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Consideration of the structures working conditions
in the method of limit states

Sergii Pichugin '

! National University «Yuri Kondratyuk Poltava Polytechnic»  https://orcid.org/0000-0001-8505-2130
*Corresponding author E-mail: pichugin.sf@gmail.com

In the method of limit states, the coefficient of working conditions must take into account all the features of the work and
operation of structures. In the code editions, the scale of these coefficients was regularly reviewed and supplemented. Proba-
bilistic aspects of substantiating the coefficients of the working conditions were developed by researchers of the building struc-
ture’s reliability. The interpretation of the constructive correction as an experimental analog of the coefficient of working
conditions was achieved by full-scale tests of industrial buildings structures. The analysis of the reliability of compressed-bent
elements and statically uncertain systems determined the additional coefficients of the working conditions. The article contains
a systematic analytical review of normative documents and scientific publications with an analysis of the evolution of steel
structure design codes in terms of changes in the coefficient of working conditions and the involvement of research, experi-
mental and statistical data.

Keywords: design codes, reliability, limit states, coefficient of working conditions, constructive correction

BpaxyBaHHs1 yYMOB PO0OTH KOHCTPYKIIil
B METOAHUII TPAHUYHUX CTAHIB

Miuyrin C.®."

! Hanionansamii yaiBepcutet «IlonraBchka mosiTexnika iMeni IOpis Konapariokay
* Anpeca mis muctyBaHHS E-mail: pichugin.sfi@gmail.com

Y 3aranpHill METOIUII pO3paxyHKy KOHCTPYKIIH 3a TPAHUYHUMH CTaHAMH KOe(illieHT YMOB pOOOTH ITOBHHEH BPaxOBYBaTH
BCi 0c00MMBOCTI pOOOTH 1 eKCIUTyaTallii KOHCTPYKIIiH, 10 He BpaXOBaHi B SBHOMY BUIIISAI iHITNMHU KOe(ilieHTaMU METOTUKH.
MoskHa BBaXkaTH, IO Lei KoedillieHT MOKpUBaEe BCi HETOUYHOCTI PO3paxyHKOBOT MO, 10 BUHUKAIOTh BHACTIJOK ii crpo-
HICHHS 1 ieani3aliii, i ToTo, 1100 POo3paxyHOK MOKHA BUKOHATH 3 HEOOX1THOK TOUHICTIO Ta 3 PO3yMHUMH MPAIeBTPATAMHU.
Bigomo, 1o y Oyap-sIkoMy po3paxyHKY BBOJSTBH CIPOIIYIOYi TTOJIOXKEHHS, 30KpeMa, OCHOBHI TiIOTE3H OHOpPY MaTepialiB Ta
OyniBenbHOI MEXaHIKH. YHaCTiJJOK IIbOTO B OyIb-KOMY PO3paxyHKy BHHHKAIOTh HEMUHYY1 BiXMJICHHS, OOYMOBIICHI HETOY-
HICTIO PO3paxyHKOBOT MOJIENi, KOTPi MalOTh a00 CHCTEeMaTHYHHI, a00 BUTIAAKOBUH XapakTep. s Toro mob Bpaxysaru (abo
KOMIIEHCYBATH) IIi TOXHOKH 1 3a0€3MeUnTH HEOOXiTHY HaliifHICTh KOHCTPYKIIii, IO MPOEKTYETHCS, BBOIATH KOS(IIi€EHT yMOB
po6oTu. OYeBUIHO, IO BiH Ma€ CTATHCTHYHY MPHUPOJY, B OKPEMHUX BHUITAJKaX BiH JeTAIFHO BUBUEHHH 1 00TpyHTOBaHMH. Of-
HAaK y JIeIKUX BHIIAJIKaX HOro 3HaUYCHHs] BCTAHOBJICHI eKCIIEPTHUM METOIOM Ha OCHOBI JIOCBily TPOEKTYBAHHs Ta eKCILTyaTaLlii
i TOTPeOyIOTh MOJANBIIOTO BUBYEHHS i yTOYHEeHHs. J[aHi CTOCOBHO pO3paxyHKOBUX KOe(]illieHTiB METOAUKH IPAaHUYHHX CTa-
HIB, 30KpeMa KoedilieHTa yMOB poOOTH, BMILIIEHO B YHCIEHHNX BUITyCKaX HOPMAaTHBHUX JIOKYMEHTIB, 3aTBEP/PKCHUX Y Pi3Hi
poku. TakuM YMHOM CTBOPEHO 3HAYHMI MacHB iH(popMallil, KOTpHil He MpoaHaNTi30BaHO y JocTaTHIi Mipi. He cucremaruso-
BAHO pe3yJIbTaTH HATYPHHUX BUNPOOYBaHb Oy/IiBeNb i KOHCTPYKILIH K OCHOBH HOPMYBaHHs KoedillieHTa yMoB podoTtu. Maio-
BIZIOMIMH 3QJIMIIAIOTHCS HAPOOKH JOCIITHUKIB HAIIIHOCTI OyIiBENPHUX KOHCTPYKIIH, SKi MOKHA 3aJyYHTH 0 OOTPYHTY-
BaHHS HOBUX KOE(IIiEHTIB yMOB pOOOTH Pi3HUX KOHCTPYKIid. TOMy METOIO i 3a/1a4aMU CTAaTTi € CHCTEMAaTH30BaHUIT aHATITH-
YHHUU OTJISA HOPMAaTHBHUX JOKYMEHTIB i HAYKOBHX ITyOuiKaIiil, mounHaouu 3 1950-X pokiB, 3 aHAJII30M €BOJIIOLIT HOPM IPo-
EKTYBaHHS CTAJIEBUX KOHCTPYKIIH Y YacTHHI 3MiH KoedimieHTa yMOB poOOTH Ta 3ay4SHHSM JI0 I[OTO JOCTITHIX EKCIIepH-
MEHTAJIBHUX | CTATHCTHYHUX JTaHUX.

Ki110490Bi cJ10Ba: HOpMHU NPOEKTYBaHHS, HAAIHHICTh, IPAaHNYHI CTaHH, KOe(DIL[iEHT YMOB pOOOTH, KOHCTPYKTHUBHA MOIIPaBKa

Introduction which are not explicitly taken into account by other co-
In the general method of calculating structures accord-  efficients of the method. Therefore, this coefficient is
ing to limit states, the coefficient of working conditions  the most loaded by purpose and the least determined by

7. (preliminary designation m) must take into account  content and value. The value y, <1 takes into account
all the features of the work and operation of structures,
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the unfavorable operating conditions of the structure,
the value y, <1 — favorable operating conditions.

It can be assumed that this coefficient covers all the in-
accuracies of the calculation model, which arise as a re-
sult of its simplification and idealization, so that the cal-
culation can be performed with the necessary accuracy
and with reasonable labor costs. It is known that in any
calculation, simplifying provisions are introduced, in
particular, the main hypotheses of resistance of materi-
als and construction mechanics. Let us name here as ex-
amples assumptions about the operation of the material
(for example, the Prandtl diagram), elements (hypothe-
sis of flat sections), structures (hinged nodes of steel
trusses), constructive systems (simplified schemes of
the industrial buildings frames). As a result, in any cal-
culation there are inevitable deviations caused by the
inaccuracy of the calculation model, which are either
systematic or random in nature.

In order to take into account (or compensate) these er-
rors and ensure the necessary reliability of the designed
structure, the coefficient of working conditions y, is

entered. It can be considered that it has a statistical na-
ture, in some cases it is studied in detail and substanti-
ated. However, in some cases, its values are established
by an expert method based on design and operation ex-
perience and require further study and clarification.

Review of research sources and publications

Some aspects of the substantiation of the future coeffi-
cient of working conditions were developed even
within the framework of the methodology for calculat-
ing building structures according to allowable stresses,
which prevailed in design until the middle of the 20th
century [1, 2]. The initial values of the working condi-
tions coefficients were included in the first limit state
design codes introduced in the 1950s. In subsequent
editions of the codes, the scale of these coefficients was
regularly reviewed and supplemented. With additional
changes, the coefficients of working conditions were
transferred to the codes of Ukraine, in particular, in
DBN B.2.6-198:2014 "Steel structures. Design codes"
[3]. Probabilistic aspects of substantiating the coeffi-
cients of the working conditions of structures of various
purposes were developed by researchers of the building
structures reliability [4, 5] and representatives of the
scientific school "Reliability of Building Structures" of
the National University "Yury Kondratyuk Poltava Pol-
ytechnic" [6, 7]. A significant contribution to the inter-
pretation of the structural correction as an experimental
analog of the coefficient of working conditions was
achieved by full-scale tests of steel structures of indus-
trial buildings [8]. The analysis of the reliability of
compressed-bent elements determined the additional
coefficient of the working conditions of stepped steel
columns of shops equipped with overhead cranes [9,
10]. The result of the successful application of the prob-
abilistic method of limit equilibrium to the reliability
assessment of statically uncertain systems was the de-
velopment of a scale of their working conditions coef-
ficients [11-13]. The substantiation of the calculated
coefficients of the limit state method, in particular the

coefficient of working conditions, was in the field of
view of leading foreign researchers of reliability [14-
18]. The national codes of recent years outline the pro-
spects for the development of the general methodology
for calculating building structures and the scale of cal-
culation coefficients [19-20].

Definition of unsolved aspects of the problem

Data regarding the calculation coefficients of the limit
state methodology, in particular the coefficient of
working conditions, are included in numerous issues of
normative documents approved in different years. In
this way, a significant mass of information was created,
which has not been analyzed to a sufficient extent. The
results of field tests of buildings and structures have not
been systematized as a basis for normalizing the coef-
ficient of working conditions. Little is known about the
achievements of researchers of the building structures
reliability, which can be involved in justifying new co-
efficients of the working conditions of various struc-
tures.

Problem statement

Carrying out a systematic analytical review of norma-
tive documents and scientific publications, starting
from the 1950s, with an analysis of the evolution of
steel structure design codes in terms of changes in the
coefficient of working conditions and the involvement
of research, experimental and statistical data.

Basic material and results

Evolution of the coefficient of working conditions in
codes.

The initial values of the working conditions coeffi-
cient were included in the first design codes for limit
states. In particular, in NITU 121-55 "Codes and
technical conditions for the design of steel struc-
tures" a rather extensive scale of the values of this
coefficient was included, we will give an explana-
tion for some of them.

e For tank hulls and bottoms, a reduced coefficient of
working conditions of m = 0.8 was introduced, which
takes into account the increased risk of tank collapse
and the complex stress state of the sheet structure of
the tank, in particular, the connection of the hull
with the bottom, where the edge effect is created.

* The coefficient of working conditions, less than
the unit m = 0.9, is regulated for columns, trusses
and beams of public buildings, that is, in relation to
structures under the action of a mainly constant load
(with a small reliability coefficient for the load).
This is justified by the fact that these responsible
structures can collapse from any minor accidental
overload. It should also be noted that the listed
structures work on a low-variable load, and their
limit state can occur when the value of the resistance
of the material of the structure is the smallest. For
comparison, if the structure works on a load with
significant variability, the limit state occurs when
the smallest values of material resistance are com-
bined with the largest values of loads, which hap-
pens much less often and is less dangerous.
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* The coefficient m = 0.9 is attributed to compressed
elements of roof trusses, the possible destruction of
which occurs suddenly and is particularly danger-
ous.

« It is taken into account that rods made of single
corners transmit forces with an eccentricity, which
reduces their load-bearing capacity, in the places
where they join one of the shelves, which is taken
into account by the coefficient of working condi-
tions m = 0.75.

* The reduced operating conditions coefficients of
riveted and bolted connections m = 0.6 — 0.8 take
into account their specifics of operation and are as-
sociated with transition coefficients for the allowa-
ble resistances of the same connections [1].

+ Significantly reduced coefficient of working con-
ditions of anchor bolts m = 0.65 takes into account
their increased responsibility, since they ensure the
stability of the building as a whole, being at the
same time in a hidden concreted state; in addition,
they have a thread and can be loaded unevenly. This
approach became the method of limit states from
calculations based on allowable stresses [1].

In the following codes of SNiP II-V.3-72 "Steel struc-
tures. Design codes" from the table of coefficients of
working conditions, the items regarding structures of
tanks, roof trusses and purlins loaded with snow load,
and connections of structures were removed from the
table, and the following additional coefficients of work-
ing conditions were introduced.

* Reduced coefficient m = 0.8 in relation to the com-
pressed elements of the truss lattice. This was due to the
fact that the compressed rods, which were usually lo-
cated in the middle parts of the trusses, were picked up
with little effort, had small sections and were too flexi-
ble; they were easily damaged during transportation, in-
stallation and operation, could prematurely lose stabil-
ity and lead to truss accidents (such cases really hap-
pened in the 1960s-1970s of the last century). The in-
troduction of this coefficient removed the specified
problem.

* The coefficients m = 0.75...0.9 regulated the specific
features of the rods work of the of spatial lattice struc-
tures from single corners.

* The reduced coefficient of working conditions m = 0.9
was intended to increase the reliability of steel crane
beams, which suffered frequent damage in difficult op-
erating conditions.

In the codes of SNiP II-23-81 "Steel structures. Design
codes"), the table of coefficients of working conditions,
from which the reduced coefficient for crane beams
was removed, was significantly supplemented with
new items.

* Reducing coefficient y. = 0.95 for checks of the over-
all stability of solid beams, which takes into account the
nature of this type of destruction, which occurs sud-
denly and dangerously.

* Reduced coefficient y. = 0.9, which takes into account
the presence of threads in stretched elements in the cal-
culation of the main section.

* Coefficients for the rod structures elements: reduced
ve = 0.95 for compressed elements during stability test-
ing and stretched elements in welded structures; at the
same time, for the same structures with bolted connec-
tions, an increased factor
v = 1.05 is regulated in strength calculations.

* Increased coefficients y. = 1.05 — 1.1 for structures
connected by bolts, which takes into account the more
favorable nature of work and possible destruction of
such structures compared to welded structures.

In addition to the given coefficients y., which can be
considered "basic", the codes of SNiP I1-23-81 con-
tained the scales of the working conditions coefficients
of connections y, = 0.75 — 1.0; elements of power trans-
mission line supports
ve = 0.75 — 0.95; structures of communication antenna
structures y. = 0.55 — 1.10 and separately — determina-
tion of coefficients of working conditions for a
stretched single corner, which is fastened to one shelf
with bolts.

With additional changes, the scale of coefficients of
working conditions was transferred to the codes of
Ukraine DBN V.2.6-198:2014 "Steel structures. De-
sign codes" [3]. From the previous version of the codes,
a reduced coefficient for calculating solid beams for
overall stability and an increased coefficient for check-
ing the strength of solid beams and columns with bolted
connections under static load were removed.

At the same time, new items of the table of coefficients
of working conditions were entered into the DBN.

* Coefficient y. = 1.05 for the columns of industrial
structures with bridge cranes, which partially takes into
account the increased level of reliability of the columns
compared to other structures due to the combined ac-
tion of several random loads on them (information on
this issue is given below and in more detail in the mon-
ograph [4]).

* A group of increased coefficients of working condi-
tions y. = 1.10 — 1.20 in relation to support plates of
different thicknesses under the action of static load, tak-
ing into account, obviously, the relatively favorable
working conditions under the load of these structural
elements.

As in the previous version of the code for the design of
steel structures, DBN B.2.6-198:2014, in addition to
the general coefficients of working conditions, regu-
lates the corresponding coefficients for specific types
of steel structures:

« for bolted connections — in the form of an expanded
table;

« for structures of supports of overhead power lines,
structures of open devices and contact lines of electrical
transport networks - y. = 0.75 — 0.95;

« for structures of communication antenna structures up
to 500 m high —y.=0.55 - 1.10;

« for structures of river hydrotechnical structures - y. =
0.55 —1.10 in the main combinations of loads; y.= 0.70
—1.50 in special combinations of loads.

Constructive correction as an experimental assessment
of the coefficient of working conditions.
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The constructive correction k is the ratio of the actual
stress or deflection from the selected load to the condi-
tional calculated stress (or deflection) from the same
load:

f‘excnep

k _ O-em‘nep . k _
=— =
meop f;neop

o

)

The size of the constructive correction is a characteris-
tic of the approximation of the accepted calculation as-
sumptions to the actual operating conditions of the
structure, it shows how close the conditional calcula-
tion scheme is to its actual scheme. This interpretation
of the constructive correction practically coincides with
the above definition of the content of the coefficient of
working conditions, so it can be considered that the
constructive correction is an experimental assessment
of the coefficient of working conditions. Considering
the limit inequality of the limit states of the first group,
the operating conditions coefficient is the inverse of the
constructive correction, i.e.

Ve =Wk, k=17, 2

Therefore, constructive corrections, smaller units, cor-
respond to the values of the operating conditions coef-
ficient, larger units, which indicates favorable features
of work and possible reserves of the structure's bearing
capacity. On the contrary, constructive corrections,
larger units, indicate an underestimation by the selected
calculation models of real stresses, which requires the
introduction of coefficients of working conditions,
smaller units and corresponding strengthening of the
structure.

The experience of field tests of real structures, in par-
ticular steel structures, convincingly shows that the
constructive corrections in most cases are not equal to
unity. DSc. G.A. Shapiro, who conducted large-scale
studies of the actual operation of steel structures in in-
dustrial workshops in 1936...1951 [8], developed the
approximate structure of constructive correction of
steel structures as follows:

k=ao,o0,050.0,04, (3)

where «; is a general correction to the calculation

scheme;
o, — correction to the geometric scheme;

o, — correction to structural elements;

o, — correction for cross-sections of working elements;
a — correction for spatial work;

a, — correction for draft and rotation of supports;

o, — load correction: its magnitude, relative position

and change;
o, — correction for stiffness of nodes.

As we can see, this still incomplete list of components
clearly shows the rather complex structure and content
of the constructive correction and, accordingly, the co-
efficient of working conditions.

In the years preceding the Second World War, TsNIPS
and Gynstalmost performed tests of 300 light roof
trusses [8], which made it possible to construct an ex-
perimental distribution curve of the constructive cor-
rection by stresses with numerical characteristics: aver-

age value k =0,90, standard k = 0,11. The experi-
mental curve was approximated by normal distribution.
In order to understand the nature of the constructive
correction of steel roof trusses, let us remind you that
for determining the forces, the trusses are represented
by an idealized system with rectilinear rods converging
at one point (the center of the nodes) and connected by
hinges. It is usually believed that the rods are made of
perfectly elastic material, and the circuit itself does not
deform. Therefore, the constructive corrections for the
deflections are less than one unit (Table 1) due to the
influence of the nodes stiffness and the indistinctness
of the belts. These features have less effect on the val-
ues of axial forces in the rods: the design correction for
stresses is equal to £ =0.96 for light-type welded trusses
(Table 1). This tendency appears to a lesser extent for
heavy trusses with H-shaped bar sections, as well as for
riveted trusses.

Table 1 — Constructive corrections of steel trusses of various types

Constructive corrections
Truss tape . by stresses in the middle
by deflections of the truss belts
Welded light type 0,89 0,96
Welded heavier type 0,79 0,79
Riveted light type 0,76 0,68
Riveted heavier type 0,59 0,55

It is obvious that the calculation model of the trusses
must correspond to their general static scheme (split,

non-split, freely supported, clamped). This provision is
clearly illustrated by the data in the Table 2.
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Table 2 — Constructive corrections of steel multi-span uncut truss
(with different calculation methods)

Constructive corrections
Calculation by stresses in the middle of by deflections
scheme the truss in the lower and in the middle of truss
upper belts
Inseparable system 0,96 0,89
Split system 0,71 0,75
Truss freely supported on two supports 0,88 0,86

During the above-mentioned studies, G.A. Shapiro [8]
investigated the actual operation of some steel crane
beams, the resulting constructive corrections are listed
in the Table 3. Rather unusual values of corrections ex-
ceeding unity are the result of rather complex work of
crane beams. This was explained by the presence of a
biaxial stress state in the wall of the beams, the early

appearance of plasticity, and the influence of the curva-
ture of the beam wall. In fact, there are many other fac-
tors affecting the operation of crane beams, which at the
time of the tests (1936...1951) were insufficiently in-
vestigated. So, this is an example of how the values of
the constructive correction reflected the level of struc-
tural research.

Table 3 — Constructive corrections of crane beams by stresses

Crane beams

1

2 3 4

Constructive

. 1,29
corrections

1,26...1,33 0,955...1,070 1,18...1,47

During the period of transition from the method of al-
lowable stresses to the method of limit states (50s...60s
of the 20th century), full-scale experimental studies of
structures were intensified to clarify their actual opera-
tion and identify constructive corrections. Tests of steel
structures of several metallurgical plants gave the fol-
lowing values of constructive corrections:

* crane trusses (by deflections) k= 0.67...1.00;

« crane beams (by deflections) £ = 0.53...1.07;

* crane beams (according to stresses) k= 0.51...0.87.
At the same time, the great difficulties of field research
in operating workshops, especially metallurgical ones
with their exceptionally intensive mode of operation
and highly aggressive internal environment (high tem-
peratures, gassing, dynamic crane effects, etc.) are ob-
vious. It should be noted that the majority of the re-
ceived constructive corrections turned out to be less
than one, that is, they had the opposite character to the
data of G.A. Shapiro. It is possible that this indicated
the available reserves in the studied beams and the pos-
sibility of some increase in the coefficient of working
conditions. According to data obtained experimentally

in the 1960s, the constructive correction for deflections
of welded crane beams is in the range of 0.85...1.00.

The most complete data on constructive corrections of
transverse frames was obtained by G.A. Shapiro during
large-scale field tests of production buildings (OVB) in
the 30s...50s of the last century [8]. Some of the ob-
tained results are shown in the Table 4. Workshop No.
1 — Marteniv shop, built at the beginning of the 20th
century, with a hinged connection of crossbars with col-
umns and riveted steel structures. Workshop No. 4 is
also Marteniv shop, designed in the 1940s, with rigid
transverse frames and lattice crossbars. As can be seen
from the Table. 4, constructive corrections for trans-
verse displacements were found to be very small com-
pared to the calculation of a flat free-standing frame,
which clearly indicates the significant approximation of
this calculation model. After taking into account the
spatial calculation model, the constructive correction
was significantly increased, although it still does not
reach unity, which indicates the incomplete perfection
of the spatial model of the OVB of the 1940s..1950s.

Table 4 — Constructive corrections of OVB frames according to transverse displacements

Transverse braking Horizontal force on the marks
N Markine the plac f 2 bridee crane of the trusses botton} or the head of the
0 arking the place ofa g
work- of displacement rail
shop measurement, m Flat Spatial system Flat Spatial
frame frame system
Nol 25,7 0,12 0,60 0,21 0,80
B 18,5 0,16 0,80 0,15 0,58
Nod 15,2 0,09 1,00 0,08 0,51
B 12,4 0,06 0,90 0,10 0,57
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As field tests of OVB steel columns have shown, theo-
retical and experimental values of normal forces differ
slightly, constructive corrections are close to unity (Ta-
ble 5). Constructive corrections of columns in terms of

moments are much smaller due to their more complex
nature (uncertainty of lateral forces of cranes, eccen-
tricity of crane beams support, complex construction of
trusses and work platforms, etc.).

Table 5 — Constructive corrections of steel columns

Constructive corrections

Column type by normal forces by bending moments
Heavy (with branches from Extreme row 0,91...1,01 0,66...0,74
folded I-beams) Average row 0,76...1,00 0,44...0,67
Light (with branches from rolled corners) 0,87...1,03 0,64...0,74

Probabilistic estimates of the coefficient of working
conditions of steel structures. The substantiation of the
coefficients of working conditions, in addition to the
assessment of constructive corrections, can also be
based on probabilistic studies and assessments of the
structures reliability.

Let's consider the justification of the coefficient of the
working conditions of steel stepped columns. The pe-
culiarity of column structures is, in particular, that sev-
eral random loads of different probabilistic nature (per-
manent, atmospheric, crane) act on them. Therefore, the
assessment of the reliability of such structures is quite
difficult, it was obtained in studies conducted at the de-
partment of KMDiP PoltNTU over several years [9,
10]. These studies made it possible, in particular, to es-
timate the reserves of the bearing capacity of OVB steel
columns, which did not take into account the current
codes, and to propose a new coefficient of working con-
ditions.

To obtain specific results, a number of characteristic
stepped columns of industrial buildings, designed ac-
cording to codes [3], were tested, part of the obtained
results is illustrated in Table 6, in which the following
designations are adopted: L — span of the transverse
frame of the industrial building; B — pitch of columns;
5, I; — lengths of the upper and lower parts of the col-
umn, respectively; Ox(?), Qi(t) are the failure probabil-
ities, respectively, of the upper and lower parts of the
column for the service life of ¢ = 50 years, which were
determined approximately by the number of emissions
Ni(t) < 1.

As can be seen from Table 6, columns were considered
in a wide range of parameters: with rigid and hinged
connections of columns with crossbars, for frames with
spans of 24...36 m and pitchs of 6 and 12 m, with warm
and cold roofs with profiled flooring and reinforced
concrete panels, with overhead cranes with a load ca-
pacity of 30/5...125/20 ¢ of modes 4K-6K and 7K, with
snow and wind loads of I, II and III districts; all col-
umns are selected according to the calculation without
reserve.

Information of the Table 6 show that the upper parts of
stepped columns have the same failure probabilities as
columns of constant section and rafter beams with a
heavy roof, so we can speak for approximately equal
security of this group of steel structures. At the same
time, systematically, both with a rigid and with a hinged
connection of the crossbars with the columns, the reli-
ability of the lower parts turned out to be significantly

greater than the upper ones. This is a consequence of
applying to the lower part a greater number of random
loads, in particular, a vertical crane load.

This provision made it possible to estimate the relia-
bility reserves of the lower parts of the columns and
from the condition Q;(t)~0>(t) to find the reduced
cross-sectional area and the coefficient of the work-
ing condition, which was equal to
7.=1,15...1,53 for the tested versions of the columns.
This coefficient, determined on the basis of the crite-
rion of equal reliability of parts, can be recommended
to be introduced into the calculation formulas for the
columns of OVB equipped with bridge cranes. The
obtained data made it possible to assign, in the first
approximation, the coefficient of working conditions
vc = 1.15 for the lower parts of steel stepped columns
with a margin of the lower calculated values and to
recommend it in the codes of design and reinforce-
ment of steel structures. When developing DBN
V.2.6-198:2014 "Steel structures. Design codes" [3]
this recommendation is carefully considered in the
form yc = 1.05 for OVB columns equipped with
bridge cranes.

Let's proceed to the justification of the coefficient of the
working conditions of statically indeterminate frames.
In the theory of building structures reliability, the cal-
culation of statically indeterminate systems (beams and
frames, multi-story and multi-span buildings) is consid-
ered one of the most difficult problems. The reason for
this is the complex nature of the destruction of statically
indeterminate systems (SIS), which differs from the na-
ture of the destruction of a statically determined system.
After the failure of one or even several elements of the
SIS, it can maintain an operational state. Therefore, the
destruction of a statically indeterminate system can oc-
cur, as individual elements fail, by transitioning
through different operational states corresponding to
different schemes and probability parameters of the
system. As a result, the assessment of SIS reliability is
a rather cumbersome task, the degree of complexity of
which increases rapidly in accordance with the com-
plexity of the system. The researches conducted at the
department of KMDiP PoltNTU [11 — 13] managed to
overcome the indicated difficulties and to develop
methods for assessing the reliability of SIS, suitable for
practical use, and to propose a new scale of coefficients
of working conditions for such systems.
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Table 6 — Reliability assessment of stepped columns of industrial buildings

= Geometric Failure probabili- | Coeffici-
= Loads :

2 E é’ parameters ties ent of
5252 s Upper | Lower working
5| 8278 1, Cranes Districts part part condi-
> E 2 o = = Roof tions

So*| B h Sno

© 2 Qt | Mode | °'% Wind Q) | Q) Ve

24 | 3,97 | wam
1 rigid — | —— | concrete| 15/3 7K 11 I 0,48 0’96; 1,15
12 16,4 panels x10
warm
6,6
2 rigia | 28 concrete| 12520 | 4K-6K | T | 1 | 0023 13 1,15
12 12,4 panels *10
6.1 warm
3 | hinged | 22 2L Srofiled| 10020 | 4K-6K | T | 1 | 083 2.24x 1,32
12 | 110 . x10 %107
’ flooring
30 6,4 warm 6.5x
4 rigid — | ——= | concrete| 100/20 | 4K-6K | III 11 0,054 Y s 1,25
12 14,2 panels x10

) 36 6, 02 warm 1.71x

5 | hinged | — | —— | concrete| 80/20 7K 111 11 0,213 P 1,18
12 14,4 panels <10

' 2 | 5.23 warm 5 0x

6 | hinged | =— | —— | concrete| 50/10 4K-6K I 111 0,54 Thg 1,19
12 17,0 panels <10

, 24 | 3,25 cold 2.78x

7 | hinged | — | ——=Z | concrete| 30/5 7K II I 0,71 AN 1,32
6 9,75 panels <10

The researches conducted at the department of KMDiP
PoltNTU [11 — 13] managed to overcome the indicated
difficulties and to develop methods for assessing the re-
liability of SIS, suitable for practical use, and to pro-
pose a new scale of coefficients of working conditions
for such systems.

