13]:

— manifestations of nonlinearity are taken into ac-
count: they contain plastic deformation of shape change
under a complex stress state, the connection between
the components of stress and strain deviators is nonlin-
ear;

— plastic deformation takes into account dilatancy, ie
the nonlinear relationship between the components of
volumetric stress and strain tensors;

— unimpeded deformation of the soil during stretch-
ing.

The model of the soil is based on the relationship be-
tween octahedral tangential stress and displacement.
The initial characteristics of the soil:

— specific cohesion c;

— internal friction angle ¢;

— deformation module E;

— displacement module G;

— spatial deformation module K, — change in the cal-
culation process is a function of the SSS of the soil mas-
sif [13].

To describe the ultimate strength, a generalized
Mises-Schleicher-Botkin criterion is used, which deter-
mines the value of the octahedral tangential stress de-
pending on the octahedral normal stress
To = G0 tg ¢ho + co. The strength surface by this criterion
describes the cone in the space of principal stresses
[13].

The algorithm of the software complex automatically
takes into account the compaction of the base soil under
the foundations during the operational period (for an
existing building).

The application of the complex enables estimating the
SSS of the system, to get an image of the possible im-
pact of new construction on existing structures and
buildings, to make decisions on preventing the undesir-
able impact of new construction on both existing and
project facilities. [13].

The main problems in modeling the installation of
deep pits will be considered by the example of the con-
struction of a high-rise residential building in Kyiv.
The calculation scheme for modeling the deformations
of the base is shown in Fig. 2.
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Figure 3 — Base displacement of the foundation pit setting up

The base of the foundations is represented by six en-
gineering-geological elements and includes sandstones
and clays with a total thickness of up to 10— 15 m,
which are underlain by low-moisture fine dense sands.

An aquifer was found in the sandstone, which is
caused by precipitation and leaks from aquifers. It is
considered that piles rest on shallow dense sand.

The high-rise building is located in a dense urban de-
velopment on a landslide-prone slope. The foundations
of the building are piles with a grille performed as mon-
olithic reinforced concrete 2 m thick slab. The length of
the piles from the bottom of the grille is 22 - 25 m, di-
ameter 800 mm.

By the technological solution, the piles are drilled.
Existing buildings adjoin the new one on both sides at
a distance of 4 m and 15 m.

A 10 m deep pit is used to erect the building's foun-
dations and its underground part. To prevent the de-
struction of the walls of the pit and undesirable defor-
mations of the existing building, the installation of re-
taining structures in the form of a retaining wall of
drilled piles with a diameter of 1000 mm and a length
of 23 - 25 m with the stiffness per 1 running meter of
EA =3,0-10°kN and EI = 4,7-10% kNm?.

In the simulation, the options for installation piles in
one and two rows, as well as the use of soil anchors
with stiffness indices at equivalent length are consid-
eredtobe /. =10 m EA =9,8-10* kN.

The data in table 1 indicates that the parameters of
retaining structures (type, number, stiffness, location)
in the presence of existing buildings, should be selected
based on the actual condition of these buildings and the
allowable additional deformations.

Accordingly, the retaining structure, calculated by
this principle, may have a higher material consumption
than that calculated only for strength, but completely
eliminate the possibility of destruction of existing
buildings around the pit.

So far there is no standard data on the limit values of
deformations of existing buildings and structures from
the impact of new construction in the conditions of
dense urban development.

In our opinion, it is possible to use the data given in
[6], which regulates the allowable settlement depend-
ing on the category of the existing building by its wear,
i.e. on its actual condition.

According to the materials of the technical inspection,
it is an existing building with four above-ground floors,
frameless with load-bearing brick walls and strip foun-
dations on a natural base.
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Table 1 — Deformations of the existing building due to the construction of the pit
of the new building depending on the design of the retaining structure

Bearing Additional deformation
Variant Bearing structure description Foundg tion pit] structure top abs.olute settlement
elevation, mm | displacement, | subsidence, unevenness
mm mm
— drilled piles in one
1 oW 119 214 24 0,0016
777
drilled piles in two
2 ”"I' rows 117 139 20 0,0013
777
- drilled piles in one
3 ] row with foundation 97 8 12 0,0006
777 bolts’ row
drilled piles in two
4 rows with foundation 98 7 8 0,0003
777 bolts’ row
. drilled piles in one
5 ? row with foundation 96 5 8 0,0003
[ 777 bolts in two rows
drilled piles in two
6 rows with foundation 96 3 5 0,00021
777 bolts in two rows
According to table 5 [6] the category by the condition Conclusions

of the load-bearing structures of the building is the sec-
ond. The additional deformations limit of the existing
buildings' foundation by table 4 [6] are [S] < 1.0 cm,
and their relative settlement difference is
[4S5/L] < 0.0007.

According to the results of mathematical modeling by
the FEM, it is established that at the stage of operation
the new building will cause additional subsidence of the
foundation of the existing building So = 0.4 cm, and the
relative difference of the settlement — 4S/L = 0.0005.

When constructing a retaining structure according to
items 4, 5 of the table. 1 total deformation of the foun-
dation of existing buildings will be

Sp=08+04=12cm>[S5]=1.0cm,

and

AS/L =0.0005 + 0.0003 = 0.0008 > [4S/L] = 0.0007.

Thus, the conditions of the deformations' calculation
for these variants of retaining structures (respectively,
drilled piles in two rows with a row of anchors and
drilled piles in one row with two rows of anchors) are
not met.

In the construction of the retaining structure accord-
ing to paragraph 6 of the table 1 total deformation of
the foundation of existing buildings will be

So=05+04=09cm<[S]=1.0 cm,

and

AS/L =0.0005 + 0.0002 = 0.0007 = [4S/L] = 0.0007.

Therefore, the conditions of deformations' calculation
for the sixth variant of retaining structures — drilled
piles in two rows with two rows of anchors, are ful-
filled.

Thus, the above method specifies the calculation of
determining the impact of the new building on existing
buildings and structures, which enables assigning the
design of retaining structures from the conditions of the
further normal operation of existing facilities.

Parameters of geotechnical structures (type, quantity,
rigidity, location) of retaining walls of deep pits in the
presence of nearby existing buildings should be se-
lected based on the actual condition of these buildings
and allowable additional and relative deformations for
their foundations.

It is also necessary to take into account the sequence
of works and the nature of the loads, the relevant char-
acteristics of the materials of structures.
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The settlements' infrastructure development, aimed at satisfying, first of all, the needs of motorists, is accompanied by powerful
negative changes in the conditions of human life. Now problems of providing conditions for moving by individual environ-
mental vehicles, pedestrian traffic and, in particular, for the low-mobility groups of the population are becoming more relevant.
In the article is analyzed and summarized the world experience of urban street-road network reconstruction in accordance with
the change of priorities that has occurred in the theory of transport planning. It singled out 2 basic options for the redistribution
of space between pedestrians, cyclists, public and private transport: 1) narrowing of lanes for private transport; 2) reducing the
number of lanes for private transpor
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CyuacHi TeHJeHIil Yy TPAHCIIOPTHOMY IUIAHYBaHHI
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Po3BuTOK iHQpACTPYKTYpH HACETIEHHUX ITyHKTIB, CIIPSIMOBAaHHUI Ha 3aJ0BOJICHHS HAacaMIIepes MoTped aBTOMOOLIICTIB, Cynpo-
BOJDKY€ETHCS MOTY)KHUMH HETaTHBHUMH 3MiHAMH B YMOBAX JIFO/ICHKOT UTTEAIsIbHOCTI. CBITOBHIA IOCBI JOBOJHTD, 1[0 HABITH
IHBECTYIOYM 3HA4yHI KOLITH Y PO3BUTOK BYJIHMYHO-IOPOXKHBOI MEPEXKi JUIsl PO3B’sI3aHHS CKIaJAHHUX MPoGiieM aBTOMOOLIBHOTO
TPAHCIIOPTY, HEMOXKJIMBO BHPILINTH HPOOIEMyY NepeBe3eHb Y BEJIMKHX MiCTaxX, 3a0€3e4MBIIN KOM(OPTHE epecyBaHHs aBTO-
Mo06iiB. He BunaaxoBo Haiikparii 3 To4ku 30py TpaHcnopty Mmicra y cBiti (Konenraren, bepiin Toio) BUKOPUCTOBYIOTh Tak
3BaHy Mipaminy NpiOPUTETIB, Ky paisiTh 3aCTOCOBYBATH HPH MPUHHATTI PillleHb, [I0 CTOCYIOTHCS MMPOEKTYBAHHS Ta PEKOHC-
TPYKLUil ByJTHYHO-IOPOXKHBOT Mepexi. Ha mepiromy Micui B Iiiif mipamii CTOSTh MIlIOXOAH, Ha IPYrOMY — BEJIOCHIICIHUCTH, Ha
TPETbOMY — IPOMAJICHKIil TPAHCIIOPT, MOTIM — KOMEPUiHHUIT TPAHCIOPT, HA OCTAHHBOMY MICLi — NPUBATHUI aBTOTPAHCIIOPT.
HaBiTh BUKIHMKH IAaHIEMIT CIIPUSITH caMe TaKOMY PO3IIOJIUTY IPIOPUTETIB, KON B ISSIKMX BEJIMKHAX MicTax €BpONH aJMIHICT-
paTHBHUMH 3aX0/IaMH YaCTHHY MPODK/DKOI YaCTHHH BYJIMIb BIJJANH MIMIOX0JaM Ta Bejocuneauctam. B YkpaiHi ocraHHIM
YacoM TaKOX CIOCTEpIraeThCs TEHJICHIISI O 3MIHM MPIOPUTETIB y Teopil TPaHCHOPTHOTO IUIAaHYBAaHHS. 3MiHa MPIOPHUTETIB
3HAXOJHUTh BiOOpaXCHHS B OHOBJICHUX HOPMATHBHHX JIOKYMEHTax YKpaiHu. Y CTaTTi MpOaHAIIi30BaHO i y3arajJbHEHO CBiTO-
BUIi JIOCBi/I IPOEKTYBaHHS Ta PEKOHCTPYKIIT By TMIHO-TOPOKHIX MEPEX HACEICHUX MYHKTIB BIAMNOBIAHO 0 Cy4YaCHHX TEHIe-
HIIIH y TPAHCIIOPTHOMY IUIAaHYBaHHi. Y pe3ysbTaTi aHali3y 3aKOPIOHHOTO i BITYM3HSIHOTO JOCBiLy BUOKPEMIICHO [Ba 6a30Bi
BapiaHTH MEPepO3MOIily IPOCTOPY MiX MILIOXOJaMH, BEJIOCUIICAUCTAMHE, TPOMAJICHKAM Ta IIPUBATHUM TPAHCIIOPTOM: 1) 3BY-
JKSHHSI CMYT ISl IIPUBATHOTO TPAHCIIOPTY (L0 103BOJISIIOTH OHOBJICHI HOPMATHBHI IOKYMEHTH YKpaiHn); 2) 3MEHIICHHS Kijlb-
KOCTI CMYT JUIS IIPHBATHOTO TPAHCHOPTY (PO3IIITHYTO TPU OCHOBHI BapiaHTH TaKOTO IEPEPO3IOALTY)

KurouoBi ciioBa: TpaHCIOpTHE IUIaHYBaHHS, BYJIHMYHO-IOPOXKHS MEPeXka, IHKIIO3UBHE CEPEAOBHILIE, IHAMBIAyanbHI €KOJIOTi-
YHI TPAHCTIOPTHI 3ac00M, MPUHIHITN YHIBEPCAIbHOTO AU3aiHY
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Introduction

The rapid rate of motorization creates a new situation
in urban design. Illustration (fig.1) by Swedish artist
Karl Jilg (which was commissioned by the Swedish
Road Administration) shows how car-centric our real-

ity is [1].

Figure 1 — Illustration by Swedish artist Karl Jilg

Now problems of providing conditions for moving by
individual environmental vehicles, pedestrian traffic
and, in particular, for the low-mobility groups of the
population are becoming more relevant.

Review of the research sources and publications

Recently, more and more researchers of transport
planning use the term «Automobile Dependency» [2;
3]. In 1995 Permanent International Association of
Road Congresses (PIARC) conducted a specialized XX
World Road Congress, devoted exclusively to prob-
lems of urban transport planning. In the United States,
at the state level, acts were adopted, in which special
attention was paid to the organization and safety of pe-
destrian movement [4]: Intermodal Surface Transporta-
tion Act of 1991 (ISTEA), Transportation Equality Act
of the 21st Century.

Many scientists from different countries are inter-
ested in the application of universal design principles
(UDP) in street-road environment improvement. Scien-
tists from Australia are researching universal design in
housing [5; 6]. Indian scientists [7] have developed a
design manual for a barrier-free environment in India.
In Canada, there was a publication of the Barrier-free
design guide in 2017 [8]. Researchers from Turkey
have done an assessment of street design with universal
design principles: case in Aswan [9]. In 2012 Norway
hosted the largest conference on universal design held
in Europe until then. The most interesting information
from the conference has been collected in [10]. Cana-
dian scientists think that it is necessary to provide envi-
ronments designed to suit the needs of older adults [11].
Researchers from Indonesia have examined several de-
sign characteristics of themed streets in several coun-

tries from three different continents using UDP for giv-
ing proper directions to develop more user-friendly
streets and they resumed that design direction can be
suggested universally along with the richness of local
aspects [12, 13].

The need to find alternatives to individual car
transport means and ways to provide comfortable con-
ditions for an individual eco-friendly friendly vehicles
(IEV) movement is discussed in the works [14-17].

In the works [18-20] the classification of the main ge-
ometric structures of the street-road network is given,
their influence on the parameters of transport systems
functioning is evaluated and recommendations on the
use of the city's territory for different planning schemes
are given.

Definition of unsolved aspects of the problem

But such classification based on the width and opera-
tional qualities cannot fully reflect all the processes tak-
ing place on the streets. The street should be not only a
city transport artery but also the place of human inter-
action. The organization of street space should be
guided by a number of requirements related to the acti-
vation of social and economic functions: improving the
quality of life, mobility and activity of the inhabitants.

Problem statement

The purpose of this study is to summarize the world
experience of designing and reconstructing urban
street-road networks and to formulate proposals for its
improvement in accordance with the change of priori-
ties that has occurred in the theory of transport plan-
ning.

Basic material and results

An analysis of the urban planning history in the con-
text of vehicle development [21] showed that before the
development of motorization (in the US until the 30s of
the twentieth century, and in Europe until the 50s) cities
were smaller and more compact in area and population.
Weak development of transport infrastructure ham-
pered the development of the economy, the formation
of centralized states. People walked, cycled, rode
horses and donkeys, or traveled in cattle-drawn car-
riages.

With the development of road transport, the need for
settlement compactness has lost relevance. In 1929, the
Soviet sociologist M.O. Okhitovych came up with the
idea of a "new resettlement". According to this idea, the
appearance of the car is inevitable and leads to desur-
banization. In the city, among the crowded buildings,
the car cannot be used effectively. Service for residents
should be provided by a system of orders and delivery
directly to homes.

The gap between the growing number of cars and the
narrow streets unsuitable for car traffic necessitated the
redevelopment of settlements and the differentiation of
city streets by class. Since 1940, road departments in
the United States have begun to plan the road network:
inventory all roads, determine the size and nature of
road traffic, review road construction financing, deter-
mine the number of car owners and the nature of their
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use, study road wear, survey to determine the destina-
tion of trips in cities [22].

In the areas that were built before the car boom, there
are still convenient streets for pedestrians and cyclists,
which connect the points of attraction with residential
areas (fig. 2). Residential and industrial areas built dur-
ing urbanization are much less conducive to pedestrian
traffic. They mostly do not have sidewalks but have
wide streets that are difficult to cross on foot or by bi-
cycle (fig. 3).

Figure 2 — Cyclist and pedestrian-friendly
street (USA)

Figure 3 — A wide suburban street that was built
without taking into account bicycle
and pedestrian traffic (USA)

After the first hype around cars, more and more peo-
ple began to realize that the constant continuous motor-
ization and development of road construction are ac-
companied by powerful negative changes in human liv-
ing conditions (fig. 4).

The Coronavirus crisis in 2020 gave us a glimpse of
what life could be like in cities and on our streets with-
out high levels of traffic and particularly high levels of
car usage. Traffic levels fell and it became much easier
for walking and cycling. Air pollution reduced and we
could even see the blue skies again! It is imperative that
we capture the benefits of more active travel as mobil-
ity levels return — and the majority of travel in many
contexts can be by public transport, walking and cy-
cling. But this will necessitate a strong policy approach
— investing in high-quality public transport networks
and giving more space to walking and cycling.
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Noise, vibration

Heat emissions
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Figure 4 — Harmful effects of road transport
on the environment
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In our opinion, the creation of infrastructure for bicy-
cle traffic is the preparation of settlements for future
progress in the field of vehicles. Since scientists of the
world are now actively working on the creation of var-
ious types of individual environment-friendly vehicles
(IEFV) designed to replace or minimize the use of in-
dividual cars in settlements.

World experience shows that even investing heavily
in the street and road network (SRN) development, the
solution of road transport services complex problems,
it is impossible to solve the problem of transportation
in large cities by providing comfortable movement of
cars. Not by chance the best in terms of transport cities
in the world (Copenhagen, Berlin and others) use the
so-called pyramid of priority (fig. 5), which advice to
apply when making decisions in SRN designing and re-
construction [23].