A comparative analysis of SIS reliability calculation
methods was carried out: state method, logical-proba-
bilistic method, limit equilibrium method. On this ba-
sis, the probabilistic limit equilibrium method (PLEM)
was developed. A full assessment of the probability of
failure of the SIS with random strength and load was
obtained as a result of the development of the PLEM
variant, which is based on the kinematic method of
limit equilibrium. A variant of this method was used,
called the "method of combined mechanisms", which
consists of the main mechanisms of SIS destruction:
beam, floor (sliding) and nodal. The method is imple-
mented in the form of an algorithm and a computer pro-
gram, during the calculation of which combined mech-
anisms with a different number of plasticity hinges are
formed, statically unacceptable (excessive) and un-
likely mechanisms are rejected. The assessment of the
probability of failure of the SIS as a whole was defined
as the disjunction of the correlated failure conditions of
the main mechanisms, corresponding to the increased
probability of destruction.

Using the developed methods and programs, a numeri-
cal experiment was performed to determine the reliabil-
ity of 140 statically indeterminate frames of various

purposes and configurations, with the number of floors
varying from one to three, the number of spans also
from one to three. It has been quantitatively confirmed
that the elastic-plastic calculation of the considered SIS
leads to material savings of 10...15% compared to the
elastic calculation.

In addition, for the first time, the SIS reliability reserve
was quantified compared to individual elements and
statically determined systems. This reserve is proposed
to be taken into account by the newly introduced "sche-
matic reliability coefficient y", similar to the coeffi-

cient of the working conditions of the current codes.
The justification of the values of this coefficient is
based on taking into account its probabilistic nature and
the condition of equal reliability of the SIS, according
to which the probability of the system failure as a whole
is equal to the probability of failure of individual ele-
ments.

The analysis showed that as the mechanism of SIS de-
struction approaches the beam mechanism, the coeffi-
cient y¢ decreases, and increases to the shear mecha-

nism; the maximum values of the coefficient y are ob-

tained for the complete destruction mechanisms, the
partial mechanism leads to a decrease in the coefficient

7s- The obtained schematic reliability coefficients are

the V5= 1.18...1.27

(Table 7), they indicate significant reserves of the SIS's
carrying capacity, which do not take into account the

in interval
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current codes. This coefficient of SIS working condi-
tions is intended for use in calculations of the load-bear-
ing capacity of of SIS elements sections, taking into ac-
count the plastic stage of operation.

Table 7 — Calculated values of the working conditions coefficient y,

of statically indeterminate steel frames

Number Number of floors
of spans 1 floor 2 floors 3 floors
1 span 1,18 1,21 1,21
2 spans 1,19 1,26...1,27 —
3 spans 1,24 - —
Conclusions constructive correction - the experimental basis of

The article is devoted to issues of substantiation and
normalization of the coefficient of working condi-
tions - an important factor in the methodology of cal-
culation of building structures according to limit
states. A systematic analysis of changes in the nor-
malization of this coefficient in the design codes of
steel structures, starting from the 1950s to the pre-
sent time, was carried out. Emphasis is placed on the

the coefficient of working conditions, the results of
the relevant field tests of steel structures of the oper-
ating workshops are given. The perspective of prob-
abilistic methods for substantiating the coefficients
of the working conditions of stepped columns and
statically indeterminate systems is shown.
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ITpoananizoBaHO MepeBaru eKcIpec-MeTOoAIB MEeHeTPaLlil Ta 30HyBaHHS JUIs OLIHIOBAaHHS MEXaHIYHUX IapaMeTpiB 3B’SI3HUX
0CaJIOBUX TMOPIJ Mepes| TpaauLifHUMK crocobamu 1X BUNPOoOyBaHb y MpUiaiax OJHOIUIOIIMHHOTO 3PYILIEHHS, OOMETpax i
cTabiioMeTpax, SK-TO: MOBHY HE3aIEKHICTh BiJl MPHUKIAICHOTO 3yCWIIS Ta TIMOWHH 3aHYPEHHS KOHYCa; MPOCTOTY W Hamii-
HIiCTh 00JTaTHAHHS; BUCOKY JIOCTOBIPHICTh pe3yJIbTATIB i T. iH. BuaineHo ramysi ix paioHaJIbHOTO BUKOPUCTAHHSA, y T. 4.: Jla-
0OpaTOpHi Ta MOJIBOBI METOIM BU3HAUCHHS MTApaMETPiB MIIIHOCTI i CTUCIMBOCTI Pi3HOBHIIB OCaIOBHX, & OCOOIHMBO 3B’ SI3HUX,
TIPCBKUX TIOPif; OOTPYHTYBAHHS PiBHSIHD B3a€EMO3B'SI3KY MK (DI3MIHAMH i MEXaHIYHUMH BIACTUBOCTSIMU PI3HOBHUIB TIOPi,
SKi MArOTh TOCTiMHI 1HMKAIliifHI XapaKTEPUCTUKHU 3a y3araJbHEHHSIM JOCIIIHUX JaHUX Ta iH. Bifg3HaueHo, Mo pe3yabTaTH
HEeHEeTPaIifHIX BUIPOOYBaHb BiIIOBIHO JI0 PillleHb BiCECHMETPUYHOT 3a4a4i Teopil rpaHWYHOI PIBHOBATrH OL[IHIOIOTH 32 M-
TOMHUM oropoM nenerpauii. [Togano Metoauky i miicyMku 185 KOMITICKCIB NeHeTpalliifHO-3pyIIyBATHHUX BUTIPOOYBAHb PI3HHX [JIHHUC-
THX TIOPiJI, BiJl CYmMicKiB 10 TNMH. IX pe3ynbTaTH BUKOPUCTAHO /TS BU3HAYEHHS MOKA3HMKIB MIilIHOCTi 3B’A3HHX Mopia (KyTa
BHYTPIIIHBOTO TEPTs. W MUTOMOTO 3ueruieHHs). IIIIaXxoM crarucTHYHOI 0OpOOKH JOCHITHUX JAHUX MIATBEPIKEHO, IO I
BOJIOHACHYCHOTO CTaHy TJIMHUCTHUX MOPiJT iCHY€e Maike (QyHKIIOHATBHUIT 3B’ 130K MiXK TIOKQ3HIUKOM MIEHETpaIlii 1 KoeillieHTOM
MopHCTOCTi. BcTaHOBIIEHO, 110 MUTOMI OMOPH 3PYIICHHIO TIIMHUCTHX MOPiJ 32 YMOBH OJHAKOBOTO (DI3HYHOTO CTaHy JIiHIIHO
B33a€MOIIOB’sI3aHi 3 BiAMOBITHAMH CepEeIHIMA BEIMYNHAMU MTUTOMOTO ONOPY TEHeTpamii mpu KoedilieHTi Kopesii OJI136K0
0,80. IIpoBeneHHs BHIIYKYBaHb 33 PEKOMEHIOBAHOI METOAMKOIO CYTTEBO 3MEHILYE 00CAT HOPMATHBHHUX BUIIPOOYBaHb Ha
OJTHOIIJIOLMHHE 3PYILICHHSI, a TAKOXK J1a€ MOXKIMBICTh OAEPKATH JOCTATHBO JOCTOBIPHI PE3yNbTAaTH 3 MEHIIOIO TPYIOMICTKi-
CTIO Ta TPUBAJIICTIO POOIT.

Kaiwouogi cioBa: cBeputoBrHa, 0CaI0Ba 3B’ s13HA TiPChKa TIOPO/Ia, MIITHICTh, EKCIIPEC-METOT IIEHETPALlii, TUTOMHIA OITip TeHe-
Tpaii, OAHOIUIOIMHHE 3PYIICHHS, KyT BHYTPIlIHBOTO TEPTSI, IMTOME 34CIJICHHS, PiBHIHHS B3a€MO3B SI3KY.
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Introduction

The level of technical reliability and cost-
effectiveness of innovative design and technological
solutions for underground components of modern
mining facilities, in particular, various types of oil and
gas wells [1, 2], etc., significantly depends on the
correct determination of the physical and mechanical
characteristics of sedimentary rocks of natural massifs.

Typically, cylindrical samples of sedimentary rocks
of natural structure, pre-selected during field surveys,
are tested in the laboratory in a relatively simple
compression device (odometer) to assess their
deformation properties, and then to determine the
strength parameters in a uniaxial shear device.

However, the most realistic stress-strain state (SSS)
of the rock in the massif corresponds to the study of its
cylindrical (sometimes cubic) samples in much more

complex three-axis compression devices
(stabilometers). The results of such tests can be used to
determine  both  compressibility and  strength

characteristics [3-5].

Various types of stamp tests are used in field studies.
However, these well-tested and reliable methods are
quite labor-intensive, and for large volumes of the same
type of tests, they are also time-consuming.

Therefore, in rock mechanics, the so-called express
methods of studying the physical and mechanical
properties of sedimentary rocks, such as penetration
and probing, have become quite widespread.

This method of penetration is based on the slow
immersion of a conical tip (indenter, cone) into the rock
to a depth %, which does not exceed the height of the
cone itself /. During penetration tests in the laboratory,
the load is usually transferred in stages, while
simultaneously recording the depth of the indenter. The
duration of the load steps is kept constant (most often
1-2 minutes).

The generalized parameters of penetration tests were
obtained on the basis of known solutions to the
axisymmetric problem of the theory of limiting
equilibrium. In particular, for cohesive sedimentary
rocks (sandy loam, loam, clay), the ratio of the
penetration force P to the square of the tip immersion
depth - the specific penetration resistance R, MPa - is
taken as such an indicator.

Practice has proven the main advantage of penetration
tests of homogeneous sedimentary rocks, the so-called
invariance condition of their results, i.e., complete
independence from the applied force and the
corresponding depth of the indenter immersion, and,
taking into account the constants of the cones used, also
independence from the angle of their opening. Thus, the
results of the research do not depend on the means of
recording the penetration resistance and the design of
the penetrometers.

In addition, the penetration method is distinguished
by: simplicity and reliability of the equipment; high
reliability of test results; effective control over their
probability; the ability to set up numerous experiments
both in the field and in the laboratory; the ability to
determine the mechanical parameters (mainly strength)

of any natural and artificial materials, from gelled
systems to rocks [6-8].

Thus, further development of high-speed penetration
and sensing methods is relevant to reduce the labour
intensity and duration of work to determine the
mechanical properties, primarily strength parameters,
of sedimentary rocks for the subsequent correct design
of underground components of modern mining
facilities.

Review of the research sources and publications

The express method of penetration in rock
mechanics has been gaining some popularity
gradually.

In particular, it is advisable to highlight the
following most important stages of its development,
in the authors' opinion.

1. Use of penetration testing to assess the condition of
clayey rocks by consistency (or flowability).

2. Comprehensive substantiation of theoretical
schemes of interaction of conical dies (indenters) with
non-cohesive (sand) and cohesive (clay) rock.

3. Substantiation of the interaction between conical
indenters and sedimentary rock from the standpoint of
the theory of limit equilibrium, which was already ap-
proved at that time.

4. Introduction of research on sedimentary rocks by
means of their ball tests.

5. Proposals for the use of resistivity and pene-
tration index, as well as their use to establish the rela-
tionship between the physical and mechanical proper-
ties of cohesive (clay) rocks.

6. Further spreading of penetration tests for quantita-
tive assessment of mechanical properties of sedimen-
tary rocks, mainly their strength parameters and to a
lesser extent - their deformability properties.

The most commonly used method for testing
sedimentary rocks is with a tapered tip with a taper
angle of o = 30°.

In the modern practice of penetration testing of
sedimentary rocks, it makes sense to highlight a
number of popular areas. First of all, the equipment for
penetration and static rock sounding, as well as the
methods of processing and interpreting the results of
these studies, continue to be improved [9, 10].

In recent years, the theoretical foundations of the
penetration method have been improved by
mathematical modelling using the solution of an
axisymmetric problem by the finite element method in
a physically and geometrically nonlinear formulation of
the stress-strain state of a continuous medium around
conical indenters (tips) when they are immersed in a
certain volume of sedimentary rocks [11-14].

Mining practice has shown that various variations of
the method of penetration testing of sedimentary rocks
have been successfully tested for:

— classification of sedimentary rocks [15];

— quantitative assessment of changes in the state and
mechanical properties of various sedimentary rocks
under any type of external impact on them (compaction,
moistening, drying, freezing, thawing, etc.) [16], as
well as under dynamic (e.g., seismic) impact [17]. The
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quantitative effect of the impact on rock properties is
usually assessed as the ratio of the values of the specific
resistivity R/Ry for cohesive rocks (or the penetration
indices U/Uj for non-cohesive rocks) obtained before
and after the impact;

— control of the results of mechanical tests of rocks
performed by traditional methods [18];

— laboratory and field methods for determining strength
parameters [19-21] and sometimes deformability
(compressibility) [22] of dispersed sedimentary rocks;

— identification of a certain relationship between the
physical state indicators and strength characteristics of
genetically homogeneous sedimentary rocks [23];

— substantiation of generalising equations of the
relationship between the physical and mechanical
properties of individual rock types that have constant,
so-called, indicative characteristics (e.g., ductility
number, mineralogical composition, structural features,
etc.) based on the results of generalising numerical
experimental data [24];

— interpretation of the results of penetration tests of
sedimentary rocks in certain characteristic regions, in
particular, on the sea shelf [25-27];

— evaluation of anisotropic mechanical properties of
sedimentary rocks, in particular, determination of the
anisotropy coefficient of mechanical characteristics of
the rock as a ratio of the values of the specific resistance
to penetration at a certain angle to the isotropy plane to
the same parameter, but at zero angle [28];

— comprehensive geophysical, geomorphological and
geotechnical studies to identify risk zones in landslide
massifs composed of clayey rocks (such data are useful
for understanding the mechanisms of landslide
triggering, its depth, shape and condition of the material
in the landslide body) [29];

— to assess the degree of heterogeneity of artificial
massifs of sedimentary rocks [30];

— to assess the hydraulic conductivity of marine and
deltaic sediments based on piezocone testing [31].

Definition of unsolved aspects of the problem

However, despite the noted advantages of rapid
penetration and sensing methods for assessing the
mechanical parameters of cohesive sedimentary rocks
over traditional methods of testing them in single-plane
displacement devices, odometers and stabilisers, these
high-speed methods have not yet been widely tested
and are almost not reflected in regulatory sources.

Problem statement

Therefore, the aim of the work is to test the
penetration method for rapid but reliable determination
of the strength of sedimentary cohesive rocks.

The objective of the study is to establish possible
quantitative relationships in sedimentary cohesive
(clay) rocks in a water-saturated state between the
penetration index and the porosity coefficient, as well
as between the specific shear resistance and the
corresponding average values of the specific
penetration resistance.

The object of the study is the interaction of conical
indenters (stamps) and sedimentary cohesive rocks.

The subject of the study is the strength parameters of
sedimentary cohesive rocks determined using the rapid
penetration method.

Basic material and results

Theoretical justification of research methodology.

First of all, it should be noted that the presence in the
theoretical expression of the resistance of a cohesive
(clay) rock to shear of two conditional, but generally
accepted, parameters of its strength, namely the angle
of internal friction ¢ and the specific cohesion c,
somewhat complicates the practical application of the
penetration method.

The methodology for calculating the angle of internal
friction @ of clay rocks of disturbed and natural
structures is based on the known condition of
proportionality between the specific cohesion ¢ and the
specific resistance to penetration R, which is based on
the basic theory of the limiting equilibrium of the
medium from the immersion of a conical tip

c=K, R, (1)

where K, — is the proportionality function, which
depends on the taper angle a and the dimensionless
coefficient M,, which in turn is a function of the
internal friction angle ¢, or

K,=1/(D,-7-1g’al2), ()

Theoretically, the coefficients M, and K, were

calculated for a certain range of values of the rock
internal friction angle ¢ =0+20° and a tip with a taper

angle o = 30°, in particular for:
p=0° M, =16,0 and K, = 0,87,
p=10°, M, =215 and K, = 0,646;
»=20°, M,=37,0 and K, =0,376.

At the same time, however, the genesis of the
sedimentary rock itself and the peculiarities of
experimental methods for determining the angle ¢ were
not taken into account.

Subsequently, the Geotechnical School of National
University "Yuri Kondratyuk Poltava Polytechnic"
determined the values based on the data of combined
tests of lake-glacial clay (with the plasticity number
1, =20,4% and the moisture content at the yield point
W, =41,7%).

The experiments were conducted using a well-tested
laboratory penetrometer LP-1 with a rotational shear
attachment and a combined tip with a taper angle of
o = 30°, which had mutually perpendicular wings.

This made it possible to obtain the specific
penetration resistance in each experiment, and, after
rotational displacement, the maximum torque M .

Then, using the tip constant K_, the specific

resistance to rotational displacement 7 was determined,
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and identifying zand c, the coefficient K, =c/R and

the value of the internal friction angle ¢ were
determined.

The results of numerous field experiments of this clay
were summarised in the graph ¢ = f(R), from which

the value of K, as the tangent of the angle of

inclination of the line drawn from the origin to the axis
of the coordinates was derived. For a certain number of
experiments, the average values of R, ¢, and K , were

determined under conditions of similarity of rock
moisture and density.
It turned out that the values of K, give angles ¢ very

close to those theoretically obtained for the values of
the internal friction angle of the rock ¢ =0+20° and a

tip with a taper angle a = 30°.

Methodology of penetration-shear tests of clay rocks

At 60 sites in the Poltava region, 185 sets of penetra-
tion and shear tests were performed on various quater-
nary clay rocks, from sandy loam to light clay (with a
plasticity index of Ip = 1-18 %).

Their results became the research basis for identifying
the relationship between the specific resistances to
shear 7and penetration R of these rocks.

The algorithm of laboratory tests, in particular, in-
cluded the following blocks.

1. Cutting out samples from the cores taken from the
boreholes using cutting rings 33-35 mm high and 70-71
mm in diameter, and determining the parameters of the
initial physical state of the rock (moisture content,
porosity coefficient e, etc.).

2. Preliminary compaction of the samples with their
soaking.

3. Penetration tests of samples on both sides with 4-7
degrees of loading for each geological element (rock
layer) and determination of the average value of its
specific resistance to penetration R .

By the way, the property of invariance of the
resistivity of penetration with respect to a certain initial
value of the cone immersion was also confirmed, which
depends on a number of factors related, in particular, to
the quality of preparation of the sample surface for
penetration, the state of the cohesive rock under the tip,
etc. The influence of these factors can be excluded if
the first one or two degrees of loading on the tip are not
taken into account.

Fig. 1 shows the test of a clay rock sample using the
laboratory penetrometer LP-1, which was improved (by
including a clock-type indicator in the process of fixing
the indenter's immersion value in the rock) at Poltava
Polytechnic.

4. Testing of these samples for rapid uniaxial shear
according to the consolidated-drained scheme,
determination of the specific shear resistance = and the
corresponding strength indicators ¢y, ¢y . It should be
noted that in the experiments, the actual height of the
specimens allowed the shear plane to be created below
the penetration mark.

5. Determination of the final values of moisture

content and density of clay rock samples.

6. Determination of the coefficient K, =c, / R for
each geological element.

7. Comparison of the values of K, from penetration-

shear experiments and ¢y from the results of
consolidated-drained shear, i.e: K, = f(¢) .

Figure 1 — Testing a clay rock sample with an advanced
laboratory penetrometer

The range of variability of the strength properties of
clay rocks was as follows: R =60-600 kPa;
¢, =8-65kPa; ¢, =9-36'; K, =0,061-0,329.

The penetration and one-plane shear indices of water-
saturated and pre-compacted clay samples of the same
physical condition obtained from the comprehensive
penetration and shear tests allowed us to make the
following generalisations of the results.

Results of penetration-shear tests of clay rocks

The processing of the results of shear and penetration
showed that it should be carried out in a differentiated
manner, separating a group of experiments related to
sandy loam and a group of experiments that included
loams and clays.

It turned out that the most effective relationship
between the penetration and uniaxial displacement
indicators exists between the average specific
resistance to penetration R and the specific resistance
to displacement 7 under conditions of constant vertical
pressure o=const.

Both parameters characterise the strength of the rock
and, after statistical processing, make it possible to
establish the relationship between R and .
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Thus, it is advisable to develop one of the possible
methods of using the penetration index R for practical
calculations of rock strength parameters ¢ and c.

In Fig. 2 shows the test points and the corresponding
approximated graph of the dependence of K, = /() .

Fig.3 shows the experimental points and the

corresponding graph of the dependence between R
and 7 at a vertical pressure of o=const=100 kPa for

processed).

Fig. 4 shows similar dependences between R and r
at a pressure of o=const=100 kPa for loams and clays
(more than 130 complexes were statistically
processed).

In all cases, the correlation coefficients of these em-
pirical dependencies were about 0.80, which for rocks
indicates a close connection.

sandy loam (50 complexes were statistically
0,350
\ .
o
0,300 \
o o
. e
0,250 S
2 ° \ o
° E
@ o % °o 00 o?©
-~ 0 09
= o oo og
.2 0,200 o5 oo
h% ° ° & °og°° ‘f o
G fo o ° ° o
) 9 Lo |© o
8 o °%0g 9 o
o o
2 0.150 B%ggn vno°o°
H > 0 O )
. % ° o °
° °c°o° °o
LI
s P o \
0,100 2 N
o
%o
0,050

Figure 2 — Dependence of the coefficient K, on the angle of internal friction ¢
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Figure 3 — Dependence between the specific resistance to penetration R and the specific shear
resistance 7 at a pressure of c=const=100 kPa for sandy loams
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The equation of the relationship between the
penetration indicators and the strength of sedimentary
cohesive rocks

Based on the results of determining the relationship
between the specific resistances of penetration R and
one-plane displacement 7 under the condition o=const,
we have

o =100 kPa, r = 0,2156- R +36,86; 3)

o =200 kPa, 7 = 0,5378- R +15,03. (4)
Then

0,5378-R+15,03—(0,2156- R +36,86)
8¢, = =

200-100
=0,003- R —0,1883
and the specific adhesion (from the expression
c, =T—0-1gQ,)is
¢, =(0,5378- R +15,03)—200-(0,003- R —0,18) =
=-0,1062- R +32,68
Let's look at an example of such a calculation.

The average value of the specific resistance to pene-

tration R =152,2 kPa was obtained on the clay rock
samples of the site after their compaction and water sat-
uration.

It was determined after 12 tests of 6 samples on both
sides of the ring to the cone immersion depth #>10 mm.

Based on the results of one-plane shear of the same
samples, 12 values of the specific shear resistance 7
were obtained, and after their statistical processing, the
values of the internal friction angle ¢;=16° and the
specific adhesion c;=36,4 kPa were calculated.

According to the above dependences 7 = f(R), we
have 7,,, = 66,67 kPa and 7,,, =96,89 kPa, respec-
tively, at a vertical pressure of o =100kPa and
o0 =200 kPa .

Then

1gp, =(96,89—-66,67)/(200—100)=0,302;
the angle of internal friction is equal to ¢, =16,8° and
the specific adhesion
¢y = —0,1062-152,2+52,69=-16,16+52,69 =36,5kPa .
Thus, the results of the established relationship between
the parameters R and 7 made it possible to determine
the strength of the experimental heavy dusty loam (with
a plasticity number 7, =14,5% ), which practically co-
incided with the data of its tests for uniaxial shear.

The validity of these generalisations can be easily
checked by looking at the porosity coefficient e, the
flowability (consistency) index [/, and the water

saturation coefficient S, for clayey rocks.

As an example, for semi-hard clays, Table 1 shows
the calculated values of K, and R.

The final equation for the dependence of 7 = f(R),

which does not depend on the porosity coefficient e, is
as follows

r=(11,75+0,206- ) +(0,166+0,00047- &) R (5)

Thus, it is possible to determine the strength
parameters of clay rock (internal friction angle ¢ and
specific adhesion c¢y) from the average value of the
specific penetration resistance R of compacted
samples after their water saturation (usually reduced to
the water saturation coefficient S, >0,80).

Of course, similar calculations and tables can be
drawn up for other clay consistency values, as well as
for loams or sandy loams.

It makes sense to establish the final equations of the
relation 7= f(R) for a sufficiently wide range of

variability of the clay rock yield factor, for example,
0<1, 0,75, in the form
t=A+B-c+(C+D-0)-R (6)

where 4, B, C, D — are the empirical coefficients of
the equation.
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Table 1 - Estimated values of the coefficient K, depending on the rock strength parameters @i and R

Clay porosity coefficient e

0,55 0,65 0,75 0,85 0,95 1,05

K, =f(®) 0,196 0,204 0,211 0,219 0,235 0,250
R= ¢, /K 413 333 255,1 2142 174,6 143,9

v
Specific shear resistance 7, kPa, at vertical pressure o, kPa
0=100 kPa 119,0 104,0 88,4 79,5 69,7 60,9
06=200 kPa 157,7 140,8 122,9 112,0 98,3 85,8
0=300 kPa 190,2 177,2 157,2 144,8 127,0 110,8
Conclusions 3. The use of the expressions K, =jf(p) and

1. It has been experimentally confirmed that for the
water-saturated state of a cohesive (clay) rock, there is
a practically functional relationship between the
penetration index and the porosity coefficient. The
specific shear resistances of clayey rocks, under the
condition of the same physical state, are linearly
interrelated with the corresponding average values of
the specific resistance to penetration.

2. From the interrelation equations of the type (8), it
is easy to determine the specific resistance to
penetration obtained in the experiment from the
average value of the specific resistance to shear of clay
rocks at least at two values of vertical pressure, and then
- the strength of the cohesive rock and (and, if
necessary, taking into account the reliability factors,
their calculated values).

K, =c/R gives grounds for the use of simplified tests

of cohesive rock for uniaxial shear, which consist in the
penetration of pre-compacted water-saturated samples
with the determination of the specific resistance to
penetration, the performance of uniaxial shear at the
minimum possible pressure and the establishment of
the corresponding value of the specific cohesion.

4. Conducting surveys according to the recommended
methodology significantly reduces the volume of
regulatory tests for single-plane displacement, and also
makes it possible to obtain sufficiently reliable results
with less labour intensity and duration of work. Further
testing of the penetration method for determining the
strength of cohesive rocks opens up prospects for a
wider reflection of this express method in regulatory
sources.
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The article is devoted to the study of the limit state of steel I-beams under buckling with operational geometric imperfections
revealed during inspections of damaged elements of reconstructed buildings. The influence of damage in the form of initial
curvature in the horizontal plane on the stability and bearing capacity of structures is analyzed. The possibility of using bearing
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tions of damaged steel beams.

Keywords: buckling, I-beam, initial curvature, operational geometric imperfections, restraint.

JlocizKeHHsI TPAHUYHOTO CTAHY CTaJeBHX 0aJI0K
MOIIKOIKEHUX eJIEMEeHTIB OyiBeJib

I'yase C.A.'*, Tapkyma B.C. %, Ceprienxo F0.B. 3, Toxyn T.M.*

1,2.3,4 JlepsxaBHUI BUIIWH HaBYAIbHUMN 3aKal «[IpHa3oBChKUI Aep:KaBHUN TEXHIYHMI YHIBEPCHTET»
*Anpeca mis muctyBauHs E-mail: goods_s_a@pstu.edu

VY OymiBisx, siKi €KCIUTYaTyHThCS TPUBAIKI Yac 1 3a3HaIM TOIIKOKEHB, TPOKATHI OANKU € OTHUMH 13 HAHOLIBIIT TOMIUPEHUX
€JIEMEHTIB, 1110 NOTPEeOYIOTh 0OCTEKEHHS Il TOYHOTO BU3HAYEHHS X TEXHIYHOTO CTaHy Ta MOXKJIMBOCTI BifiHOBIeHHs. OCHO-
BHHMM CIIOCOOOM OI[IHKM TEXHIYHOI'O CTaHy KOHCTPYKIIl € NepeBipouHHN PO3paxyHOK, y SKOMY 3AiHCHIOETHCS BpaxyBaHHS
nedexTiB i momkomkeHs. I1ig yac 1oro BUKOHAHHS BUKOPUCTOBYIOTHCS JIaHi, OTPUMaHi B XOAi HATYPHUX OTJISAIB, KOHTPOJIIO
XapaKTEPUCTHK MIIHOCTI MaTepialliB, yTOYHEHHSI HaBaHTaKEHb 1 BIUTMBIB. CTAaTTs MPHUCBSY€HA BUBYCHHIO TPAHUYHOTO CTaHy
CTaJIeBUX OAJIOK MPH BTPATi CTIHKOCTI 3 eKCILTyaTallitHUMI T€OMETPUYHIMHU HETOCKOHAJIOCTSIMH, BUSBICHHMH ITiJT 9ac o0cTe-
JKeHb TIOIIKO/KEHIX €JIEMEHTIB BiTHOBIIOBaHUX OyZiBelb. [IpoBeeHO aHali3 BIUIMBY MOMIKOKEHD Y BHTJISAL IIOYATKOBHUX
BUKPHBJICHb Y TOPU3OHTANBHIH IUIOMINHI HA CTIHKICTh Ta HECy4y 3[aTHICTh KOHCTPYKIid. OCHOBHHUI aKIEHT poOUThCS Ha
BU3HAYEHHI 0COOIMBOCTEN eKCILTyaTallii 6ajgok. 30KpemMa, po3riIsJacThCsi MOXKIIMBICTD 3aCTOCYBAHHS pecypciB Hecydoi 31art-
HOCTI, @ caMe OOKOBOTO PO3KPIIUICHHS 3a JIOMOMOT'0I0 KOHCTPYKIIiH, MpUeTHAaHUX 0 cTaneBol Oanku. [Ipu notpumanHi HOp-
MaTHUBHUX BUMOT I[0/10 3a0e3Me4YeHHs] HalilfHOTO 3’€THAHHS CYLIIFHOTO )KOPCTKOTO HACTHITY 31 CTHCHYTHM IOSICOM CTiHKICTh
Oanku He mepeBipseThCs. Y IOCKOHAJIeHa TEOPETHYHA MOJENb BPaXxoBY€ 1 yCyBa€ MPUCYTHI y MONepeHiii MOeNi HelOTiKy.
3ampomnoHOBaHi MiIXOAH CIPSAMOBAHI Ha ONTHMI3allil0 BAKOPUCTAHHS MaTepialliB Ta 30UIbIIEHHS €KOHOMIT IUITXOM JieTai3a-
il epeBipOYHIX PO3PaXyHKIB CTaeBUX OAJIOK i3 MMOIIKOHKEHHAMHU. BHCBITIICHI Ta pO3MIIHYTI MiIXOAN MO0 BU3HAYCHHS
JIOITy CTUMUX BUKPHUBJICHD CTAJICBUX JIBOTABPOBHX OAJIOK y TOPH3OHTANIbHIH MUIOIIMHI MOXKYTh OYTH BUKOPHCTAHI 3 JOCTATHBOIO
TOYHICTIO ITPH BiTHOBJICHHI ITOIIIKO/KEHHX eIEMEHTIB Oy niBenb. He 3Bakaroun Ha MeBHI HEOTIKH, SKHMH HaIUTEH] I METOTH,
BOHHM JIOCTaTHBO MPOCTI Ta BiIMOBIJal0Th HOPMaM IPOEKTYBAHHS CTAJIEBUX OYAiBEIbHUX KOHCTPYKIIiil.

Kiio4oBi ci1oBa: BTpaTa CTIHKOCTI, JBOTaBpOBa Oayka, MOYaTKOBE BUKPHUBJICHHS, SKCILUTyaTalliifHI TeOMEeTpUYHI HE0CKOHA-
JIOCTI, PO3KPIIICHHS.

Introduction files were predominantly used for roof purlins in indus-
Frame buildings in general, and one-story buildings  trial buildings. Although solid section purlins are heav-
in particular, are the most common use of steel struc-  ier than lattice girders, they are much easier to manu-
tures in the world. Until recently, hot-rolled beam pro-  facture and install. This type of purlin was often used
in combination with steel trusses with a spacing of 6
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meters. Steel beams made from hot-rolled sections can
still be used instead of cold-formed thin-walled sec-
tions for roof purlins. With large roof slopes, the chan-
nel section of the purlin works well for oblique bend-
ing. Under heavy loads, which are typical for flat roofs
of large shopping malls, the cross-section of the purlins
can be taken from rolled I-beams (Fig. 1). Hot-rolled
purlins can be used in large-scale panel solutions,
where they are particularly useful for providing inter-
mediate support for decking that is not capable of span-
ning large spans on its own. However, with the advent
of cold-formed purlins, which are significantly lighter
and less expensive, the use of hot-rolled purlins has be-
come unusual.
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Figure 1 - View of the flat roof structures on I-beams
in the transverse and longitudinal directions
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Review of the latest research sources and publica-
tions

The effect of geometric imperfections (in particular,
the initial curvature of the beam axis in the plane of
least stiffness) is partially taken into account in the
standards by introducing a working conditions factor.
In compliance with the regulatory requirements for en-
suring a reliable connection of a continuous rigid deck
with a compressed flange, the stability of the beam is
not checked. At the same time, the bracing should be
designed to withstand the fictional load. In other cases,
if the compression flange is insufficiently restrained,
the stability of the beam should be calculated using the
formula with a buckling factor. The fictional (condi-
tional, equivalent, stabilizing) load is understood as the
forces arising from geometric imperfections and defor-
mations of the beam and acting between the structural
elements. They create an dominate action on the brac-
ing structures and a supporting action on the beam.
Their determination in construction practice is often
performed using approximate methods that consider the
compressed beam flange separately from the rest of the

section as a continuously supported compressed rod
with a longitudinal force.

In recent years, much attention has been paid to the
study of the stress-strain state of damaged steel beams.
Numerous theoretical and experimental studies in this
area consider both thin-walled steel beams without
bracing and those with bracing [1, 2]. The multifactor
spatial model for describing the fictional load, which is
presented in the works of German scientists [3 — 5], is
used under the condition of sufficient stiffness of brac-
ing structures in the calculation of bracings and stiffen-
ing diaphragms. These papers reveal aspects of torsion
and stability of beams, providing valuable theoretical
conclusions. In particular, it is argued that for unbraced
beams, the compressed rod model underestimates the
maximum fictional load, which reduces the reliability
of the structure, and in the case of sufficiently braced
beams, it is shown by example that such a model leads
to significant material overruns and is not economically
feasible. In [6], the problems of developing a spatial
model to describe the fictional loads on steel beams of
asymmetric cross-section under the combined action of
transverse bending and forced torsion were formulated
and solved. In solving stability problems, the energy
method is widely used, which is of interest and involves
the automatic execution of cumbersome computer op-
erations [7, 8]. These sources provide a snapshot and
show the state of modern research on the stress-strain
state of damaged steel beams, taking into account vari-
ous aspects of stability and buckling.

Definition of unsolved aspects of the problem

An unresolved part of the general problem of analyz-
ing and studying the condition of steel elements is to
determine the permissible values of curvature of steel
beams in the horizontal plane when restoring damaged
parts of buildings. Attention should be focused on en-
suring the stability and efficiency of further operation
of the beams.

Problem statement

The aim of the study is to determine the effect of
beam damage on their stress-strain state. As part of the
study, it is planned to take into account the peculiarities
of structures, adhering to the relevant regulatory docu-
ments in construction. In particular, the model for de-
termining the load-bearing capacity of steel beams of
the most common I-beam constant cross-section in
length, taking into account strain and stresses resulting
from damage, needs to be improved. Additionally, the
causes and consequences of torsion in structures with
curvature are considered. The results of this study will
be useful for further improvements in the design and
operation of steel structures with regard to possible and
existing damage.

Basic material and results

In buildings that have been in operation for a long
time and have suffered damage, rolled beams are
among the most common elements that require inspec-
tion to accurately determine their technical condition
and the possibility of restoration. The main method of
assessing the technical condition of structures is a veri-
fication calculation that takes into account defects and
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damages. It uses data obtained during on-site inspec-
tions, control of material strength characteristics, and
specification of loads and impacts. Overloading of the
roof, in particular by snow load, leads to damage and
emergency conditions (Fig. 2).

Figure 2 — Damage to roof from overloading

Structures can also be unprotected from damage and
become damaged in the event of accidental explosions.
For example, in the event of a fire, the steel frame of an
operated building quickly heats up to the temperature
of the metal's transition to a plastic state, resulting in an
increase in irreversible deformations and exhaustion of
the load-bearing capacity until failure occurs (Fig. 3).
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Figure 3 — Appearance of metal frame after a fire
and design sketch of the beam by fire effect

The fire resistance of metal structures is insignificant
because metal has a high thermal conductivity. In addi-
tion, thin-walled cross-sections of structural elements
are more prone to buckling when heated, which is one
of their disadvantages. If damaged beam elements are
reused for further operation, they develop new initial
geometric imperfections that lead to torsion, which can
lead to a lateral-torsional buckling.

By buckling, in addition to deflection strain, the beam
receives strain of curvature and rotation of the cross-
section. The spatial model of the beam strain is shown
in Fig. 4.

<— 5 < ySu=o
g v#0 R 9#0 7
y _§ w=0 y \\\\
z% 9=0 z\
\ -

v/

Figure 4b — Actual beam performance

To find the permissible value of the initial curvature
of damaged beams in the horizontal plane, it is possible
to use the formulas of DBN V.2.6-198:2014 [9] to de-
termine the fictional transverse load and fictional trans-
verse force used in the calculations of attachment of
rigid decking, elements of longitudinal or transverse
ties to the compressed beam flange. To calculate the
fictional loads, the building codes [9] adopt a static
model that can be considered flat, since it considers
only the forces and strain in the plane of the upper
flange. The effects of lateral deformation of the lower
flange and spatial twisting of the cross-section are not
taken into account in this model.

On the other hand, such a relatively simple represen-
tation of the beam operation in the standards allows de-
scribing the fictional load as a function of the longitu-
dinal force and strain of the restrained flange, which is
obtained in the static model as a result of solving the
differential equation of a compressed rod from the con-
dition of balanced forces in the flange. When laterally
restrained, the upper flange will move due to the plia-
bility of the attached structures. To take into account
the deformation of the upper girder of the beam, its total
total value should be used instead of the initial curva-
ture. In this case, it is assumed that the initial curvature
of the beam and the displacement of the upper girders
are distributed along the length of the beam according
to the same law. The maximum fictional transverse
load will be determined in this model by the formula:
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where N is the value of the longitudinal compressive
force in the beam flange determined in the plastic stage
of operation (N = Ny = ARy + 0,254,.R),, where Ay, Ay
are the cross-sectional areas of the compressed flange
and beam web; R, R,. are the calculated steel re-
sistances of the compressed flange and web, respec-
tively); / is the span of the beam; vy is the largest value
of the initial curvature of the beam (in Table 5.1 of EN
1993-1-1 it corresponds to the value ey, which is set de-
pending on the type of curvature curve, cross-section
and span of the beam, as well as the type of calcula-
tion); v is the largest value of the displacement strain of
the compressed flange under load in the y-axis direc-
tion.

Next, we will use expression (9.34) of DBN V.2.6-
198:2014 [9] for the fictional load:

305
G == @

The values of the fictional transverse force Qs in
formula (2) can be determined by the approximate
dependence (8.14) approximated in DBN V.2.6-
198:2014 [9]:

O :7,15-10'6[2330—£JE, 3)

g Ry (D

where E is the modulus of elasticity of steel; R, is the
calculated resistance of steel to tension, compression
and bending beyond the yield strength; ¢ is the stability
factor of under central compression, which is assumed
to be equal to one when the compressed beam flange is
continuously restrained by the supporting deck.

By equating formulas (1) and (2) with expression (3),
we obtain a formula for determining the total allowable
horizontal curvature, in which the flexibility of the
upper flange fastening is taken into account by
assuming an increased initial beam curvature, including
strain of the upper flange under load:

2

Viot :7915‘1076 2330—£ 3—121 (4)
R |z )

y

Some values of the dimensionless parameter J for
different values of R, and E = 2,06-10° MPa are given
in Table 1.

Table 1 — The value of the dimensionless
parameter 6 for determining the permissible cur-

vature
R,, MIla o) R,, MIla o)
220 330 300 280
230 321 310 276
240 313 320 273
250 306 330 270
260 299 340 267
270 294 350 264

280
290

289
284

360
370

262
259

Note. When determining the permissible value of the
initial beam curvature in the elastic stage, the obtained
values should be reduced by the value Ne/N.

The total curvature of the loaded beam takes into
account the influence of transverse displacements of
the compliant restraint caused by the action of external
and fictional loads. The increase in deformation for
unbraced beams usually does not exceed 20% [5].
Therefore, when approximating the permissible value
of the initial curvature of an unloaded beam, the values
in the table should be increased by 20%.

The initial geometric imperfections that occur in a
damaged beam in service can be determined during in-
spections of rehabilitated buildings by measuring the
actual deviations using tools. In this way, the values of
the initial curvature strain at the level of the weight cen-
ter of the cross-section, as well as the initial angle of
rotation, are determined in the first place. The total lin-
ear strain of the initial curvature at the level of the beam
upper flange can be determined approximately from the
second equation shown in Fig. 5. The initial deflection
of the beam is practically absent due to its significant
stiffness in the main plane.

Vit = Vg + Up - h/2
(—.i

S N — o — |
. \!,
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Figure 5 — Determination of geometric imperfections,
occurring in the operated damaged beam

Separately, it is necessary to focus on the study of the
interaction between damage and stresses in the re-
strained elements. If the actual curvature exceeds the
permissible value established by formula (4) and Table
1, a more detailed analysis of the stress-strain state of
the beam should be performed. It is already necessary
to determine the additional normal stresses due to the
initial curvature of the beam and compare them with the
permissible stress increase, i.e., the difference between
the value of the calculated resistance R,, or the actual
yield strength o, obtained as a result of the inspection
tests, and the value of normal stresses in the uncurved
beam o. The methodology for determining additional
stresses, which is given in [10], was implemented in the
state standard for assessing the technical condition of
steel building structures in operation [11]. Its prerequi-
site is to take the curve corresponding to the curvature
function as a square parabola. It is worth noting that the
disadvantages of the methodology are the failure to take
into account the level of load application along the
height of the beam and the existing eccentricities in
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asymmetric cross-sections, which is not a safety factor.
A refinement and comparison of this methodology are
given in the scientific article [8]. The form of the for-
mulas in Table 2 is slightly modified to take into ac-
count the flange displacement under load and is in-
tended only for a symmetrical I-beam.
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Table 2 — Additional normal stresses in a beam
with a curvature
Concentrated force in the middle of the span

tanh ﬁ
2

2F Vtot @

R T
2

Uniformly distributed load

tanh ﬂ tanh ﬁ
Eo 2 4

O-ad = qvtot G_It 1_ ﬁ ﬂ

2 4
Note. F'is a concentrated force; ¢ is uniformly distrib-

fGI
uted load; G is the shear modulus; &k = E_It is elastic

bending-torsional characteristic; /; is the torsional con-
stant; /, is the warping constant; o is the warping area
of the beam cross-section at the stress determination
point; @ = bh/n; b is the width of the beam flange; 4 is
the height of the beam; n = 4 in the elastic stage of de-
sign, n = 6 in the plastic stage.

The design model laid down in the European design
standards EN 1993-1-1 [12] allows for a variety of
loading conditions and types of diagrams, as well as
bracing conditions. The initial curvature of the beam is
assumed to be the maximum permissible and is deter-
mined depending on the type of curvature curve, cross-
sectional type, and span of the beam. The calculation
method EN 1993-1-1 [12] is more open to the designer
and is more intended for machine design. The solution
of the corresponding differential equation for the fic-
tional load can also be represented in accordance with
the European approach in the form:

2
4 =a" v, )
where o is a multiplying factor to account for the sec-
ond-order effects, which in the compressed rod model
is determined by equation:

o= (1—i] , (6)
a[’l’

where a., is the coefficient of increase in the design
load at which the buckling in the elastic stage occurs.

In equation (5), the longitudinal compressive force in
the upper beam flange is defined in the elastic stage as
the ratio of the bending moment that causes it to the
distance /i, between the weight centers of the beam
flanges, taking into account the longitudinal force aris-
ing in the beam from the external load:

My,Ed _ Ngq

N=N,=—— ; ()

h, 2

where M,, 4, Ngq are the design values of bending mo-
ment relative to the y-y axis and longitudinal force.

The critical load on the upper flange will be propor-
tional to its bending stiffness according to the Euler's
formula. Since, when taking into account the pliability,
the critical force in the flange will be approximately
equal to the shear stiffness of the structures attached to
it [5], a simplified expression can be written to deter-
mine the total strain of the initial curvature at the level
of the upper flange of the restrained beam:

v~y (1—ﬁj_] 4 ®)
tot 0 S 0 S_N’

where S is the available shear stiffness of the bracing
structures per beam, which must exceed the required
stiffness according to formula (BB.2) of EN 1993-1-1
[12] to accept the translational restraint and ensure the
beam stability.

If a profiled deck is rigidly attached to the upper
flange of a steel beam in lightly roofed framework us-
ing self-tapping screws and riveted together at the lon-
gitudinal joints (Fig. 6), it can prevent torsion and be
used to counteract the lateral-torsional buckling of the
beam. This function can also be performed by cross
bracings in purlinless buildings for frame rafters.

longitudinal joints

longitudinal edge

~

transverse edge

Figure 6 — An example of a roof panel with fastening of
profiled deck to the purlins on all four edges

For an approximate determination of the shear stiff-
ness of a profiled deck in newtons, EN 1993-1-3 [13]
provides the expression (10.1b):

S =1000V7 (50+103/B,,., )hi, (9)

where ¢ is the thickness of the profiled deck in mm;
brooris the width of the roof in mm (Ly); s is the distance
between purlins in mm; 4, is the height of the profiled
deck in mm.

The formula (9) slightly underestimates the stiffness
value, but it is suitable for any profiled deck and does
not require that the deck be fixed to the supporting
structures with all four edges, but only with two. This
method of fastening simplifies the process and reduces
the erection cost. Some manufacturers (Hoesch,
Fischer, Arcelor) have developed their own methods
for determining the shear stiffness of profiled decking,
which can be used only for this product and in the case
of fastening with four edges (Fig. 6). For economic rea-
sons, profiled deck is often fixed through a wave
(mostly to channel purlins). Formula (9) is used when
fixing the deck to the beam in each wave. If the profiled
deck is fixed only every second wave, then its shear
stiffness is assumed to be reduced by a factor of five
compared to the initial stiffness.
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Conclusions

The highlighted and considered approaches to deter-
mining the permissible curvature of steel I-beams in the
horizontal plane can be used with sufficient accuracy in

the restoration of damaged building elements. Despite
certain drawbacks of these methods, they are quite sim-
ple and comply with the design standards for steel
building structures.
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The article analyses the problem of mobile communication antenna structures classification, considers their main design fea-
tures, advantages and disadvantages. Generalized classification of mobile communication antenna structures operated in
Ukraine is proposed. The regular recurrence of accidents and destruction of antenna structures indicate that the existing methods
of calculation and design of such structures do not always take into account all their structural features. Technical and con-
structive solutions, peculiarities of operation of structures under load, aspects of application and their requirements for safe
operation are considered, strengths and weaknesses of each type of antenna structures are given. One of the most effective and
widely used antenna structures are lattice towers and masts. The main advantage of lattice towers is a small building area,
however, from the point of view of consumption, steel masts are more cost-effective with the same height of the structure and
payload. However, the cost of building an antenna structure is not always the main criterion for choosing its design scheme.
First of all, radio-technical, technological and architectural requirements are of great importance. In the absence of restrictions
on geometric parameters, preference is given to towers with a minimum number of faces, for example, when going from a 3-
faceted to a 4-faceted tower, its weight increases by 10%. For technical and economic efficiency, not only rational types of
cross-sections of elements are selected, but also various combined structural systems are developed. A good example is intro-
duction into mass construction of combined supports on the basis of a conical concrete monopole CK-26, on top of which a
steel lattice extension is installed. The structural disadvantage of the combined supports based on the conical concrete monopole
CK-26 is their limited bearing capacity at the +2,000...+3,000 m mark, which in a number of cases led to accidental destruction
in this particular area.

Key words: antenna structures, classification, mast, tower, combined support.

Kaacugikaunisa aHTeHHUX CIOPYX MOOIJILHOIO 3B’ SI3KY

I'acenko A.B.!, laayn }0.0.2*, Bi6ik M.B.}

1.23 Hanionaneuuii yaisepcuter «Ilonracrka nositexuika imeni FOpis Konaparroka»
* Anpeca st muctyBanHs E-mail: jurij.padun@gmail.com

VY craTTi npoaHai3oBaHO Ki1acudikamii aHTEHHHX CIIOPY] MOOITBHOTO 3B 3Ky 32 KOHCTPYKTUBHOIO CXEMOIO, PO3MIIIEHHSIM,
MaTepiajoM, TUIIOM Tepepi3y Ta MPOCTOPOBOIO POPMOIO CTOBOYPY; PO3TILIHYTO iX OCHOBHI OCOOJMBOCTI, IIEPEBar Ta HEZO-
JiKky. Y3arajapHeHa Kiacu]ikailis aHTeHHHX CIIOPY/I CKIIaieHa Ul THX, IO eKCIUTYaTyIOThCsl Ha TepuTopii YKpaiHi. PeryispHa
MOBTOPIOBAaHICTh aBapili Ta pyiHHYyBaHb aHTEHHUX CIOPYJ BKa3ye Ha Te, IO iCHYI0Yi METOIU PO3paxyHKY 1 MPOSKTYBaHHS Ta-
KX KOHCTPYKIIH He 3aBXKIM BPAaXOBYIOTh iX yCi KOHCTPYKTHBHI OCOOJMBOCTI. PO3IIIsIHYTO TeXHiIYHi Ta KOHCTPYKTHBHI pi-
IIEHHs1, 0COOIMBOCTI POOOTH CIOPY MiJ HABAaHTAKSHHSM, aCIEKTH 3aCTOCYBaHHS Ta X BUMOTH J0 Oe3MeyHOol eKCIUTyararlii.
OnHUMHE 3 HAWOITBII epEKTHBHUX Ta MACOBO BUKOPHUCTOBYBAHUX aHTEHHHUX CIOPYJ € PelIiTyacTi Bexi Ta mornu. OCHOBHOIO
MIepPEeBarol0 PEeIIiTYacTHX BEX € HEBEJIMKaA IIoIIa 3a0yA0BH, OJHAK 3 TOUKH 30py BUTPATH CTaJi LIOTIH € OiIbII €KOHOMIYHO
e eKTUBHIMH NP OJHAKOBIH BHUCOTI CHIOPYAM Ta KOPHCHOMY HaBaHTaXeHHIO. IIpoTe, BapTicTh OyIiBHHLTBA aHTEHHOI CIIO-
Py HE 3aBXKIU € OCHOBHMM KpUTepieM BHOODPY 1l KOHCTPYKTHBHOI cxeMH. I[lepemycim, BelliKe 3HAYSHHS MalOTh pajioTeXHi-
YHi, TEXHOJIOT1YHI i apXiTekTypHi BUMOrH. [Ipu BificyTHOCTI 0OMEXEHb Ha TEOMETPUYHI ITapaMeTpH TepeBary BiIalOTh Be-
’KaM 3 MiHIMaJIbHOIO KUTBKICTIO TpaHe, HalpHKIIa, IPH Iepexoi Bix 3-x 1o 4-x rpaHHOI Bexi ii Bara 30inbmryeTses Ha 10%.
Jlnst TeXHIKO-eKOHOMIUHOT epeKTHBHOCTI He TLTBKH MiAOMPAIOTHCS palliOHAbHI THITH MONIEPEYHUX Mepepi3iB eJIEMEHTIB, a i
PO3pOOIISIOTHCS Pi3HI KOMOIHOBaHI KOHCTPYKTHUBHI CHCTEMH. SICKpaBHM MPHUKIAZIOM € BIIPOBAIKCHHs y MacoBe Oy/iBHHIITBO
KOMOIHOBaHHX OTOp Ha 0a3i KoHIUHOI 3ai300eToHHO1 cTiiiku CK-26, moBepX K0T BCTAHOBIICHA CTAJIeBa PEIIiTYACTa HA/ICTA-
BKa. KOHCTPYKTHBHHM HeJIOTiKOM KOMOIHOBaHMX OIop Ha 0a3i koHiuHOi 3anizo0eToHHo] cTiiikn CK-26 € ix oOMexeHa Hecyya
3natHicTh Ha Biamitwi +2,000...+3,000 M, 1110 B psii BUNaKiB MPU3BOIIIO A0 aBapiiiHUX pyiHYBaHb caMe Ha LIl XapaKTepHiil
JUIISTHIL

KiouoBi ciioBa: aHTeHHI criopyay, Kinacudikaiis, moria, Bexxa, KoMOiHOBaHa oropa.
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Introduction

At the beginning of the development of mobile com-
munication in Ukraine, one of the main disadvantages
was a drastic deterioration in the quality of communi-
cation due to insufficient coverage or the remoteness of
the user from the base station. The solution to this prob-
lem was the rapid and massive expansion and densifi-
cation of the network of base stations and the moderni-
zation of already existing antenna-feeder equipment at
antenna facilities. This greatly contributed to bringing
the quality and speed indicators of telecommunications
to a qualitatively new level [1]. However, the fast, mas-
sive, sometimes chaotic and unregulated construction
had negative consequences, which was primarily re-
flected in the reliability of antenna structures, the inef-
ficiency of the adopted constructive decisions and non-
compliance with the requirements of the current legis-
lation [2]. Today, the use of modern computers and
software complexes in static and dynamic calculations,
analysis of the reliability of antenna structures allows
solving complex problems with a high degree of static
uncertainty [3; 4]. In the past, it was practically impos-
sible to solve problems of this complexity, and we had
to be satisfied with approximate results.

Review of the research sources and publications

A number of foreign and national scientists were en-
gaged in the research of mobile communication an-
tenna structures. Currently, researchers have proposed
a number of classifications of antenna structures, many
features of each type have been considered. Molchanov
raises the problem of the emergency of mobile commu-
nication facilities. The author notes a number of the
main causes of accidents and recommendations for
their prevention [5]. In their publication, Holodonov
and Doan investigate the main impacts on antenna-mast
structures during their operation, proposing a method-
ology for determining a complex risk indicator [6].
Nielsen in his work raises the problem of effective se-
lection of types of structures in accordance with oper-
ating conditions, principles of their operation, specifics
of perception of wind and ice loads [7; 8].

Definition of unresolved aspects of the problem

The regular frequency of accidents and destruction of
antenna structures [9] indicates that the existing meth-
ods of calculation and design of such structures do not
always take into account all their design features [10-
12]. In addition, the study of the condition of antenna
structures, their classification will allow to solve a large
number of problems related to the general characteris-
tics of the existing fund and predict problems that may
arise in the future [13-14]. Available information and
research in the field of antenna structures of mobile
communication requires a clear classification, structur-
ing and generalization.

Problem statement

The purpose of this work is the analysis and classifi-
cation of antenna structures according to their structural
features and the systematization of information about
them.

Basic material and results

Antenna structures are a wide class of structures that
are designed for placing technological and radio equip-
ment on them. According to the construction scheme,
antenna structures are divided into towers, masts and
combined supports (see Fig. 1) [15]. A distinctive fea-
ture of antenna structures is their high height compared
to the dimensions of their cross-sections, so their de-
signs are mainly designed for atmospheric loads (wind,
ice, temperature) [16-17].

To a large extent, the technical condition of antenna
structures depends on the features and stages of com-
munication development in Ukraine. The process of de-
termining the technical condition of an individual con-
struction is greatly simplified when data on design fea-
tures, operation, durability and reliability of similar
buildings are known.

Based on the own statistics of the results of technical

surveys for the period 2017-2023, among the total num-
ber of 1,600 mobile communication antenna structures,
masts make up — 41%, towers — 27%, combined sup-
ports — 9%, tubular towers — 3%, masts and large pipe
supports on the roof — 20% of the total number of net-
work objects. Depending on the specifics of the region
and the density of buildings, the ratios for the types of
structures may differ slightly.
The placement of mobile communication antenna struc-
tures is primarily conditioned by urban planning re-
strictions, the existing high-rise buildings and the pos-
sibility of potential lease of the land plot. Based on the
characteristics of the area and the request of radio plan-
ning engineers regarding the need to expand the net-
work, a decision is made on the feasibility of using a
certain type of structures. Antenna structures can be
placed on their own free-standing foundations, on the
roofs of buildings, on other high-rise structures (smoke-
stacks, water towers, etc.), on a technological container
with the help of a support frame. In the absence of land
lease restrictions, in rural areas constructions on their
own foundations are usually preferred. This makes it
possible not to be limited in the choice of the structural
scheme of the building and to adopt the most economi-
cally attractive option.

In conditions of high-rise urban buildings, it is more
appropriate to use the existing height effectively to
place antenna structures on the roofs of buildings, while
minimizing the required height of antenna structures
and solving the potential problem of radio shading of
adjacent buildings (reduction of signal quality due to
the density of buildings). In addition, in a dense urban
development, it is sometimes extremely difficult to find
a potential site for the construction of buildings on their
own foundations, and if it is available, it may be eco-
nomically impractical for construction. Placement on
other high-rise structures (smokestacks, water towers)
is rational in industrial buildings, using the existing
structures to install the necessary equipment with prac-
tically no additional requirements for the maximum
wind area or weight.
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Figure 1 — General view of the tower (a), mast (b), combined support (c) and tubular tower (d)

Design schemes. Antenna structures are divided into
towers, masts, combined supports, pipe supports on
buildings and smokestacks.

A mast (see Fig. 1b) is a rigidly or hinged support in-
stalled on the foundation, which is unfastened in height
by a system of elastic supports — braces — placed in one
or more tiers. The cross-section of the trunk of the
masts is most often lattice triangular or square, in some
cases solid round. In the plan, the braces are placed in
three or four directions. The number of tiers in height
is from one to seven tiers. The optimal angle of inclina-
tion of the braces is 45-60°, with a further increase in
the angle of inclination of the braces, the forces in the
belts of the mast trunk increase. For each direction of
braces, one foundation can be installed for all tiers, and
separate foundations for each tier of braces.

The calculation scheme of the mast is a continuous
multi-span beam, in which the elastic supports are the
connecting nodes of the braces. Ties are flexible threads
that are loaded with their own weight, the weight of ice
and the force of the wind, the ends of which are fixed
at different levels and have a preliminary tension. Such
a cable-rod system has a complex operation under load
and pre-tension of the ropes, which is related to the op-
eration of the tensioners as flexible threads, and the cal-
culation scheme may change when the load changes.
Calculations of such a system are performed according
to the deformed scheme by methods of gradual approx-
imation.