PEDESTRIANS
CYCLISTS
PUBLIC TRANSPORT

COMMERCIAL TRANSPORT
p—r

PRIVATE MOTOR VEHICLES

Figure S — The transport pyramid of inclusive
street-road environment

Taking into account the mass of the pedestrian move-
ment (almost every citizen with one or another fre-
quency used to move the walking) and its safety for the
environment, on the highest step of this pyramid put pe-
destrians. The second step is cycling transport, which
has the same advantages and problems as the pedes-
trian, but occupies a separate place in the pyramid be-
cause it allows you to overcome much larger distances
(effective radius of bicycle use is 5 — 7 km) and needs
parking spaces and, on separate streets, a separate in-
frastructure. The third step of the transport pyramid
takes public transportation, which carries far more peo-
ple than private cars, produces considerably fewer
emissions (especially trolleybuses), takes much less
space on the road and is not parked for a long time in
the central part of the city. The social role of public
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transport, which is much more affordable for private
cars, is also great. To commercial vehicles, which de-
liver the required goods, in cities with an efficient
transport system they give priority over private
transport, since convenient conditions for this kind of
transport stimulate business development and prevent
the shortage of goods. Standard is the permission of
commercial vehicles in certain hours, usually in the
morning. The last step in the pyramid of priorities takes
private cars, which, although provide a high mobility,
comfort and unlimited travel range, has low efficiency.
Large expenditure of energy efficiency relative to the
weight he carries), causing noise and chemical pollu-
tion and occupies large areas.

Since 2018 priorities change that occurs in transport
planning is beginning to be reflected in Ukrainian reg-
ulations. In the updated regulations, the requirements
for the mandatory design of bicycle paths and lanes for
new construction and reconstruction of streets are be-
ginning to appear [24 - 26]. And also there are state
building codes for buildings and structures inclusive-
ness [27].

So the question arises: how to implement change in
priorities under the existing building settlements. We
need to redistribute the space between pedestrians, cy-
clists, public and private transport. As a result of the
foreign and domestic experience analysis, the authors
proposed the following options for solving this prob-
lem. In order to give cyclists and pedestrians more
space, we need to either narrow the lanes for private
transport or reduce their number. Let's look at these
two main ways.

1. The narrowing of lanes.

The change in priorities in Ukrainian normative doc-
uments is also evidenced by the narrowing of the regu-
latory minimum width of lanes on the roadway.

Thus, in the normative document DBN «Streets and
roads of settlementsy, in effect since 2001, the mini-
mum allowable lane width on main streets and roads of
city and district significance in the most significant,
significant, large, medium and small cities was 3.75
meters. Instead in document DBN «Streets and roads of
settlements», in effect since 2018, minimum allowable
lane width on main roads of city significance with con-
tinuous movement in the largest and large cities is 3.5
meters, and on main streets of city and district signifi-
cance in the most significant, significant, large, me-
dium and small cities, except streets with continuous
movement, as well as on village roads and main streets
is 3.00 meters.

Also, the minimum allowable width of the lane on lo-
cal residential streets in this DBN in effect since 2001
was 3.5 and since 2018 is 2.75 meters.

That is, according to changes in regulations, free
spaces from 0.25 to 0.75 m wide in each traffic lane
appear on Ukrainian streets. That is, for example, on
streets with 4 lanes, built according to the old regula-
tions, released from 1 to 3 m.

The task of planners now is to reorient these spaces
during the reconstruction of streets and provide them
with functions that will meet, first of all, the needs of
pedestrians, cyclists and public transport.

2. Reducing the number of lanes

The most popular in the United States option of re-
ducing the number of lanes is «4-3 road diet», when a
two-way street with two lanes in each direction be-
comes a three-lane (fig. 6) [28].

Figure 6 — Three lanes instead of four

The lane in the middle is reserved for those who go to
the left. The remaining space can be used to create bi-
cycle lanes, widen sidewalks or arrange dedicated lanes
for public transport.

Converting four-lane roads to three lanes makes them
substantially safer. This is evidenced by the following
data [29].

* 3-lane roads are much safer for car drivers.

In 2013, a study of streets reconstructed on this prin-
ciple was conducted in 17 cities. It turned out that in
small cities, this version of the road diet reduces road
accidents by 47%, and in large by 19% [28]. No reduc-
tion in street capacity was detected in any of the cases.
Similar data are given in [29]. Converting roads from
four lanes to three has been found to reduce collisions
anywhere from 20 to 50 percent (fig. 7).

* 3-lane roads have a marginal impact on traffic
flow. Such diet usually sees a reduction in car through-
put in the 5% to 10% range. As the Federal Highway
Administration report puts it, “under most average
daily traffic conditions tested, road diets have minimal
effects on vehicle capacity” [30].

* 3-lane roads slow speeds. The main difference be-
tween a 4-lane road and a 3-lane safe street is that traf-
fic speeds go down and become far more uniform. It’s a
proven fact that reducing speeds even a little bit, i.e.
from 40 to 30 miles per hour, can make a huge differ-
ence in accident severity for pedestrians and bicyclists.

60 M SETth
M NE Glisan
B SE Tacoma

after 4-3 road diets

before 4-3 road diets

Figure 7 — Average traffic crashes per year
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* 3-lane roads increase biking and walking. After a 4-
3 road diet was fixed in San Francisco, “bicycle usage
increased 37% during the PM peak hour, the number of
pedestrians increased 49% during the PM peak hour,
and public response has been overwhelmingly positive
about this project” [29]. That’s just one example; also,
it’s common sense.

* reducing the number of lanes is really cheap. Unlike
expensive street reconstructions cities and counties can
quickly, easily, and cheaply fix such redistribution of
space.

For three-lane one-way streets with parking on both
sides, there is a proposal for ""3-2 road diet", which of-
fers to remove one of the lanes and narrow the parking
a bit, and give the freed space for a two-way bike lane

(fig. 8).

Figure 8 — Two lanes instead of three

Such traffic reorganization on one of the Brooklyn
streets has reduced the speed of cars by 77% and the
number of accidents by 63%. At the same time, the ca-
pacity of the street and the total travel time for motorists
remained at the same level [28].

The first example of reducing the number of lanes in
Ukraine was John Paul II Street in Ivano-Frankivsk,
where they turned four lanes into two (fig. 9).

This «4-2 road diet» allowed the creation of safety
islands to protect pedestrians, bike lanes for cyclists
and a separate pocket for turns.

LT LT E e

772NN

/

Figure 9 — Two lanes instead of four

Let's consider one more proof of expediency of lanes
on city streets and road quantity reduction. Analysis of
methods for calculating the required number of lanes
[18, 31, 32] showed the following.

The capacity of the designed highway, required to
pass the traffic flow of given traffic intensity, taking
into account the perspective, is determined by the for-
mula:

Pr=N/z, (1)

where z is the perspective loading of the highway by
traffic.

The capacity of a multi-lane roadway is defined as the
sum of the capacities of its component lanes:

P=YP;. )

The capacity of each lane on the street is different.
The closer the lane is to the center of the roadway, the
less its capacity. This is primarily due to the restructur-
ing, i.e. changing lanes.

The capacity of the i-th lane is determined by the for-
mula:

Pi=P; - kui ke, (3)

where P; is the capacity of the first lane, units / hour;
ki - the coefficient of reduction of the i-th lane capacity
depending on its number, table 1;

k. s the coefficient of capacity reduction depending on
the composition of the flow.

Table 1 — Capacity reduction factor depending
on the lane number

lane 1 ) 3 4 and
number more
ki 1 0,85 0,7 0,5

Therefore, the capacity of the multi-lane roadway is
defined as:

Pi:PJ‘kc‘ka', (4)

To pass the traffic flow of given traffic intensity, tak-
ing into account the perspective and load level, it is nec-
essary that the capacity of the designed city highway
with a multi-lane roadway (P) was not less than the re-
quired capacity (Pr). Given the dependences (1) and
(4), we have:

Py ke Yki>N/z. 5)
Whence

Ski=N/P\ k.- z. (6)

According to table 1, it is necessary to take the num-
ber of bands () at which the value of the total capacity
reduction factor would be not less than that obtained by
formula (6).

As we can see, the efficiency of the roadway de-
creases with the increasing number of lanes: from the
position of capacity in four-lane carriageway almost
not used one lane (3 k,; = 3.05), and in six-lane - already
two (3 kui = 4.05). Therefore, reducing the width of the
roadway is justifiably appropriate, but requires further
research.
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Conclusions

The settlements' infrastructure development, aimed at
satisfying, first of all, the needs of motorists, is accom-
panied by powerful negative changes in the conditions
of human life. Recently, more and more researchers of
transport planning use the term «Automobile Depend-
ency». World experience shows that even investing
heavily in the street and road network (SRN) develop-
ment, the solution of road transport services complex
problems, it is impossible to solve the problem of trans-
portation in large cities by providing comfortable
movement of cars. Not by chance the best in terms of
transport cities in the world (Copenhagen, Berlin and
others) use the so-called pyramid of priority, which ad-
vice to apply when making decisions in SRN designing

and reconstruction. In the first place in this pyramid are
pedestrians, in the second cyclists, in the third public
transport, then commercial and in last place private
cars. In the article is analyzed and summarized the
world experience of urban street-road network recon-
struction in accordance with the change of priorities
that has occurred in the theory of transport planning. It
singled out 2 basic options for the redistribution of
space between pedestrians, cyclists, public and private
transport:

1) lane narrowing for private transport;

2) reducing the lanes number for private transport.
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The results show that the experimental studies of long-term fatigue (strength) of steel structures of underground sewage struc-
tures in a chemically aggressive environment, simultaneously containing chemical ingredients and biologically aggressive bac-
teria. It is established that long-term fatigue (strength) of steel structures of underground sewage structures is significantly
reduced during long-term operation, and especially when exceeding 20 years or more, in chemically aggressive environments
of domestic sewage, which often leads to corrosion and mechanical damage. It is shown that in the course of long service life
the indicators of long-term fatigue of reinforcing steel rods of reinforced concrete structures are significantly reduced, which
causes the formation of cracks in the connection "reinforcement - concrete", which usually leads to the destruction of reinforced
concrete pipes and structures as a whole.

Keywords: underground sewerage structure, steel structure, chemically aggressive environment, crack resistance, deformation,
fluidity, tensile strength, viscosity.
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HaBezneHo pe3ynbTaTi eKCIIEpHMEHTAIBHUX JOCTIIKEHb TPUBAIO] BTOMJICHOCTI (MIIHOCTI) CTaJeBUX KOHCTPYKIIIH KaHai3a-
LiHUX MiA3eMHUX CIIOPYA Y XIMIYHO-arpeCHBHOMY CEpEJOBHIII, SIKi OJTHOUYACHO MICTATh XIMI4HI IHTpeieHTH Ta 6i0JI0Ti4HO-
arpecuBHi Oakrepii. B nabopaTopHux BUIPOOyBaHHSAX BUKOPUCTAHO apMaTypHi CTPYDKHI AiameTpoM 32 MM 3i cTajli MapKu
20I'C. OTpumaHO HOBI eMITIpUYHI 3aJISKHOCTI MiXK KOHIIEHTpallieio rereporpodHux 6akrepiit (I'TH) y po3unHi Ta cnpoTHBOM
BTOMJICHOCTI CTaJICBUX 3pa3KiB, BUPI3aHUX i3 apMaTypH 3aj1i300€TOHHUX KOHCTPYKLIN KaHam3auiitHUX Cropy, IpH X MUK~
YHUX BHNPOOYBAHHSIX HA 3THH 1 KpydeHHs. J[yis MOpIBHAHHS aHAJIOTTYHI JOCTIPKSHHsI BUKOHAHO JUIsi YMOB PO3YHHIB XJIOPHC-
TOro HaTpifo. BeraHoBiEHO, 1110 TpHBaia BTOMIICHICTD (MIIHICT) CTaI€BUX KOHCTPYKIH KaHANI3aiHHAX MiA36MHHUX CIIOPY/I
3HAYHO 3MEHILYETHCS IPU TPHBAiil eKCIUTyaTallil, a 0cOOIMBO MpH nepeBuieHHi TepMiny 20 pokiB i Oinbliie, B XiMiuHO-arpe-
CHBHHX CEpEeI0BHIIAX IT00yTOBO-TOCIONAaPCHKUX CTOKIB, 1[0 IPU3BOUTH YacTO 10 KOPO3iHHO-MeXaHIYHUX pyHHYBaHb. JloBe-
JICHO, 110 B IIPOIIEC] TPUBAIOTO TEPMIiHYy €KCILIyaTamii CyTTEBO 3HIKYIOThCS IIOKa3HUKH TPUBAIOI BTOMH apMaTypHHX CTaje-
BHX CTPIDKHIB 3aJ1i300€TOHHNX KOHCTPYKIIIH, 0 CIIPHYMHSE YTBOPSHHS TPIIIMH B 3’ €AHAHHI «apMarypa — OETOHY, sIKe, SIK
MIPaBHJIO, IIPH3BOMUTE JI0 PYWHYBaHb 3a1i300€TOHHHUX TPYO i KOHCTPYKIH B IiioMy. OTpuMaHi pe3yNbTaTH IMOSICHEHO THM,
110 B MPOILIECi TPUBAJIOT eKCILTyaTalil KaHaIi3aiifHOr0 yCcTaTKyBaHHs BiJOYBa€ThCsl OKPUXUCHHS Ta Jerpajallis MeTainy.

KurouoBi ciioBa: xanamizauiiina mizizeMHa Cropyza, cTajeBa KOHCTPYKLis, XiMI{YHO-arpeCHBHE CEPEIOBHIIE, TPIIUHOCTIH-
KicTb, edopMaltist, TEKyqicTh, MeXa MIITHOCTI, B’I3KICTh
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Introduction

When constructing sewer systems, steel profile rolled
products (pipes, T-shaped and I-beams, angles, etc.) are
often used as the main type of structures [1].

In Ukraine, their share is about 90% [2, 3] and in the
near future, this percentage will not change signifi-
cantly, due to increasing service life of such structures
sharply increases the wear of steel structures and corro-
sion damage of reinforcement in reinforced concrete
structures, and therefore only pliable steel structures
will be able to provide in most cases a satisfactory op-
erational condition of underground sewage engineering
structures [2]. The almost unique ability of these struc-
tures is to adapt to changing loads and therefore the
force and temperature factors, without collapsing, al-
lows us to consider them as the safest [3].

Review of the research sources and publications

Significantly reduces the efficiency of steel rein-
forced concrete structures and constructions, their cor-
rosion ability, in particular reinforcing bars [2-9].

Corrosion aggressiveness of sewage effluents is
caused by the presence of chlorine ions, sulfuric acid
anions, magnesium and calcium ions, anions of chlo-
ride salts and acids. In particular, in the sewerage sys-
tems of Kyiv, Chernihiv, Odesa, Kharkiv in domestic
and industrial effluents there are (mg-dm*/eq) CI- 1200-
2100; SO4* 15-25; Mg*+Ca" 120-300; HCO*10-25.
Moreover, the coefficient of corrosion is on average 10-
16, and the aggressiveness of the metal is SO4*+CI"
>3 g/l

Corrosion (destruction of metal) is the result of the
interaction of the environment with metals. From the
point of view of the mechanism of the corrosion pro-
cess, corrosion happens chemical, electrochemical, and
biochemical. Under industrial conditions, sewage
structures can often be biological corrosion with a grad-
ual transition to the electrochemical type of corrosion.

Definition of unsolved aspects of the problem

Analysis of literature sources [10 — 12] shows that to
date there is no information on long-term fatigue
(strength) of steel pipe structures, especially reinforc-
ing rods of reinforced concrete sewers during a long life
in aggressive chemically active environments, which
simultaneously contains chemical ingredients and bio-
logically aggressive bacterias.

Problem statement

The purpose of the work is to establish quantitative
dependencies to reduce long-term fatigue (strength) of
steel structures of underground sewers under the condi-
tions of their operation in chemically aggressive envi-
ronments of domestic and industrial effluents.

Material and methods of research

Samples for experimental tests for prolonged fatigue
(strength) are shown in Fig.1. All samples were made
of steel structures directly on the objects of sewage un-
derground structures.
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Figure 1 — Samples for fatigue (long-term) strength tests:
a — sample for torsion tests; b — sample for tests under axial loading;
¢ — a sample for bending tests during rotation
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For the research were used carbon-low-alloy steel
grade 08G2S with 0.07-0.092% C with the following
characteristics: og = 470-560 MPa; oo, = 315 MPa
(00.2min= 245 MPa) for ambient temperatures -20...-
40°C. The carbon equivalent was CE = 0.21-0.32;
KCV =28 J (equivalent to FISI 1035 steel) [1, 7].

After normalization with heating to 860 °C and hold-
ing for 30 min from such steels made samples, which
are shown in Fig.1. The samples were polished with a
sanding skin with a grain size of 3/0, and then subjected
to tempering in a vacuum chamber at 620 °C for 30 min
to relieve residual stresses.

Experimental tests for corrosion fatigue (long-term
strength) were performed under different types of
loads.

The samples were tested on the setpoint of the Instron
model (Great Britain). In particular, the tests were per-
formed on a bend with zero average voltage and a cycle
frequency of 20 Hz. The tests were performed in salt
solutions with concentrations from 0.5% to 10%. To
compare the results, tests were sometimes performed in
the air.