The reliability of antenna-mast structures primarily
depends on the technical condition of the ties, which are
made of steel ropes. The situation is complicated by the
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widespread use of ropes with an organic (hemp, sisal)
or synthetic (polypropylene) core as tensioners, which
have increased flexibility and are intended for use in
pulleys, winches, elevators and are not intended for use
in tensioners of antenna-mast structures, have signifi-
cantly less (by 20-30%) breaking force in contrast to
ropes with a steel core.

In the basic scenario, masts are more economical than
towers, but a much larger area is required for their in-
stallation (for masts, the building area can be approxi-
mately 400-800 m?, for towers of a similar height — 20-
40 m?). In addition, masts can perceive the useful an-
tenna load much less than lattice towers.

CLASSIFICATION OF MAST TYPES]

; BK the fype of By the number of By the number By the number of foundations| | By the type of frunk
runk cross-section | | directions of the guys of fiers on one direction of quys | |attachment to the base
Three-faced Three directions One tier One foundation on Hinged

Four-faced Four directions Soveral (-7 firs. [ TS O The QLS Rigid

Multifaceted __QW&UF%E Euseefngruys

Round

Figure 2 — Classification of mast types

Tower (see Fig. 1a) is a cantilever-type support rig-
idly installed on the foundation. According to the type
of cross section, the towers are divided into through
(lattice) and continuous (tubular, conical) towers.

According to their design features, the towers belong
to complex engineering structures, this is due to their
functional purpose and the nature of the force loads
they perceive during operation. The use of towers has
an advantage for construction in mountainous condi-
tions when it is difficult to place anchor foundations for
mast braces.

The most widespread is the design of the tower, the
geometric scheme of which fits into the figure formed

(a) (b) (©) (d)

by the rotation of a broken line around a vertical axis.
Due to belt breaks, the shape of the tower approaches
the one that follows the shear of moments from wind
load.

Lattice towers usually have a triangular or square,
rarely polygonal cross-section. The tower consists of
pyramidal or prismatic sections with combined bases.
The main elements of the tower are belts, the axes of
which coincide with the edges of the sections, struts and
braces are placed in the plane of the faces. Rigid dia-
phragms are installed in part of the cross-sections (at a
distance of no more than 3 cross-sections), which pre-
vent the cross-section from changing.

(e) ® (2 (i)

ORK KX

Figure 3 — Types of tower lattices: triangular (a), triangular with additional supports (b),
canted with ascending braces (c), canted with descending braces (d), sprengel (e),
cross (f), crosswise (g), rhombic (h), semi-canted (i)

Canted and triangular lattices (see Fig. 3a-d) consist
of elements that work both in compression and tension.
The cross-sectional area of the elements is selected ac-
cording to the compressive strength. These grids have
a relatively smaller number of elements and simple

connection nodes. They are convenient for manufactur-
ing and installation, but braced and triangular lattices
are used for small panel sizes (relative to the cross-sec-
tion of the element) in order to avoid increasing the
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weight of braces and spacers due to limitations in their
flexibility.

Cross lattice (see Fig. 3f) in towers usually it is used
with braces, which are excluded from work in compres-
sion and work only in tension. At the same time, only
compressive force occurs in the spacer, which connects
the intersection nodes of the braces with the belts. An
auxiliary spacer in the grid serves to unfasten the free
length of the belt. The structure of the cross lattice al-
lows pre-tensioning of its elements (braces made of
round steel with tension couplings). Compared to the
diagonal and triangular lattice, it has more complex
nodes.

In the rhombic lattice (see Fig. 3h) the main struts are
absent, and the braces work in compression and ten-
sion. As in the cross lattice, the additional strut serves
to untie the free length of the belt.

Cross and rhombic lattices are most often used in the
construction of mobile communication towers. They
are very different from each other by the nature of
work. Under equal conditions (the same magnitude of
the transverse force, the size of the panels, the type of
cross-section of the belt elements), the cross-sectional
area in the braces of the rhombic lattice is selected for
the force approximately two times less than in the
braces of the cross. This circumstance often puts the
rhombic lattice in a more favourable position compared
to the cross lattice.

Semi-canted grid (see Fig. 31) is used much less often,
mainly in those cases when it is planned to place a large
number of antenna-feeder equipment on technological
sites and with increased requirements for the deforma-
bility of the tower. It is distinguished by the relative
simplicity of nodes compared to other types of lattices,
but under normal conditions it has a greater relative
weight than the cross lattice.

In the absence of restrictions on geometric parame-
ters, preference is given to towers with a minimum
number of faces. The weight of the tower depends on
the number of faces. For example, when moving from
a 3-faced tower to a 4-faced tower, its weight increases
by 10%, and the difference in the number of main ele-
ments can be up to 35%.

The height of lattice towers varies in a wide range -
from 40 to 500 m. Lattice towers are usually made of
corners or tubular elements. The belts of the tower rest
on free-standing reinforced concrete foundations that
act in compression, pull-out force and shear force.

Tower structures are more convenient for installation
and operation of antenna-feeder equipment, as well as
for maintenance of the structure itself, since there is no
need for periodic adjustment of tension and replace-
ment of ropes, unlike in masts.

Tubular tower (see Fig. 1d) is a cantilever support of
a solid cross-section, consisting usually of several sep-
arate tubular sections 6-12 m high, the sections are con-
nected on the flanges with the help of high-strength

bolts. The height of tubular towers is most often in the
range of 30—50 m. The construction of tubular towers
of greater height is not implemented, because the de-
sign solution completely loses its economic feasibility.
The main advantage of this type of construction is the
minimum requirements for the building area and rela-
tive invisibility in the architectural ensemble of the city,
however, the cost of construction is much higher than
other structures of similar height.

Combined support (combination of tower and mast,
see Fig. 1c) is a conical concrete monopole CK-26 rig-
idly buried in the ground, on top of which a lattice ex-
tension is installed, unfastened by additional elastic
supports - braces, which are attached to horizontal ele-
ments (beams).

The appearance of combined supports is due to unifi-
cation of structures with an economically acceptable
price and with minimal requirements for land acquisi-
tion of the site for development. This type of construc-
tion generally met the above requirements and played a
significant role in the rapid deployment of the cellular
network throughout Ukraine. But it also had its design
flaws, namely the limited bearing capacity of the coni-
cal concrete monopole CK-26, which in turn imposed
rather strong restrictions on operation in various windy
areas and the installation of the maximum possible
number of antenna-feeder equipment. As a result, dur-
ing operation with an increase in the number of an-
tenna-feeder equipment on the antenna structure, the
maximum moment in the rack may exceed the permis-
sible moment in terms of bearing capacity. The failure
of a reinforced concrete column occurs in a specific
area at +2,000...+3,000m above ground level — a com-
bination of close to the maximum moment and a de-
crease in the number of rods of prestressed reinforce-
ment in the cross section of the column.

Types of connections. In the vast majority of cases,
antenna structures are made prefabricated, in the form
of starting marks — sections, 2-6 m high (for conven-
ience of installation and transportation). Bolted connec-
tions are made through flanges or overlays made of
rolled metal, usually using bolts of strength class not
lower than 8.8 (see Fig. 4). Less often, sections are con-
nected using welding or bushings (boltless, exclusively
in masts).

The calculation of bolted connections, depending on
their type, is performed both for tensile forces (flange
connections) and shear forces (connections on pads).
When determining the number of bolts in flange con-
nections, they tend to reduce their diameter. This leads
to a decrease in the diameter of the circle along the cen-
ters of the bolts and, as a result, to a decrease in the
weight of the flanges. The calculation of the thickness
of the flanges is performed taking into account the work
of the pipe wall.
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Figure 4 — Classification of connection types in antenna structures

CLASSIFICATION OF TYPES OF MOBILE COMMUNICATION
ANTENNA STRUCTURES
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Figure 5 — Classification of types of mobile communication antenna structures

Conclusions

In the article a generalized classification of types of
mobile communication antenna structures that are op-
erated on the territory of Ukraine is provided (see
Fig. 5).

The cost of building an antenna structure is not al-
ways the main criterion for choosing its design scheme.
First of all, radio-technical, technological and architec-
tural requirements are of great importance. In general,
masts are more economical than lattice towers, but their
installation requires a much larger area of land. In ad-
dition, masts perceive the useful antenna load less than
lattice towers.

The use of lattice towers has an advantage for con-
struction in mountainous conditions when it is difficult
to place anchor foundations for mast braces. In the con-
struction of lattice towers, cross and rhombic lattices
are most often used. Under equal conditions (the same
magnitude of the transverse force, the size of the pan-
els, the type of cross-section of the belt elements), the
cross-sectional area in the braces of the rhombic lattice

is selected for the force approximately two times less
than in the braces of the cross. This circumstance often
puts the rhombic lattice in a more favourable position
compared to the cross lattice.

In the absence of restrictions on geometric parame-
ters, preference is given to towers with a minimum
number of faces. The main advantage of tubular towers
is the minimum requirements for the building area and
relative invisibility in the architectural ensemble of the
city, however, the cost of construction is much higher
than other structures of similar height. When moving
from a 3-faced to a 4-faced tower, its weight increases
by 10%, and the difference in the number of elements
can be up to 35%.

The appearance of combined supports solved the de-
mand for fast and massive construction, for the unifica-
tion of structures and for minimum requirements for the
building area. But it also has its design flaws, namely
the limited load-bearing capacity of the conical con-
crete monopole CK-26, which in a number of cases led
to accidental destruction.
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Reducing the use of cement and reducing the weight of concrete in bending reinforced concrete elements is an important task
in modern construction. To solve this problem, various methods are being implemented, including the use of both removable
and non-removable void formers, and the combination of several materials (e.g., heavy in the compressed zone and light in the
tensile zone of concrete) for their mutually beneficial joint operation. The paper provides an overview of several experimental
and theoretical studies in these areas, which substantiate the possibility and feasibility of reducing the strength of concrete in
the tensile zone of bending reinforced concrete structures, and as a result, reducing the consumption of cement for the prepa-
ration of concrete mix for structures, without prestressing the latter. The use of two- and multi-layer elements reduces the dead
weight of structures, improves sound and thermal insulation properties, which leads to savings in materials, labor and financial
resources. The right choice of material for each layer allows for the creation of structures with high performance characteristics.
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3MeHIIIeHHs] BUKOPHCTAaHHS IEMEHTY Ta 3HWKCHHs Bard OSTOHY Yy 3THHAIBHUX 3a1i300€TOHHHX €JIEMEHTax € BXKIIMBHM 3a-
BIAHHSM y cy4acHoMY OyiBHULTBI. J{is floro BUpIIIEHHs BIPOBAKYIOTECS Pi3HI METO/HU, 30KpeMa BUKOPHCTAHHS SIK 3HIM-
HUX, TaK 1 HE3HIMHHUX ITyCTOTO YTBOPIOBAYiB, MOE€IHAHHSA IEKIIFKOX MaTepialliB sl B3AEMOBHTIIHOI iX cyMicHOT poboTu. Xoua
Yy HOPMaTUBHUX JIOKYMEHTaX 3a3Ha4eHo, MI0 OCTOH B PO3TATHYTIH 30HI HE MPAIIOE, TIONPH 11e, OETOH y PO3TATHYTIH 30H1 Tpa-
JUIIHHO IPHIMAIOTh TOTO 5K KJIACY MIITHOCTI, O ¥ Y CTHCHYTIH 30Hi eneMeHTa. OJJHaK CHCTEMaTH30BaHUH OTJIA JOCIiIKEHb
MOJKJIUBOCTI 3aMiHH PO3TATHYTOTO OETOHY y TaKMX KOHCTPYKIISAX Ha OiTbII AEMIeBUI MaTepiai, HapuKiag OETOH MEHIIOTO
KJIacy 10 MII[HOCTI YH i3 MOPUCTUMH 3aITOBHIOBAYaMH, He BUKOHaHHH. MeToI0 poOOTH € OIS/l eKCIIepUMEHTAIbHUX 1 Teope-
THUYHHX JOCIIJDKEHb, [0 OOTPYHTOBYIOTh MOXKJIMBICTh Ta JOLIBHICTh 3MEHIIEHHS MIIIHOCTI OETOHY B PO3TATHYTIi 30Hi 3T'H-
HaJIbHUX 3aJ11300€TOHHUX KOHCTPYKILiH, 1 K pe3yabTaT 3MEHIIICHHS BUTPAT [IEMEHTY Ha NPUTOTYyBaHHsI OCTOHHOI CyMilli JIs
KOHCTPYKIIiii, 6e3 monepeiHporo Hanpyx eHHs octanHix. ['myxoscbkuit B.JI. i [lTaxomoB B.A. Bnepuie HaykoBo 00IpyHTYBaIN
3aCTOCYBaHHS IITAKOTY>KHOTO IIEMEHTY 3aMiCTh MOPTIAHANEMEHTY JUIsl BUPOOHHIITBA PO3TATHYTOI YACTHHH 3aJi300€TOHHUX
KOHCTpYKiH. baiikoB B.M. ta Ciranos E.€. po3poOunn psi npuKiIafiB, B IKHX HaBEICHO KOHOMIYHE 00IPYHTYBaHHS 3aCTO-
cyBaHHs OETOHIB MEHIIIOTO KJIacy y po3TATHYTIH 30Hi. Jocniganku HamioHansHOTO yHiBepcUTETY «JIBBIBCHKA MOMITEXHIKAY
PytkoBcrka 1.3., PyTrkoBepkuii 3.M., Bosnrok JI.I.,, Mapymak A. mpoBenn eKcliepiMeHTalIbHiI JOCIIKEHHS TPUIIAPOBHUX Oa-
JIOK, BUTOTOBJICHHX Y ZIBOX CepisiX: y MepLuiii cepii cepeqHiii map ckiagaBcs 3 KepaM3uToOeTOHyY, y APYriil — i3 MiHOOETOHY.
Haykosui 3 B’etnamy T.Q.K. Lam, T.M.D. Do, V.T. Ngo, T.T.N. Nguyen, D.Q. Pham excniepumMeHTaIbHUM LIULSIXOM Ta Me-
TOJIOM YHCEIIbHOTO MOZENTIOBAHHS JOCITIAMIN 3MiHYy Kilacy OeTOHY y miapax TpuinapoBux cranediopoderonnux 6amok. Crin
BiJ3HAUMTH, 1110 OaraTolIapoBi 3TMHAHI 3aJ1i300€TOHHI KOHCTPYKIIT i3 OETOHOM MEHILIOro KJIacy yTBOPIOIOTHCS TAKOX y Mij
yac nmigcmneHas. Tak Masypak A., Koanuk 1. Ta iHIII HaBOAATH pe3yNbTaTH €KCIEPUMEHTATEHUX BUIIPOOYBaHb 3aJ1i300€TOH-
HHUX KOHCTPYKIIIH, MMiACHICHHX TOPKPETYBAHHIM.

Kiwouosi cioBa: BUNpoOyBaHHs, €KCIIEPHUMEHT, 3a)1i300€TOH, 3THHAHHS, 0araToMIapoBiCTh.
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Introduction

Reducing the use of cement and reducing the weight
of concrete in bending reinforced concrete elements is
an important task in modern construction [1]. Various
methods are being implemented to solve this problem,
including the use of both removable and non-remova-
ble void fillers made of cardboard-polyethylene, asbes-
tos cement or plastics with various cross-sectional
shapes: round, square, vertical, elliptical or oval [2].
Slag and fly ash concretes are also used, and optimising
the size and ratio of crushed stone to sand helps to
achieve this goal [3-4]. Another option is to replace
stretched concrete in such structures with a cheaper ma-
terial, such as concrete of a lower strength class or with
porous aggregates. Therefore, the review and systema-
tisation of the results of experimental studies of multi-
layer bent reinforced concrete structures is an urgent is-
sue.

Review of the research sources and publications

The growing volume of reconstruction and moderni-
sation of buildings requires efficient and cost-effective
structural solutions. The idea of multilayered structures
has a long history, but its development has been signif-
icantly accelerated by its use in aviation and aerospace,
where lightweight and durable materials are required
[5]. Today, multilayer reinforced concrete structures
are becoming increasingly common in construction.
The use of lightweight concrete with porous aggregates
helps to create energy-efficient solutions. The use of
two- and multi-layer elements with porous aggregates
can significantly improve sound and thermal insulation
characteristics, as well as reduce the dead weight of
structures, which leads to savings in materials, labour
and financial resources [6]. However, the right choice
of material for each layer allows for the creation of
structures with high performance characteristics.

In their research [7], scientists propose using ash,
ground slag, metallurgical waste, slag-alkali concrete,
chemical additives (potash, liquid glass, plasticisers),
aggregates and void fillers, as well as improving the
composition of concrete mixtures and their heat treat-
ment to reduce concrete and cement consumption.

Publication [8] describes a method for the production
of precast concrete slabs with oval cavities, which is
aimed at reducing the consumption of concrete and ce-
ment during their manufacture. However, this method
has not gained popularity in mass production due to the
destruction of the walls of the oval holes when the
punches are removed from the newly formed slab.

Baikov V.M. and Sigalov E.E. noted that with a nom-
inal span of 6 m, the most economical in terms of con-
crete consumption are slabs with oval cavities, the
thickness of the concrete layer of which is 92 mm, com-
pared to 120 mm for slabs with round cavities. At the
same time, the production of such panels is accompa-
nied by technological difficulties: after the removal of
the void formers, the walls of the channels in newly
formed products sometimes collapse. For this reason,
boards with round cavities are standardised for produc-
tion. Further development of technologies allows us to
move to more economical designs.

Glukhovsky V.D. and Pakhomov V.A. were the first
to scientifically substantiate the use of slag cement in-
stead of Portland cement for the production of concrete
and reinforced concrete structures.

Current regulations [5] define cement consumption
rates for the manufacture of concrete and reinforced
concrete products. The regulated amount of cement per
1 m* of concrete must ensure the design properties, such
as compressive strength class, density grade, frost re-
sistance and water resistance.

An interesting method of reducing concrete consump-
tion in the production of floor slabs is the use of non-
removable plastic void formers of various shapes
(washer, spherical, box) [2; 9], as well as stone materi-
als. This method can reduce concrete consumption by
up to 30 % compared to solid slabs.

Definition of unsolved aspects of the problem

Thus, the creation of resource-saving reinforced con-
crete structures involves the search for new types of
them from one material or in combination of several
materials for their joint mutually beneficial operation,
reduction of their cost while ensuring the same bearing
capacity, increase of manufacturing manufacturability,
etc. It should be noted that in calculations of the total
bearing capacity of a structure, stretched concrete is not
taken into account, but only increases its weight and,
consequently, the cost of manufacturing. However, a
systematic review of studies on the possibility of re-
placing stretched concrete in such structures with a
cheaper material, such as concrete of a lower strength
class or with porous aggregates, has not been carried
out. Also, the impact of physical and mechanical char-
acteristics of the layers, their thickness and the method
of reinforcement on the strength and deformation prop-
erties of such structures remains insufficiently investi-
gated. The design of such structures is difficult due to
the imperfection of theoretical calculations for the limit
states.

Problem statement

The purpose of the paper is to review experimental
and theoretical studies that substantiate the possibility
and feasibility of reducing the strength of concrete in
the tensile zone of bending reinforced concrete struc-
tures, and as a result, reducing the consumption of ce-
ment for the preparation of concrete mix for structures
without prestressing the latter.

Basic material and results

Baikov V.M. and Sigalov E.E. note that in sections
perpendicular to the longitudinal axis of elements (un-
der bending, off-centre compression or tension), at a
stage close to destructive loads, the same stress-strain
state is characteristic under conditions of a two-digit
stress diagram. In calculating the strength of elements,
the forces perceived by a section perpendicular to the
longitudinal axis of the element are determined by the
calculated material resistances, taking into account the
coefficients of working conditions [10].

The following assumptions are used: concrete in the
tensile zone is inactive, i.e., its resistance fex is zero;
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concrete in the compressed zone has a rectangular
stress diagram with a design resistance fe; longitudinal
reinforcement operates within the design stresses oy <
Jfra, and in the compressed zone, reinforcement is sub-
jected to stresses fek.

Nevertheless, concrete in the tensile zone is tradition-
ally assumed to be of the same strength class as in the
compressed zone of the element. The authors also note
that the load-carrying capacity of the element is ensured
by various combinations of cross-sectional dimensions
and the number of reinforcement bars. The cost of rein-
forced concrete elements is close to the optimum under
the conditions:

1=1-2% at x/h¢=0.3-0.4 for beams;

#=0.3-0.6% at x/hy=0.1-0.15 for slabs.

To reduce cement consumption, it is proposed in [11]
to use concrete of reduced strength in the lower (tensile)
zone of the element.

Examples of calculations of the economic efficiency
of using concrete of a lower strength class in the tensile
zone of beams according to [11].

Example I: Precast concrete beam without prestress-
ing, dimensions 6(L)x0.5(h)x0.2(b) m. The concrete
used was C16/20 class with cement grade 400, the ce-
ment consumption per beam was 340 kg/m?* with a yield
strength of 80%. The volume of concrete in the beam
was Vy=6%0.5%0.2=0.6 m?, and the cement consump-
tion was 0.6x340=204 kg. After replacing the concrete
in the tensile zone with C8/10 concrete, the cement con-
sumption is reduced to 0.446 m*x235=104.9 kg. In the
compressed zone, the cement consumption is 0.6 -
0.446 m? x 340 = 53.76 kg. The total cement consump-
tion after the changes is 158.66 kg, which is 22.23%
less.

Example 2: A monolithic reinforced concrete slab
with a thickness of 24 cm. Concrete volume per 1 m?:
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0.24 m3. Initial cement consumption: 370 kg/m? x 0.24
= 88.8 kg. After replacing the concrete in the tensile
zone with C8/10 class, the cement consumption is re-
duced to 49 + 11.66 = 60.66 kg, which is 31.7% less.

Example 3: Precast concrete slab with dimensions of
630%150%22 cm with voids. Initial cement consump-
tion for C20/25 concrete: 547.83 kg. After replacing the
concrete in the tensile zone with C8/10 class, the ce-
ment consumption decreased by 33.5%.

It should be noted that multilayer bent reinforced con-
crete structures with concrete of a lower class are also
formed during reinforcement. Thus, A. Mazurak, 1. Ko-
valyk, V. Mykhaylechko, P. Ambrozyak [12] describe
the methodology for experimental studies of reinforced
concrete elements reinforced with shotcrete at different
levels of loading. The aim of the study is to evaluate the
bearing capacity, deformability, and crack resistance of
reinforced concrete elements reinforced by different
methods, taking into account the technological features
of reinforcement. Additionally, a methodology for ex-
perimental testing of reinforced concrete beams has
been developed, taking into account the residual
stresses before their reinforcement. The design and cal-
culation of the experimental beams were based on the
analysis of literature sources, current standards, and
previous experience in conducting similar studies. To
test the methodology, three series of reinforced con-
crete beams with dimensions of 2300 x 200 x 80 mm
and a working span of 2100 mm were manufactured.
The beams were reinforced using different technologi-
cal schemes depending on the series (see Fig. 1): on one
side, on both sides and with a U-shaped cage from be-
low and on both sides simultaneously.
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Figure 1 — Amplification schemes of prototypes: a) series 1; b) series 2; c) series 3

To determine the main characteristics, such as bear-
ing capacity, deformability and crack resistance, as
well as to assess the effect of the load level on the
stress-strain state of the reinforced specimens, bending
tests were carried out under short-term concentrated
load. The prestressing load levels for the beams rein-
forced by the shotcrete method were 0, 0.32, 0.45, and
0.63 of the destructive load under conditions of rein-
forcement yield.

The loading process was carried out in two stages:

1. Before strengthening - the specimens were loaded
on a bench in one-third of the section span using

weights, springs and a threaded device. Load control
was carried out using pre-calibrated springs, threaded
tighteners and a lever wrench with a dynamometer. The
load was increased gradually (AF < 0.05 Fiax) with a
holding time of 25 min at each step.

2. After strengthening, the beams were tested on a
test bench using a hydraulic jack (250 kN) and a distri-
bution beam. The forces were monitored using dyna-
mometers located on the beam supports. The loading
was also carried out gradually: before the appearance
of cracks with an increase of AF < 0.05 Fnax, and after
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their appearance - by AF < 0.1 Fpax, with a holding time
of 20 min.

To record the deformations, we used:

- clock-type indicators (accuracy 0.01 mm) for measur-
ing deflections of beams;

- micro-indicators (accuracy 0.001 mm) to determine
the deformations of concrete and reinforcement;

- electric strain gauges (50 mm base) to measure
stresses in the zone of maximum bending moment;

- MPB-2 microscope for recording the moment of crack
formation and determining their width.

To improve visual control over the development of
cracks, the surface of the beams was painted with wa-
ter-based paint or putty. The test results were recorded
in the relevant journals.

The authors A. Mazurak, 1. Kovalyk, P. Ambrozyak,
V. Mykhaylechko, [13] proposed methodology made it
possible to evaluate the bearing capacity, crack re-
sistance and deformability of reinforced concrete
beams reinforced by shotcrete, i.e. two-layer reinforced
concrete beams, taking into account the residual
stresses before the moment of reinforcement.

Researchers of Lviv Polytechnic National University
I.Z. Rutkovska, Z.M. Rutkovskyi, L.I. Vozniuk, A.
Marushchak [14] conducted experimental studies of
three-layer structures. A methodology for studying
three-layer reinforced concrete beams manufactured in
two series was proposed. In the first series, the middle
layer consisted of expanded clay concrete, and in the
second - of foam concrete. Control cubes and prisms
were tested to assess the properties of the materials. The
beams were mounted on two supports, one movable
and one fixed, and the load was applied by two concen-
trated forces located on the upper face in one-third of
the span. The loading process was carried out in gradual
stages. To prevent deformations in the areas of concen-
trated load and supports, distributing steel plates were
used on a layer of cement-sand mortar. During the ex-
periment, the moment of crack formation and develop-
ment were monitored.

The purpose of this experimental study was to im-
prove the methodology for assessing the stress-strain
state of three-layer reinforced concrete structures. For
this purpose, two series of three-layer reinforced con-
crete beams (four in each), as well as 12 concrete
prisms and 12 control cubes were manufactured (see
Fig. 2). The test specimens had dimensions of 1200 x
90 x 120 mm. All beams were reinforced with longitu-
dinal reinforcement of A400C class and transverse re-
inforcement of Bp1200 class, with a transverse rein-
forcement spacing of 50 mm. The middle layer of the
first series consisted of expanded clay concrete, the sec-
ond of foam concrete, while the outer layers were made
of heavy concrete. The thickness of the inner layer was
40 mm, the upper layer was 30 mm, and the lower layer
was 50 mm.

The spatial frame of the reinforcement was made by
resistance welding. The concrete mix was made of
M500 cement, quartz sand and granite crushed stone.
The prismatic strength and initial elastic modulus were
determined using a 2PG-100 press, with measurements

made on specimens of different sizes. Concrete defor-
mations were recorded with micro-indicators with an
accuracy of 0.001 mm. The control tests confirmed that
the average prismatic strength of expanded clay con-
crete was 4.88 MPa, foam concrete - 5.03 MPa, and
heavy concrete - 15.28 MPa.

The beams were concreted in batches at the factory
and underwent a standard manufacturing cycle, includ-
ing moulding, compaction and heat treatment. After be-
ing transported to the laboratory, they were stored at a
temperature of 8-10 °C until the test. The beams were
loaded in gradual stages, with control measurements
made at each stage of loading. To ensure the accuracy
of deflection measurements, used clock-type indicators
with a division price of 0.01 mm and for deformations
used electric strain gauges.

The results of the experiments showed the effective-
ness of the improved methodology for the study of
three-layer reinforced concrete beams. The data ob-
tained allow us to better understand the stress distribu-
tion, the process of crack formation and development,
as well as the behaviour of structures under load. The
research results open up new prospects for the further
development of multilayer reinforced concrete struc-
tures in construction.

a) 0) B)

Figure 2 — Fracture pattern of prism samples:
a) heavy concrete; b) foam concrete;
¢) expanded clay concrete

Other researchers - A.V. Mazurak, V.M. Kalitovsky,
M.Y. Yukhym, T.A. Mazurak [15] - conducted experi-
mental studies of reinforced concrete beams made and
reinforced with shotcrete (see Fig. 3). The main objec-
tive of this study is to develop a methodology for as-
sessing the parameters, deformation characteristics,
crack resistance and bonding strength of new and old
concrete when reinforcing bending reinforced concrete
structures with shotcrete. The design and calculation of
the experimental beams were performed in accordance
with the current regulatory requirements for standard
reinforced concrete elements.

The basic shotcrete mixture tested on the test speci-
mens was prepared by dry mixing and had the follow-
ing composition by weight: sand - 22%, screenings -
9%, crushed stone of 2-5 mm fraction - 20%, crushed
stone of 5-10 mm fraction - 25%, cement - 24%. To
improve the characteristics, a plasticising admixture si-
lol latex was added in the amount of 0.15% by weight
of cement.
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Figure 3 — Scheme of construction of experimental
beams: a) beams B-1-1-1, B-1-1-2, B-1-2-1, B-1-2-2, B-1-
2-1t, B-1-2-2t; b) reinforced beams with shotcrete B-1-1-

1pt, B-1-1-2pt

The compressive and tensile strengths of the concrete
specimens during bending were determined in accord-
ance with the standard. The tests were carried out on
40%x40%160 mm specimens and 600600 mm shotcrete
slabs. The experimental beams were manufactured in
the laboratory of Lviv Regional Scientific and Tech-
nical Centre of ‘DerzhdorNDI’, and the materials were
tested in the laboratories of ‘DerzhdorNDI’, Karpenko
Physical Engineering Institute of the National Acad-
emy of Sciences of Ukraine and Lviv National Agricul-
tural University.