Bacteria of the species of heterotrophic bacteria
(GTB) were introduced into the water in the following
quantities (in cells / ml):
6.2:10°-2.2:107 -3.1-108-25-10% - 1.5-10°%
and bacteria such as sulfate-reducing (CBD) in the
amount (in cells/ml):
1.0-102-1.5-10* - 1.5-10°* - 2.5-10 - 1.5-10° - 2.0-10°.

It should be noted that the samples made of industrial
steels according to the requirements (Fig. 1) were the
day before completely immersed in aqueous saline or
bacterial solution circulating at a rate of 2.5 1/ min be-
tween the test chamber (with a capacity of 1 1) and the
reservoir, and kept for 720 h according to the require-
ments of the Specification of the International Corro-
sion Association (Specification TenquizOil and Gas
Plant // ProzessPlant-Lurgi code: 65102-00-MAL-
TENGUIZ 1II.Specification Ne.SPC-62900-XP-007)
[1,7,12].

The volume of solution used for the experiments was
10 1, and after each test, the solution was replaced with
a new one. The temperature of the solution during the
tests was kept at 22 °C thanks to an electric automatic
regulator. The dissolved oxygen content was not con-
trolled.

During the operation of sewage systems, reinforced
concrete gallery walls are in direct contact with mois-
ture, in particular, chemically active waters and the sur-
rounding atmosphere.

As a result, steel tubular and reinforced concrete
structures (in particular, reinforcing bars) are subject to
various types of corrosion, among which are atmos-
pheric, underwater, underground, hydrogen, oxygen,
gas and sulfuric acid, chloride, and microbiological
(bacterial).

According to surveys and practice, corrosion pro-
cesses of several types can occur simultaneously in
sewer structures, in particular:

1. Atmospheric corrosion is particularly intense when
the air temperature reaches 40 °C, the airflow is charac-
terized by a significant air flow rate and relative humid-
ity, often equal to 100%.

2. Underwater corrosion is the destruction of metal
immersed in water. Under the water are the elements of
the foundation attachments, which are adjacent to the
drainage ditches and submerged products, the system
of reservoirs, pipelines, etc. The presence of impurities
of salts and acids in the water accelerates the process.

3. Underground corrosion occurs when reinforced
concrete is exposed to underwater biologically aggres-
sive environments and mineral particles. Hydrogen and
gas types of corrosion are characteristic of metal struc-
tures in sewer structures.

In underground sewer conditions, metal corrosion is
also classified by the nature of the destruction. Uneven
corrosion is the most dangerous.

It is necessary to pay attention to the role of rolled
scale and rust in processes of corrosion of metal de-
signs, especially reinforcing cores of reinforced con-
crete designs in sewer conditions of long service life.

It is known that rust, in contrast to scale, occurs in the
presence of moisture when t <100 °C, and therefore
consists mainly of hydrated iron oxides. In general, the
chemical composition of rust is expressed by the for-
mula [12 — 15]: (FeO)n ¢ (Fe203)m * (H2O)x.

Dissolved salts of iron and other cations are usually
found in the rust layer. Due to the loose structure on the
surface of the rust, moisture is retained for a longer
time, which appears as a result of groundwater drain-
age, and therefore the corrosion rate increases.

As aresult of the aggressive influence of underground
sewer conditions, getting on separate parts of metal de-
signs, water accumulates, forming stagnant zones
(sites) that lead to their fast corrosion.

It is practically established those thin membranes of a
liquid act more actively and aggressively, and therefore
when narrow hair gaps are observed between metal
parts. Then the corrosion processes are more intense.

The corrosion rate in hydraulic and sewage conditions
is also affected by the temporary (carbonate) hardness
of natural waters. Iron is corroded faster in soft water.
Hard waters tend to precipitate insoluble salts, such as
CaCOs (especially in cathode regions), which prevents
the diffusion of oxygen to the metal. [4 — 6, 13].

At the same time, easily soluble salts (chlorides, sul-
fates), which are in the soil or dissolved in groundwa-
ter, increase the corrosive aggressiveness of
wastewater, accelerating the development of corrosion
processes. This is due to the metal activation by pre-
sented ions in it. especially chlorine ions, which, ad-
sorbing on the steel surface and displacing oxygen,
contribute to the destruction of oxide membranes and
make it difficult for the passivation of the surface.

An important role in this process is played by parti-
cles suspended in water, which by their corrosion activ-
ity can be divided into three groups:
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1. Corrosion-active particles. These are in most cases
particles of salts, such as sodium chloride, sodium sul-
fate, ammonium sulfate.

2. Corrosive-inactive particles adsorbing corrosive-
active gases from the air. These are the particles of sil-
tation of the bottom near aeration stations and observa-
tion wells, the presence of which on the metal greatly
accelerates its corrosion.

3. Corrosion-inactive particles that do not adsorb
harmful gases.

In some conditions of the sewer landscape, there is a
phenomenon when the particles of solid waste and min-
eral rocks, in the absence of water inflow from the en-
vironment, create a protective membrane, under which
corrosion processes are temporarily suspended.

The above-mentioned operating conditions of sewage
equipment and various engineering metal structures
change insignificantly within the sewage structures of
Ukraine.

However, it should be noted that aggressive
wastewater is the most corrosive and active in relation
to the metal equipment, highly mineralized, containing
a significant amount of ions Cl- and SOZ%;. Their total
stiffness varies within 5...10 mg / eq, and alkalinity —
pH=6...7.2.

The content of mineral salts (sulfates and chlorides)
in groundwater has a significant impact on the develop-
ment of corrosion of metal structures, which ultimately
affects their load-bearing capacity.

As a rule, the problem of ensuring the stability of al-
ready corroded areas of steel and reinforced concrete
structures of sewer structures are solved one way — re-
place the old, corroded equipment with new ones. The
optimal solution to this problem requires a detailed
study of the corrosion process of engineering structures
in the sewer (full-scale) conditions.

It should be noted that to assess the internal stresses
in the existing metal structures of hydraulic structures
was used a device model "Stresscan" company "Argosy
Technologies" (USA), the principle of which is based
on the properties of magnetoelasticity of ferromagnetic
materials (Barkhausen noise). This device allows you
to detect the parameters of the stress-strain state of the
metal in the experimental location. Also, to quantify
their danger, as well as identify areas with final plastic
deformations and welding stresses. The principle of op-
eration of this device is described in more detail in [3].

Research results and their discussion.

The results of experimental studies of long-term fa-
tigue of various steel structures (steel 09G2) of sewer
structures are shown in Fig. 2 — 7. In particular, in fig.
6 — 7 the data of fatigue strength of reinforcing cores of
reinforced concrete constructions of sewer construc-
tions are stated.

In the experimental tests were used reinforcing rods
with a diameter of 32 mm made of steel grade 20GS.
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Figure 2 — Curves of dependence between
the concentration of GTB bacteria in solution
and fatigue resistance at the base N=107 cycles

when tested by bending deformation
during rotation.
Designation: operation of sewer pipe structures
(years): 1 —10; 2 —20; 3 —30; 4 — 40;
1’,2°,3’, 4 — (GTB solution +5% NaCl)
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Figure 3 — Curves of dependence between
the concentration of CBS bacteria in solution
and fatigue resistance at the base N=107 cycles

when testing samples by torsional deformation.
Designation: operation of sewer pipe structures
(years): 1 —10; 2 —20; 3 —30; 4 — 40;
1°,2°,3, 4 — (GTB solution +5% NaCl)
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the concentration of GTB bacteria in solution
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during operation of sewer pipes of drainage
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Figure 6 — Graphs of dependence when testing
for bending deformation of samples cut from

the reinforcement of reinforced concrete structures

of sewer structures.

Fatigue tests at the base N=107 cycles.
Marking: 1 — air test;

2 — test in an environment with 3% NaCl;

3 — tests in the environment with GTB bacteria
(2.5:10% cells); 4 — tests in the environment
with CKD bacteria (5-107 cells).
Fittings with a diameter of 32 mm,
steel of the 20GS brand

10

o

0 1 10* W M
Cycles number Il destruction W

Figure 7 — Graphs of dependence when tested
in saltwater (NaCl -3% =30g/1) on deformation
of axial loading, 20 Hz, the samples cut out
of armature of reinforced concrete designs
on constructions of sewer systems.
Designation of service life of reinforced
concrete structures (years):
1-15;2-25;3-35,4-405-50;
Fittings with a diameter of 32 mm,
steel of the 20GS brand
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Analysis of the data is shown in Fig. 2 — 7, indicates
that prolonged fatigue of steel and reinforced concrete
structures of various sewage structures is significantly
reduced when reaching 20 years or more, especially in
an environment containing CBS bacteria, which, in
turn, cause severe corrosion damage to the main pipe
structures for sewage disposal in comparison with other
simulated environments (Fig. 2 — 7).

Moreover, it is noteworthy that the samples, which
are cut from metal with a long service life in hydraulic
and sewer conditions (more than 20 years), are charac-
terized by low long-term strength (Fig. 2 —5).

The data presented in Fig. 7, clearly showed a sharp
decrease in metal fatigue resistance in saline solutions,
especially after 10 — 20 years of operation of steel rein-
forcing bars of reinforced concrete sewer structures.
This result can be explained by the fact that in the pro-
cess of long-term operation of metal structures, as well
as in general sewage equipment is metal degradation
caused by flooding, which, in turn, causes its embrittle-
ment and, consequently, fragile destruction [10, 11].

Conclusions

1. Thus, it is established that long-term fatigue
(strength) of steel structures of underground sewage
structures is significantly reduced during long-term op-
eration (more than 20 years) in chemically aggressive
environments of domestic sewage, which often leads to
corrosion and mechanical destruction.

2. It is proved that in the process of long service life
the indicators of long-term fatigue of reinforcing steel
rods of reinforced concrete structures are significantly
reduced, which causes the formation of cracks in the
connection "reinforcement - concrete", which usually
leads to the destruction of reinforced concrete pipes and
structures as a whole.
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When determining the resistance to vapor penetration of the vapor barrier layer which is based on the zero balance of moisture
accumulation per year and the value of the allowable increase in moisture content of the material during the period of moisture
accumulation. The temperature and relative humidity of the outside air for the period of the three coldest months of the heating
period or the period with average monthly negative temperatures are usually used in the calculations. Although, the duration
of the moisture accumulation period may not coincide with this period, and the value of the resistance to vapor penetration of
the vapor insulation in the enclosing structures may not be determined correctly. The clarification of the calculation methodol-
ogy was suggested. It is necessary to determine the months, when moisture accumulation occurs in the insulation of the enclos-
ing structure, after determining the average temperature and relative humidity of the outside air during these months and cal-
culate the resistance to vapor penetration of the vapor insulation layer.
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p y

Po6oTa npucBsiueHa YTOYHEHHIO METOIMKH BU3HAUCHHS PO3PAaXyHKOBUX [1apaMeTPiB 30BHILIHBOTO MOBITPs (TEMIepaTypu Ta
BIZIHOCHOT BOJIOTOCTI) Ta BEJIMYHUHH OTIOPY MapONPOHUKHEHHIO [1apy napoizossiuii. [Ipu Bu3HaueHH] 0nopy MaponpOHHKHEHHIO
nIapy napoizoJsiLii BUXOJSTh 3 HYJIbOBOTO OajlaHCy BOJIOTOHAKOIIUYCHHS 32 PiK Ta BEJIWYUHU JOMYCTUMOTO IiJABUIICHHS BO-
JIOTOCTI Martepiany MpOTIAroM Iepiofy BOJIOTOHAKOMYEHH. 3a3BUyail BUKOPHCTOBYIOTh Y pO3paxyHKax TeMIeparypy Ta Bij-
HOCHY BOJIOTICTb 30BHIIIHBOTO MOBITPS 33 MEPioj TPHOX HAHOLIBII XOJIOAHUX MICSIIB ONATIOBANBHOTO Iepioay abo mepiomay
i3 cepeIHbOMICSYHIMH BiZl’EMHHMH TEMIIEpaTypaMH. AJie TPUBAIICTh IEPiofy BOJOTOHAKONMYCHHS MOXE HE CIBIIAIaTH 3
LIMM TIEPiOIOM i BEIMYHMHA ONOPY HAaPOIPOHUKHEHHIO NapOoi30JIiLii B OrOpoUKYBaIbHUX KOHCTPYKIISX, 3 YMOBH ITiIBUILCHHS
BOJIOTOCTI Marepiainy MpOTIroM Mepioay BOJOTOHAKOIMYEHHS, MOXKE BU3HAYATUCS HE BipHO. J[yist MiABUILEHHS TOYHOCTI pO3-
paxyHKY IPOIOHY€ETHCSI BHKOPUCTOBYBATH MEPiO MICSILIB, KOJIX BiI0OYBA€THCS BOJOTOHAKOIIMYCHHS B YTEILIIOBAYi OTOPOJIKY-
BasibHOI KOHCTpYKLii. Bysio mpoBeaeHo nepeBipky Ha NPHUKJIAl CYyMiLIEHOTO HOKPUTTS KUTIOBOrO OYAMHKY, OOYI0BaHi rpa-
¢iky 3MiHHE MapIiaNbHOrO TUCKY HacHYeHOI BOsHOT mapu (E) Ta (pakTHYHOTO MapiialbHOTO THUCKY (€) y Micslli pOKy, KOJIH
BiZI0yBa€THCs HAKOITMYCHHS BOJIOTH B OTOPO/DKEHHI (YTEIUIIOBaYi), BHKOHAHO PO3PaXyHKH BOJOTOHAKOIIMYCHHS B LI yTell-
JI0BaYa 3 BU3HAYCHOIO BEJIMYUHOIO OIOPY MAPONPOHUKHEHHIO Mapoi3oisiiii. Bylio 3anporoHOBaHO YTOYHEHHS METOUKH PO-
3paxyHKy. Tak, Ha mouatky, 3a Meroaukor HaBeneHow y JJCTY-H b B.2.6-192:2013, HeoOXiTHO BU3HAYUTH MICSILI KOIHK
BiZI0YBaETHCs BOJIOTOHAKONIMYCHHS B YTCILIIOBAYi OrOPOUKYBaIbHOT KOHCTPYKLii. ITOTiM BU3HAUUTH CEpeIHI TeMIIepaTypy Ta
BIZIHOCHY BOJIOTiCTh 30BHILIIHBOT'O TOBITPS IPOTSITOM LIUX MiCSIIiB Ta PO3paxyBaTH OIip NapONPOHUKHEHHS LIapy Mapoi30Jisiii.

Kurouogi ciioBa: ormip nmaponpoHUKHEHHIO, TapOi30IIsLiisl, BOJIOTOHAKOIMYEHHS, OTOPOIKYBaIbHI KOHCTPYKIIIi
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Introduction

Heat-shielding features of building envelopes mean-
ingfully depend on humidity conditions. The moisture
condition of external enclosing structures may be influ-
enced by many values. One of these values is the vapor
penetration resistance of the vapor barrier layer.
The deterioration of the moisture condition of the fence
is the result of the inaccuracy in determining the latter.
Eventually, it reduces its heat-protective power fea-
tures.

Review of the research sources and publications

Many researchers have been investigating the method
of determining the resistance to vapor penetration of a
part of the enclosing structure located between the inner
surface of the enclosure and the zone (or plane) of
water condensation, or directly the vapor insulation
layer. The most famous researchers who dedicated
themselves to organizing around this issue are
A. Perekhozhintsev, V. Kupriyanov, I. Safin, V. Gaga-
rin, P. Khavanov, K. Zubarev. The results of their work
are set out in [1-6], they propose to solve the problem
of determining the resistance to vapor penetration of the
vapor barrier layer by an analytical or graph-analytical
method. The humidity mode of enclosing structures, in-
cluding the resistance to vapor penetration of structural
layers, considered by researchers Yu. Vytchikov,
M. Saparev, A. Kostuganov, R. Cemy, J. Podébradska,
J. Drchalova, M. Jerman [7-9] and others. The work is
a continuation of the research of the authors [10-13],
who study the temperature-humidity regime of enclos-
ing structures and their impact on the energy efficiency
of buildings in general.

Definition of unsolved aspects of the problem

It is admitted that moisture accumulation per year and
values of permissible increase in moisture content of
material during the period of moisture accumulation are
based on zero balance in the determination of resistance
to vapor penetration of vapor insulation layer [14]. That
is why the amount of moisture that accumulates in the
enclosure during the year is equal to the amount of
moisture removed from the enclosure; the increased
moisture content of the material during the moisture ac-
cumulation period does not exceed the normalized
value. Researchers, who deal with this issue, propose to
use outside temperature and relative humidity in calcu-
lations for the three coldest months of the heating pe-
riod or the period with average monthly negative tem-
peratures. However, the duration of the moisture accu-
mulation period may not coincide with this period.
Therefore, the value of the vapor penetration resistance
of the vapor insulation in the enclosing structures,
based on the condition of increasing the moisture con-
tent of the material during the period of moisture accu-
mulation, may not be determined quite right.

Problem statement

The purpose of the work was to clarify the method of
determining the calculated parameters of the external
air (temperature and relative humidity) and the value of
resistance to vapor penetration of the vapor barrier

layer. Thereby, the method of calculating moisture ac-
cumulation in the fence was used according to the [14]
to manage this issue.

Basic material and results

Modern standards for assessing the thermal and mois-
ture condition of enclosing structures [15] require the
fulfillment of two requirements.

The first requirement is to increase the moisture con-
tent of the material in the thickness of the structure
layer

Aw Aw, @9

where Aw is the increase in moisture content of the ma-
terial in the thickness of the structure layer, in which
moisture condensation can occur, during the cold pe-
riod of the year, % by weight;

Aw, is the permissible increase in humidity of the ma-
terial in the layer of which moisture condensation can
occur, % by weight, set according to table 8 [15] de-
pending on the type of material.

The following condition must be implemented for a
negative or zero annual balance of moisture in the
thickness of the enclosing structures.

The second requirement is zero annual moisture bal-
ance in the thickness of the enclosing structures.

Wap < Wy, 2

where W,,, is the amount of moisture accumulated in
the thickness of the enclosing structure, which con-
densed over the period of moisture accumulation of the
year, kg/m?;

Wy, is the amount of moisture vaporizing from the fence
during the moisture release period of the year, kg/m?.

Vapor permeability resistance of vapor insulation
layer in enclosing structures is determined by analytical
or graphoanalytic method. The graphoanalytic method
allows determining the resistance to vapor penetration
of the vapor insulation layer only from requirement 2
(Figure 1).

Resistance permeability resistance of vapor insula-
tion by the analytical method is determined according
to [15] by the following formulas.

The first requirement

_0.0024-Z,-(¢; - E,,.) _
Pe '50 AWP +tn

R R,; , (3)

e.vi
where Z) is the number of days of the period with neg-
ative average monthly ambient temperatures;

e; — internal air vapor partial pressure, Pa;

E... — partial pressure of saturated water vapor, Pa, in
the condensation plane for the period with negative av-
erage monthly temperatures;

p. — density of the material layer in which condensable
moisture accumulates, kg/m?;

o. — thickness of the layer of material in which conden-
sable moisture accumulates, m;

R.; — resistance to vapor penetration, m? hour Pa, parts
of the enclosing structure located between the conden-
sation zone and the internal surface of the enclosure.
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Figure 1 — Determination of vapor permeable layer resistance of vapor insulation

Value 77 determined by formula
_0.0024-Z,-(E,,.—e;)
R

; “
e.o

where e, — partial pressure of water vapor, Pa, outdoor
air for the period with negative average monthly tem-
peratures;

R..,— vapor permeability resistance, m? hour Pa, part of
enclosing structure located between condensation zone
and external surface of enclosing.

The second requirement
e,—E

1 w.c.year

E

— -R, .,

e.l

e.vi (5)
w.e.year — €o

where E\.cyear — annual average partial pressure of sat-
urated water vapor, Pa, in the condensation plane.

Typically, the resistance to vapor penetration of vapor
insulation is defined by formulas (3) and (4), more fre-
quently than formula (5). Therefore, we consider only
formulas (3) and (4). They have gotten the duration of
the moisture accumulation period and the average par-
tial pressure of outdoor water vapor that is taken as a
period with negative average monthly temperatures.
However, the duration of the period with negative av-
erage monthly temperatures may differentiate from the
period of moisture accumulation in the fence. This may
affect the accuracy of determining the vapor permeabil-
ity resistance of the vapor barrier layer. To verify this
statement, the vapour penetration resistance value was
calculated, the moisture accumulation value was deter-
mined with a certain vapour insulation resistance and
an increase in the humidity of the insulation during the
moisture accumulation period.

The examination was carried out for the combined
coverage (Figure 2) of a residential building in Poltava.

Insulation was taken from mineral wool with density
100 kg/m?. The period of months with negative temper-
atures consisted of three months: December, January,
and February. The average outside air temperature for
these months was 7, = —4.57°C. Accordingly, the rela-
tive humidity was @, = 84.7 %.

Value of resistance to vapor penetration of the vapor
insulation layer, which was determined by formulas (3)
and (4), was R.,/=2.37 m* hour Pa/mg.

Graphs of changes in the partial pressure of saturated
water vapour (£) and actual partial pressure (e) during
the months of the year when moisture accumulates in
the enclosure (insulation) are given in Figure 3.

The results of the calculation of moisture accumula-
tion in the mineral wool layer with a certain value of
the vapor penetration resistance of the vapor insulation
are shown in Table 1.

roofing carpet

insulation

vapor barrier

reinforced concrete

0,12/0,1 !0,0’I

Figure 2 — Design diagram of a combined coating

Table 1 — Amount of moisture that accumulates
in the condensation plane

Month of year Amount of accumulated

moisture W, kg/m?

October 0.0013

November 0.055

December 0.0812

January 0.0909

February 0.0859

March 0.0571
W= 0.371
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Figure 3 — Graphs of changes in partial pressure of saturated water vapour (E)

and actual partial pressure (e):

a) in October; b) in November; ¢) in December;
d) in January: e) in February; f) in March.
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Moisture gain in insulators is Aw = 3.71 %, which ex-
ceeds the allowable value of heat insulation character-
istics of material humidity increase Aw,. Looking at
eable 8 [15], this value is Aw, =2.5 % for mineral wool.
It means that the resistance to vapor penetration of the
vapor insulation is insufficient to implement require-
ment 1 (formula 1). It ought to be explained by the fact
that moisture accumulation lasts six months, and the
duration, which is accepted, when determining the va-
por penetration resistance of the vapor insulation layer
lasts only three months during the period with negative
ambient air temperatures. In order to improve the accu-
racy of calculation of vapor penetration resistance of
vapor insulation according to formulas (3) and (4), it is
proposed to use the period of months when humidity
increases in the insulator instead of a period with nega-
tive ambient air temperatures. The application of this
change requires clarification of the calculation order. In
the beginning, it is essential to identify the months
when moisture accumulation occurs. It is necessary to
figure out the average temperature and relative humid-
ity of the outside air during these months. Afterward, it
is quite important to determine resistance to vapor pen-
etration of vapor insulation by formulas (3) and (4). Ap-
propriate calculations have been made to verify the pro-
posed changes.

To sum up, the period of damp accumulation lasts
from October to March from previous studies.
The average outside air temperature for these months
was t, = —0.73°C. Accordingly, the relative humidity
was ¢, = 82.5 %.

The value of resistance to the vapor penetration of the
vapor insulation determined by formulas (3) and (4), is
R.,=5.03 m? hour Pa/mg.

The results of the calculation of moisture accumula-
tion in the mineral wool layer with a certain value of
vapor penetration resistance of the vapor insulation are
shown in Table 2.

Table 2 — Amount of moisture that accumulates
in the condensation plane

Month of year Amount of accumulated

moisture W, kg/m?

October 0.005

November 0.036

December 0.056

January 0.063

February 0.059

March 0.037
W,p=10.256

Moisture gain in heat insulation material is
Aw =2.56 %. This gain exceeds the allowable value of
heat insulation characteristics of material humidity in-
crease Aw, =2.5 %. This result is most likely due to the
rounding of ambient temperature and relative humidity
values used in the determination R..,; and with rounding

the amount of moisture accumulating in the heat insu-
lation material in different months of the year.
To prevent such a situation, it is proposed to increase
the resistance to vapor penetration of the vapor insula-
tion by 4%. It means that it is necessary to apply an in-
creasing coefficient k;,. = 1,04 in formula (3). Conse-
quently, the formula will take the form

0.0024-Z,-(e; - E,,
Re vi = . (el WC) _Re.i kinc > (6)
PO, 'AWp +n

Using this formula, the resistance to vapor penetra-
tion of the vapor insulation is R.,;=5.23 m? hour Pa/mg.

The results of the calculation of moisture accumula-
tion in the mineral wool layer with a certain value of
the vapor penetration resistance of the vapor insulation
are shown in Table 3.

Table 3 — Amount of moisture that accumulates
in the condensation plane

Month of year Amount of accumulated

moisture W, kg/m?

October 0.005

November 0.035

December 0.054

January 0.062

February 0.057

March 0.036
W= 0.249

Moisture gain in insulators is Aw =2.49 %, that does
not exceed the allowable value of heat insulation char-
acteristics of material humidity increase Aw, =2.5 %.

Conclusions

During the usage of the vapor insulation layer in the
calculation of vapor penetration resistance for the pe-
riod of months with negative ambient air temperatures,
the increase of insulation humidity exceeds the normal-
ized value explained in [15]. This is because the dura-
tion of moisture accumulation is usually longer than the
period with negative ambient temperatures.

It is proposed to use the period of months in formulas
(3) and (4) when moisture accumulation occurs mate-
rial of the enclosing structure of the heat insulation to
improve the accuracy of the calculation.

It is also proposed to use an increasing coefficient
kine = 1.04 (Formula 6).

The implementation of this proposal strongly requires
a change in the calculation method. In the beginning, it
is necessary to determine the months according to the
procedure given in [14], when moisture accumulation
occurs in the insulation of the enclosing structure.
Therefore, determine the average temperature and rela-
tive humidity of the outside air during these months and
calculate the vapor penetration resistance of the vapor
insulation layer by formulas (6) and (4).
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The work is devoted to the refinement of engineering methods for calculating heat loss through structures made of prefabricated
sandwich panels. At buildings installation in places of steel structures adjunction "cold bridges" and, as a result, condensate
and mildew are formed. Heat loss due to "cold bridges" can reach up to 50% of the total house heat loss and affect its energy
efficiency class. The paper presents typical energy-efficient structural units of enclosing structures made of sandwich panels
and the results of these nodes temperature field modelling, which allow by the DSTU ISO 10211: 2005 method to determine
the linear heat transfer coefficients, which can be used in engineering calculations of relevant structures transfer resistance and
supplement Annex G in DSTU B V.2.6-189: 2013. Calculation of the linear coefficient of thermal conductivity for different
variants of structures adjacency will avoid thermal failures and increase the energy efficiency class of buildings

Keywords: heat loss, insulation, linear heat transfer coefficients, temperature field
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p y

PoGoTy npuCBsiUCHO YTOYHEHHIO iHKEHEPHUX METOIB PO3paxyHKy TEIUIOBTPAT KPi3b KOHCTPYKIIIT 31 30ipHUX CaHIBIY MaHe-
neit. [Ipu MoHTaXi OyniBeNb B MICIUIX IPHUMHUKAHHS CTaJIeBUX KOHCTPYKIIH yTBOPIOIOTBCS «MICTKH XOJIOAY» i, SIK HACIIJOK,
MOXKJIUBE YTBOPEHHSI KOH/CHCATY 1 [[BiJIi. TEIUIOBTPATH 3a paxXyHOK «MiCTKIB XOJIOIy» MOXYTbh gocsirati 10 50% BiJ 3araib-
HMX TEIUIOBTpaT OYAMHKOM i BIUIMBATH Ha HOro Kijac eHeproe(eKTUBHOCTI. B ykpalHCBKMX HOPMAaTHBHHX JOKYMEHTax He
HABEJICHO METO/IMKN BU3HAUCHHS TEIUIOBTPAT KPi3h KOHCTPYKLIT, SIKi CKIaaI0ThCs 3 CaHBIY-TIaHENIeH OeJIeMEHTHOT 300pKH,
3 BpaXyBaHH;IM KOHCTPYKTHBHHX OCOOJIMBOCTE! Ta 3HAUCHHS JiHIHHNX KoediieHTiB Teruonepenayi. s THIOBUX KOHCTPY-
ktuBHEX By31iB y goaaTtky I' JICTY b B.2.6-189:2013 naBezneHi Jiuiie 3HaueHHs JiHIHHUX KOe(ili€HTIB Teruonepeaadi 1uis
KaM’sSTHUX KOHCTPYKILIH Ta X eneMeHTiB. Y po0oTi HaBeJEHO THIOBI eHeproe(eKTHBHI KOHCTPYKTHBHI BY3JIH MPUMUKAHHSI
CeHBUY-TIAHENEH 10 ICHYIOUHX KaM’sIHUX CTiH, CTiH i3 caHJBIU-TIaHeded 1o OeTOHHOro (GyHAaMEHTY, KapHU3IB i3 CaH/ABIU-
naHeseil, yamryBaHHs JIOTKIB BHYTPILIHBOTO BOJOBIIBEICHHS Ta PE3yJIbTATH MOJICIIOBAHHS TEMIICPATYPHOTO OIS LIUX BY-
3I1iB, 10 JO3BOJISIIOTH 32 MeToaukoro JICTY ISO 10211:2005 Bu3HaunTH NiHIMHI KOe]ilieHTH TeIUIonepeaadi, ki MOKHA
3aCTOCOBYBATH B IHXKEHEPHUX PO3paxyHKax ONOpy TEIUIONepeaadi BiIIIOBITHUX KOHCTPYKIIiH Ta gornosHuTH fogatok I JICTY
b B.2.6-189:2013. MopgenmoBaHHs KOHCTPYKTHBHUX BY3JIiB peaii3oBaHO METOAOM CKiHUEHHX elneMeHTiB. OOpaxyHOK JiHili-
HOTo Koe(illi€HTy TEeIUIONPOBIHOCTI Pi3HUX BapiaHTIB IPHUMHUKAHHS KOHCTPYKLIH 103BOJIUTh YHUKHYTH TEIUIOBHX BiJMOB Ta
MiIBUIIMTH KJac eHePreTHYHOT e(heKTHBHOCTI Oy IiBesb

KniouoBi c10Ba: TeIoBTpaTy, yTEIUTIOBaY, JiHIHHIH KOe(ilieHT Teruonepeiadi, TeMIepaTypHe IoJie
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Introduction

The use of mineral wool sandwich panels as enclos-
ing structures allows constructing buildings with indi-
vidual sizes and purposes, using typical design solu-
tions. In addition, the use of such enclosing structures
has an advantage over heavier enclosing wall panels
and reinforced concrete floor slabs. However, there are
also disadvantages, such as the possibility of heat loss
through the prefabricated sandwich panels structure
joints. At buildings installation in places of steel struc-
tures adjunction "cold bridges" and, as a result, conden-
sate and mildew are formed. Heat loss due to "cold
bridges" can reach up to 50% of the total house heat
loss and affect its energy efficiency class. In the
Ukrainian normative documents, there is no methodol-
ogy for the heat loss designation for the structure, that
is stored from the element-by-element sandwich pan-
els’ assembly, with the design features and values of
linear heat transfer coefficients. For typical structural
units in Annex G of DSTU B V.2.6-189:2013 [13] only
the values of linear heat transfer coefficients for stone
structures and their elements are given. Therefore, the
study of cold bridges' influence on the thermal insula-
tion shell of the element-by-element sandwich panels’
assembly design is an urgent task.

Review of the research sources and publications

Enclosing structures in the sandwich panels form for
the houses construction began to be actively used in the
late 90s of the 20th century. The advantages of such
structures include the construction speed, high-quality
fabricated buildings, and low cost. The panels them-
selves are multilayer plates, which consist of two spe-
cially treated metal sheets, with the insulation between
them. Most often, mineral wool acts as insulation.
It has such advantages as resistance to moisture and
flame, excellent heat, and sound insulation properties.
The functional characteristics of enclosing structures
largely depend on the temperature fluctuations range on
the inner surface. Accurate forecasting of temperature
conditions for buildings enclosing structures at periodic
thermal effects allows avoiding thermal failures that
were investigated in [1]. Theoretical studies of temper-
ature fluctuations amplitude on the inner surface of
sandwich panels and the possibility of condensate for-
mation on it were investigated in [2], the limits of sand-
wich panels’ application for external walls of refriger-
ators buildings were revealed. In [3] the thermal insu-
lation capacity of civil buildings' external walls based
on a framework from steel profiles and dependence of
thermophysical characteristics of thermos profiles on
type of perforation is investigated. In [4], the actual val-
ues of linear heat transfer of complex nodal points of
enclosing structures for typical building thermal insu-
lation structural elements, which significantly affect
the reduction of thermal resistance, are calculated.
The shortcomings in the calculation and construction of
the described elements were analysed and the further
development of engineering calculation methods for
enclosing structures in the study of their complex ele-

ments was provided. In [5-10] examples of thermal in-
sulation calculations, difficult nodes in enclosing struc-
tures are given.

Definition of unsolved aspects of the problem

Sandwich panels, which are a multilayer enclosing el-
ement inhomogeneous in structure, have the main dis-
advantage from a thermophysical point of view —
this is a significant number of assembly joints, through
which heat loss occurs, condensate and mildew are
formed. During building construction such "cold
bridges" are not given enough attention, especially in
custom solutions, such as reconstruction. In Ukrainian
regulations, only a few values of linear heat transfer co-
efficients for standard designs of sandwich panels are
given. The introduction of typical energy-efficient
structural units of sandwich panels to existing stone
walls or concrete foundations, sandwich panel cornices,
installation of internal drainage trays, etc. will signifi-
cantly increase the thermal protection of buildings.
The results of modelling the temperature field of these
nodes allow by the method of DSTU ISO 10211: 2005
[11] to determine the linear heat transfer coefficients
that can be used in engineering calculations of heat
transfer resistance of relevant structures and supple-
ment Annex G in DSTU B V.2.6-189: 2013 [13].

Problem statement

The purpose of this work is to clarify the calculating
heat loss methods of sandwich panels, taking into ac-
count the linear heat transfer coefficients of their struc-
tural units and the development of design solutions for
typical energy-efficient units.

Methods of thermophysical calculations are based on
the calculation of two-dimensional temperature fields
by the finite element method and on engineering meth-
ods for determining linear heat transfer coefficients.