The research series included eight experimental
beams with dimensions of 1650x150x75(150) mm.
Four of them (B-1-1-1, B-1-1-2, B-1-2-1, B-1-2-2)
were manufactured in the traditional way, and two (B-
1-1-1pt, B-1-1-2pt) were reinforced with shotcrete.
Two more beams (B-1-2-1t, B-1-2-2t) were manufac-
tured using shotcrete technology with subsequent cut-
ting into separate elements.

To determine the parameters of strength, deformation
capacity and crack resistance, the beams were tested in
bending by applying two concentrated loads to the up-
per edge in one-third of the span. The tests were per-
formed on the 220th day after concreting. The working
span was 1500 mm, and the loads were applied in stages
with a 15-minute dwell time at each stage to stabilise
the deformations.

The force was applied using a 250 kN hydraulic jack
and a distribution beam. The load was monitored using

o0 1000

a reference dynamometer and two ring dynamometers
located on the beam supports.

Deflections were recorded using three 0.01 mm pre-
cision clock-type indicators mounted on a special metal
frame. Concrete deformations were determined by mi-
cro-indicators with a division price of 0.001 mm,
mounted on the side faces of the beams. Reinforcement
deformations were monitored using micro-indicators
mounted on special holders attached to the reinforcing
bars by resistance welding.

Crack formation was recorded using an MPB-2 mi-
croscope. The determination of the moment of crack
formation was supplemented by the readings of strain
gauges that recorded sudden changes in deformation.

Conclusions according to [16]. The developed meth-
odology makes it possible to evaluate the strength char-
acteristics of concrete, shotcrete, and reinforced con-
crete beams reinforced by the shotcrete method. It
helped to determine the main parameters of strength,
crack resistance and deformability of structures in the
zones of maximum bending moment. However, further
research and improvement of methods for analysing
their stress-strain state are needed to gain a deeper un-
derstanding of the performance of multilayer struc-
tures.

Scientists from Vietnam (Faculty of Civil Engineer-
ing, Western Construction University (MTU) T.Q.K.
Lam, T.M.D. Do, V.T. Ngo, T.T.N. Nguyen, D.Q.
Pham [17] in a scientific article in an international sci-
entific journal investigated the change in concrete class
in the layers of three-layer steel fibre-reinforced con-
crete beams (see Fig. 4). Beams with a cross-section of
150%300 mm, a total span length of 2200 mm and a
working length of 2000 mm were studied, where the
middle layer consisted of ordinary concrete. All beam
specimens were tested under two-point loads. The
study modelled three-layer concrete beams with differ-
ent concrete layers, with and without steel fibres, taking
into account the nonlinearity of the material.

However, this study focuses only on the change in
concrete class in the layers, but does not take into ac-
count parameters such as the number of reinforcing
bars, reinforcement diameter, steel fibre content in con-
crete, changes in layer thickness, etc.
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Figure 4 — Structural solution for a three-layer concrete beam model
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The results of the study characterise the stress-strain
state, crack formation and development, load-compres-
sion stress diagrams, load-tensile stress diagrams, and
load-vertical displacement in three-layer beams with a
change in concrete class. Also, the scheme of crack for-
mation and development in three-layer concrete beams
was determined, the load at which cracking begins and
the load at which the beams collapse were determined.
The relationships between the load, compressive stress,
tensile stress, and vertical displacement in the middle
of the three-layer beams were established. The study
showed that these three-layer concrete beams crack ear-
lier in cases 2 and 3, but the failure of the beams in case

3 occurs at 67 kN, which is the lowest value, and in case
6 - at 116 kN, which is the highest value.

Paper [18] also presents the results of numerical mod-
elling in the ANSYS software package, which includes
the analysis of the stress-strain state and crack for-
mation of steel fibre-reinforced concrete layers of
three-layer reinforced concrete beams. The advantage
of the research is the use of a real concrete work dia-
gram in the numerical modelling of structures (see Fig.
5). Figure 6 shows a diagram of crack formation be-
tween the finite elements of stretched concrete.
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Figure S — Typical uniaxial compression and tension diagram for concrete

K»_

>

L&('uncrclc /'
Crack

Figure 6 — Model of crack formation in concrete

Finite element model of a reinforced concrete beam
with steel fiber reinforcement in ANSYS show in
Fig. 9. Element types used in this model. Concrete:
concrete modeling element: the SOLID65 element is a
specialized material simulation for concrete. It can
model concrete reinforcement, including cracking and
compression effects, and allows the definition of non-
linear material properties. This is a 3D element with 8
nodes (see Fig. 7, a). In SOLID65, the content of steel
fibers can be specified as a constant percentage of con-
crete reinforcement. Steel reinforcement: Steel bar ele-
ment: the BEAM188 element is used for modeling
beam reinforcement. It is based on Timoshenko beam
theory and consists of 2 nodes, each having 6 degrees
of freedom (Fig. 7, b and 8).

The analysis of multilayer steel fibre-reinforced con-
crete beams using experimental and numerical methods
(see Figs. 9) shows the need for further study of other
parameters that affect the performance of three-layer
beams. Based on the results of the study [21-22], the
following conclusions were drawn: the analysis of
changes in the concrete grade in the layers shows that

the value of the compressive stress is the lowest in case
1. Cases 3 and 6 have higher tensile stress values than
the other cases considered. The change in vertical de-
flection in the centre of the span between the cases is
very small. Bearing capacity of the beam: the earliest
damage is observed in case 3, while the latest damage
is observed in case 6. In cases 5 and 6, the effect of steel
fibres on the change in concrete grade in the layers of
three-layer concrete beams is very significant; the use
of steel fibres in the layers of three-layer concrete
beams is necessary. In cases 1 and 3, the effect of the
presence or absence of steel fibres is minimal.

In the scientific article ‘Experimental study of pre-
stressed two-layer reinforced concrete beams’, the au-
thors: Yakov Iskhakov, Yuri Rybakov, Klaus
Holschechmacher, Stefan Keseberg [23] discussed the
issue of researching a series of experiments on the study
of double-layer beams (DLB). As part of this series, the
concept of the DBG was developed, high-strength con-
crete with metal fibres (HSCF) was tested as a material,
and simple braced and double-span beams were tested.
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Figure 7 — Types of beam elements: a) Solid65 element, b) beam188 element
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Figure 9 — Three-layer model of concrete beam in ANSYS: a) model of a three-layer concrete beam, b) modelling of
steel bars in concrete beams.

In the scientific article ‘Experimental study of pre-
stressed two-layer reinforced concrete beams’, the au-
thors: Yakov Iskhakov, Yuri Rybakov, Klaus
Holschechmacher, Stefan Keseberg [23] discussed the
issue of researching a series of experiments on the study
of double-layer beams (DLB). As part of this series, the
concept of the DBG was developed, high-strength con-
crete with metal fibres (HSCF) was tested as a material,
and simple braced and double-span beams were tested.
The current study focuses on the testing of full-scale
prestressed simple braced beams (SSBs). The aim of
the study is to investigate the bending behaviour of the
PPSSB under a four-point loading scheme and compare
it with non-prestressed beams (see Figure 10).

As in the previous stages of the study, the interaction
of concrete layers in the HFRPB was studied to confirm
the effectiveness of such beams in real long-span rein-
forced concrete structures.
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Figure 10 — Dimensions and loading pattern of the inves-
tigated double-layer reinforced concrete beams (DLRB)
No delamination between the HSMF and conven-
tional concrete (CC) layers was observed up to the ulti-
mate state, indicating a reliable interaction between the
layers. The obtained results allow us to recommend the
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HSCEF for further research of full-scale reinforced con-
crete elements with larger spans (9-12 m) and their
practical application as efficient and economical bend-
ing elements.

Conclusions from [15]: continuing the previous re-
search on non-prestressed DLRBs, this work is devoted
to the study of prestressed DLRBs (PPDLRBs). The
study is aimed at testing simple support beams with an
optimum steel fibre content under a four-point loading
scheme from the initial stage to failure, and comparing
the results with those of previous studies of non-pre-
stressed beams. The interaction of the concrete layers
in the prestressed concrete beams was studied to con-
firm the effectiveness of such beams in real structures.

The following aspects were considered for the studied
PCSBs: crack initiation and development, vertical de-
flections, transverse deformations, vertical and hori-
zontal shear deformations between layers, and the be-
haviour of prestressed ropes.

The appearance of bending cracks in the WB layer
was observed at 75 kN, which is approximately twice
the value for the unstressed SSBs. At subsequent load-
ing stages, the cracks developed to the interface be-
tween the layers, but no cracks were observed in the
HFBF layer. The bearing capacity of the prestressed
beams is approximately 20% higher than that of the
DSBs. Similar to the DSBs, the PPDSSBs showed good
interaction between the HFBF and reinforced concrete
layers. The maximum transverse strains in the HSMF
layer of the PPDSS were twice as high as those in the
DSB, which demonstrates the possibility of nonlinear
deformation in concrete. This is especially important
for DSBs with a compressed layer of high-strength con-
crete.

The maximum vertical shear strains in the linear
range of the PPDSS and DSB are similar, but the ulti-
mate shear strains in the PPDSS are about 70% higher
and the bearing capacity is 20% higher compared to the
DSB.

At the stages with insignificant cracking, the horizon-
tal shear strains between the layers in the PPDSC are
insignificant, which confirms the perfect interaction be-
tween the layers of the HMF and the concrete. The
maximum horizontal shear strains between the layers in
the PPDSC are approximately twice as high as in the
DSB, which corresponds to the increase in transverse
strains in the compressed layer of the PPDSC.

In all the studied PPDSCs, no cracks between the
HFBF and WB layers were observed up to the limit
state, which indicates proper interaction of the layers.
The obtained results allow us to recommend the PPBF
for further research of full-scale elements with a larger
span (9-12 m) and their practical application as efficient
and economical continuous bending elements.

The above-mentioned authors [11] also considered
the issue and covered it in an article in an international
scientific journal: Methodology and Experimental In-
vestigation of Linear Creep in Double-Layer Rein-
forced Concrete Beams.

This article presents the first stage of the experimental
study of creep in double-layer reinforced concrete
beams. The main focus is on the methodology of testing
beams under long-term loading in order to investigate
the real effect of linear creep. The beams under study
consisted of ordinary strength concrete (OSC) in the
tensile zone and high strength steel fibre concrete
(HSCF) in the compressed zone.

The specimens were subjected to bending under a
four-point loading scheme at loads of 70% and 85% of
their bearing capacity. The load was applied using spe-
cial reinforcing devices. The experiment at this stage
lasted 90 days. Deflections were measured in the mid-
dle of the span of each specimen. During the first 24
hours after the load was applied, deflections were rec-
orded every 10 seconds, and then every hour.

During the tests, no cracks were observed near the
supports or between the layers of BZM and SFRP.
Cracks appeared only within the clean bending zone.
Load-deflection curves were obtained and analysed.
The maximum deflection in the middle of the span in
the studied beams was less than 1/250 of the beam span
length, which indicates the safety of the structure and
the beam being in an elastic state with linear creep. The
results obtained are the basis for the second stage of the
experimental study, which will focus on the effect of
nonlinear creep in such beams.

Thus, the paper presents the results of an experi-
mental study of linear creep in two-layer reinforced
concrete beams. A methodology for testing creep of re-
inforced concrete beams was developed. Special ampli-
fying devices with lever systems were used to apply a
long-term load to the test specimens. The experimental
results showed that the previously proposed algorithm
can be used to evaluate the effect of linear creep in two-
layer reinforced concrete beams. The maximum deflec-
tion in the middle of the span of the tested beams was
less than 1/250 of the span length, which indicates the
safety of the structure and the beams being in an elastic
state under the action of linear creep. The results ob-
tained are the basis for the next stage of the experi-
mental study, which will be devoted to the study of the
effect of nonlinear creep in such beams.

Conclusions

Thus, reducing the use of cement and reducing the
weight of concrete in bending reinforced concrete ele-
ments is an important task in modern construction. To
solve this problem, various methods are being imple-
mented, including the use of both removable and non-
removable void formers, and the combination of sev-
eral materials (e.g., heavy in the compressed zone and
light in the tensile zone of concrete) for their mutually
beneficial joint operation. The paper provides an over-
view of several experimental and theoretical studies in
these areas, which substantiate the possibility and fea-
sibility of reducing the strength of concrete in the ten-
sile zone of bending reinforced concrete structures, and
as a result, reducing the consumption of cement for the
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preparation of concrete mix for structures, without pre-
stressing the latter. The use of two- and multi-layer el-
ements with porous aggregates can significantly im-
prove sound and thermal insulation characteristics, as
well as reduce the dead weight of structures, which

leads to savings in materials, labour and financial re-
sources. The right choice of material for each layer al-
lows us to create structures with high performance
characteristics.
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Po3pobka eHeproszoepiraro4oi KOHCTPYKIIiI CUCTEeMH
’KUBJICHHS 0€TOHO3MIIIyBAJIbHOI YCTAHOBKH
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BupoOHUIITBO 6€TOHY € BaXKIIMBOIO CKJIIOBOIO OYAiBEIBHOI IMPOMHCIOBOCTI, IPOTE BOHO BiJOME CBOTMHU BEIUKUMH €HEepre-
TUYHMMH BUTpPATaMM Ta HETaTHBHUM BIUIMBOM Ha JIOBKULIA. Y 3B'SI3KY 3 LIUM, JOCITIPKEHHSI CHCTEMH YKUBJICHHS OETOHO3Mi-
IIyBaIbHOT YCTAHOBKU Ma€ BEJIMKE 3HAUSHHS JUIS TiIBUIICHHS CTAJIOCTI Ta 3MEHILCHHS BIUIMBY Ha HABKOJIMIITHE CEPEIOBHILE.
B cTaTTi NIpoBOAATHCS MOCHIIKEHHS, SKi CHPSIMOBaHI Ha ONTHMI3allil0 BUPOOHMYMX IMPOLECIB Ta 3MEHIIEHHS CHOXXHUBAHHS
eHeprii B 6eTOHO3MIIYBaJIbHUX YCTaHOBKax. ¥ poOOTi BUKOPHCTOBYBAJINCS MOJISIIOBAHHS Ta aHAJI3 TEXHIYHUX IapaMeTpiB
KOHCTPYKIIii 0€TOHO3MIITyBaTbHOI ycTaHOBKH. OIHIEIO 3 KIIFOYOBUX MPOOIIEM, IO BHUSBJIEHI, € HEe()EKTHBHICTh CUCTEMH KH-
BJICHHSI, 110 TPH3BOIMTE 10 3aBOTO CIIOKWBAHHS €HEPTii Ta BTpAT MPOXYKTUBHOCTI. 3 METOIO BHPILICHHS IIi€i mpoOIIeMH,
3aIPOIIOHOBAHO 3MIHUTHU MPUHIUIIOBY CXEMY CHCTEMH YKUBJICHHS, PO3TAILIOBYIOYH KOXKEH OyHKep OKPeMO i3 BJIaCHMM KOHBe-
epoM. Pe3ynpraTu moCipKEHHS ITOKa3alH, II0 3alPOIIOHOBAHI 3MiHH CIIPHUAIOTH IiIBUIEHHIO eHeproe(eKTHBHOCTI YCTaHO-
BKH 32 paXyHOK MiHIMi3aIlil eHeproBUTpaT, MiABUIIEHHS e()eKTUBHOCTI MPOLECY Ta 3MEHILEHHs PU3HKY Mepenkoa. Taki mok-
palleHHsT MOXYTh 3HAYHO 3MEHIIUTH BUTPATH SHEPTii Ta MOKPAIINTH 3aralibHy MPOAYKTUBHICTH OETOHO3MILTyBaIbHOI yCTa-
HOBKH. BHCHOBKHM TOCITIKEHHS BKa3yIOTh Ha BXKJIMBICTh OCTIHHOTO MONTYKY HOBUX TEXHOJIOTIH Ta METOMIB JUIsl 3MEHIIICHHS
€HEProCIOXKMBAHHS Ta MOKPALIEHHS CTAJIOCTI BUPOOHUITBA. 3alPOIIOHOBAH] 3MiHM MOXYTh CTaTH Ba)KJIMBUM KPOKOM y Ha-
IPSIMKY CTBOPEHHSI €KOJIOTIYHO YHCTHX Ta eHEProe)eKTHBHNUX YCTAHOBOK ISl BAPOOHUIITBA OETOHY, 1110 BiAMOBIAAE Cy4acCHUM
BHMOT'aM CTaJloro PO3BUTKY.

KrouoBi cioBa: 6ETOHO3MIITYBaIBHUH 3aBOJI, CUCTEMA JKUBJICHHS, €HEProe()eKTUBHICTh, €KOJIOTis, MPOYKTHB-

HICTB, Yac 3MiHN MaTepiaiy, CTIHKiCTb, 6eTOH

Introduction. an important role in the production of concrete for con-

Nowadays, with the constant growth of the global
construction sector and the tightening of environmental
requirements, the development of energy-saving tech-
nologies is becoming an extremely urgent and im-
portant task. One of the key areas of improvement is the
feeding systems of concrete mixing plants, which play

struction.

Concrete mixture is widely used in construction in the
manufacture of various monolithic and prefabricated
structures. This material is a homogeneous mass con-
sisting of a viscous substance (cement), coarse and fine-
grained fillers (crushed stone, sand), water, as well as
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various additives that improve the properties of con-
crete. In each case, a careful calculation of the compo-
nents is carried out, which must be observed when com-
piling the proportions [1].

The production process of concrete and mortar mix-
tures is a series of sequential mechanized and, mainly,
automated operations: warehousing and storage of inert
materials and cement; dosage of sand, gravel, water,
chemical additives and pigments; mixing components;
and transporting concrete to its destination [2].

The ever-increasing requirements for concrete quality
and production efficiency, along with the need to re-
duce energy consumption and emissions of harmful
substances into the air, require revolutionary changes in
this area. Therefore, the purpose of this scientific study
is to develop a new energy-saving design of the feeding
supply system for concrete mixing plants, aimed at im-
proving their efficiency and reducing the negative im-
pact on the environment.

Review of the research sources and publications.

In recent times, a significant amount of research has
been conducted in the field of concrete mixing plants
and plants aimed at improving the quality and effi-
ciency of concrete production. These researches in-
clude the development of new technologies, improve-
ments in the processes of mixing and transporting con-
crete, as well as improvements in the designs of the
equipment itself. However, among the large amount of
researches, relatively little attention has been paid to the
feeding supply system of the concrete mixing plant,
which plays a key role in ensuring stable and effective
mixing of concrete components.

In recent times, a significant amount of research has
been conducted in the field of concrete mixing plants
and plants aimed at improving the quality and effi-
ciency of concrete production. These studies include
the development of new technologies, improvements in
the processes of mixing and transporting concrete, as
well as improvements in the designs of the equipment
itself. However, among the large amount of research,
relatively little attention has been paid to the power sys-
tem of the concrete mixing plant, which plays a key role
in ensuring stable and effective mixing of concrete
components.

Recent research on energy-efficient designs for con-
crete mixing plant feeding systems describes the use of
modern, high-efficiency motors and control systems
that optimize the operation of concrete mixing plants
with minimal energy consumption [4].

A review of publications of modern methods and
technologies aimed at improving energy efficiency in
concrete mixing plants was carried out, in which vari-
ous aspects were studied, such as the use of renewable
energy sources, optimization of technological pro-
cesses and the introduction of energy-saving technolo-
gies [6].

Studies have also shown the possibility of using inno-
vative methods for optimizing processes, automating
and improving the efficiency of concrete mixing plants

[9].

Definition of unsolved aspects of the problem

Although there are works investigating the integra-
tion of renewable energies into concrete mixing plants
[7], and more detailed research is needed to identify ra-
tional ways to use them and to address the technical and
economic challenges of this process.

Detailed study of different technological processes
impact on concrete mixing plants energy efficiency, as
well as determining the rational parameters of these
processes are very important to ensure efficient use of
energy.

It is necessary to develop and implement the latest
materials and technologies to improve the energy effi-
ciency of concrete mixing plants, such as energy-saving
drives and automation systems.

Problem statement

The purpose of this study is to conduct a comprehen-
sive analysis of concrete mixing plants design in order
to identify and solve unresolved problems that affect
the energy efficiency of these plants, as a result of
which to design feeding system, including the use of
the latest technologies.

Basic material and results

The technological process of production of concrete
mixtures and mortars at the modern level is a chain of
interconnected mechanized and, in most cases, auto-
mated operations: warehouse processing of materials,
including loading and unloading and stacking opera-
tions; transportation of components to the supply bins
of the mixing unit; dosage of components; preparation
(mixing) of the mixture; unloading of the finished mix-
ture [11].

With the dismembered production technology, the
dosed components are mixed on the road transport or in
mixing plants located in the places of concrete laying.

Depending on the purpose, capacity and characteris-
tics of consumer facilities, there are stationary and
quickly relocated concrete plants, quickly relocated
prefabricated plants and mobile mixing plants.

Stationary plants of continuous operation, produce
ready-mixed concrete (mortar) for various consumers
or for the plant of reinforced concrete prefabricated
structures.

Sulo of cement ispenser of water

. |

H Supply system H Wegiwng scale —{ (oncrele mixer

L

Chemical additives

Lompositon of
batk materils

Figure 1 — Schematic diagram
of a concrete mixing plant

Quickly relocated plants are built for the construction
of specific facilities, taking into account their operation
for several years. For better use, such plants should be
able to quickly relocate to other facilities without high
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costs for plant and dismantling of equipment and sta-
tionary structures.

Mobile concrete and mortar mixing plants are units
mounted on trailers or consisting of blocks transported
by vehicles. These plants are designed to serve concen-
trated objects.

The plant or plant includes: aggregate and cement
warehouses with stacking machines and lifting and
conveying equipment to feed them to the mixing de-
partment; mixing compartment with dosing equipment,
consumable hoppers, mixing machines and devices for
receiving the finished mixture and dispensing it to the
consumer.

Concrete mixing and mortar mixing shops and plants
are classified according to the following criteria: mode
of operation - batch and continuous action; layout
scheme - for high-rise and stepped. With the high-alti-
tude scheme, the components are raised to their full
height once, after which they move only under the in-
fluence of gravity during the entire technological cycle.

10

WA

Figure 2 — Diagram of a concrete mixing unit
with four concrete mixing units

With a two-stage layout scheme, the concrete mixture
is sequentially lifted first into the consumable hoppers,
then, after dosing, into the mixing machine.

Figure 2 shows a concrete mixing unit with four grav-
ity concrete mixers, arranged in an elevation scheme
[10]. The volume of the finished batch of each concrete
mixer is 1600 liters.

Aggregates are fed from the warehouses by a con-
veyor belt 11 through a rotary funnel 10 to the compart-
ments of the feed bins. Cement is fed by pneumatic
transport to cyclone 8, from which it is sent through an
air chute to hopper 7. The final air purification is carried
out in the bag filter 9. From the consumable hoppers,
the cement is poured through the batcher 12 and the ag-
gregates through the batcher 13 into the collecting hop-
per 4 with a rotary funnel into the concrete mixer 2.
Water through the dispenser 6 and liquid additives

through the dispenser 5 flow directly into the rotary
funnel through the pipeline.

The finished mixture from the concrete mixers is dis-
charged into the dispensing hoppers 1. The operation of
the equipment is controlled from the console 14, lo-
cated in the dispenser compartment.

Figure 3 — Technological diagram of a concrete
mixing unit with a turbulent mixer

Tower-type concrete mixing units with a layout sim-
ilar to those of the concrete batching plant in question.
Figure 3 shows the technological scheme for the prep-
aration of mortar and concrete on an automated struc-
tural unit in which turbulent mixers are used. Cement
from silos 1 by screw 2, elevator 31 and screw 30 is fed
to hopper 29. From the hopper, the cement is fed by the
feeder 14 to the batcher 15, from which it enters the
mixer 9. Aggregates from warehouses 3 are fed by con-
veyor 4 to screen 6. The sifted sand is fed by the eleva-
tor 7 into the drum sand grinder 24 and then into the
hopper 25. Large inclusions from the screen 6 are fed
by the shaft hoist 5 into the waste bin 8. Crushed stone
from the warehouse is transported by the same chain of
machines and transport 26 to hopper 27 From the hop-
pers, the sand is fed by feeders 21 and 23 to the batcher
22 and further to the mixer. Water is supplied to the
mixer from the tank 28 through the valve 17 and the
dispenser 16. Lime from tank 13 and additives from
tanks 12 and 10 are fed by pumps 11 to the correspond-
ing dispensers 18, 19 and 20, from which they are
drained into the mixer.

Figure 4 shows a diagram of a two-stage continuous
concrete plant (SB-75 type), with a capacity of 30 m*/h,
designed for the preparation of concrete in open areas
during the construction of roads, airfields, etc.

Figure 4 — Schematic diagram of a continuous
concrete plant
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The plant consists of three main units: a batching unit
for aggregates, a mixing department with a cement hop-
per and a control unit. Aggregates from hoppers 1 are
fed through continuous dispensers 2 through the con-
veyor 3 to the inclined conveyor 4 and the collecting
hopper 9. Cement from cement trucks is sent to the hop-
per 7, equipped with a filter 8, and then to the collecting
funnel with a batcher 6. The plant can produce the fin-
ished mixture by a continuous mixer 10, where water is
supplied by a dosing pump 12 from a tank located under
the control unit 11, or to ship separately dosed dry com-
ponents and water to concrete mixer trucks. The unit
has a cyclic calibration dispenser 5, mounted on a slid-
ing frame.

The dosing unit of a plant or plant is one of the main
units, it can be called a bulk material feeding system
[14]. It consists of hoppers for temporary storage of ma-
terial, dispensers and belt conveyors.

Hoppers for bulk materials belong to the main type of
auxiliary equipment. The purpose of the hopper is to
create an operational stock of materials for the smooth
operation of production [15].

Consumable hoppers are designed so that they can
contain the materials necessary for the preparation of
the concrete mixture for 2-4 hours of operation. Usu-
ally, the stock of materials in consumable bins is taken
to be equal: for aggregates - for 1-2 hours, for cement -
2-3 hours. The number of hoppers or its compartments
is assigned to the development of the technological
scheme of production and depends on the nomenclature
of mixtures, the productivity of the line, the choice of
the layout of the plant (one-, two-stage, and others).
Usually their number is at least two for each type of
material. The consumable hoppers are located above
the dispensers and are equipped with gates at the out-
lets.

The design properties of concrete mixtures and con-
cretes are ensured by dosing (measuring) their compo-
nents with the required accuracy. This operation takes
place with the help of dispensers. Dispensers can be
volumetric and weight, batch and continuous, with
manual, semi-automatic and automatic control. In mod-
ern conditions, automatic batch dispensers are used in
most cases.

A batch weighing or volumetric weighing batch dis-
penser consists of a measuring device (a rectangular or
more often cylindrical vessel with a pyramidal or coni-
cal lower part), a shutter and a weighing mechanism
(device). Until recently, concrete mixing plants used
weighers with a lever weighing mechanism, which was
unreliable, quite complex and difficult to automate. Re-
cently, weighers on load cells have been widely used,
the design of which is very simple: the gauge is in-
stalled on load cells or suspended from load cells. The
most commonly used strain gauges are resistance that
varies depending on the deformations caused by grav-
ity. The electrical signal is processed by the controller.

The use of strain gauges has made it possible to se-
quentially dose several materials with a single batcher,
e.g. fine and coarse aggregates, different fractions of
coarse aggregate, as they provide the required accuracy
within the weighing range. In addition, it is possible to

carry out weight dosing of bulk materials with the help
of weighing conveyors-dosers.
The last component of the system is the belt con-

veyor, which feeds the metered material to the mixer.
7 z 3 4

Figure S — Feeding supply system
of the concrete mixing plant:
1 — receiving hopper; 2 — pneumatic shutter;
3 — measuring device; 4 — conveyor.

The feeding system consists of a belt conveyor, which
is attached to the hoppers using load cells and is a
weighing platform. Between the conveyor and the hop-
pers, there are meters for sand and gravel, the volume
of which is equal to the required portion for one batch
of concrete. The material is loaded into hoppers, then
this material is dosed to prepare concrete. The operator
gives a command and the hopper gates open one by one,
through the pneumatic drive, the material enters the
gauge and when the set weight is reached, the gate
closes. The gauge and shutter are quite oversized ele-
ments, this is done in order to reduce the hanging of
materials in the hopper and speed up dosing. Then the
conveyor turns on and transports the material to the
mixer. The conveyor drive must be powerful, since the
gauges contain material for one batch. For example, if
the mixer has a working volume of 0.5 m?, then the
mass of bulk materials will be about 1000 kg. The con-
veyor will turn off when there is no material left in the
gauges and on the belt. The disadvantages of this equip-
ment are a large shutter, which significantly affects the
error during weighing the material, a powerful and en-
ergy-consuming conveyor, vibration occurs during the
operation of the equipment, which negatively affects
the load cells and creates a large error in weighing and
premature failure, as well as the need to free the con-
veyor belt from materials, which significantly affects
the performance of the plant.

of btk moferials

Dispenser of wafer

T
|

Flace for femporary storage i
V Burker for sad
|
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Bunker for crushed sfone ——  Weglng scale ——  Loncrele mxer

1

Sko of cement

Figure 6 — Schematic diagram of a concrete mix-
ing plant

It is proposed to change the design and schematic di-

agram of the feed system so that each hopper is located

separately from each other and has its own conveyor.