Basic material and results

Were analysed the enclosing constructions of the pub-
lic building with the frame constructive scheme, the
grid of columns is designed with a step 6x6 m. The roof
of the building is combined with the coating. It has a
small slope i = 0,1 and designed from sheets of profiled
flooring. Between the two sheets of profiled flooring
(covering and roof) light mineral wool insulation and
intermediate Z-beams are provided for installation di-
rectly on the construction site. The wall protection is
made of light hinged three-layer sandwich panels of
factory production with a height of 1500 mm: light min-
eral wool insulation between two layers of profiled
flooring.

For typical structural units of the light wall enclosing
structures and their elements in Annex G in [13] only
the values of linear heat transfer coefficients are given.
Therefore, when calculating the total heat transfer by
the transmission through the area of the building ac-
cording to [14]

Qtr = Htr,gdj ( <int,set.H - (e ) t
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takes into account the direct generalized coefficient
of heat transfer by transmission to the environment,
W/K, according to the formula (12) in [14]:

H.=by.©; 4 U;, (1)

where 4; — the area of the [i-th element of the building
shell, m?;

U; — generalized heat transfer coefficient of the i-th el-
ement of the building shell, W/(m?-K);

Rsypi — generalized heat transfer resistance of the i-th
element of the building shell, m?>-K/W, that for opaque
elements is determined in accordance with [13];

by — correction coefficient: b, = 1 — when calculating
Hp.

In the absence of information or insufficient amount
of heat-conducting inclusions in the structure, it is rec-
ommended to use an adjusting correction to the heat
transfer coefficient to take into account the impact of
heat-conducting inclusions, according to the formula
(21) [14]:

Uap,wrr = Uap,mn + ®ljtb > (2)

where U, mn — heat transfer coefficient of the opaque
part of the structure (on the main field), W/(m?-K);
®Uy — an additional component by default to the heat

7
1 6
2 7
8
3
2 9
10
4
11
5
12
2

The linear heat transfer coefficients of this solution
are shown in table 1.

The result of the calculation of the temperature field
with thermal liners for insulating metal elements from
the surface with negative temperatures proved the need
to comply with the design solution with a continuous
insulating layer (see fig. 2).

Given that the main heat loss occurs through the un-
insulated wall of the existing building, the linear coef-
ficient is almost independent of the thermal character-
istics of the roof.

transfer coefficient of opaque structures, U,,, taking
into account the influence of heat-conducting inclu-
sions, W/(m?-K), the calculated values are shown in ta-
ble 4 of [14], and for the average value of the heat trans-
fer coefficient for the opaque parts of the structures

Usp.mn < 0.4 ®Uyp = 0.15 W/(m*K).

Such a significant value of the additional component
can reduce the actual value of the heat transfer re-
sistance, so to increase the calculations accuracy, it is
advisable to use the formula of the reduced heat transfer
resistance of thermally inhomogeneous opaque enclos-
ing structure (3) in [13]. Linear heat transfer coeffi-
cients can be determined by the recommendations for
the design and calculation of energy-efficient design
solutions of sandwich panel elements below. Determi-
nation of linear heat transfer coefficients is carried out
based on calculations of two-dimensional temperature
fields and methods according to [11-12].

The connection of the combined insulated roof to the
stone walls of existing buildings during the reconstruc-
tion must be insulated to avoid freezing of the angle be-
tween the roof and the outer wall according to the
scheme shown in figure 1.

Figure 1 — The junction of the combined roof
to the stone wall:

1 — polyurethane sealant;

2 — shaped strip;

3 — anchor with a seal;

4 — polyurethane gasket;

5 — sealing mastic;

6 — self-tapping screw 5,5x50;

7 — thermal gasket 10 mm / 50 mm;

8 — roof panel PK-35/0,7;

9 — super diffusion membrane;

10 — vapour barrier;

11 —roof panel PK -60/0,7;

12 — self-tapping screw 5,5%25.

Table 1 — The junction of the combined roof
to the stone wall

Estimated Linear heat transfer coefficient,
therrr.lal. W/(m-K), depending on the
conductivity availability of thermal inserts

of the insulation

in the combined | With thermal in- | without thermal

roof, W/(m-K) serts inserts
0,035 -0,184 -0,163
0,040 -0,181 -0,154
0,045 -0,178 -0,145
0,050 -0,175 -0,136
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The thermal insulation layer of the combined roof
must be made inseparable from the thermal insulation
of the insulated gutter according to the scheme shown
in figure 3.

The linear heat transfer coefficients of this solution
are shown in table 2. Design solutions for the installa-
tion of an external drainage system should have mini-
mal impact on the integrity of the thermal and water-
proofing layers of the roof (see fig. 4).

AN

b)
Figure 2 — The temperature field of the junction of the combined roof
to the stone wall, taking into account the thermal gaskets (a)
and without additional thermal insulation of metal elements (b)

Table 2 — The junction of the combined roof

to the gutter

Estimated
thermal
conductivity of

Linear heat transfer coefficient,
W/(m-K), depending on the avail-
ability of thermal inserts

the insulation in - . .
the combined with thermal in- | without thermal
roof, W/(m-K) serts inserts
0,035 0,489 1,923
0,040 0,498 1,936
0,045 0,504 1,947
0,050 0,510 1,957
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Figure 3 — The junction of the combined roof to the gutter

1 — self-tapping screw 5,5%50; 2 — sealant for external works; 3 — rivet (step 300 mm);

4 — shaped element 1; 5 — thermal gasket 10 mm / 50 mm; 6 — internal seal;

7 — self-tapping screw 4,8x16; 8 — shaped element 2; 9 — sealing tape; 10 — roofing beam;
11 — drainage gutter with electric heating, material - galvanized steel, thickness 4 mm;

12 — additional waterproofing layer; 13 — mineral wool of 180 mm in a polyethylene wrap;

14 — wall panel TP18.
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Figure 4 — The temperature field of the junction of the combined roof
to the gutter, taking into account the thermal gaskets (a)
and without additional thermal insulation of metal elements (b)

The temperature field modelling proved the signifi-
cant influence of the gutter design on the reduced heat
transfer resistance of the combined roof due to the com-
plex geometric shape and the presence of "cold
bridges".

12 3

The linear heat transfer coefficients of this solution
are shown in table 3. Design solutions of the eaves node
should prevent the formation of cold bridges, which can
affect the overall heat loss of the building (see fig. 6).

To prevent the cold bridges formation, which can af-
fect the overall heat loss of the building, proved the fea-
sibility of using thermal gaskets that reduce the linear
coefficient of thermal conductivity.

The thermal insulation layer of eaves nodes of the
combined roof must be made inseparable from the ther-
mal insulation of the building's outer wall according to
the scheme shown in figure 5.

Figure S — The junction of the combined roof
to the outer wall (eaves node)

1 — seal "column - sandwich";

2 — carcass column;

3 — self-tapping screw 4,8x28 with gasket;
4 — horizontal sandwich seal;

5 — self-tapping screw with a washer 4,2x16;
6 — plate 6 mm;

7 — self-tapping screw 5,5x25;

8 — roof panel P-60/0,7;

9 — vapour barrier;

10 — super diffusion membrane;

11 — roof panel PK-35/0,7;

12 — self-tapping screw 5,5%50;

13 — thermal gasket 10 mm / 50 mm;
14 — eaves strip;

15 — external seal;

16 — thermal gasket;

17 — ordinary sandwich profile;

18 —vapour barrier;

19 — metal panel TP-18;

20 — thermal separation strip;

21 — wind-waterproofing membrane;
22 — stiffness element 150x96,2 mm,;
23 — thermal insulation.

Table 3 — The junction of the combined roof
to the outer wall (eaves node)

Estimated
thermal
conductivity of

Linear heat transfer coefficient,
W/(m-K), depending on the avail-
ability of thermal inserts

the insulation
in the combined | with thermal in- | without thermal
roof and wall, serts inserts
W/(m-K)

0,035 0,629 1,133
0,040 0,635 1,184
0,045 0,642 1,234
0,050 0,649 1,285
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Conclusions

The use of the adjusting correction to the heat transfer
coefficient to take into account the influence of heat-
conducting inclusions according to the formula (21)
DSTU B A.2.2-12: 2015 [14] leads to a reduction of the
actual value of heat transfer resistance of multilayer
structures by half. If it is necessary to obtain a certain
energy efficiency class of the building as a whole, it
leads to economically impractical overuse of thermal
insulation material in structures and non-compliance
with the condition of the thermal insulation layer con-
tinuity. The expediency of using thermal gaskets, that
reduce the linear coefficient of thermal conductivity, to
prevent the formation of cold bridges has been proved.
The calculation of thermal conductivity linear coeffi-
cient for different options of connecting structures will
avoid thermal failures and increase the energy effi-
ciency class of buildings.

Tenme
T

0.

z1n

b)
Figure 6 — The temperature field of the junction of the combined roof
to the outer wall (eaves node), taking into account the thermal gaskets (a)
and without additional thermal insulation of metal elements (b)
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The article considers the historical experience of creating "green roofs", as well as the requirements and conditions under which
such roofs are currently designed. Historical examples and existing modern world objects show the expediency of creating and
using green roofs of houses in Ukraine, which will significantly enrich the "fifth facade" of buildings and improve the overall
appearance of cities. The lack of regulatory framework for the design of "green roofs", as well as some types of roofing
technology problems that may arise during the operation of such roofs and the consequences that they have - environmental,
economic, social, and technical. Determining the design conditions and the feasibility of using "green roofs" was chosen a
structural scheme of combined coverage, which has all the necessary structural elements. It has been shown that the energy
efficiency of this type of coating is provided. Determination of heat transfer resistance was carried out according to all
regulatory requirements of SBC B.2.6 - 31: 2006. Constructions of houses and buildings, thermal insulation of buildings.
The structural component of the designed "green roof" and the sequence of arrangement of some structural layers of this type
of coating are considered. The efficiency and expediency of installation of "green" coatings on residential buildings, as well as
the standard service life and warranty period of maintenance-free service of this coating, subject to regulatory requirements
and operating conditions
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Ta Cy4acHi BUMOIH
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V craTTi po3riIsaaeThes iCTOPUYHMIT ZOCBI CTBOPEHHS «3CEJICHHUX HMOKPIBENbY», a TAKOK BUMOTH Ta YMOBH, 3a SIKHX TaKi MOK-
piBIIi IPOEKTYIOThCS B JaHuii yac. Ha icTOpUYHMX MPUKIaJaxX Ta iCHYIOUHX CYy4aCHHX CBITOBHX 00’€KTax MOKa3aHO JOLIJIb-
HICTh CTBOPCHHSI Ta BUKOPUCTaHH 03€JICHCHHX MOKpPiBenb OyIMHKIB B YKpaiHi, 110 CyTTEBO 30araTtuTh «I'situit hacamn» Oymi-
BEJIb TA HOKPALIUTh 3arajibHUN BUIIIAA MicT. PO3IIIHYTO BiZICYTHICTh HOPMAaTHBHOT 0a31 JUIsl IPOSKTYBAHHS «3€JIEHUX MOKpi-
BEITb», & TAKOXK JISSIKi BUIU MPOOIIEM TEXHOJIOTIT 03€IEHEHH ST TOKPIiBEJIb, 1110 MOXKYTh BUHHKATH B MPOLECi eKCIUTyaTallii Takoi
TIOKPIBII Ta HACTIJKH, IO BOHH HECYTh — €KOJIOTiUHi, EKOHOMIYHI, COLiJIbHI Ta TeXHI4Hi. J[I1 BU3HAYEHHS YMOB IIPOCKTY-
BaHHs Ta AOUIIBHOCTI BUKOPUCTAHHS «3EJICHHUX HOKPIBEIbY OYyII0 00paHO KOHCTPYKTHBHY CXEMY CYMIIICHOTO MOKPHUTTS, L0
Mae BCl HeoOXiHI KOHCTPYKTHUBHI eJIeMeHTH. Byio mokasaHo, mo eHeproedeKTHBHICTh JAHOTO THITy HOKPHTTS 3a0e3IeueHa.
Busnauenns ornopy Temonepenadi Besocs 3a ycima HopMatuBHuMH BuMoramu JIBH B.2.6-31:2006 «KoHcTpyknii OyaquHKIB
i cropyn, TemoBa i30Jsiwis OyAiBenb». PO3rIsiHYTO KOHCTPYKTUBHY CKJIaJI0BY 3alIPOCKTOBAHOI «3€JI€HOT MOKPIBIIi» Ta Mocii-
JOBHICTh BJAIUTYBAaHHS ACSKHX KOHCTPYKTHBHHX LIApiB JAQHOTO TUIY MOKPHUTTSA. Bu3HaueHO edeKTHBHICTH Ta DOLIIBHICTH
BJIALITYBAHHS «3EJICHUX» OKPUTTIB Ha KUTIOBUX OyIMHKAX, a TAKOXK HOPMATUBHUK CTPOK CIIY)XOU Ta rapaHTiHUX TEpMiH
0€3peMOHTHOT CJIy>KOHM JaHOTO MOKPUTTS, 32 YMOBH JIOTPHMAHHS HOPMaTHBHUX BUMOT Ta YMOB €KCILTyaTallii

KnrouoBi cioBa: «3eneHa MOKpPIBIS», O3€JICHCHHS, MOKPAIIEHHS HAaBKOJHMIIHBOTO CEPEIOBHINA, «3€JICHAa KOHCTPYKIIS»,
eHeproeeKTHBHICTh
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Introduction

One of the modern architects' work areas is the con-
struction of housing, in which a person could feel pro-
tected from the negative effects of the environment.
Of course, the task is complex. And yet, the more ma-
terials offered to us by nature, surrounding us in every-
day life, the more comfortable we feel. Realizing this,
many architects use the experience of old architects in
their designs. This is reflected in the desire of more and
more people to regain the lost harmony with the natural
environment, to preserve and increase the orderly de-
pleted natural systems and landscapes. One of the areas
of work to bring human habitation closer to wildlife is
the installation of green roofs. Green roof - a place on
the structure of the building, which is partially or com-
pletely covered with vegetation and fertile soil layer
with the possibility of landscaping. Nowadays, this
once primitive way of building a roof is increasingly
turning into high-tech roofing, gaining popularity
around the world. To roof landscaping, according to the
developed classification, we also include landscaping
of terraces [1].

"Green roofs" can now be considered as if the fifth
facade, because their beauty often attracts more atten-
tion than the main facades of buildings. They are aes-
thetic, attractive, improve the appearance of the area
and the city as a whole, and their environmental effect
is beyond doubt. In addition, they create additional
places for people to rest, among flowers and trees, with-
out leaving their home and without using transport to
get closer to nature. With the help of "green structures,"
you can mask the shortcomings of buildings and make
them more harmonious and environmentally friendly.
In addition, the use of such structures helps to harmo-
niously fit the building into the natural environment [1].

Review of the research sources and publications

In Ukraine, "green technology" in general, and roof
landscaping, in particular, have not become widespread
yet. This leaves a certain imprint on research in this di-
rection. Analysis of the literature showed that the re-
search is theoretical, analytical, and generalizing.
History of the issue, types of existing green structures
are considered in the works of Kraynikovets O. [8],
Kildisheva S. [5], Tkachenko T. [7], Shvec V. [10],
Minyailo [13] offers ways to popularize the idea of roof
landscaping in Ukraine, considers the prospects of
"green structures" in Poltava. However, there are no se-
rious research developments in Ukraine.

The main directions of development of this technol-
ogy in Europe and the USA are presented in the works
of Wong N. [1-2], Niachou A. [3], Taylor A. [9],
Akbari H. [11].

Definition of unsolved aspects of the problem

The lack of scientific base and popularization of the
introduction of "green structures" in Ukraine is due to
the lack of state support and the concept of the place,
role, and importance of "green structures" to solve en-
vironmental, economic, and social problems of cities.
The construction of "green structures" in Ukraine is sig-

nificantly hampered by the lack of a regulatory frame-
work. The only norm that considers certain aspects of
the use of "green roofs" is [14]. It provides only one
version of the scheme of "green roof" and the calcula-
tion of loads from: it.

Thus, the introduction of "green structures" in the
"green" domestic construction is a promising direction,
as evidenced by successful examples of the long-term
existence of these structures in residential, educational,
and commercial institutions But the slowdown in the
construction of green structures in Ukraine is due to the
lack of research and development, regulatory frame-
work, lack of concept of the role of "green structures"
in sustainable urban development, lack of state support,
as well as the difficult economic and political situation.

Problem statement

The work aims to develop a typical energy-efficient
solution of "green roof” structures based on the analysis
of historical experience and foreign experience.

Basic material and results

History of the "green roofs".

The prototype of the "green roof" can be considered
the first home of a prehistoric man. Our ancestors
placed grass on thatched roofs to improve thermal in-
sulation, reduce the risk of outbreaks and ensure water
runoff (Figure 1). Until recently, buildings in peasant
yards in the northern regions of the Slavic countries
were placed very close to each other, and their roofs
were covered with a layer of soil and vegetation. The
history of green roofs is quite old.

Figure 1 — Houses with sod roofs
in the Faroe Islands

In Scandinavia and Iceland (over 1,000 years ago),
dwellings with earthen roofs were common. Grass grew
on the backfill, which served as additional insulation
and allowed it to retain heat. In southern Europe, by
contrast, roof landscaping was used for sun protection.
This technology was especially suitable for warehouses
and storage of agricultural products, wine cellars. Such
buildings were built, in particular, in rural Austria in the
late XIX - early XX century. In Babylon, the first "me-
tropolis" of the ancient world, there was already a prob-
lem of environmental management. One-storey dense
urban buildings have almost supplanted green urban ar-
eas. Small groves, orchards, and palm alleys sur-
rounded only areas of rich nobles. But the city looked
like a green oasis due to the system of green terraces,
i.e. the famous Hanging Gardens of Semiramis [§].
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The famous "Gardens of Semiramis", considered the
seventh wonder of the world and built around 600 BC.,
were nothing more than "green roofs" of Babylonian
palaces. The gardens in those days were terraces. The
pillars were covered with stone slabs, which housed
several layers of brick, bitumen, reeds, lead, and a thick
layer of earth. The lower terrace was 45 x 40 m, the
upper ones were smaller. The total height of the build-
ing was about 20-22 m. On the lower terrace grew plain
plants, mostly trees, and on the upper there were moun-
tain plants. Already, in this case, we are faced with the
distribution of plants in tiers according to their environ-
mental requirements and biological needs (Fig. 2) [8].

s

i?

Figure 2 — Hanging Gardens of Semiramis

The most luxurious examples of hanging gardens are
known in the Renaissance. Italy was especially famous
for such gardens, where in Florence in the XV century
in the gardens on the roof of Villa Medici grew exotic
flowers, and in Mantua a huge hanging garden was built
on the roof of the palace of the Duke of Gonzaga.
Cardinal Andrea del Valle in 1530 built a museum in
Rome in the form of a "hanging garden", and in Verona,
Count Mafarey on the roof of his palace made a beau-
tiful garden planted with various flowers and trees [1,
3-5]. In the XVI-XVII centuries. in northern Italy on
the rocks of the island of Isola Bella, surrounded by the
waters of Lake Maggiore, on the terraces of the castle
were built hanging gardens, which became a model of
garden art of the Late Renaissance. Under the terraces,
where plants from almost all over the world were col-
lected, there was a whole gallery of underground grot-
toes, where you could hide from the summer heat.

Thus, in the period from the era of the Ancient World
(six centuries BC) and to the XIX century. Green roofs
were used to solve aesthetic and utilitarian problems.
The evolution of "green roofs" took place with the de-
velopment of cities and society. In Europe, the ancient
roof gardens were forgotten during the Middle Ages.
The second birth of green roofs dates back to the XIX
century when at the World's Fair in Paris, German ar-
chitect Karl Rabitz surprised the audience by present-
ing a house with greenery instead of the traditional roof.
Since then, appeared the concept of "living roof”, "op-
erated roof" - lawns or even gardens for recreation di-
rectly on the roof of the building. Karl Rabitz formu-
lated the idea of landscaping roofs as the most im-
portant means of improving the urban environment.

The construction of flat "green roofs" took on a par-
ticularly large scale at the end of the 19th century. and
in the early XX century. in connection with the advent
of reinforced concrete and thanks to the work of the
most prominent architects and urban planners, among
whom were the Frenchman Le Corbusier and the Amer-
ican FL Wright [4]. Le Corbusier made "roofs-gardens"
anecessary part of the architecture, developing and im-
plementing a large number of projects using exploited
green roofs, ranging from small villas to large residen-
tial complexes. Roof landscaping from the category of
privileged private closed became open to the city and
its inhabitants. That is, the social component was added
to the utilitarian approach.

World standards for creating "green roofs"

In Europe, the United States, and Canada, roofs have
been widely planted since the early 1980s. Initially, in
a number of countries, landscaping was carried out as
part of national programs aimed at enhancing biodiver-
sity. Roof landscaping is currently recognized as one of
the most relevant areas of landscape design. The gov-
ernments of most developed countries do their best to
encourage green roofs (especially in large cities).
According to experts, the generally accepted priority in
the creation of garden roofs now belongs to Germany,
where about 14 million green roofs appear annually. In
this country, one of the prerequisites for the design of
new buildings — roofs landscaping, including a signifi-
cant slope. Taxes have been introduced for homeown-
ers who do not use roofs for gardens.

In England, in 2007, the mayor of London ordered the
use of landscaping in all major projects, so that the total
area of green roofs is growing every year. In Copenha-
gen (Denmark) since 2010, each roof is subject to land-
scaping. Tax benefits are provided for the implementa-
tion of such projects. In Austria, roof landscaping has
been paid for by the municipality since 1983.

In Switzerland, every flat roof has been landscaped
since 2002 (currently more than 1,900 roofs in Basel
are landscaped, which is more than 25% of the total
roof area).

In France, a law was passed in 2016 that obliges com-
mercial property owners to cover the roofs of buildings
with plants or solar panels. Thus, "green roofs" will
provide the necessary level of thermal insulation to re-
duce the amount of energy needed to heat the building
in the cold season or to cool in the summer.

In Bulgaria, the design of a roof garden is necessary
to meet 20% of the rate of the landscaping of the land
where the building is located.

In the United States in New York alone there are more
than 7.5 thousand green roofs. New York Mayor Mi-
chael Bloomberg in 2010 announced his intention to
green the roofs of city skyscrapers, turning them into
parks. This initiative should help solve two pressing ur-
ban problems. First, improve air quality. Second, re-
duce the amount of runoff into storm sewers, which is
poorly handled by worn-out drainage systems in
New York. Although green roofs will cost the city $ 6.8
billion, they will save §$ 2.4 billion over the next twenty
years.
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In Chicago, private homeowners are paid subsidies
for roof landscaping. Chicago authorities have calcu-
lated that if you green all the roofs in the city, where the
construction of buildings allows, it would bring to the
city budget about § 100 million. per year due to energy
savings.

In Canada, since 2009, every roof with an area of
more than 2,000 m2 has been subject to landscaping. In
2007, Toronto took 1st place in the list of cities in Can-
ada with "green" roofs, when the total area of "green"
roofs for the year was 83,000 square feet (7710.7 m?).

In Japan, since 2001, all roofs with an area of more
than 100 m2 are subject to landscaping: 20% of the roof
with an area of 250 m; and 10% of the roof with an area
of more than 1000 m?. "Green roofs" are also available
in Taiwan and India.

In some countries of Europe, Asia, America there are
associations of the landscaping of roofs, the main of
which are:

* International Roofing Association (IGRA);

* Association of Roofing Landscape Architects of Ger-
many (DDV);

» European Federation of Green Roof Associations
(EFB).

In North America in 1999, the organization "Green
Roofs for Healthy Cities - North America" was
founded. There is even The Scandinavian Green Roof
Association, which annually awards the best roof land-
scaping project. Every year, the International Congress
of Roof Landscaping is held in different countries of
the world, where development trends, the most relevant
and promising areas of use, improvement of construc-
tion and design technologies, and new innovative pro-
jects are presented.

Introduction of "green structures” in Ukraine

In Ukraine, landscape and recreational planning of
settlements is regulated by SBC B. 2.2-12: 2018, which
has already appeared innovative means of increasing
the area of landscaping: vertical gardens and parks (car-
pet and modular), mobile landscaping systems (mobile
forms), green screens and walls, gardens of continuous
flowering (work is underway on the second edition), as
well as the State Sanitary Rules for Planning and De-
velopment of Settlements.

To date, there are no regulations on the introduction
of"green structures" in the "green building" of Ukraine.
Thus, all landscape design firms engaged in the market
of Ukraine "roof landscaping”" have no idea about the
correctness of the design of "green structures", which
leads to a gross violation of technology, safety, and re-
duced service life. Exceptions may be international
companies (ZinCo, FlorDepot), operating in the
Ukrainian market according to European standards and
technologies.

Until 2000, there were virtually no examples of the
introduction of "green structures" in Ukraine. Separate
private "green roofs" began to appear in 2005. Over the
past five years, there has been a rapid development of
"green building" using "green structures". Recent pro-
jects cover not only the private construction sector.
"Green constructions" began to appear in shopping

malls and offices, universities, and libraries (for exam-
ple, the Ukrainian Catholic University in Lviv), as well
as in residential complexes.

Existing green roofs on residential buildings are cur-
rently being approved in Ukraine as experimental hous-
ing. These include the "green roof" in Kyiv at the Royal
Tower (Fig. 3) (2016) and Skyline (Fig. 4). The unique-
ness of the roof on the Royal Tower is that it is intense
and is located on the 32nd floor. Large woody plants up
to 6 m tall are planted on the roof.

Figure 3 — Green roof of the Royal Tower

The Skyline has a terrace principle of landscaping. In
recent years, especially popular roof landscaping of of-
fice buildings. The roof space is used as a recreational
area for residents and guests of the house and is rented
out for various events. Owners of some office build-
ings, for example, on Lobanovsky Avenue, where the
"green roof" of the company "ZinCo" is located, use it
for commercial purposes - for rent for various purposes.

Figure 4 — Green terraces of the Skyline house

Among the "green structures" in business centers,
there is an intensive "green roof' on Smolenskaya
Street. In 2013, a project to create mini-farms on the
roofs of high-rise buildings was actively discussed in
Kyiv, but it never developed. However, the idea is
promising, especially considering that in Kyiv there are
more than 200 hectares of flat roofs that can be used as
areas for small greenhouses. In addition, all roofs are
usually covered with a black coating, which further re-
tains solar heat, which can be used for greenhouses.

Designing a "green roof"

When developing the project of construction of a
multi-storey residential building, a constructive solu-
tion of the "green roof" was applied according to this
scheme (Fig. 5).
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Fertile soil with vegetation 250mm
Geotextile (filter membrane) 2mm
Drainage studded geomembrane 35mm
Root barrier (geotextile) 15mm
Bituminous and polymeric membrane 1,5mm
Cement-sand reinforced screed M100  80mm
Polystyrene concrete (min) 35mm
Basalt wool 50mm

.| Reinforced concre

Figure S - Constructive scheme of coverage

multi-hollow slab 220mm

In accordance with the calculated values and condi-
tions defined in SBC B.2.6 - 31: 2006 [15], performing
the thermal calculation of the combined coating, we ob-
tain the heat transfer resistance of this structure. The
normalized value will be equal to Rymin=6.0 m’-K/W,
and accordingly calculated R=6.82 m?-K/W, in such a
way Rsy>Rymin that it will fully provide the conditions
we need.

After these calculations, you can start designing a
"green roof" for a multi-storey residential building.
Taking into account all design features, according to
SBC [15], aesthetic and recreational conditions that can
be created on this type of roof, after the design we get
a fundamentally individual and structurally provided
"green roof™.

The designed "green roof" (Fig. 6) has extensive land-
scaping, does not require special care. Almost around
the perimeter of the roof is a green "fence" of boxwood.

+0,323 130,

To move around the roof, garden paths made of special
rubber tiles arranged directly on the ground are de-
signed. The rest of the territory is a garden lawn.

This "green roof" can be considered an extended area
of relaxation and recreation. Grass cover and rubber
paths allow all occupants of the house to be safe on the
roof, including children, but under the supervision of
adults. For greater security along the perimeter of the
roof is a fence 1.3 m high.

The energy efficiency of such a roof structure will be
ensured by multi-layered and elements that absorb less
solar energy than roll coverings. Thus, the structure of
the "green roof" will not overheat in the summer due to
the soil layer, and in winter - to freeze, which will in-
crease the service life of the entire structure and the
house as a whole. As a vapor barrier in the construction
of a "green roof" it is necessary to use rolled water-
proofing materials without protective topping and to
ensure the integrity of the waterproofing, and as the top
layer of waterproofing should be used root-resistant
material. The service life of this used roof structure will
depend on the quality of work performed and materials
used, but the warranty period of roofless maintenance
(the period during which the roofing carpet, vapor, and
insulation layers do not require current repairs, the cost
of which would exceed 10% of capital costs construc-
tion) subject to compliance with regulatory require-
ments for the design of coatings and the full implemen-
tation of all requirements for the operation of the roof
is 3 years [14].

| 5070 |

1680

6290]

Figure 6 — Fragment of the designed ''green roof"

Conclusions

Currently, scientific and technical development of
"green structures" are carried out in the following areas:
— increase of energy efficiency of the building (improve-
ment of heat-protective properties of buildings, passive
cooling);
— reducing the amount of rainwater runoff by absorbing
water "green roofs";
— improvement of the environment (reduction of thermal
and chemical pollution of the atmosphere by eliminating
"thermal islands", biological conversion of greenhouse
gases into safe compounds);

— improving the aesthetic properties of buildings and the
psycho-emotional state of man;

— applied use of "green structures" (for recreational pur-
poses, doing business, growing medicinal and agricul-
tural plants, grazing animals), etc.

The paper proposes to use "green" roofs and facades to
solve the problems of cities related to urbanization.

The project proposal of the "green" roof was created
and the energy efficiency of the proposed solution was
proved by thermal calculation.

"Green" roofs are a dynamic system, the economic and
environmental effect of which is very significant but not
implemented in Ukraine.
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The use of additive technologies in combination with other technologies that provide the transition from model to the finished
product is actively used in the industry of many countries. The use of such technologies in combination with casting one allows
you to make certain types of sculptures. Modeling of sculptures in specialized software packages without the participation of a
sculptor is still not possible, so the most promising direction for town planning is the production of relatively simple in shape
models of prominent historical and cultural buildings and entire cities. The ability to 3d print the developed model greatly
simplifies and speeds up the production of a master model for further metal casting. The conducted cost analysis showed
savings of 15-17% in the transition from manual production of a master model by a sculptor to modeling and 3d printing.

Keywords: additive technologies, economic efficiency, casting, master model, sculpture

OpranizaniifHo-eKOHOMIYHUI BIUTUB BIPOBA/KEHHS
aIMTUBHUX TEXHOJIOTiii B Oy1iBHUITBI

I'ances T.P.'*, Kopsauenko M.M.2, Boaoros I'.IL.3, IOmenko C.M.*
! Hamionanbnuit yHiBepcuteT «YepHiriBChbKa MOJITEXHIKa»
2 HanionansHui yHiBepcuTeT «YepHIriBechKa MO TEXHIKa»
3 HauwioHaneHui yHiBepcUTET «UepHIriBChKA MOMITEXHIKAY
4 HanionansHuii yHiBepcuTeT «UepHIriBechKa MO TEXHIKa»
* Anpeca s rctyBaHHS E-mail: ganjejev.timur@gmail.com

3acToCyBaHH aJUTHBHUX TEXHOJIOTIH B KOMIUICKCI 3 IHIIMMH TEXHOJIOTISMH, 110 3a0€3MeUyr0Th IIePeXi/] Bil MAKETYBaHHS 10
TOTOBOT'O BUPOOY aKTHBHO BUKOPHUCTOBYIOTBCS B IPOMHCIIOBOCTI 0ararboX KpaiH. 3aCTOCYBaHHs TAKMX TEXHOJIOTIH B KOMILIe-
KCi 3 JIMBAPHUMH JI03BOJISIE BUTOTOBIIATH OKPEMI BHM CKYJIBITYP. MOZEIIOBaHHS CKYJIBITYp B CIIELiai30BaHUX NPOrPaMHHX
nakerax 0e3 yyacTi CKyJbITOpPA BCe ILe HE MOXIIMBE, TOMY HaiIIepCHEKTHBHIIINM HAaNPsAMOM UL MicTOOYlyBaHHS € BUTOTO-
BJICHHSI, BiJHOCHO TPOCTHUX 32 (OpPMOI0, MaKeTiB BU3HAYHUX ICTOPHUKO-KYIBTYPHHUX OyAiBeNb Ta HiuX MictT. MoxiusicTs 3d
JIPYKY po3po0JICHOTO MaKeTy 3HAYHO CIIPOLIYE Ta MPUCKOPIOE BUTOTOBJICHHS MalCTep-MaKeTy JUIS TI0JabIIOTO JUTTS MeTa-
noM. Po3nineHo 31aTHICTE 3d MPHHTEPIB B AECSATKH MIKPOH JO3BOJISIE IPYKYBAaTH €IEMEHTH MaiCTep-MaKeTy 3 BEINYE3HOIO
JeTajti3amni€lo, a CyJacHi TEXHOJIOTIT JUTTs 3a0e3MedyIoTh IKiCTh KiHI[eBOro BHpoOy. ToOTO OCHOBHOIO IepeBarolo Bij BIPO-
Ba/DKEHHS QINTUBHUX TEXHOJIOTIH B MpoOIec PO3pOOKH Ta BUTOTOBJIECHHS MaKeTiB iCTOPUYHUX OymiBeNb Ta CIOPYH € MiHIMa-
JIbHE BUKOPUCTAaHHS 4acy CKyJIbITOPA, BiAMOBA BiJ poOOTH 3 CKYJIBNTYPHUMH MaTepiajlaMi Ha KOPUCTb KOMIT FOTEPHOTO MO-
JIeTIFOBaHHs Ta IIBUIKUN IPYK 3 3HAUHOIO netaiizauiero. OqHak 3amiHa poboTH mpodeciiHoro CKyiIpnTopa Ha podoTy crieli-
aJticTa 3 KOMIT I0TEPHOTO MOJIENIOBAHHS 3HAYHO 3BY)KY€E 00JAaCTh 3aCTOCYBAHHS TEXHOJIOTi. DaKTUYHO paLliOHAIBHUM € BUrO-
TOBJICHHSI KOTIiii CTApOBHUHHOI 320y I0BU MICT Ta OKPEMHX 3aMKiB, IEPKOB, OyAHHKIB. PO3riisiHyTi B po6OTi MakeTH 103BOJISIFOThH
MPUITYCKATH CTPIMKHI PO3BUTOK TaKOI TEXHOJIOTi B HAHOIMXIOMY Yaci, a 3Ba)Kat0ud Ha TYPUCTHYHHIN HOTEHLiaN MicT Ykpa-
THH TEXHOJIOTs Oy/1e MaTH IPaKTHYHE 3aCTOCYBaHHS IPHHANMHI 3 /1Ba I€CATKH POKiB. IIpoBeeHHi aHai3 BUTpAT Ha IPHKIA/I]
Opon3oBoro makery «UepHiriBcbka poprens nodarky X VIII cr.» nokasas exoHoMiro komrTiB B 15-17% mnpu nepexoxni 3 pyd-
HOTO BHTOTOBJIEHHS MaiicTep-MaKeTy CKyJIBIITOPOM Ha MOJETIOBaHHs Ta 3d IpyK.