Weighing will take place in a separate gauge, which is
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mounted on load cells or a weighing platform. The hop-
per of the feeder will be a gauge in which there are no
gates, and a gate is installed in the discharge hole to
regulate the supply of materials.

As a conclusion, the proposed system will have a
number of advantages over the existing one.

During operation, vibration will not affect the weigh-
ing system, as it is located separately from the working
units. There are no gates and gauges in the feeders,
which greatly simplifies the design and reduces the
loading height of the material with the same volume of
hoppers. Although there will be several conveyors, they
will be smaller and not as powerful. It will be possible,
if necessary, to add material in any sequence and quan-
tity, and there will always be material on the belt, which
will allow instant dosing and significantly increase the
productivity of the unit. With this layout, the system
will be more compact, and when organizing a canopy
to protect against precipitation, there will be a place for
temporary storage of materials. Equally important is the
fact that cement can be dosed using a single weighing
system.

Conclusions

The results of the study of the energy efficiency of the
concrete mixing plant design led to an important con-
clusion regarding the need for changes in the schematic

diagram of the feeding supply system. The proposed
changes provide for the location of each hopper sepa-
rately from each other, each of which will have its own
conveyor.

This new feeding system schematic diagram will help
improve the energy efficiency of the plant in several
ways. The isolated arrangement of hoppers and the use
of separate conveyors will optimize the operation of the
feeding system, avoid unnecessary energy consumption
for transporting materials. Each hopper will be able to
operate independently, which will help increase
productivity and reduce the time to change the material
being loaded.

The introduction of separate conveyors for each hop-
per will reduce the risk of congestion and interference
in the feeding system, which will help to avoid wasting
time and energy on solving such problems.

Therefore, the proposed changes in the design and
schematic diagram of the feed system of the concrete
mixing plant have significant potential to improve en-
ergy efficiency and optimize production processes.
Their implementation can be an important step towards
the creation of environmentally friendly and change-re-
sistant concrete production plants.
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The calculation of optimal parameters for a new design vibration installation with an active working body is proposed using
numerical methods. By modeling the system as a mass-spring-damper system and applying harmonic Fourier analysis of the
vibrations, a mathematical model of the dynamic interaction between the working body and the part was obtained, taking into
account additional friction forces, the angle of inclination, and elastic and damping forces. The key determined parameters—
phase shift between the vibrations of the working body, the part, and the abrasive. An example of calculating optimal parameters
using the gradient descent method is provided. Based on the calculation results, comparative time graphs of the phase shift of
vibrations of the part and the working body, as well as amplitude, were constructed.

Keywords: vibratory finishing, tumbling, active working tool, mathematical model of dynamic interaction between

the working tool and workpiece in a vibratory machine, optimal parameters, phase shift of vibrations of the
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Po3paxyHOK onTHMAJLHUX NIapaMeTPiB YCTAHOBKH /ISl BiOpoadpa3uBHOI
00pOOKH JEKOPATUBHUX €JIEMEHTIB 3 AKTMUBHUM PO00YHMM OPraHoM

Byrpos JI.IO."", Byrposa T.M.?

12 Hauionansuuii ynisepeuret «Ilonraschka nonitexnika imeni I0pist Konmpariokay,
*Anpeca s mucryBanss E-mail: bugrov.dmitriy@gmail.com

3anporoHOBaHO PO3PaxyHOK ONTUMAIBHUAX HapaMeTpPiB YHCIOBHM METOOM BiOpPOYyCTAaHOBKM HOBOT KOHCTPYKIT 3 aKTHBHUM
pobounMm opraHom. HaBermena HoOBa mpWHOMIOBA cxema oOnamHaHHA € Moaudikamiero Bimomoi YBB-04, mo wmictuth
KEepOBaHMI MeXaHIYHUH 30y KyBad KyTOBHX KOJHBaHb, 10 SKOI BBEIECHO JIOJATKOBO poOody Kamepy OOpOOKH 3 aKTHBHUM
poOOYMM OpraHoM, OOEpTH SKOTO PEryJIOITBCS OKPEMHM HPHBOAOM. METOZIOM MOJETIOBAHHS CHCTEMH SK MAacoBO-
MpYKUHHOT JeMII(pepHOi CUCTEMH Ta TrapMoHiitHoro ®yp’e-aHami3y KOJIMBaHb OTPHMAaHO MaTeMaTHYHa MOJIETh AUHAMIYHO1
B3aeMo/Iii poboyoro oprany i Jeraii, 3 BpaxXyBaHHIM JIOJATKOBHX CHJI TePTs, KyTOM HaXWly, IPYXKHUX i AeMI(YI0UnX CHII,
IO YacTO ITHOPYIOTHCSA B MOMEPEAHIX MOCTIHKEHHSX, i OUIBII TOYHO OMUCYE MTUHAMIUHI B3aEMOJIT Y CHCTEMi Ta JTO3BOJISE
BCTQHOBHUTH LULIXH ONTHMi3amii. Mozaens Moxe OyTH po3lIMpeHa Ta BJOCKOHAIEHA 3 ypaXyBaHHSAM KOHKPETHHX BHMOT i
ocobnrBoCTel 00poOIIOBaHKX JeTanell. BusHaueHo KiIr04oBi mapameTpH - (a30Buii 3¢yB MiXK KOJIMBaHHIMHU poOOYOTr0 OpraHy,
nerani Ta abpasuBy. HaBeneHo nmpukiax po3paxyHKy ONTHMAJIBHUX MapaMeTpiB METOJIOM YHCENBHOTO PO3B'sI3aHHS CUCTEMHU
quepeHIifHNX pPIBHAHD 3a JOHMOMOroro Meroxy Pynre-Kyrra. 3ampomnoHOBaHO alrOpHTM BH3HAUCHHS ONTHMAJBHUX
mapameTpiB 3 BUKOPHCTaHHSAM METOJy TPaJi€eHTHOTO cirycKy. LlipoBa QyHKIisE onTHMI3aIl BKIIOYa€e MiHiMi3amioo Ga3oBoro
3CYBy Ta aMIUNTYyId KOJWBaHb poOodoro opraHy Ta aerami [lo pe3yiapraTaM OOYHCICHB MOOYIOBaHO YacoBi Tpadiku
3aIEKHOCTEH BEJIMYUHH (Ha30BOT0O 3CyBY KOJMBAHb JeTali Ta poOOYOro opraHy, aMILTiTYAu. IIpoBeneHO iX MOpiBHAIbHUIH
aHaJI3 10 1 Mmicis onTUMi3allii, AKUil 3aCBIAYMB JOCATHEHHS MiHIMaJIbHUX BEINYUH (Pa30BOTO 3CyBY KOJIMBaHb, MAKCUMAJIBHOT
aMILTITYAU 31 30epe)KeHHsIM CTIHKOCTI CHCTEMHM, CHHXPOHI3alil0 KOJUBaHb poboyoro oprany i getani. Lle € nepeaymoBoro
3a0e3neyeHHs] PIBHOMIPHOTO KOHTAaKTy MiK poOOYHMM OpPraHOM Ta JAETaUIo, MOKPAIlye Mepenady eHeprii, IPHUBOJUTH 10
3MEHIICHHS SHeProBUTpPAT Ta cO0IBAPTOCTI BiOPOTEXHOIOTIYHOTO MPOLIECY 3 MiJBUIICHHSM PECypCy MIl[HOCTI Ta HaiHOCTI
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Introduction

Vibro-abrasive processing is a method that uses
mechanical vibrations to treat parts to improve their
quality. It is widely used in various industries,
including the production of decorative elements, such
as deburring after casting and mechanical processing of
jewelry made from silver and gold, metal, ceramic
(vases, figurines), and plastic interior items. Vibration
installations with active working bodies ensure
effective mechanical treatment of parts, improving the
quality and productivity of processes. One of the key
characteristics of such installations is their ability to
generate high-frequency vibrations, which are
transmitted to the treated materials through working
bodies.

One of the main issues in using vibration installations
is achieving system stability. Resonance phenomena
that may occur during operation lead to significant
vibration amplitudes, which can cause damage to
working bodies and parts, as well as reduce processing
efficiency. To avoid such phenomena, it is necessary to
optimize system parameters such as vibration
frequency, oscillation amplitude, and rotation speed of
the working body. An example of calculating the
optimal parameters of a vibration installation with an
active working body is provided. The focus is on the
mathematical modeling of the system, phase shift
analysis, and studying the dynamic behavior of the
working body and the treated parts. Special emphasis is
placed on the treatment of small parts up to 15 mm, as
they require a particular approach to selecting the
geometric shapes and parameters of the working
bodies. It is shown that the correct choice of vibration
frequency and oscillation amplitude of the working
body can significantly increase the productivity and
stability of the vibration installation.

Review of the research sources and publications

Sofronas et al. were among the first researchers to
develop a comprehensive model for the vibration
processing process in 1979. They used a statistical tool
known as the surface response methodology to study
the effect of hardness, imprint width, processing time,
abrasive media size, and vibration frequency on
reducing the height of burrs, rounding edges, and
reducing surface roughness.

Hashimoto, in defining the basic principles of
vibration processing, proposed mathematical models
using differential equations to calculate surface
roughness and material removal. Hashimoto suggested
that in the steady state, the vibration processing process
has a constant material removal rate. He used two
processing chambers with variable capacity, a vibration
frequency of 21 Hz, and an amplitude of 5 mm for his
experiments. The experimental results confirmed his
mathematical models.

Naeini et al. developed a discrete element model
(DEM) to simulate the motion of multiple spherical
steel particles in a two-dimensional vibration system.
DEM is used to simulate collisions and measure the
velocities of particles, the working chamber, and the
part. The DEM model is based on a linear contact
model with the following parameters: normal and

tangential stiffness (k), damping in the normal and
tangential directions (), and the coefficient of sliding
friction (p). It was noted that further increasing the
accuracy of the model can be achieved by considering
the stiffness and damping parameters in the normal and
tangential directions as different rather than equal.
Experimentally, it was found that the normal contact
forces between the medium and the sensor were
approximately 10 times higher than the tangential
forces. It was established that vibration processing is
based on such phenomena as plastic deformation from
the impacts of the medium and material removal by
abrasive particles due to the relative motion of the
medium and the part.

Kumar et al. [4] developed a simple one-dimensional
simulator for the vibration processing process.
Titanium parts with different placements in the
processing chamber were used to test material removal
rates, surface roughness, and measure contact forces.
During the study, it was found that surfaces located
deeper in the abrasive medium and perpendicular to the
vibrational motion demonstrated higher material
removal rates. The flow of the medium can be imagined
as layers—the medium deeper in the working chamber
moves with the weight of the medium above it and thus
strikes the part with greater force than the medium layer
closer to the surface, leading to higher material removal
rates.

In the work of Wang et al., a special sensor was
developed to measure the normal contact forces
between abrasive particles and the part in the working
bowl-type processing chamber. Signal analysis from
the force sensor using the Fourier series spectral
decomposition method found that most of the energy
transferred from the medium to the part occurred at the
machine's operating frequency. Comparative results
were obtained when the sensor was placed facing
forward and backward on the surface of the part that
rotated around the bowl. It was concluded that the
amount of material removed from the workpiece by
abrasive impacts was relatively constant for all surfaces
of the part. Tests were also conducted with a fixed part,
and it was found that the contact forces were higher
compared to an unfixed part. Since the vibration
processing time is significantly reduced in this case,
fixation becomes increasingly relevant. It was also
found that the average impact forces and average
impulse showed an increasing trend with an increase in
the size of the working chamber in a dry environment,
while in a wet environment, this increase was
insignificant. Wang et al. also noted that with a change
in lubrication from dry to wet using a detergent, the
quality of work decreased, and the medium's speed
relative to the part also decreased, leading to the
conclusion that the lubrication condition has a greater
relative impact on the medium's speed than on the part's
speed. The rigidity and roughness varied mainly
depending on the degree of lubrication, the size of the
medium, and its roughness. This is because plastic
deformation with each impact depends on the
interaction between the medium and the part.
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One of the key studies [1] was conducted by Jia L.
and Wang C. They investigated multi-frequency
controlled synchronization of four induction motors in
a vibration system using the fixed frequency ratio
method. In their research, the authors found that the
phase shift has a significant impact on the
synchronization efficiency of the motors. Specifically,
it was shown that proper phase shift adjustment allows
for greater stability and efficiency of the system's
operation, which is critical for industrial applications
requiring high precision in part processing.

Blechman LI. in his book [2] considers nonlinear
dynamic effects in vibration mechanics and their
applications. He developed a general approach to
analyzing phase shifts in various types of vibration
systems, including those used in industry. His work
emphasizes the importance of accounting for nonlinear
effects, which can significantly impact the system's
behavior and stability.

The study by Andrievsky B. et al. [5] focuses on the
creation of an educational-research complex for the
study of vibration devices and processes. They found
that the use of active working bodies in vibration
installations allows achieving high accuracy and
efficiency in part processing due to the control of phase
shift and oscillation frequency.

Definition of unsolved aspects of the problem

However, most previous studies focused on
individual parameters and did not consider a
comprehensive approach to optimizing the entire
system. This limited the ability to achieve maximum
results, as the interaction between different parameters
could affect the process efficiency. In particular, this
pertains to the impact of phase shift between the
oscillations of the working body and the part on
processing efficiency and system stability.

Problem statement

Development of a methodology for determining the
optimal parameters of a vibration unit with an active
working body to ensure maximum processing
efficiency of parts and maintain system stability. The
main focus is on the analysis of phase shift between the
oscillations of the working body and the part and its
impact on system stability.

Basic material and results

Development of a methodology for determining the
optimal parameters of a vibration unit with an active
working body to ensure maximum processing
efficiency of parts and maintain system stability. The
main focus is on analyzing the phase shift between the
oscillations of the working body and the part, and its
impact on system stability.

Optimization in the context of vibratory abrasive
processing refers to the process of adjusting and
correcting system parameters, such as vibration
frequency and amplitude, rotation speed of the working
body, and the mass of the processed parts and abrasive,
to achieve the best operational characteristics. The
main goals of optimization may include:

Reducing the phase shift of oscillations to
synchronize the movements of the working body and
the processed parts, ensuring more effective interaction

between them and improving surface processing
quality.

Improving processing quality, reducing defects, and
enhancing the surface finish of parts.

Increasing productivity, shortening processing time,
and increasing the number of processed parts per unit
of time.

Avoiding operation in resonance modes to prevent
significant oscillation amplitudes that can lead to
mechanical damage to the unit.

Enhancing reliability, allowing the unit to operate for
extended periods without unstable modes or
breakdowns.

In the context of vibration systems, processing
accuracy is influenced by the following factors:

Dimensional tolerances. Accurate processing ensures
that part dimensions meet specifications with minimal
deviations.

Shapes, angles, and the mutual arrangement of
surfaces must be precisely manufactured according to
drawings. Suboptimal vibrations can lead to
deformations or deviations from the specified
geometric parameters.

Surface roughness and the repeatability of the
technological process.

Algorithm for Selecting Optimal Parameters
1. Set Initial Values:
Establish initial values for the amplitude AAA,
vibration frequency ®w\omegaw, and angular rotation
frequency.
2. Solve the System of Differential Equations:
Solve the system of differential equations for the
mathematical model using the chosen initial
parameters over a specified time interval with
numerical methods (e.g., Runge-Kutta method).
3. Conduct Analysis:
Analyze the results by plotting the oscillations of the
working body, the part, and the phase shift.
4. Apply Optimization Algorithm:
Use an optimization algorithm (e.g., gradient
descent). The objective function for optimization
includes minimizing the phase shift and the
amplitudes of oscillations of the working body and
the part. It can be represented as the sum of the
quadratic deviations of phase shifts and amplitudes.

J(&):i(A# A7) ()

where A¢@ - phase shift, 4,
oscillations, n - number of data points

5. Repeat the Numerical Integration of the system
of equations with the new parameter values.

6. Plot Graphs for the Optimized Parameters,
compare them with the initial data. Perform an
analysis and evaluation.

Consider the installation, the schematic diagram of
which is shown in Fig. 1 [14]. The setup is based on
a device with a controlled vibration exciter for
angular oscillations [13], located in the laboratory of
construction machinery at the Department of

Industrial Engineering of "Poltava Polytechnic." The

- amplitude of
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working body performs a combined rotational and
vibrational movement.
Let x(t) — be the position of the working body at time
(t), xa(t) — be the position of the part at time (t), Xa(t)
— be the position of the abrasive at time (t).
The main parameters of the vibration setup are:

m — mass of the working body

mg — mass of the processed parts

m, — mass of the abrasive

k — stiffness coefficient of the spring connecting
the working chamber to the frame
» kg — elasticity coefficient of the workpiece
k, — elasticity coefficient of the abrasive
¢ — damping coefficient of the working body
cq — damping coefficient of the parts

cs — damping coefficient of the abrasive

A— amplitude of vibration oscillations

o— frequency of vibrations

Q— rotational frequency of the working element °
pu — coefficient of friction

g — acceleration due to gravity

6 — angle of inclination of the installation

¢ — phase shift of vibrations between the part and
the working tool

The mathematical model of the vibratory machine with
an active working element is a key tool for analyzing
and optimizing its parameters. Using Newton's second
law, we can write the system of equations that describe
the behavior of the system as follows:

2
X ) dx dx,
m—=mAo" sin(at)-k(x—x,)—c| ———=
dr? (@f) ~k(x=x,) ( dt dt j
d’x, ) . dx dx dx
m, —% = mAw’ sin(wt + @) + um, g cos(Q) + k(x —x,) +c| ———< |-k,x, —c, —< 2
L ( $)+ pm, g cos(6) + k( n i dt a¥a =€, (2)
d’x dx dx, dx
m “=kx, +c,—%—k,(x,—x,)—c,| —L——%
a dtz a’a a dt d( d a) d( dt dt j
where:
d%x dx, :
Mmoo inertial force of the working body ~C a damping force
dt
Ao si ) o - k, (x, - x,) — elastic force acting between the
- mAw” sin(ot + @) — the magnitude of the vibration abrasive and the part
force R The resonant frequency is determined by the
X .
-m, Tzd — inertial force of the part formula;
k
a)res = - (3)
m

- um, g cos(0) — the friction force of the part due to the
angle of inclination

dx
- ¢y d_; — damping force acting on the part

- k,x, — elastic force acting on the part.
dx dx,

-c
(dt dt

working body
—k (x — x,) — strength of elasticity of interaction with

j— damping force of interaction with the

the working body.

2
a
2
t

-m — inertial force of the abrasive.

a

- k,x,(t) — elastic strength

where k— spring stiffness, m — the mass of the
working body. This is the frequency at which the
amplitude of the system's vibrations reaches its
maximum. The optimal vibration frequency should
be lower than the resonance frequency to avoid
excessive vibration amplitudes and ensure the stable
operation of the system

a)npt < Wy

“4)

The excitation force Fy is selected to ensure the
required vibration amplitude without overloading the
system. Typically, the vibration amplitude for
vibrosystems in the processing of small parts ranges
from a few millimeters to several centimeters. This
ensures effective contact between the working tool and
the part without excessive wear or overloading the
system.
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Figure 1 — Principal diagram of the vibro-abrasive processing setup:
1 — framework; 2 — vibration motor; 3 — spring; 4 — lead screw; 5 — debalances; 6 — frame;
7 — working chamber; 8 — active working element; 9 — working element motor; 10 - coupling

For this, the formula of the amplitude of oscillations
in the harmonic mode is used:

A= d )

Jk=mo*) +(co)’

where:
- A — amplitude of oscillations,
- @ — frequency of oscillations.

Selection of the Working Tool Shape

For processing small parts (up to 15 mm), it is
essential to choose a working tool shape that ensures
uniform treatment of the parts and minimizes system
vibrations. Here are some possible shapes of working
tools and their characteristics:

1. Cylindrical Shape:

Advantages: Simple to manufacture, good interaction
with the parts.

Disadvantages: High vibration levels
operation, potential for uneven treatment.

Recommendations: Suitable for rough surface
treatment where high precision is not required.2.

during

Conical Shape:
Advantages: Better
vibration amplitude.
Disadvantages: Complex manufacturing, potential
for parts to get stuck in sharp corners.
Recommendations: Optimal for medium complexity
surface treatment, providing good stability.3.

load distribution, reduced

Spherical Shape:

Advantages: Minimizes vibrations, ensures uniform

load distribution, prevents parts from getting stuck.

Disadvantages: High manufacturing complexity.
Recommendations: Best choice for processing small

parts requiring high precision.

Selection of the Working Tool Dimensions

1.  Diameter of the Working Tool:
Recommendations: The diameter should be sufficient
to ensure adequate contact area with the parts. An
optimal diameter for parts up to 15 mm is 30-50 mm,
which provides sufficient stability and uniform
treatment.

2. Length of the Working Tool:
Recommendations: The length should correspond to
the length of the working chamber to maximize the
use of chamber space and ensure effective mixing of
the parts.

3. Spiral Pitch (for Screw-Type Working Tools):
Recommendations: The spiral pitch should be chosen
to ensure sufficient movement of parts along the axis
of the working tool without imposing excessive loads
on the system. The optimal spiral pitch for parts up to
15 mm is 20-30 mm.

Selecting a screw-type working tool will ensure a
continuous flow of parts and abrasive along the
working chamber, promoting uniform treatment,
even load distribution on the parts, preventing
localized force peaks, and facilitating intensive
mixing.

Example of Numerical Calculation of Optimal

Parameters
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For the calculation example, let's consider the
processing of ABS plastic parts, specifically decorative
elements, with the goal of deburring, rounding sharp
edges, and preparing the surface for painting. The
abrasive medium used is ceramic granules. Below are
the initial data and processing mode parameters:

* m—2kg
+ mg—0,3kg
* my— lkg

e k— 1000 N/m
e kq¢— 500 N/m
¢ k,— 300 N/m
¢ ¢— 10Nc/m

¢ ¢q— 5Nc/m

e ¢a— 3 Nc/m

« A—0.002m

e ®— 50 rad/s

e Q—30rad/s (287 RPM)
e pn—0,1

+ g—9.81 m/s?

¢« 0—0rad

e ¢—>5rad

We will perform the calculation of the main
parameters of the setup, such as the vibration amplitude
of the working tool and parts, and the phase shift, using
the MathCAD software package. Then, the proposed
gradient descent optimization algorithm will be applied
to determine the optimal parameters.

In the graph shown in Fig. 2, it is observed that the
amplitude of oscillations for both the working tool and
the parts increased after optimization. This indicates an
increase in the energy transmitted to the part, which
enhances productivity, as the processing becomes more
intense, removing more material per unit time.
However, to maintain high processing accuracy in
practice, it is essential to carefully control the amplitude
and frequency of vibrations to avoid excessive impact
on the quality of the manufactured parts.

The graph in Fig. 3 shows a reduction in the phase
shift between the working tool and the part after
optimization. This decreases relative movements,
thereby improving processing accuracy. The phase
shift can be further optimized by adjusting the stiffness
and damping of the system.

1. The vibration amplitude A was increased from

0.002 m to 0.003 m.

2. The vibration frequency w was increased from

50 rad/s to 55 rad/s.

3. The rotational frequency 1 was increased from

30 rad/s to 35 rad/s.

4. The spring stiffness k was increased from

1000 N/m to 1200 N/m to enhance force transmission

efficiency and system stability.

Further experimental studies are necessary to validate
the theoretical results obtained and to refine the
mathematical model.
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Figure 2 — The graph of oscillations based on the calculation results:
1 - workpiece before optimization; 2 - workpiece after optimization;
3 - working element before optimization; 4 - working element after optimization.
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Figure 2 — The graph of the phase shift magnitude between the oscillations of the workpiece and the
working element based on the calculation results: 1 - before optimization; 2 - after optimization.

Conclusions

Thus, the following has been established:

1. A mathematical model for analyzing the dynamic
interaction between the working body and the
workpiece in a vibro-abrasive machine has been
proposed, taking into account frictional and damping
forces. This allows consideration of all dynamic
characteristics of the system and determination of the
phase shift between the working body and the
workpieces.

2. Precise adjustment of the optimal frequency and
vibration amplitude parameters can be achieved
through the use of numerical methods for integrating
the system of differential equations in the model,
combined with the application of optimization
algorithms.

3. The constructed graphs based on the calculation
results and their analysis demonstrated a reduction in
the phase shift between the working body and the
workpiece after optimization. This increases the
accuracy of vibro-processing and improves the quality
of the workpiece surfaces, while also reducing
equipment wear.

4. Minimizing the phase shift between the working
body and the workpiece reduces relative movements,
thereby increasing processing accuracy. The phase shift
can be optimized by adjusting the system’s stiffness
and damping.

5. Ensuring stable system operation without
significant  vibrational oscillations allows for
maintaining high processing accuracy. Consistency in
the frequency characteristics and amplitude contributes
to precise processing
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The study explores the innovative use of recycled plastic in brick production in the construction industry in Ukraine. It examines
the production process, including the collection and processing of plastic waste, and the formation of bricks using methods
such as plastic molding and semi-dry pressing. The research emphasizes the importance of pressure distribution in screw presses
for the compaction of clay in construction ceramics production and highlights the significance of vacuuming the molding mass
for improving the quality of molded products. Plastic-brick products are found to offer advantages such as altered strength,
improved insulation properties, and lighter weight. Comparing technological schemes, the semi-dry method of brick production
is noted to have higher metal capacity and lower labor intensity compared to the plastic method. The study aims to enhance the
efficiency and results of thermoplastic molding in the construction industry, contributing to sustainable construction practices
and reducing environmental impact.
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AHai3 00JIaJHAHHSA VISl TEPMOILVIACTUYHOI0 (DOPMYBAHHSH
IITYYHHUX BHPOOiB poCcTOPOBOI (hopmMH
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ByniBenbHa ramy3s B YKpaiHi MOCTIHO pO3BUBAETHCS, BAKOPHCTOBYIOUH CyYacHI TEXHOJOTII Ta MaTepialli JUIs IMiABUIIECHHS
cTiiiKOCTI Ta epekTuBHOCTI. OJHE 3 TAKUX HOBOBBE/ICHD Nepe10adae BHKOPUCTAHHS MEPEPOOIICHOTO TUIACTHKY Y BUPOOHHIITBI
LETH, TPOTIOHYIOYHN 0araTooO0ilsgroue pinieHHs i1 O0pOTHOH 3 TNIACTUKOBUMH BiIXOJaMH Ta CHPHUSHHS nepepoOii. Bupoo-
HUYHUH mporiec nependavae 30ip i nmepepoOKy IIACTHKOBUX BiAXOMIB, SKi HOTIM 3MIIIYIOTBCS 3 1HIIMMH KOMIIOHEHTAMH Ta
(hopMyIOThCS B IIETITy 3a IOMOMOT'OI0 TaKMX METOJIB, sIK (JOPMyBaHHs IUIACTUKY Ta HaIMiBCyXxe npecyBaHHs. L{i MeToan MaoTh
SIBHI ITepeBary Ta HEeJOJIKH, 10 BIUIMBAE Ha 3aTaJIbHY SKIiCTh i BIACTHBOCTI Leryid. KpUTHYHUM acrieKToM BUPOOHHYOTO Mpo-
IECY € PO3IO/ILT TUCKY B ITHEKOBHX Ipecax, SKuil Bilirpae KIIOUOBY poJb y IpeCcyBaHHi IIMHU JUTs BUPOOHUIITBA OyAiBEIbHOT
kepamiku. [IpoBeneHo aHai3 Teuil NIMHK Yepe3 Mpec Ha MOJIEN B’ A3KOIUIACTUYHOTO MaTepialy Ta pO3paxoBaHO XapaKTepHC-
THKH IHEKa Ta GOPMYBAIGHHX TiT 7SI BU3HAYCHHS TTapaMeTpiB pexumMy podotu. KpiMm Toro, BakyymyBaHHs (hOpMYBaJIBHOT
MacH BU3HAYCHO K BUPIIMIATBHAN KPOK JUIS IiIBUIIEHHS SKOCTi pOopMOBaHUX BUPoOiB. OTpruMaHi BUPOOH 3 IUTACTUKOBOI I1e-
TJIA IEMOHCTPYIOTH PSIII TIepeBar, BKIIOYA0YH 3MiHEHY MILlHICTh, TOKpAIIeHi 130JAMiiiHI BTaCTHBOCTI Ta MEHIITY Bary, I0 po-
OUTH iX NEPEKOHINBOIO ANBTEPHATUBOIO TPATHULIHHUM LETNITHUM MaTepianaMm. KpiM Toro, NopiBHSHHS TEXHOJOTTYHUX CXEM
TOKa3ye, I10 HAIiBCYXUi crociO BUPOOHMIITBA LIETIH AEMOHCTPYE OUIbITY METAJIOEMHICTh i MEHIIY TPYJOMICTKICTb Ha BiJ-
MiHY BiJl miacTuuHoro. Lle nociipkeHHs: Mae Ha MeTi 3pOOHUTH BHECOK y MOTOYHI 3yCHIUIS OO MiZABUIICHHS e(eKTHBHOCTI
Ta pe3yJIbTaTiB TePMOIUIaCTUYHOTO (hOpMyBaHHs B OyAiBeNbHil ramy3i. Jlocmimkyroun iHHOBalliiHe BUKOPUCTaHHS epepoo-
JICHOTO IUIACTHKY Yy BUPOOHUIITBI LIETJIH Ta HArOJIOIYIOYH Ha BaKIIMBOCTI PO3MOIITY TUCKY Ta BAKyyMYyBaHHsI B Iporieci Gpop-
MyBaHHSI, I1€ JOCJI/KEHHS CIPSIMOBaHE Ha IPOCYBaHHs €KOJIOTIYHUX METO/IiB OYAiBHUIITBA Ta 3MEHIIICHHS BIUIMBY Ha HABKO-
JIMILTHE Cepe/IOBHIIIE.