KurouoBi ciioBa: aqutuBHI TeXHOIIOTIT, eKOHOMIYHA €()EKTHBHICTD, JIUTTS, MACTEP-MaKeT, CKYJIbOTYpa
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Introduction

The advantages of the introduction of additive tech-
nologies in the development and manufacture of vari-
ous models are undoubted, but the use of these technol-
ogies in combination with others, such as casting, to ob-
tain a finished architectural product requires more ex-
perience and active discussion.

The development of master models for casting re-
quires a lot of time and manual labor of the sculptor and
the architect, but if there are repetitive or similar objects
in the project, it is possible to apply a computer simu-
lation with subsequent 3D printing. This approach sig-
nificantly reduces the production time of the master
model, and the high resolution of modern 3D printers
increases their detailing.

Review of research sources and publications

One of the modern trends in construction is to support
the concept of inclusive urban space. As part of this
concept, bronze models of historic buildings [1, 2] or
individual historically important buildings have ap-
peared in many cities with a rich historical past [3]
(Fig. 1).

A distinguishing feature of such models with high
digitalization and duplication of inscriptions in Braille
is their tactility. It is especially important for children
and persons with visual deficiency.

Definition of unsolved aspects of the problem

The question of expediency and limits of using
3D printing in architectural and town planning projects
is still insufficiently covered. In the first place, there is
the possibility of replacing the sculptor's manual with
repetitive and simple in shape objects, but with a large
number of small details.

Problem statement

To determine the limits of the use of 3D printing in
the manufacture of a master model for casting on the
example of a bronze model “Chernihiv Fortress of the
early XVIII century”.

Basic material and results

Development of projects in architecture and town
planning is always a complex and multi-vector process
that requires visualization of decisions [4]. The current
level of CAD systems allows to realistically model ur-
ban development and landscape at the design stage of
the construction object, and the availability of additive
manufacturing technologies (Additive Manufacturing,
AM) speeds up and reduces the cost of the model [5, 6].
In most projects, the use of AM-technologies is limited
to this [7], but for projects with sculptural composi-
tions, it becomes possible to make a master model for
casting. The reorientation of AM from the field of vis-
ualization and presentation models to the final product
is a global trend. So, the percentage of AM-technolo-
gies in the manufacture of master models for metal cast-
ing in 2004 was 8.1%, and in 2013 — 10.8% [7].
One of the successful examples of the additive technol-
ogies used is the tactile project of Cyril Rabat in Baku

[8] (Fig. 2).

Figure 1 — Examples of existing bronze models:
a — Church of St. Mary of the Perpetual Assistance,
Ternopil (Ukraine) [2];

b — Sanssouci Park (Germany) [1];
¢ — Old part of Munich (Germany) [3]
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Figure 2 — Tactile model, Baku (Azerbaijan) [8]

A model of the historic part of Baku was made in
2017 in co-authorship with German architect Egbert
Broerken.

In Ukraine the opportunity to carry out work on the
production of master models for casting by AM tech-
nology entirely appeared in 2019. The historical part of
the city of Chernihiv was chosen as the object of visu-
alization, modeling, and master model making. Ac-
cording to the plan, the model should combine the ex-
isting churches and cathedrals with the buildings that
surrounded them at the beginning of the XVIII century,
immersing the visitor in the history of the city. For this
purpose, the model has been installed in the center of
the entrance group to the park “Chernihiv Dytynets”,
which allows visitors to simultaneously observe the
preserved architectural monuments and their model
(Fig. 3). The bronze model is located on a stone pedes-
tal. In a circle, at the foot of the stone, there are also the
historical coats of arms of Chernihiv and tables with
historical dates.

The sculptural composition consists of two groups of
sculptures located in a semicircle on both sides of the
bronze model “Chernihiv Fortress of the early XVIII
century”. One group of sculptures depicts Prince Msti-
slav and Nestor the Chronicler, another — Colonel Mar-
tin Nebab, who was a close associate of Hetman
Khmelnytsky, and the founder of the Chernihiv pub-
lishing house Lazar Baranovich. The author of the
sculptures is Kyiv sculptor Oleksiy Shevchenko.

The author of the idea of the central part of the compo-
sition is the Chernihiv historian Oleksandr Bondar.
The team of the Chernihiv Polytechnic National Uni-
versity was engaged in the introduction of AM-technol-
ogies in the project.

Modeling of elements was carried out according to
the provided sketches. The presence of a digital model
has greatly simplified and accelerated changes in the
design of the model (Fig. 4). The significant advantage
has been the presence in the model of three dozen build-
ings, represented by four repeating models, and the
walls of the upper castle, formed by only three models.
Changes in the placement of inscriptions and fonts also
did not require the reworking of the master model. In
addition, printing a series of identical elements signifi-
cantly reduces printing time and the amount of waste.

Figure 3 — Sculptural composition, Chernihiv
(Ukraine), September 2020 [9, 10]
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The analysis of the economic efficiency of the project
showed that the amount of cost savings for the produc-
tion of a master model using 3D printing technology is
15-17% compared to the cost of manual labor of a pro-
fessional sculptor. The production of master model el-
ements was performed using FDM (Fused Deposition
Modeling) technology, which according to ASTM
F2792.1549323-1 (USA) belongs to the category of
Material Extrusion technologies. FDM technology in
this standard is described as a layered application of
molten material using an extruder [11]. Additive tech-
nology laboratory printers, ZAVmaxPro models, were
used for 3D printing. Glycol-modified polyethylene
terephthalate (PETg) from 3DPlast was chosen as the
printing material. The choice of material has been con-
ditioned by its mechanical properties and low shrinkage
during cooling. To reduce the printing time the height
of the polymer layers was increased to 200 um and
chemical smoothing of the finished surfaces was ap-
plied.

Figure 4 — Intermediate variant of model design

Each element of the master model was printed as sep-
arate parts (Fig. 5), The basis of the model together with
the arrays of trees was made by milling MDF boards.
The casting of the elements was performed on molten
molds. Assembly of elements on the basis was per-
formed by gas soldering.

Additionally, bronze plates with a description of the
model elements were made by milling on CNC ma-
chines.

Figure 5 — Printed elements of the master
model before casting

There are also certain requirements for the pedestals,
on which the model must be placed.

The pedestals can be made in the form of a small pil-
lar produced of brick, stone (mainly marble, granite),
reinforced concrete, metal, or combined (for example,
reinforced concrete lined with marble). Such pedestals
usually do not require auxiliary requirements for the ar-
rangement. The main condition is a secure attachment
of the model and the base of the pedestal to the founda-
tion. The depth of the foundation may be limited by
town-planning conditions.
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The authors propose to use a metal pipe with a diam-
eter of 200-300 mm, which using metal plates has been
reinforced to a reinforced concrete foundation with a
depth of 0.7 m and by dimensions of 1 m per 1 m
(Fig. 6). These dimensions allow you to keep the model
from damage by vandals. The metal pipe can be
painted, concreted, or faced with decorative materials
(marble, granite).
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Figure 6 — Construction of the pedestal made
of the metal pipe with a reinforced concrete
foundation

The decision to accept the massive elements can be
dictated not only from architectural or design solutions
but also from the point of view of anti-vandalism or at
least for reasons of aesthetic appearance. It should be
noted that the model has requirements not only for the
safety of the environment (humans, animals, birds) but
also requirements against vandalism.

When placing models in the city, special attention
must be paid to the installation of a solid foundation for
the objects. Although the model itself may be light, the
pedestal on which the elements are placed can be large
(several square meters) and usually made of marble,
granite, or heavy concrete (the weight of such elements
can reach several tons).

The weight of massive stones is usually distributed
over the entire area of the pedestal, but if the estimation
of the base reliability is incorrect, it can lead to exces-
sive subsidence of the pedestal, especially in the pres-
ence of soils with special properties under the founda-
tion base.

The stage of the concrete preparation of the pedestal
and stages of installation of the pedestal and the ready
model in Chernihiv are shown in Fig. 7, 8.

Figure 7 — Concrete preparation under
the pedestal for the model in Chernihiv [12]

Figure 8 — The stone with the bronze model
of the Historic Dytynets in Chernihiv [13]

In some cases, soil compaction or macadam or other
concrete preparation under the base of the pedestal is
not enough. In such cases, it is necessary to arrange ar-
tificial fixing of soil or replacement of weak soil on a
more reliable basis.

The substantiation of rational decisions concerning
the construction of a building on which the model is
placed must be based on the complex analysis of the
territory features taking into account the constructive
decision of the object.
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Conclusions

The gradual introduction of AM technologies in com-
plex and knowledge-intensive industries of developed
countries is forcing our country to begin its research in
various application fields of additive technologies.

One of the promising industries may be architecture
and town planning. The most probable application for
the given technology is the production of metal models
of increased detailing and simplicity for modeling of
forms.

The example of a bronze model “Chernihiv fortress of
the early X VIII century” shows the possibility of accel-
erating the implementation of such projects through a
complete transition to computer modeling and
AM technology. Renunciation of the traditional process
of the master model formation, in addition to saving
time, also allows reducing the cost of the finished
model by transferring from manual labor to an auto-
mated process and replacing the classic sculptural ma-
terials with polymer.
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[MinBumenHs epekTHBHOCTI poboTH 00IagHAHHS GJIOKY OUMCTKH IIPOMHBAIBHOT PIJIMHY 33 paXyHOK MOJIepHi3allii BibpocHTa.
3BeIeHHST 10 HAOUIbII IPUIHITHUX 3HAYCHh KOHCTPYKTUBHI MapaMeTpH BiOpaIiifHOTro cruTa 3a JOMOMOr0I0 aHAITUYHHX Me-
TOJIB Ta 3aCTOCYBaHHs PEOJIOTIYHOT MOJIEN CyMillli, [II0 I03BOJISAIOTh BU3HAYATH AMHAMIUHI Ta TEXHOJIOTIUHI XapaKTePUCTUKU
BiOpaLiiiHOi MaIIMHK, BIUTHB CepeJoBHIIa Ha OopT i 1HO Gopmu. BusiBneHo, mio BibpocHTa, siKi BUKOPUCTOBYIOTHCS TIPH O4H-
CcTLi OypOoBOro po3uMHY, KOHCTPYKTUBHO MOXYTb €()EeKTHBHIIIE BIUIMBATH HA PO3YMH NPH KOHTPOJILOBAHOMY PEKHUMI pOOOTH
pobouoro oprany, o JO3BOJIHUTH 30UIBIINTH IIPH IIbOMY IHTEHCHBHICTSH il BiOparii. JlocmimKkeHo, 1o aMILTITy/ia Halpy>KeHb
CYTTEBO 3aIEXKUTH BiJ| (Di3UKO-MEXaHIYHUX XapaKTEPUCTHUK CyMIllli, JACTOTH 1 aMIUITY M KOJMUBaHb, TOBIIMHU 00pOOIIOBa-
HOTO IIapy i CHIBBIJHONIEHHS YacTOT BUMYIICHUX 1 BIACHUX KOJIMBaHb CHCTEMH. BuB4YeHO muHamiky poOoTH BiOpamiiHuX
CHCTEM, IO NPECTABISIOTE COO0I0 PEOJIOTIYHY MOJENb Y BUMIISAI IHTErPaJbHOTO CYIUIEHOTO CEPENOBHINa, 3 YPaXyBaHHIM
pi3HMX BIUIMBIB Ha pobounii oprad. JlociikeHo BIUTHB po6o4oro opraty (CiTki) BiOpariifHoro cura Ha rpy0y O4HCTKY Oypo-
BOTO PO3YMHY BiJ IIUIaMy. 3alIpOINIOHOBAHO METO/ 3BE/ICHHS CKJIAIHUX IOPHIHUX CHCTEM JI0 CHCTEM 3 KiHLIEBUM YHCIIOM CTY-
HeHiB CBOOOIY, IPH LbOMY PEAYKOBaHI MapamMeTpH MaroTh 3/1aTHICTh aJeKBATHO ONMMCYBATH XBHJIbOBI MPOLECH CYLiIbHOTO
cepenoBuuia. Ha migcraBi oTpuMaHuX pe3ysbTaTiB JOCTIIPKSHHsI 3alIPONOHOBaHA METOANKA IH)KEHEPHOT0 PO3paxyHKy BU3Ha-
YEeHHs AUHAMIYHHX 1 KOHCTPYKTHBHHX IIapaMeTpiB BIOPOCHT JUIsl OYUCTKH OypOBOTO PO3UMHY B HACOCHO-IMPKYJIILIIHIN cHCc-
TeMi OypoBOI yCTaHOBKH.

KimrouoBi ciioBa: BibpariiiiHe cuTo, o4rcTKa OypOBOro po3uuHy, BiOpo30yKyBau, OypoBHi PO3YHH, PEONIOTiYHA MOJEINb,
pobounii opraH, rapMOHilHI KOJMBaHHSI, 3aPE30HAHCHUH PEXUM
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Introduction

The work actuality is based on the importance of
providing the high quality of wells drilling process in
the oil and gas industry. It highly depends on the char-
acteristics of re-generating systems (sifter-vibrating
sieve, centrifuge, cyclones-sand separators, and oth-
ers). The speed and quality of cleaning the drilling so-
lution are up to constructive specialties of the vibrating
sieve. Refining the cleaning drilling characteristics we
offer to probe the vibrating sieve construction. Existing
constructions have a row of disadvantages — particu-
larly, an underdeveloped knot of imbalances that causes
insufficiently qualified cleaning the drilling solution.

During wells drilling the cleaning of drilling solution
from a drilled rock is the main operation. On its quality do
physical and mechanical solution properties as well as the
quality of prepared solution depend. During the rough so-
lution, cleaning has been established that the most wide-
spread way is using vibrating mechanisms of the set.

Cleaning the drilling solution it is actual to apply eco-
nomic vibrating sieves with spacious fluctuations, for
instance, a resonant type. But in existing vibrating
sieves in the resonant of fluctuations, there is pulled the
whole metal construction accompanied by the drilling
solution in [1, 2] that needs big energetic expenditure.
The effective mixture sealing is contributed by direct
resonant fluctuations of form walls, which are here the
active working body. For resonant fluctuations, we
need less energy expenditure than for fluctuations of
the whole set construction going along with the mix-
ture. So, the development of cassette sets with the ac-
tive working body is an actual and vital scientific and
technical task. The circulating system of drilling sets
includes ground devices and buildings that supply the
wells washing by continuous circulation of washing
fluid along the closed-circuit: pump — downhole —
pump. The closed circulation prevents the pollution of
natural habitat with drains of washing fluid that con-
tains chemically aggressive and toxic components.

Circulating systems of drilling sets implicate mutu-
ally connected devices and buildings that are meant to
implement the following functions:

— the preparation of washing liquids,

— the cleaning of washing liquid from drilled rock and

other harmful additives,

— the pumping and operating the adjustment of phys-

ical and mechanical properties of washing fluid.

The composition of the circulating system includes
sucking-in and pressure lines of drilling pumps, capac-
ities to reserve the solution and needed materials for its
preparation, gutters, settling tanks, equipment for solu-
tion cleaning, controlling-measuring appliances, and
others. Circulating systems are mounted on detached
blocks, which are involved in the suite of drilling sets.
The block principle of manufacturing provides the
compactness of the circulating system and eases its
montage and technical service.

The most important requirements that are claimed to
circulating systems of drilling sets — are the qualitative
preparation and control as well as the sustainment nec-
essary composition and physical-mechanic properties

of washing fluid for given geological and technical con-
ditions. While sticking to these requirements we can
reach high speeds of drilling and forestall accidents and
complications in the well.

Review of research sources and publications

The main parameters of a vibrating cleaning regime
include the amplitude of vibrating displacements, fluc-
tuations frequency, and time of vibrating influence on
drilling solution. It is often the effect of vibrating seal-
ing of mixture that is rated by the product of vibrating
displacements amplitude and fluctuations frequency or
vibrating displacements amplitude and square of fluc-
tuations frequency, which are the vibrating speed and
vibrating acceleration correspondingly [1, 2].

In his studies, V.I. Shmygalsiy [2] stated that the ef-
fect of vibrating impact is fully characterized by the cri-
terion “intention of vibration”, which is the product of
vibrating displacements amplitude square and cube of
fluctuations frequency, by the way, the technological
effectiveness of vertically directed harmonic fluctua-
tions remains unchangeable during different connec-
tion of amplitudes and frequencies if the mentioned
product is unchangeable. Also in publications K.O.
Olehnovych learning the intention of periodic motion
of working bodies for different types of vibrating ma-
chines introduced the criterion “specific power of dy-
namic impact” (p. d. i.). There were theoretical depend-
encies of the vibrating process, realized experimental
studies and done their processing, produced the con-
struction and suggested the rough calculation of cas-
sette vibrating set with the active working body, ac-
complished the research of the active working body and
got with the varied way equation of fluctuations.