Kmo4oBi ciioBa: exosiorist; eHeproeekTHBHICTh; 00JaIHAHHS; TUIACTHK; TUIACTUKO-KEPaMidHi BUPOOH; TIPEC; TEPMOILIACTH-
yHe (hOpMyBaHHS; TUCK; IIeTJ1a; SIKICTh

Introduction. socio-economic development of the country, but also
The construction industry in Ukraine is one of the key ~ contributes to the formation of modern infrastructure
sectors of the economy, which determines not only the  and maintains the stability of the national economy.

Academic journal. Industrial Machine Building, Civil Engineering. — 2 (61)' 2023 61


http://journals.nupp.edu.ua/znp
https://doi.org/10.26906/znp.2023.61.3851
https://orcid.org/0009-0002-9809-3681
https://orcid.org/0000-0001-8386-977X
mailto:rostyslavrudyk@nupp.edu.ua
mailto:rostyslavrudyk@nupp.edu.ua

Technical progress and the introduction of innovations
in the construction industry play an important role in
ensuring high quality construction and energy effi-
ciency of facilities.

One of the key trends in the construction industry is
the active use of the latest building materials and tech-
nologies. Innovative building materials, such as high-
strength concrete, environmentally friendly insulation
materials and modern composite structures, ensure high
strength and durability of structures.

The construction industry in Ukraine is constantly de-
veloping, using modern technologies and materials to
achieve high quality and durability of construction pro-
jects. One of the key materials that is widely used is
brick, which has the properties necessary for high-qual-
ity construction.

There are several basic methods of making bricks:
plastic molding method (ceramic brick [7]) and semi-
dry pressing method (silicate brick [8]). The plastic
molding method is simpler in the technological process
of making ceramic bricks. The method of producing
bricks in this way is more economical and practical in
our region, due to the use of local materials.

Today, a new innovative technology has emerged
aimed at reducing the consumption of traditional build-
ing materials and the use of recycled plastic, which
helps to reduce the negative impact on the environment
[20].

Review of the research sources and publications.

Ukrainian and foreign researchers were engaged in
research in the preparation of bricks using plastic,
which made it possible to use plastic waste, which usu-
ally becomes a problem for the environment. The use
of plastic in brick production can help reduce the
amount of plastic waste and promote recycling.

Plastic-based brick manufacturing processes that use
less energy compared to traditional brick production
methods have also been described [6].

Studies have also shown that the use of plastic mate-
rials in construction can be an innovative solution that
develops the construction technology industry. This
can open up new possibilities for architectural solutions
and structures, expanding the possibilities for the de-
sign and efficiency of buildings. The use of plastic in
brick production can create a demand for recycled ma-
terials and contribute to the development of efficient re-
cycling systems [17, 18].

Definition of unsolved aspects of the problem

It requires in-depth research on the properties and ca-
pabilities of new thermoplastic materials, namely the
study of their resistance, mechanical characteristics and
recycling capabilities.

There is insufficient theoretical justification for stud-
ies of the properties of plastics and their impact on the
quality and strength of bricks and the types of plastic
that are most suitable for use in bricks and can be com-
bined with other materials.

It is also important to study and take into account pro-
duction safety issues, as well as to determine the appro-

priate standards for thermoplastic molding. Considera-
tion of the impact of thermoplastic molding on other
production processes and the development of integrated
approaches to production.

Problem statement

Research of promising technologies in the field of
thermoplastic molding and their possible impact on
production, analysis of modern brick forming equip-
ment, including its specifications, efficiency and capa-
bilities and the study of technological aspects and pa-
rameters, affecting the quality of thermoplastic mold-
ing, in order to improve efficiency and results.

Basic material and results

The production of plastic-ceramic products includes
several key stages. The first stage is to collect and pro-
cess the recycled plastic. Plastic waste is used, such as
plastic bottles, bags, containers, and others. This plastic
is placed in special containers and can be cleaned and
shredded. The shredded plastic is mixed with other
components such as sand, cement, water, and additional
additives that improve strength and insulation proper-
ties. The resulting mixture is fed into special molds,
which give the brick product the required shape and
size. Products can be compressed or pressed to obtain
the required density [16]. The formed bricks are sub-
jected to a drying and hardening process, which can
take place at room temperature or at elevated tempera-
tures in special drying chambers or ovens [10]. Fin-
ished bricks are packed in bundles or on pallets for easy
transportation and delivery to construction sites.

When assessing the plastic-ceramic mass's ability to
form, first of all, the quantitative relationships between
the solid, liquid and gaseous phases of the mixture are
considered. The liquid phase (water) is an essential
component of the ceramic mass for all practically used
molding methods. Water, on the one hand, tightens clay
particles, on the other hand, causes significant mobility
of clay particles, providing them with the ability to slide
relative to each other. The required amount of the liquid
component for the formation process in one way or an-
other depends on many different factors: the method of
formation, the mineral composition of the clay compo-
nent, its amount in the plastic-ceramic mass, the content
of the air component, etc. One of the main requirements
for the formed semi-finished plastic and ceramic prod-
uct is a sufficient and constant degree of its compaction,
which is characterized by an indicator of relative den-
sity or porosity, which largely determines the behavior
of the semi-finished product in drying and especially in
firing.

To assess the quality of the semi-finished product, not
only the density values are important, but also its uni-
formity in different parts of the body of the formed
product. Insufficient even density of the semi-finished
product leads to unequal shrinkage during sintering, ac-
companied by deformation and even cracking [5].

This indicator is decisive for transportation, pro-
cessing, installation of the semi-finished product in dry-
ers and furnaces without damage and violation of its in-
tegrity.
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The main requirements proposed for the semi-fin-
ished product after its formation also include the ab-
sence of structural defects — internal cracks, sinks and
the absence of significant internal stresses, which in the
process of subsequent technological operations can
cause the formation of various defects and destruction
of the finished product.

Based on these technical and economic requirements
for the semi-finished product, as well as taking into ac-
count the physical and mechanical properties of the
feedstock, it is possible to choose one or another
method of forming the semi-finished product. In the
production of building ceramics, the following methods
are most common: plastic molding from masses with a
moisture content of 14...20%, pressing from powdered
masses with a moisture content of 5... 7% and casting
of semi-finished products in gypsum molds from
foundry masses with a moisture content of 30... 33%.

There are several ways in which plastic-ceramic mass
is processed and products are formed. Based on the
properties of the initial raw materials and the type of
products that are manufactured, there are plastic and
semi-dry methods.

Semi-dry pressing is based on pressing individual
bricks from raw materials in the form of powder with a
moisture content of 7...12% by sealing in closed molds.
The low moisture content of the raw material with this
method makes it possible to combine drying with firing
in some complexes.

The advantages of semi-dry pressing are the ability to
deploy the production of sufficiently high-quality
bricks using clay raw materials of low conditions. The
energy consumption for drying the loose clay before
molding is much less than for the gentle drying of the
wet raw material of plastic molding.

The main disadvantage, organically inherent in the
method of semi-dry molding, is associated with the
granular structure of raw materials and bricks, which
loses in the homogeneity of plastic molded bricks.
Quality indicators of semi-dry molded bricks (strength,
frost resistance, durability), meeting the requirements
of the standards, still have a significantly lower maxi-
mum limit. An inherent defect in semi-dry pressing of
ceramic products is delamination cracks, which are lo-
cated perpendicular to the pressing force. The main rea-
sons for the appearance of such cracks are the growth
of pressed air, segregation of the press powder when it
is poured into the mold and elastic deformations of clay
particles.

Plastic molding is characterized by the extrusion of
solid timber and cutting it with strings into individual
bricks. To implement this method, the raw material is
prepared for formation in the form of a plastic charge
with a moisture content of 17...25%, capable of defect-
free extrusion, which is performed, as a rule, on screw
presses. Depending on the pressure required for extru-
sion, a distinction is made between the so-called soft
(pressure up to 1.6 MPa), semi-rigid (pressure 1.6...2.5
MPa) and rigid (pressure 2.5...4.0 MPa) extrusion. The
power of the press motors also increases approximately
in proportion to the pressure. Such presses are called

belt presses, because they cut a beam (strip), which is
then cut into products of the required size.

The main goal of the powder pressing process is to
obtain the maximum pressing density. This indicator
has the main impact on the completeness of the physi-
cochemical processes in the mass during firing of prod-
ucts, as well as on the quality of the final product. It is
for this reason that in the production of plastic-ceramic
tiles, the insufficient density of the semi-finished prod-
uct causes increased shrinkage, and therefore an in-
crease in firing defects — cracks, warping, etc.

Uneven pressing also has a negative value. The main
reasons for this may be the loss of pressure on the pas-
sage of friction against the walls of the mold, the dis-
similar ratio between the depth of the layering and the
thickness of the semi-finished product in different parts
of the product, in addition, there may also be filling in-
dividual sections of the mold with powder of different
granular composition and moisture content. A positive
effect on the quality of pressing is made by stepped or
repeated pressing, in which the die presses on the pow-
der with the stages of unloading, namely, after a certain
period of pressure, the die rises slightly and the pressing
is released from the pressing pressure. This technique
allows you to remove air from the presses as much as
possible, causes less uneven density with a significantly
lower maximum pressure than with one-stage pressing.

Presses that are used for plastic molding in relation to
the design of the pressing device are divided into piston
and screw presses [4].

The reciprocating press is simple in design and con-
tains forming organs such as a press head with cavity
formers, a mouthpiece and a cyclic operating piston
blower. The cycle of operation of the piston blower
consists of the working stroke for compaction of clay
and extrusion of the beam and the return stroke to the
original position after the next portion of
clay [10]. The hydraulic piston drive allows to obtain
significant pressure sufficient for rigid brick formation,
and also ensures high piston speed in its reverse stroke
and pre-sealing stroke, when the resistance force of the
piston movement is negligible. Pauses in extrusion re-
duce productivity but significantly facilitate the cutting
of fixed timber. It is advisable to use a reciprocating
press in parallel with a powerful screw press as part of
complexes for the production of facing bricks for the
formation of relatively small batches of shaped bricks
and other products of a wide range of shapes and sizes.
In this version, the powerful screw press is used as ef-
ficiently as possible, without wasting time on frequent
changeovers.

Screw presses use the principle of working with a
screw shaft or screw squeeze, which moves plastic-ce-
ramic raw materials and compresses them into a mold
to obtain the desired shape and size of the product.

The blade of screw presses can be one-, two- and
three-pass (Figure 1). Single-pass squeeze blades pro-
vide high press productivity and lower specific energy
consumption for pressing. A press with a two-stroke
squeeze blade has a much better pressing quality than a
press with a single-pass blade, however, all other things
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being equal, the performance is less and the specific en-
ergy consumption is greater. Three-pass blades with
and without overlap are rarely used due to a sharp de-
crease in the productivity of the press.

A
2

Figure 1 — Designs of pressing screw shaft blades

N

Belt screw presses are designed for the production of
plastic-ceramic products with a moisture content of
14...25%. Also, according to technological characteris-
tics, they are divided into presses with vacuuming and
presses without vacuuming of plastic-clay mass. By de-
sign — for presses with discontinuous screw blades and
for presses with cylindrical, stepped or conical bodies
[3].

The speed of axial movement of the mass in the press
cylinder is uneven: it is almost zero in the screw hub
and maximum at the inner surface of the housing. As a
result, in the mass moved in the press body, delamina-
tions occur parallel to the axis of the press. With the
further advancement of the mass in the press head, its
individual sections also move at different speeds due to
frictional forces along the outer perimeter of the mass
beam, as well as the rotational motion, which continues
partially, the mass and filling with it of the space previ-
ously occupied by the hub of the screw. As a result of
such a complex movement of the mass, which depends
on a large number of factors and is basically not suita-
ble for theoretical calculation, the bar at the exit from
the mouthpiece does not have a homogeneous structure,
but is a sequential layering of empty cones of mass
nested within each other.

To reduce and eliminate these shortcomings of plastic
molding in screw presses of continuous action, it is nec-
essary to observe the following technological parame-
ters and measures: careful preparation of the plastic
mass for the pressing operation; decrease in retention
(in %) of the dusty part of the fireclay component of the
mass; lengthening of the press head by inserting an in-
termediate ring 100...200 mm long between the body
and the press head, reducing the gap between the screw
blades and the press body to 2...4 mm; installation of
peeling knives in the intermediate ring or head of the
press; reducing the speed of the screw shaft to 20... 30
rpm; some increase in the moisture content of the mass.

Prior to the output of the timber formation and de-
pending on the design, the presses are divided into ver-
tical and horizontal. They are used in the production of
special fine ceramics, building bricks, strip tiles, hollow
ceramic blocks, socketless and drainage sewer pipes.

The screw aggregate press contains a press, a vacuum
chamber and a mixer. Mixing the clay should take place
without sucking in air. In this way, a screw and a work-
ing body are added to the paddle mixer to give re-
sistance to the movement of the clay and its crushing
by a grate or knives and cones [2]. While the pressure

of the clay in the screw-sealed ring may be sufficient to
maintain a high level of vacuum, it should not be ex-
cessive to reduce wear and energy intensity.

The press, which contains the forming organs, the
screw blower (mouthpiece with cavity formers) and the
press head, performs the main forming process.

The pressing process demonstrates the change in
pressure in different areas of the auger, as shown in the
Fig. 2. The highest pressure observed in the area of the
mixer screw end blade is 0.4-0.5MPa. This is signifi-
cantly less than the pressure of the main screw. Load-
ing, pre-compaction, pressure build-up, and forming
are all parts of the main screw. In the first section, the
screw is filled with cut clay. During transportation, it
constantly sucks out air, starting from the moment it
falls. There's no pressure at this point, and it shouldn't
be. In this region, the screw capacity must exceed the
maximum possible with power fluctuations [1].
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Figure 2 — Pressure distribution in the screw
press

In the next part, preliminary compaction begins, and
when the clay has already filled the entire turn-to-turn
channel of the screw, air is squeezed out of the pores
into the vacuum chamber. Reducing the channel area
with auger taper and auger pitch helps to speed up com-
paction.

The increase in pressure is carried out by a screw in
the following area. The presence of knives helps to stop
the clay from turning along with the screw, in the gaps
of the auger blades in this area. The pressure in the clay
in the zones of action of the knives is balanced at a level
sufficient to overcome the resistance of the forming or-
gans. This means that when the supply fluctuates, these
areas also help prevent overpressure inside the screw.
Clay flows unevenly through the interturn channel of
the auger. It flows faster in the periphery than in the
hub. The cross-section that passes through the end
blade at the inlet to the press head has the highest pres-
sure. The level of this pressure is determined by the
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pressure losses that occur during the passage of clay
through the channels of the organs that are being
formed.
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Figure 3 — Characteristics (performance as a
function of pressure) of the screw and molding
bodies at variable frequency

The new methods for measuring the pressure and ca-
pacity of the screw press are similar to those for aero-
dynamic and hydraulic systems. This method focuses
on the interaction of the supercharger and the forming
organs together, which means that their characteristics
is O=f{(q), i.e., the dependence of performance Q on
pressure g. Figure 3 shows the characteristics of the
screw at variable angular velocity (1.26 to 4.41 s™'), as
well as the characteristics of the forming organs (curve
A). The operating mode parameters, O, and g,, are
identified as the points of intersection of the curves.

Models of Shvedov-Bingam visco-plastic material
are used to describe the flow of clay through auger
channels and forming organs:

(M

T=T,+U au
=1, Rl
d

where 7 and 79 — effective and maximum stress shear;
4 — material viscosity;

du . .
—— =y —velocity gradient.
dy

This model demonstrates a class of materials in which
the stress is proportional to the velocity gradient, as in
a classical Newtonian fluid, but the flow begins only
after the maximum shear stress is reached zp. In the
clays used to make building ceramics using the plastic
molding method, there is a feature known as the viscos-
ity anomaly. Its essence lies in the fact that shear stress,
or effective viscosity x4, = f(y), decreases signifi-

cantly as the velocity gradient increases, rather than re-
maining constant [1]. The rheological curve, which is a
mathematical description of dependence, has the form:

)

where y — the flow index, which depends in logarith-
mic coordinates on the angle of inclination of the rheo-
logical curve to the abscissa axis;

/ue =IUO '()/)ﬂ//

Mo — consistency index is an indicator that determines
the effective viscosity at a unit velocity gradient,
H-s/m?2.

A complex equation that describes the properties of a
screw takes into account the leakage of clay through the
gaps between the screw and the cylinder jacket and
through the turn-to-turn channel:

O =G0y =0 = O

where Q.. — supercharger performance;

Oy — direct flow, which occurs due to the pushing

ability of the main front surfaces of the screw;

;¢ — the backflow that occurs when the forward flow

1S restrained;

Qeum — outflow through the gaps.

The characteristics of the forming organs (curve A in
Figure 3) are calculated as ¢=f(0), moreover, the total
pressure ¢s is equal to the sum of the pressure losses in
the press head g¢.,, and mouthpieces Guu:
q3= o1t quy- Each loss is calculated using the formula:

€)

D0 (@) = 1 2 4)

Kc’
where K. — A coefficient that describes the shape of a
flow channel and is calculated using formulas for cy-
lindrical, conical, slit, and wedge-shaped channels.
Effective viscosity u. for each channel, find by a chart
M, = f(y) after calculating the velocity gradient for

each channel.

It should be noted that the rheological characteristics
of different clays differ significantly from each other.
In addition, experiments with the calculation of rheo-
logical curves on piston rtheometers are quite complex
and require special equipment [13]. For this reason,
simplified methods for calculating screw presses are
used in design practice.

Vacuuming molding is one of the best ways to im-
prove the quality of molded products. As you know, the
presence of air in the mass reduces the strength and
molding properties of the ceramic mass due to the
breaking of bonds between individual grains of clay
minerals and water molecules. The presence of air in
the ceramic mass also reduces the process of disaggre-
gation of clay particles, reduces the molding ability of
the mass, and leads to uneven compaction during mold-
ing, which leads to the formation of microcracks in the
formed product. Stable vacuum, which depends on uni-
form press feed, as well as the power and reliability of
the vacuum pumps, is important for effective vacuum-
ing.

Unlike ordinary bricks, the characteristics of plastic-
brick products differ and have a number of advantages.
Plastic-brick products may have altered strength com-
pared to traditional bricks depending on the type of
plastic and the ratio of components in the mixture.

Plastic-brick products have better insulation proper-
ties, especially if they contain polystyrene foam, which
helps to improve the energy efficiency of buildings and
reduce heating and air conditioning costs.
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Also, plastic-brick products are lighter compared to
traditional bricks, which makes it easier to transport
and process on the construction site.

The semi-finished product, which is pressed on vac-
uum presses, is not fully formed and undergoes press-
ing again on a pre-pressing press to give the semi-fin-
ished product the correct shape, as well as the necessary
strength. At the same time, there are ancillary costs,
which is inappropriate nowadays.

Comparing the technological schemes for the produc-
tion of bricks by plastic and semi-dry methods of mass
preparation, it should be noted that with almost the
same indicators of energy consumption, the indicators
of metal consumption of semi-dry pressing plants are
about three times higher, and the labor intensity of mak-
ing one thousand bricks is 30% lower compared to the
semi-dry method.

Conclusions

The construction industry in Ukraine is adopting in-
novative technologies such as using recycled plastic to
make bricks, tackling plastic waste, and promoting re-
cycling. The production process involves collecting

and recycling plastic waste, mixing it with other com-
ponents, and shaping bricks using methods such as
plastic molding and semi-dry pressing. To improve the
quality of bricks, various equipment is used, for exam-
ple, reciprocating and screw presses. The study aims to
improve the efficiency and results of thermoplastic
casting in the construction industry. In addition, the
study highlights the importance of pressure distribution
in screw presses to compact clay in the production of
building ceramics. Vacuuming of the molding mass is
emphasized as crucial for improving the quality of
molded products. Plastic brick products have ad-
vantages such as altered strength, better insulation
properties, and lighter weight. Comparing technologi-
cal schemes, the semi-dry method of brick production
has a higher metal consumption and less labor intensity
compared to the plastic one. Overall, the study high-
lights the potential of recycled plastic bricks in promot-
ing sustainable construction practices and reducing en-
vironmental impact.
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Absorption processes are one of the main ones in the preparation of hydrocarbon gases. However, in connection with a decrease
in the pressure of the input gas, a number of facilities for the preparation of industrial products cannot provide the necessary
technological regime and therefore require reconstruction. A typical example is the installation of low-temperature absorption
at the main facilities «Solokha» of the gas industry management «Poltavagasvydobuvannya» where there is a decrease in the
efficiency of the separation process of natural and oil gases. According to the results of analytical studies, to eliminate the
indicated shortcoming, a variant of the reconstruction of the ULTA MF «Solokhay is proposed, which involves the use of a
scheme with preliminary saturation of the regenerated absorbent. This will increase the extraction rate of components by
21.96%.

Keywords: low-temperature absorption, a wide fraction of light hydrocarbons, pre-saturation of the absorbent

YHOCKOHaJIeHHﬂ METOAY NPOMHUC/JI0BOT0 BUJIYIYCHHHA FOMOJIOFiB METany
Mexuenxo M.M.'*, ITequenko JI.0O.%, lequenxko H.M.3, Capuk B.M.*

1,234 HanionansHuil yHiBepcHuTeT «IlonTaBchka nomitexnika imeni Opis KongpaTioka»
*Anpeca ms muctyBanHs E-mail: pedchenkomm@ukr.net

Ipouecu abcopOILil € OMHUMH 3 OCHOBHHX IPH MiIrOTOBII IPUPOJHOTO i CYIMyTHBOrO HATOBOTO Ta3iB. 3aCTOCYBaHHS CXEM
HHU3bKOTeMIlepaTypHoi abcopOiii Jae 3Mory 3abe3meunTn BUCOKE BHUITy4YeHHs1 KOMIOHEHTiB C3+ 3 ByIJIeBOJHEBHX Ta3iB IpH
MOPIBHSIHO MOMIPHOMY OXOJIOJDKEHHI TEXHOJIOTIYHHX MOTOKIB. OfHAK, y 3B’SI3KY 31 3HIKEHHSIM THUCKY BXITHOTO rasy, psn
00’€KTiB MiIrOTOBKH IIPOMHCIIOBOT IIPOIYKIT HE MOXKYTh 3a0€3MeYNTH HEOOXiTHNI TEXHOJIOTIYHUH PEXUM 1 TOMY HOTpeOy-
I0Th PEKOHCTPYKILii. TUIIOBUM NpPHKIAIOM € ycTaHOBKa HU3bKOTeMIepaTypHol abcopbuii (YHTA) Ha ronoBHHX cnopynax
(I'C) «Conoxa» razonmpomMucioBoro ynpasmiHHs «[lonTaBarazsuno0yBanssy. [Ipu poboTi ycTanoBKH abcopOril mif cepenHiM
1 BHCOKMIM THCKOM Pa30OM 3 IIPOIIAHOM i BUIIIIMH BYTJICBOAHSAME a0COPOESHTOM MOTITMHAETHCS TAKOXK 3HAYHA KUTBKICTh METaHY
i eTaHy. Y pe3ysbTaTi pO3BUTOK MPOIIECY MOJKE JIIMITYBATUCS 32 ACSKAUMH KOMIIOHEHTAMH BHACIIIOK TEPMOAWHAMIYHOI PiB-
HoBard. OTKe, MOTJIMHAHHS HeOAKaHUX KOMITOHEHTIB B abcopOepi CIpHYHHSE MiABUIICHHS CEpeAHbOI TemMIepaTypu abcopo-
IiT Ta HECTIPUATIUBOTO (OPMYyBaHHS MPODITIO TeMIEepaTyp Mo BUCOTI anapata. HacmigkoM 1ib0ro € 3HMKEHHS e()eKTHBHOCTI
Hpolecy PO3aiIeHHS MPUPOJHUX 1 HahTOBHUX rasiB. 3a pe3yibTaTaMM aHATITHYHHUX JOCIIDKEHB JUIs YCYHEHHs BKa3aHOTO He-
oMKy 3anpornoHoBaHo BapiaHT pekoHCTpyKiii YHTA I'C «Conoxay, skuii nepeadadae 3acTOCyBaHHS CXEMH 3 TIOMIEPEIHIM
HACHYCHHSIM pereHepoBaHoro abcopOeHTy. B Takiii cxeMi KOHTAaKT CHPOro ra3y i HacHueHOro abcopOeHTyY 3MiHCHIOEThCS B
XOJIOAMIBHUKY CHPOTO Ta3y MPH HIKYil TeMIiepaTypi, Hix B abcopOepi. [lonepenHe HacH4eHHS pereHepoBaHOro adbCOpOeHTY
CYXHM Ta30M J03BOJISIE€ MiIBUIINTH TTIMOMHY BITYYEHHS I[UILOBUX KOMIIOHEHTIB 3 ra3y B abcopOepi. Y 1IbOMY XOJIOJMIbHUKY
OJHOYACHO KOHJIEHCY€EThCS YaCTHHA BaXKKHX BYTJIEBOIHIB, IO MPHU3BOJNUTH IO 3HIKEHHS TelrIa abcop6mii B abcopbepi. 3a-
BISKH NOTIEpETHEOMY HaCHUIEHHIO aOCOpOEHTy MeTaHOM, B caMmoMy abcopOepi BiOyBaeThcsl BUIIyHIEHHS 3 Ta3y B OCHOBHOMY
IIJIbOBHX BYTJICBOJHIB. 3aCTOCYBaHH By3Jla HACHUCHHSI PEreHEPOBAHOI0 aOCOPOSHTY iHEPTHUMH KOMIOHEHTaMH J03BOJIUThH
MiHIMI3yBaTH HACIIiJKM 3HWKEHHS TUCKY BXIJIHOTO rasy i MiZIBULINTH PiBeHb BHIy4EeHHS KOMIOHEHTIB IMpPOKoT (pakuii ser-
kux ByrneBonHis (LLIDJIB) na 21,96 % (B T. 4. nponany Ha 22,05 %, OyraniB Ha 30,75 %). [Ipu upoMy piBeHb BHIyUCHHS
JIOCSITHE TPOEKTHOTO.

Kiouosi ciioBa: HU3pKOTEMIIEpAaTypHA a0COPOIIis, IMUPOKa (PpaKIis JIETKUX BYTIIEBOIHIB, TOTIEPEIHE HACHIECHHS a0COPOCHTY

Introduction (modules) of separation, compression and drying of
Absorption processes are one of the main ones in the  gas, have absorption and desorption modules [1].
preparation of natural and associated petroleum gases. The use of LTA schemes makes it possible to ensure

Absorption schemes, in addition to general nodes ahigh extraction of propane from petroleum gases with
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relatively moderate cooling of process flows: on LTA
installations, to extract 90-95% of propane, it is enough
to have a refrigeration cycle with an isotherm of minus
30-38 °C [2]. At low-temperature condensation (LTC)
installations, this requires an isotherm of minus 80-85
°C [3, 4].

Light absorbents (molecular weight 80-140) are used
at LTA installations, their specific consumption is usu-
ally no more than 1-1.5 I/m>. In combination with other
measures, this made it possible to increase the degree
of extraction of commercial products at the gas pro-
cessing plant (GPP) and reduce the specific costs of gas
processing by 25-50% (compared to the costs of con-
ventional oil absorption plants) [5-8].

However, during absorption, the absorbent and the
gas are heated due to the released heat, and the temper-
ature of the absorbent is higher than the temperature of
the gas, since the heat is directly transferred to the ab-
sorbent, and the gas is heated only due to the heat ex-
change between it and the absorbent [8, 9].

Peculiarities of the technological regime of the
ILTA of the main facilities (MF) «Solokha

The gas at the outlet of the ILTA installation must
meet the dew point requirements for water and hydro-
carbons. However, the pressure of the inlet stream is
currently at the lower level permissible for the imple-
mentation of the process at the required level. It will be
quite logical to envisage the option of its reconstruction
with (preliminary saturation of the absorbent with an
inert gas).

AtILTA (MF) «Solokhay, pre-dried gas under a pres-
sure of 2.2-2.4 MPa and at a temperature of minus 11.6
°C enters two absorbers working in parallel (130,000
m?3/h). Although according to the regulations, this pres-
sure should have been 4 MPa [10]. The ILTA installa-
tion allows to increase the extraction rate of Cs: higher
hydrocarbons in the form of a broad fraction of light
hydrocarbons (BFLH) by 80% (63 thousand tons per
year, although the absolute value of propane extraction
is only 27% of its content in raw gas).

The existing sheme of low-temperature absorption at
the main facilities «Solokhay JSC
«Ukrgazvydobuvannyay is shown in Fig. 1. In Tables 1
and 2. the composition of the input gas and adsorbent
of ILTA at the main facilities «Solokhay, respectively,
is given.