These issues are not watched as for vibrating sieves,
but their usage will highly raise the efficiency of drill-
ing solution cleaning. Losses of washing liquid rise
with the volume increase of drilled rock and liquid
leaks while it is cleaning [4-6].

At the bottom and in the open trunk of the well the
washing fluid is contaminated by fragments of drilled
rock, clay, and solid particles. Excessive containment
of solid and rough clay particles in it leads to the de-
crease of drilling speeds. For example, while the in-
crease of containment of solid phases in the washing
fluid is on 1 % the figures of chisels operation decline
by 7-10 %.

Definition of unsolved aspects of the problem

As a result of the abrasive influence of solid particles
there accelerates the wearing-out and relevantly in-
creases the expenditure of pumps, swivels, and down-
hole motors details. Consequently, there is increased
workforce and material expenditures on repair, which
impacts negatively on technical-economic figures of
drilling. That’s why cleaning devices must provide a
thorough removal of drilled rock from the washing lig-
uid. The washing fluid of optimal composition does not
have to include particles of drilled rock, sand, and mud
with the size 5 mkm and more. The admissible capabil-
ity of cleaning devices must be not less than maximal
pump giving.
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Among requirements that are claimed to be circulat-
ing systems the most important are mechanization and
automation of processes to prepare and clean washing
fluids.

Problem statement

The tasks of research in this work are the analysis of
existing cleaning technologies and the next develop-
ment of recommendations for the effectiveness assess-
ment of usage in industrial conditions to raise the effi-
ciency of drilling solution cleaning.

Basic material and results

The cleaning of washing fluids is carried on by the
way of successive removal of big and tiny fragments of
drilled rock and other additives, which are included in
the washing fluid that comes from the well. For full
cleaning of washing fluids circulating systems are
equipped with a complex of cleaning devices. The pri-
mary cleaning is done by the vibrating sieves, with the
help of which there are done big particles away
(with the size of more than 75 mkm). Tine ones are re-
moved with the sand separator (40 mkm), mud separa-
tor (25 mkm), and centrifuge (5mkm), which are used
in the next stages of cleaning.

The solution must correspond with the following re-
quirements:

— remove destroyed rock to the surface;

— cool and smear a drilling chisel and equipment;

— transmit energy on placement at the bottom of ma-
chine and turbine;

— sustain and stabilize well walls;

— create hydrostatic pressure on the layer full of fluid
and gas;

— decrease the weight of the pipes due to the effect of
buoyancy;

— serve as the habitat while conducting logging;

— warn the disruption of well trunk while turbulent
flow or partial dissolution of rocks;

— be compatible with overdrilled rocks and filled with
their liquid and gas;

— warn the corrosion of chisel, drilling column, casing
pipe, and surface equipment;

— prevent the filtration properties escalation of the
productive layer.

The containment of the solid phase in the drilling so-
lution characterizes the clay concentration (3 — 15 %)
and weighting material (20 — 60 %). To provide the
drilling efficiency (depending on precise geological-
technical conditions) the properties of the drilling solu-
tion are adjusted by the correlation change of dispersed
phase containment and dispersed habitat one and the
addition of special materials and chemical reagents to
them. To warn the water-oil-gas appearance during
anomaly high layer pressures there is increased the den-
sity of drilling solution by adding special weighting
materials or decreased it by the aeration of drilling so-
lution or addition of foam-generators to it. The contain-
ment of the solid phase in the drilling solution is regu-
lated by the three-step system of cleaning on vibrating
sieves, sand separators (cyclones), and mud separators
(sedimentary centrifuges); gas-like agents are separated

in degassers. Besides it, to adjust the containment of
solid-phase we add selective flocculants to it.

While being cleaned on vibrating sieves particles of
drilled rock are sieved under the impact of vibrations
that are arisen by eccentric or inertial vibrators.
The most widespread are inertial vibrators, which per-
mit to adjust easily the amplitude of the fluctuations by
changing the imbalances position. The vibrator drive
consists of electro-machine and V-belt transmission.
Particles of washing fluid being bigger than net cells of
vibrating sieve anchor on it and are delivered to the
dump (the sludge capacity) through the transporting
gutter. The cleaning solution having overcome the
sieve reaches receiving capacities of the circulating
system.

According to the number of vibrating frames there are
allocated one-, double and tripled vibrating sieves with
one-, two- and three-tier horizontal or incliningly situ-
ated sieves. Vibrating frames are set with individual vi-
brators and equalizers for equal sharing of solution
along the width of the sieve. In multi-tier vibrating
sieves washing fluid comes from the well to the higher
sieve with larger cells and then to lower ones with
fewer cells. Consequently, the productivity on the unit
of surface increases, and simultaneously, its wearing-
out declines.

For washing fluids of high viscosity, the cleaning ef-
fectiveness rises during the increase of vibrations am-
plitude and inclining angle of the sieve. Multi-tier
sieves are provided with the device for independent
regulation of inclining angle of sieves. To soften hits
and protect from big loadings the vibrating frame is
hung to the prop frame with the help of spiral springs
or rubber shock absorbers. Vibrating frame fluctuations
happen along with the closed round or elliptic trajec-
tory. The facing motion of the vibrating frame and
washing fluid contributes to the self-cleaning of the
sieve. The recovery of permissible capability in vibrat-
ing sieves occurs by periodical cleaning of the sieve
with water or blowing with cramped air.

The permissible capability and cleaning depth of
washing fluid depends on the surface and size of net
cells. The biggest surface is on wicker sieves of steel
wires or nylon threads. The sieve longevity is up to the
wearing-out and corrosion-fatigue tightness of used
wires and treads as well as the equality of sieve strain
in the vibrating frame. While boosting the thickness of
wires there is an increase in their toughness and wear-
ing-out. But, synchronously, there is the decrease of
sieve surface and, decently, the permissible capability
of the vibrating sieve.

In vibrating sieves there are applied nets with such
sizes of cells: 0.16x0.16; 0.2x0.2; 0.25%0.25; 0.4x0.4;
0.9x0.9 mm. While choosing the cell size it is worth
considering the necessary stage of cleaning, the permis-
sible capability of vibrating sieve, and density of wash-
ing fluid.

The net is attached to the vibrating frame with the
help of a cassette or two drums situated at the frame
ends. At one end the net is wound with the saving of
length, which is used for permission of injured while
exploiting fields of the working surface of the net.
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The cassette attachment supplies the equal strain of the
net in longitudinal and transverse directions. The wav-
ing of the working surface in the net and its non-touch
connection to the vibrating frame lead to premature in-
juries. Vibrating sieves allow cleaning fully washing
fluids from particles with the size of more than
0.125 mm and removing it to 50 % of the drilled rock.

For widespread vibrating machines with resonant har-
monic fluctuations the criterion can be shown in such a
way:

myr; 20)3
No=| 20 —, 1
O(Mngﬂ_ M

where moro — the static moment of imbalances;

M, — the got mass of fluctuation system that is the
masses total of the working body, form, and some part
of the mixture;

o — the angle speed of fluctuations.

This criterion has an energetic character, is conveniently
linked with dynamic and constructive parameters of vi-
brating-forming machines, and allows to correlate their
technological effectiveness at the stage of projecting.

Having multiplied the denominator and numerator of
dependence (1) and the angular speed of fluctuations @
and mentioned while it morow = Fy, we have got the cor-
relation of made powers for different frequencies of fluc-
tuations while unchangeable power of dynamic impact

o o : 2

Shown dependencies (2) demonstrate the advantage
of low-frequent fluctuations, which means that having
declined the frequency of fluctuations while having the
same power of dynamic impact we can get “softer” vi-
bration regimes on record to the made power and am-
plitude value of vibrating acceleration.

Browsed above criteria of vibration intensity permit
considering technological possibilities of the vibrating
set, but have not obtained the general and full recogni-
tion from scholars and builders.

The development of machine formation has led to the
fact that now the vastest are vibrating sets with verti-
cally directed fluctuations with the frequency of fluctu-
ations /= 50 Hz and amplitude 4 = 0,3 ... 0,7 mm.

Processes, which perform while vibrating, depending
on the viscosity of habitat as well as the shape, size,
character of the particle's surface, amount of solid
phase, and the most important — the value and fre-
quency of impulses that are transmitted by mixture
fragments [6, 9].

There has been a row of studies to define the mixture
impact on the operation dynamics of the working body
in vibrating systems. In publications [25, 26, 50, 63] the
accountability of mixture impact on the working body
is calculated by the coefficient of connection a, which
is up to work parameters of vibrating compeller:

dzy

dy
M—+b—+Cy=F , 3
% P (3)

where M — the got mass of system vibrating particles
that is determined from the dependence:

M= Mg+ My+ o My, “4)

where My, — the mass of moving trunk;
Mjy— the form mass;
o — the coefficient of connection;
Mp, — the mixture mass;
C — the given coefficient of tightness for spring ele-
ments;
b —the given coefficient of movement prop of the work-
ing body;
F — the made power.
The dependence (3) is right when observing the mix-
ture as the system with focused parameters.
Accounting for the waving fact the definition of fluc-
tuations regimes, which go on in the mixture, is dedi-
cated to publications [1-11], the solution of which is
done according to the internal properties of the system.
In the work, there have been learned the spread of
waves spring-plastic deformations and defined rheo-
logical characteristics of mixture considering tensions
of sealing layer. Therefore, the tension that arises in the
sealing layer is determined according to the formula:

o(x,t) = pg(H —x)+ o (x)-sin[o(t + jx) - S ]’ (5)

where p — the mixture toughness;

g — the acceleration of free fall;

H — the product, which is forming;

x — the current value of height;

o(x) — the amplitude of tensions in the sealing layer;

o — the frequency of the fluctuations;

t — the current time;

y— the coefficient of the extra slide;

f3 — the complex coefficient that includes dynamic pa-
rameters of vibrating machine and habitat.

The amplitude of tensions is highly up to physical and
mechanical characteristics of the mixture, frequency,
fluctuations amplitude, layer thickness, which is being
processed, and frequencies correlation between made
and own system fluctuations.

The observation of operation dynamics in vibrating
systems, which are the rheological model being shown
as a one-piece integral environment considering diverse
impacts on the working body (harmonic, hitting-vibrat-
ing, and poly-phase ones), is given in the publications
[1, 2, 10] where there has been offered the method of
knowledge between compounded hybrid systems and
systems with the eventual number of freedom stages
while reductive parameters have the ability to describe
adequately waving processes of one-piece habitat.

The equation of the dynamic system “machine-habi-
tat” has the sight:

(m+mya))x+(b+myewd,)x+Cx =F -sin(awt) (6)

where m — the mass of moving particles;

a) and d; — coefficients of reactive and active resistance
of mixture correspondingly that implicate parameters
of waving process and are defined according to the de-
pendence [1, 2]:
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o= a-sh2a-h+ f-sin2f-h

Y ohe(a’+ B)[ch2a +cos23-h]
_o-sin2B-h+ fB-sh2a-h )
Y he(a? + B [ch2a+cos2 B h] ’

where % — the height of the mixture layer,
a — the coefficient that defines the extinguishment of
the wave,
S — the coefficient that determines the length of the
wave.

The dynamic pressure in such a case is defined on rec-
ord to the formula:

oc=pHX & a+d? (3)

In publications [7, 9, 11] the rheological model of the
mixture is shown by the body Shofild-Skott-Bler,
which is the successive connection of the models be-
longed to Bingham and Kelvin:

n
miny +my =z —1)+ [”1 +ny+ ?ZJT +mny,  (9)

where ni, n — the time of relax and time of spring de-
formation postponement relevantly;

& — the dimensionless coefficient of viscosity;

m — the coefficient of real viscosity, which character-
izes the flow of mixture sample;

7 — the tangential tension;

70 — the maximal tension of slide.

While 7 > 79 the model (9) is like the spring-viscous-
plastic body that explains the mechanism of mixture vi-
bration dilution, which allows revealing regularities of
switching the last one to diluted state and establish pa-
rameters of the dynamic tense state that supply such
transmission.

As shown above, rheological models of mixture allow
us to define the dynamic and technological characteris-
tics of vibrating machines and environmental impact on
the form board and bottom.

The solution of the given task is shown in the publi-
cations [3, 11], in which the rheological model is shown
as the researched partly-line function and has the sight:

d dv.
x_l(do-.x T Txy):%_,’_l/dex +V, y;
p dx dy dt de 7 dy
p dx dy d Tdc T dy
av.
l(d_p+Kd_p Vyd_/’)JrﬂJr_y:o (10)
o dt dx Tdy dx dy
1L .dv. dv,  dv.
= X + x ¢
2w, 2wt
_ dv,
=% Dgl @ Toygy
dcx 2 dy dx

b

where x, y — relevant projections of masses powers;
o, T—normal and tangential tensions relevantly;
p — the toughness of habitat.
The task solution for the vibrating sealing (10) leads
to the following: there is the lining with the method of

characteristics, then it is shown in a canonical view and
solved with the method of ultimate odds. With the help
of this method as the result of defining initial and lim-
ited conditions, we can observe the whole process of
sealing as well as the loadings that influence the ma-
chine and form board [3].

Conditionally the process of sealing is divided into
several stages. In the publication [7] there is shown the
three-step division of the sealing process, while which
at the first step there is the intensive convergence of
mixture particles and fast air removing that remains be-
tween them in an uncompressed state; at the second one
there is removed the part of compressed air as the result
of cement dough dilution; at the third step, there is the
thixotropic dilution of cement dough with the remnants
dispersion of compressed air and free water as well as
the filling of free space in the form. In the works [7, 8]
there have been proposed to pick out the next processes
that occur while processing the mixture: at the first one
there is the re-compacting of components, at the second
stage there appear shells and liquid phase on the surface
of big filler and at the last one, there is the compressing
cramp of the mixture.

In the work [6] there have been offered to allocate two
phases: the first — there is the re-compacting of big
components (rubble) and creation of macrostructure
and the second includes the deeper thixotropic change
in the small dispersed (cement) system and formation
of microstructure. This approach bases on the imagina-
tion of mixture as a composting material that has macro
and micro peculiarities [6].

In the works [6, 12] there is demonstrated the expla-
nation of fluctuations regimes for the mixture. At the
first stage, there are recommended fluctuations of low
frequency with the big amplitude of fluctuations while
overcoming the powers of dry friction clutch in mixture
particles. For this, we do not need small amplitudes (1
... 5 mm) and the acceleration (1,5 ... 3,5) g to subdue
the limited tension of the slide depending on habitat
properties and sizes of big filler [7, 14]. At the second
step, there is the extra sealing, which will go intensively
while big thixotropic changes. To dilute the dissolved
component there are actual high frequencies or the in-
troduction of plasticized additives.

Using harmonic fluctuations to process mixtures, one
or another stage dominates. So, the flow is faster on the
first stage with low frequencies and big amplitudes, but
during high frequencies and small amplitudes, it is on
the contrary (the second one) [7]. This change can be
removed by using asymmetric fluctuations regimes that
are realized with the frequency of 25 Hz and lower, and
big amplitudes, near which there arises a row of high
frequencies and small amplitudes. As the result of an
asymmetric regime there happens the connection of
two stages, which means intensifying the process [1, 6,
9, 10].

During the impact of low-frequent regimes, there is
the less intensive dilution of dissolved components. On
the other hand, big amplitudes facilitate mutual dis-
placement of particles, and the general time of sealing
decreases [6, 12, 13].
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For moving mixtures in conditions of low frequen-
cies, powers of viscous resistance will be higher than
while middle frequencies, but not important. In studies
to find out rational accelerations for diverse frequen-
cies, it has been established that while increasing the
vibration frequency we need to raise the high accelera-
tion. Therefore, for frequencies 10 ... 15 Hz the rational
acceleration is (1,5 ... 3,0) g, but for frequencies
40 ...50 Hz it is (3,0 ... 4,0).

While applying moving mixtures it is especially im-
portant to remove the stratification. The usage of asym-
metric fluctuations regimes with the frequency from 10
to 25 Hz and acceleration in limits of 10-35 m/s2 de-
creases the stratification at 2 ... 2,5 times for moving
and at 3 ... 3,5 ones for very moving mixtures compar-
ing to symmetric regimes of vibrating (f =50 Hz, A =
0,2 ... 0,5 mm) [6, 8]. While there appears the possibil-
ity to use effectively additives and plasticizers, de-
crease the cement expenditure and decline the noise
level and vibration while contracting the sealing regime
to 15...30s[1, 3, 10].

The sealing is functionally dependent on the acceler-
ation that is accepted as one of the main factors, which
define this process, which is essential during creating
the vibrating set. The fewer values of acceleration and
scopes for rational frequencies and amplitudes are,
which will allow the highest effect of sealing, the more
optimal the vibrating system will be [6, 7, 8]. Besides
the acceleration, the efficiency of vibration impact was
also rated by the vibrating speed, specific power, inten-
sion, and other connections of displacement and fluctu-
ations frequency [1, 3, 6-16].

Conclusions

1. There has been a possibility to increase the effi-
ciency of equipment work for the cleaning block of
washing fluid.

2. There have been observed processes happening
during the vibration, which are dependent on the envi-
ronment viscosity.

3. There has been learned the dynamics of vibrating
systems work that are the rheological model being
shown as a one-piece integral environment.

4. There have been explained the fluctuations regimes
for the solution.
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