Figure 1 — Scheme of low-temperature absorption of MF «Solokhay [10]:
A-1, A-2 - absorbers; K-1 — absorption-evaporation column; K-2 — desorber; B-1 — weathering agent;
T-3, T-4, T-5, T-8 — recuperative heat exchangers; P-1, P-2 — ovens; E-3, E-5 — collection tanks;

E-2 —irrigation capacity; H-1, H-2, H-3, H-4-1, H-4-2, H-5 — pumps; B-2 — propane vaporizer of ACI;
AC-1, AC-2 — air coolers; 1 —raw gas; 2 — dry gas; 3 — feeding with an absorbent; 4 — saturated absorbent;
5 — deethanization and weathering gas for own needs; 6 — regenerated absorbent; 8 — BFLH;

9 — blowing gas to the torch; 10 — liquid propane; 11 — propane vapors;

12 — refueling with the vapor phase from the absorbent preparation unit
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Table 1 — Characteristics of the input and output
gas of ILTA (%) [10]

Table 2 — Characteristics of absorbents of the
ILTA installation [10]

»n —_— =)
= ES | 2 , 3
S S5 (18= | 82| .3
o < — 72} = 9]
& S| Eg4 &L 2
= B ESH zgel &<
(o) S @ oc 2 1 o5 =8
@]  an| O H A =& [
N, 1.112 | 1.582 | 0.287
CH4 88.67 | 89.475 | 59.71
CO, 2477 12396 | 5.923
CyHs 5.037 | 5.125 ] 31.62 | 1.232
CsHg 1.791 | 1.087 | 2.043 | 89.70
Iso-butane 0.201 | 0.09 0.127 | 5.265
n-butan 0.421 | 0.168 | 0.179 | 3.756
neopentane 0.005 | 0.02 0.001 | 0.006
iso-pentan 0.087 | 0.03 0.02 ] 0.031
n-pentan 0.082 | 0.023 | 0.015 | 0.012
Fract. to 60°C | 0 0.002 | 0.007 | 10*
rcuno 6080 o o002 | 0012 |-
(,Féa"t' 801001 4,089 | 0.009 | 0.010 | -
Fract. 100-
120°C 0.015 | 0.007 | 0.027 | -
Fract. 120-
150°C 0.017 | 0.003 | 0.013 | -
Fract. 150-
160°C - 0.0003 | 0.001 | -
Fract. 160- "
180°C - 0.0001 | 7-10%| -
Fract. 180- 105 104
200°C - 2+10° | 2107 -
Fract. 200- 5
230°C i 21077 -
Maver, kg/mol 18.54 | 18.08 | 22.95 | 45.2
Density, kg/m® | 0.746 | 0.728 | 0.924 | 503.8

Insufficient pressure, as well as the limited capabili-
ties of the propane refrigeration plant for cooling the
absorbent and gas complicate the process of absorption
of Cs+ higher in the absorbers and further affect the pa-
rameters of the processes of deethanization and regen-
eration of the absorbent. As practice shows, the disad-
vantages of the absorption process under such condi-
tions are especially noticeable when the ambient tem-
perature rises above 20-25 °C. At the same time, the
temperature of the gas at the entrance to the LTA rises
to minus 18 — minus 15 °C, the temperature of the re-
generated absorbent when fed to the absorber to minus
10 — minus 8 °C. During this period, the production in-
dicators of BFLH decrease by an average of 30% —
from 120-140 to 90-100 t/day (although the design ca-
pacity of the installation is 200 t/day).

From Table 3 [10], which presents a verification cal-
culation of the absorption of ILTA MF «Solokha (the-
oretically possible), namely from the liquid plate en-
thalpy (absorption occurs in the liquid, and therefore
the main release of energy) and the average temperature

= z & = E =

: TREEEEF
2 58 |48 | 237
O ~ <

N2 - 1.25 6107
CH4 - 0.002 0.006
CO, - 0.004 0.007
CoHs 6 +10° | 0.59 0.1
CsHg 0.04 7.64 0.85
Iso-butane 0.13 1.98 0.99
n-butan 0.57 3.98 2.15
neopentane 0.01 0.04 0.02
iso-pentan 1.07 1.52 2.36
n-pentan 1.39 1.62 2.99
Fract. to 60 °C 0.83 0.86 4.49
Fract. 60-80 °C 2.03 1.86 6.68
Fract. 80-100 °C 4.87 4.25 9.57
Fract. 100-120 °C | 21.36 18.41 17.79
Fract. 120-150 °C | 32.62 27.71 26.87
Fract. 150-160 °C | 8.08 6.82 6.94
Fract. 160-180 °C | 10.07 8.48 10.5
Fract. 180-200 °C | 6.79 5.71 6.82
Fract. 200-230 °C | 3.88 3.25 0.83
Fract. 230-250 °C | 2.83 2.37 0.02
Fract. 250-270 °C | 3.44 2.88 0.01
Fract. 270-290 °C | 0.01 0.008 0
Fract. 290-320 °C | 0.008 1.26 0
Fract. 320-250 °C | 0.003 0.002 0
Fract. >350°C 0.0007 | 0.004 0
Maver, kg/mol 121.03 | 81.43 110.88
Density kg/m* 755.11 | 62349 | 716.89

on each of the eight theoretical plates (the temperature
difference between the first and second and second and
third plates is 1.7 °C, while between the third and
fourth, fourth and fifth plates is only 1.2 °C), it can be
concluded that the majority of heat is in the upper part
of the absorber is released during the absorption of me-
thane and ethane.

At a given pressure and average temperature on the
plates, the value of the phase equilibrium constant
shifts towards the opposite process — desorption
(Fig. 2).

The level of extraction of propane, as the main target
component of the process (39% according to the regu-
lations of the installation and 27% in real conditions),
which can be seen from the difference in its content in
the gas at the entrance and at the exit from the installa-
tion (Table 4), is hardly acceptable from the point of
view of profitability in general for absorption processes
and even more so for low-temperature absorption with
significant costs for obtaining cold.
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Table 3 — Verification calculation of absorption (one absorber), pressure 2.2 MPa [10]

, . Flows, Enthalpy, . 3
% g g S kmol/h Keal/kmol Flows, kg/h Density, kg/m
23 g3
é _§ S = gas liquid gas liquid gas liquid gas liquid
1 -5.9 2586.5 | 256.43 2025.62 -4617.29 47166.5 27332.09 | 19.32 | 761.53
2 -7.6 26384 | 263.51 | 22010.98 -4593.87 48498.56 | 27576.14 | 19.66 | 760.12
3 9.3 2645.5 | 268.26 1995.25 -4605.64 48743.76 | 27737.64 | 19.88 | 759.73
4 -10.7 | 2650.3 | 272.46 1981.9 -4613.07 48907.3 27884.51 | 20.05 | 759.36
5 -11.9 | 2654.6 | 276.88 1970.34 -4610.16 49056.77 | 28047.08 | 20.21 | 758.77
6 -13.1 2659.2 | 282.56 1959.41 -4590.83 49222.14 | 28270.35 | 20.35 | 757.69
7 -14.5 | 2664.9 | 292.32 1947.22 -4533.86 49447.88 | 28685.97 | 20.57 | 755.35
8 -16.5 | 2674.7 | 32142 1929.43 -4328.68 49865.15 | 30074.02 | 20.90 | 747.77
T 3
I
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Figure 2 — Dynamics of changes in the height of the absorption apparatus [5]:
a — the content of saturated components in the absorbent; b — flow temperatures; And — raw gas;
II — dry gas; III — regenerated absorbent; IV — saturated absorbent; 1 — gas; 2 — absorbent.

Table 4 — Material balance of ILTA MF «Solokha» with a gas productivity of 130,000 m3/h
before reconstruction

gas inlet withdrawal | Dry gas output | Withdrawal of BFLH
Compositions % mol. | g/ m?® | % mol. % mol. | g/m® | g/m® | t/h t/day
G 1.791 | 43.0 | 35.56 1.14 27.71 | 1529 | 1.9875 | 47.70
>Cy 0.701 17.7 | 55.86 0.16 7.81 ]9.89 | 1.2858 | 30.86
>Cs 0.179 | 5,40 | 100 0 0 540 | 0.7021 | 16.85
> Ce+ 0.05 1.88 | 100 0 0 1.88 | 0.2438 | 5.85
> CO,,CHy, CoHp | - - - - - - - 3.48
> 2.72 67.98 | 47.74 1.30 35.52 | 32.46 | 4.2192 | 104.74

Review of the research sources and publications
Currently, the following technological schemes of ab-

sorption plants are used:

— absorption with partial evaporation of light hydro-

carbons;

— absorption with recirculation of non-condensed

gases;
— two-stage absorption;

— absorption with preliminary saturation of the regen-
erated absorbent.

Absorption with partial evaporation of light hydrocar-
bons involves heating the bottom of the column in order
to partially evaporate methane (and sometimes ethane).
At the same time, partial desorption of propane and
heavier hydrocarbons occurs. Devices in which this
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process is implemented are called absorption-evapora-
tion columns (AECs). At present, technological
schemes of almost all absorption plants include AEC.

During the operation of the absorption unit under me-
dium and high pressure, along with propane and higher
hydrocarbons, the absorbent also absorbs a significant
amount of methane and ethane. This complicates the
desorption scheme. Due to the high pressure of the sat-
urated vapor of the products at the top of the column,
their condensation is difficult, since low temperatures
are required.

At a number of gas processing plants, schemes with
recirculation of residual gases. However, it is difficult
to determine the optimal operating parameters of such
an installation. On the one hand, it is desirable to carry
out demethanization of the saturated absorbent under
high pressure in order to reduce the load on the com-
pression of the residual gas, on the other hand, increas-
ing the pressure increases the metal capacity of the col-
umn and heat consumption for the regeneration of the
absorbent.

In the LTA process, a number of issues arise when
using a light absorbent: the removal of the absorber
with gas increases both due to its dissolution in the gas
and due to removal in the form of small droplets. To
reduce the losses of the absorber with dry gas, two-
stage absorption schemes are used: a light absorbent is
fed to the first stage, and a relatively heavy one to the
second stage of absorption. Multi-stage absorption
schemes with different temperatures and pressures at
individual stages are also used.

It is known that the process of absorption of hydro-
carbon gases takes place with the release of heat — the
greatest exothermic effect is observed in the upper and
lower parts of the absorber, because the main mass of
methane and ethane is absorbed at the top, and butane
and heavier hydrocarbons are absorbed at the bottom.
During the processing of oil gas of medium «fatness»
(Csthigher= 300 g/m?), more methane and ethane are ab-
sorbed in the absorber than propane and heavier hydro-
carbons (in moles). And this means that the removal of
unwanted components (methane and ethane) causes
more heat release than the absorption of high molecular
target hydrocarbons, since methane and ethane have
higher heats of absorption at the operating pressures of
the processes. The profile of the change in propane con-
centration, for example, is formed by the height of the
apparatus so that sometimes in the middle part of the
absorber propane desorption begins from the absorbent
flowing from the higher plates (Fig. 2).

Accordingly, under these conditions, the develop-
ment of the process may be limited by some compo-
nents due to thermodynamic equilibrium. Therefore,
probably, increasing the number of real plates in the ab-
sorber (more than 25-30) does not contribute to increas-
ing the efficiency of the process. Therefore, in the con-
ditions of the adiabatic regime, the absorption of un-
wanted components in the absorber causes an increase

in the average temperature of absorption and an unfa-
vorable formation of the temperature profile along the
height of the device and, as a result, is one of the rea-
sons for reducing the efficiency of the separation pro-
cess of natural and petroleum gases.

The analysis of the temperature distribution along the
height of the absorbers at different installations showed
that the intensity of the heating of the absorbent is
greater in the upper and lower parts of the apparatus,
since the main amount of methane and ethane is ab-
sorbed at the top of the column, while the dissolution
of butanes and pentanes occurs on the lower plates.
Therefore, it is advisable to remove the maximum
amount of heat of the dissolution process in intermedi-
ate refrigerators installed at the top and bottom of the
absorber. However, schemes with intermediate refrig-
erators have a number of disadvantages: the presence
of blind plates in the absorber, the difficulty of accu-
rately choosing the place of introduction of the cooled
absorbent, low heat transfer coefficients.

To eliminate the indicated shortcomings, it is possible
to use schemes with preliminary degasification of raw
gas and saturation of the regenerated absorbent. Pre-
saturation of the regenerated absorbent with dry gas
makes it possible to increase the depth of extraction of
the target components from the gas in the absorber,
since in this scheme the contact of raw gas and satu-
rated absorbent is carried out in the refrigerator of raw
gas at a lower temperature than in the absorber. In this
refrigerator, at the same time, a part of heavy hydrocar-
bons condenses, which leads to a decrease in the heat
of absorption in the absorber. Due to the pre-saturation
of the absorbent with methane, mainly target hydrocar-
bons are extracted from the gas in the absorber itself.
On the basis of calculations, it was found that the lower
the content of heavy hydrocarbons in raw gas, the
greater the negative impact of residual components in
the regenerated absorbent on the depth of their extrac-
tion [8, 9].

Increasing the absorption pressure reduces the nega-
tive impact of residual components. For example, at
pressures of 1.5 and 3 MPa and 15 °C, the presence of
1% (wt.) propane and butane in the regenerated absor-
bent reduces the extraction of propane in the first case
by 15%, and in the second by 10%, butane by 5 and 3,
respectively. 5% in comparison with the mode in which
complete evaporation of the absorbent would be carried
out [11, 12].

First of all, three pre-saturation schemes are used. The
first option (Fig. 3) — the regenerated absorbent is
mixed with dry gas of the absorption-evaporation col-
umn 4 and enters the propane evaporator 5 together
with it. As a result of the contact of these flows, the
regenerated absorbent is saturated with light hydrocar-
bons with the simultaneous removal of heat of absorp-
tion. After that, the saturated (ballast) regenerated ab-
sorbent is separated from the free gas in the separator 6
and fed to the upper plate of the absorber and AEC.
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Figure 3 — Schematic diagram of the absorption unit with pre-saturation of the regenerated absorbent
with dry AEC gas (option I):
1, 5 — propane evaporators; 2, 6 — separators; 3 — absorber; 4 — AEC; 7 — reboiler; And — raw gas;
II — dry gas; III — dry gas after preliminary saturation of the regenerated absorbent;
[TV — regenerated absorbent after previous saturation; V — dry gas AEC;
VI - regenerated absorbent; VII — deethanized saturated absorbent; VIII — coolant

The second option (Fig. 4) — the regenerated absor-
bent is mixed with dry AEC gas 4 and enters the pro-
pane evaporator 5 together with it. As a result of the
contact of these streams, the absorbent is saturated with
light hydrocarbons with the simultaneous removal of
the heat of absorption. After separating this mixture in
the separator 6, the saturated absorbent is divided into
two streams — one is directed to the upper plate of the

X

AEC, the other is mixed with the dry gas of the absorber
and enters the propane evaporator 7. As a result, the ab-
sorbent is additionally saturated with light hydrocar-
bons. After the evaporator 7, the mixture of gas and ab-
sorbent enters the separator 8, from which the saturated
regenerated absorbent is fed to the upper plate of the
absorber 3, and the dry gas is sent to consumers.

VII

VI

Figure 4 — Basic technological scheme of the absorption unit with preliminary saturation of the regener-
ated absorbent with dry gas of the absorber and dry gas of AEC (Il variant):
1, 5, 7 — propane evaporators; 2, 6, 8 — separators; C — absorber; 4 — AEC; 9 — reboiler; I - raw gas;
II — dry gas after preliminary saturation of the regenerated absorbent;
IIT — regenerated absorbent after the pre-saturation node; IV, V, VI — dry gas;
VII — regenerated absorbent; VIII — coolant; IX — deethanized saturated absorbent

The third option (Fig. 5) — one stream of regenerated
absorbent is saturated with light hydrocarbons as a re-
sult of mixing with dry gas of absorber C, after cooling
in propane evaporator 7 and separation from gas in sep-
arator 8, it is fed to the upper plate of absorber 3. The
second stream of regenerated absorbent is saturated

with light hydrocarbons as a result of mixing with dry
gas of the absorption-evaporation column 4 and after
cooling in the propane evaporator 5 and separation
from the gas in the separator 6 is fed to the upper plate
of the absorption-evaporation column 4.
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Figure S — Basic technological scheme of the absorption unit with preliminary saturation of the regener-
ated absorbent with dry gas of the absorber and dry gas of AEC (III variant):
1,5, 7 — propane evaporators; 2, 6, 8 — separators; C — absorber; 4 — AEC; 9 — reboiler; I — raw gas;
II — dry gas of the absorber after preliminary saturation of the regenerated absorbent;
III — regenerated absorbent; IV, V — dry gas; VI — dry AEC gas after pre-saturation

of the regenerated absorbent; VII — regenerated absorbent after previous saturation;
VIII — coolant IX — deethanized saturated absorbent

vII 3

The installation uses two absorbents: light - with a  gas processing plant designed for the extraction of
molecular weight of 100 and heavy - with a molecular  ethane and heavier hydrocarbons from natural gas (Al-
weight of 140. vin, USA). [8]. A gasoline fraction with a molecular

In fig. 6 shows the technological diagram of the LTA  weight of 100 is used as an absorbent.
installation with the absorbent pre-saturation unit of the

19 18

X1V

XIV|

=

W‘Y X

X1

VIII

Figure 6 — Technological scheme of the LTA gas processing plant, designed for the extraction of C**
HIGHER hydrocarbons from natural gas:

1, 8, 12, 13 — recuperative heat exchangers; 2, 4, 6, 10, 14, 17, 19 — propane vaporizers; Z, 7, 15 — separators;

5 — absorber; 9 — evaporator-separator; 11 — AEC; 16 — desorber; 18 — air cooler; 20 — reflux capacity; 21 —
stove; 1 —raw gas; 11 — dry gas of the absorber after the assembly of pre-saturation of the regenerated absorbent
with light hydrocarbons; II I — ethylene glycol solution; IV — hydrated ethylene glycol; V — saturated absorbent;
VI — dry gas; VII — regenerated absorbent saturated with light hydrocarbons; VIII — regenerated absorbent; IX —
dry gas; X — dry gas of AEC after pre-saturation of the regenerated absorbent with light hydrocarbons; XI — re-
generated absorbent saturated with light hydrocarbons; XII — demethanized saturated absorbent; XIII — saturated

partially degassed absorbent; XIV — gas; XV is a broad fraction of C»+ higher hydrocarbons

Definition of unsolved aspects of the problem sary technological regime and therefore require recon-
However, in connection with a decrease in the pres-  struction. A typical example is the installation of low-
sure of the input gas, a number of facilities for the prep-  temperature absorption (ILTA) at the main facilities
aration of industrial products cannot provide the neces- (MF) «Solokha» of the gas industry management JSC
«Ukrgazvydobuvannyay. During the operation of the
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absorption unit under medium and high pressure, along
with propane and higher hydrocarbons, a significant
amount of methane and ethane is also absorbed by the
absorbent. As a result, the development of the process
may be limited by some components due to thermody-
namic equilibrium. Therefore, the absorption of un-
wanted components in the absorber causes an increase
in the average absorption temperature and an unfavor-
able formation of the temperature profile along the
height of the device. The consequence of this is a de-
crease in the efficiency of the process of separation of
natural and oil gases

Problem statement

Therefore, the extraction of light hydrocarbons from
the gas by a regenerated absorbent outside the absorber
with the simultaneous removal of heat of absorption
makes it possible to reduce the release of heat in the
upper part of the apparatus and, as a result, to increase
the degree of extraction of target hydrocarbons from the
gas or to reduce the specific consumption of the absor-
bent with an unchanged degree of extraction of com-
mercial products.

Calculation studies of the described schemes in rela-
tion to the conditions of a typical installation showed
that with «average» gas fat content and low flow tem-
perature (minus 37 °C), the extraction of propane is en-
sured in the first case by 76%, in the second by 83%
and in the third by 91% (removal of butanes and heavier
hydrocarbons was in all cases about 100%). Experience

shows the possibility of reducing the specific absorbent
consumption due to this measure by 20%.

Thus, the extraction of light hydrocarbons from the
gas by a regenerated absorbent outside the absorber
with the simultaneous removal of the heat of absorption
allows to reduce the release of heat in the upper part of
the apparatus and, as a result, to increase the degree of
extraction of target hydrocarbons from the gas or to re-
duce the specific consumption of the absorbent with an
unchanged degree of extraction of commercial prod-
ucts.

Basic material and results

Taking into account the fact that the existing LTA in-
stallation lacks technological solutions for removing
excess heat along the height of the absorber or prevent-
ing its release in the absorber due to the pre-saturation
of the regenerated absorbent with inert components
(methane, ethane) and removal of excess heat before it
is fed to the absorber, it should be optimized first of all,
the temperature regime of the absorber. Based on the
availability of a resource of inert components (self-
needs gas consisting of the deethanization gas of the K-
1 column and the weathering gas of the aerator B-1
(Fig. 1)), it is advisable to supplement the ILTA scheme
with a node for saturating the regenerated absorbent
with gas for own needs.

Figure 7 shows the ILTA scheme supplemented with
the node of saturation of the regenerated absorbent.
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Figure 7. — Scheme of the ILTA with the node of saturation of the regenerated absorbent:

A-1, A-2 — absorbers; K-1 — absorption-evaporation column; K-2 — desorber; B-1 — weathering agent; T-3, T-4,
T-5, T-8 — recuperative heat exchangers; P-1, P-2 — ovens; E-3, E-5 — collection tanks; E-2 — irrigation capacity;
E-1 —separator; H-1, H-2, H-3, H-4-1, H-4-2, H-5 — pumps; B-2, B-3 — propane vaporizers of ACI; AC-1, AC-2
— air coolers; 1 — raw gas; 2 — dry gas; 3 — feeding with an absorbent; 4 — saturated absorbent; 5 — deethanization
and weathering gas for own needs; 6 — regenerated absorbent; 7 — pre-saturated absorbent; 8 — BFLH; 9 — blow-
ing on a torch; 10 — liquid propane; 11 — propane vapors; 12 — refueling with the vapor phase from the absorbent

preparation unit

The process is implemented as follows. Gas from the
LTS installation with a pressure of 2.2 MPa and a tem-
perature of minus 21 °C in the amount of 130,000 m>/h

enters the lower part of two absorbers A-1 and A-2, ir-
rigated with regenerated and cooled to a temperature of
minus 11.6 °C absorbent.
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The absorption process is accompanied by the release
of heat (heating of the absorbent from minus 11.6 °C to
minus 10 °C, and the gas from minus 21 to 5.9 °C).

The absorbent, saturated with BFLH, with a temper-
ature of minus 10 °C and a pressure of 2.2 MPa is throt-
tled from the absorbers to 1.6 MPa in the air conditioner
B-1. As aresult of the throttle effect, the absorbent tem-
perature drops to minus 16.9 °C.

In the weathering device B-1, weathering gases (me-
thane, ethane) are desorbed from the absorbent, which,
through the regulating valve, are sent to the gas collec-
tor for its own needs. The degassed absorbent is sent
from it in two streams to the K-1 deethanization column
as feed. One stream with a temperature of minus 16.9°C
(about 25% of the total feed) is supplied as a «cold»
feed to the 30 plate of the column. The second flow is
heated in heat exchangers T-3, T-4, T-8 and T-5 to a
temperature of 200 °C by the flow of hot regenerated
absorbent coming from the cube of column K-2 and
sent as «hot» feed to plate 36 of column K-1.

As irrigation, regenerated, pre-saturated and cooled to
a temperature of minus 11.6 °C absorbent is supplied to
the first plate from the separator of the pre-saturation
unit of the regenerated absorbent, maintaining the tem-
perature of the top of the column to 10 °C. The heating
of the liquid in the cube up to 170 °C is ensured by the
circulation of the cube liquid according to the scheme:
«cube column K-1 — pump H-1 — condensate heating

furnace P-1 — cube column K-1).

In the K-1 column, light components (methane,
ethane) are separated from the absorbent. The deethani-
zation gases from the top of the K-1 column together
with the weathering gas from the B-1 weatherer pass
through the regenerated absorbent saturation node into
the fuel gas system.

The deethanized absorbent with a temperature of
185°C and a pressure of 1.6 MPa is fed from the bottom
of the K-1 column as feed to the K-2 absorbent regen-
eration column on a 36 plate.

In the K-2 column, the cubic residue of the K-1 col-
umn is separated into the regenerated absorbent and the
HFLYV extracted from the gas, which comes out in the
form of a vapor phase from the upper part of the col-
umn, condenses in the AC-2 air coolers and enters the
reflux tank at a temperature of 45-50°C E-2.

The pressure of 1.4 MPa in the K-2 column is main-
tained by changing the degree of condensation of
BFLH in the air cooler AC-2.

From the reflex tank E-2, a part of broad fraction of
light hydrocarbons (BFLH) is supplied in the form of
irrigation to the first plate K-2, the rest is removed from
the installation as a target product. The regenerated ab-
sorbent from the bottom of the column K-2 is succes-
sively cooled in the heat exchangers T-5 and T-8 by the

flow of saturated absorbent and in the air cooling appa-
ratus X-1 to a temperature of 50 °C and enters the tank
E-S.

The regenerated absorbent from tank E-5 is sequen-
tially cooled in the pipe space of heat exchangers T-4
and T-3 with saturated absorbent, in the pipe space of
evaporator B-2 with boiling propane (to a temperature
of minus 11.6 °C) and enters the buffer tank E-3.

The cooled regenerated absorbent from the E-3 tank
is pumped by the H-3 pump through the pre-saturation
unit, which consists of the B-3 propane evaporator and
the E-1 separator. This is where it is saturated with
deethanization gas and weathering, removal of heat of
absorption (methane and ethane) and separation of the
gas from the absorbent. After the saturation node, the
gas enters the gas system of its own needs, and the pre-
saturated absorbent with a temperature of minus 11.6
°C is divided into two streams, the first flows into ab-
sorbers A-1 and A-2, the second — into the deethaniza-
tion column — as irrigation.

Absorption calculation

At the moment, the supply of regenerated absorbent
to ILTA is limited by the capacity of the ACl and is 511
kmol/h. In the variant of pre-saturation of the regener-
ated absorbent, its amount increases from 511 to 584
kmol/h (by 14.4%) (Table 5). At the same time, absorp-
tion will receive 468 kmol/h instead of 409 kmol/h be-
fore reconstruction. Due to the reduction of the average
absorption temperature to the regulatory level (minus
15 °C), the installation will reach the design level of ex-
traction of BFLH (from 100 — 110 t/day to 150 t/day)
(Table 6).

Conclusions

The application of the saturation of regenerated ab-
sorbent with inert components at the low-temperature
absorption instalation of MF «Solokha» will allow to
minimize the consequences of reducing the pressure of
the inlet gas and increase the level of extraction of the
components of BFLH by 21.96 % (including propane
by 22.05 %, butanes by 30.75 %). At the same time, the
extraction level will reach the design level.

The proposed version of the reconstruction of the in-
stallation involves supplementing the existing techno-
logical scheme with standard equipment, analogues of
which are already used at the enterprise (propane evap-
orator, separator and mixing unit). Deethanization and
weathering gases of the saturated absorbent act as raw
materials for pre-saturation of the regenerated absor-
bent. Their consumption in conditions critical for the
implementation of low-temperature absorption (re-
duced pressure and elevated temperature) increases
1.5-2 times.
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Table 5 — Calculation of the saturation node of the regenerated absorbent (under existing conditions)

Weathering gas K-1:

Regenerated absorbent, T=-11.6 °C T=-5.6°C, P=1.6 MPa

Component | M

mol/ kg/ kmol/ mol/ kg/ kmol/

mol krfol h ke ol kn%ol h kg/h
N2 28.01 0 0 0 0 0.001 | 0.036 | 0.152 4.258
CH4 16.04 0 0 0 0 0.55 | 8.795 | 65.613 | 1052.43
CO; 44.01 0 0 0 0 0.08 | 3.571 | 9.709 | 427.293
CyH¢ 30.07 | 0.00003 | 0.001 | 0.0153 | 0.4612 | 0.354 | 10.64 | 42.341 | 1273.19
CsHs 44.09 | 0.00736 | 0.325 | 3.7630 | 16591 | 0.010 | 0.429 | 1.163 51.277
Iso-butane 58.1 | 0.00809 | 0.470 | 4.1362 | 240.31 | 0.001 | 0.066 | 0.136 7.902
n-butan 58.1 | 0.02322 | 1.349 | 11.872 | 689.75 | 0.002 | 0.128 | 0.264 15.338

iso-pentan 72.1 | 0.01805 | 1.301 | 9.2285 | 665.38 | 0.001 | 0.047 | 0.077 5.552
n-pentan 72.1 1 0.02590 | 1.867 | 13.242 | 954.75 | 0.001 | 0.048 | 0.080 5.768
Fr.to 80°C | 85.7 | 0.0493 | 4.224 | 25.201 | 2159.7 | 0.001 | 0.046 | 0.060 5.142
80-100 °C 98.8 | 0.0830 | 8.200 | 42.436 | 4192.7 0 0.027 | 0.033 3.260

100-130°C | 110.1 | 0.1574 | 17.329 | 80.47 | 8859.7 0 0.020 | 0.022 2.422
130-160 °C | 125.9 | 0.1530 | 19.266 9850.5 0 0.006 | 0.005 0.630
160-180 °C | 140.1 | 0.18348 | 25.706 | 93.809 | 13142.6 0 0.003 | 0.002 0.280
180-200 °C | 152.8 | 0.2008 | 30.676 | 102.64 | 15684 0.002 | 0.001 0.153
200-240°C | 172.6 | 0.072 12.49 | 36.98 | 6383.1

240-290 °C | 205.7 2983 | 7.414 | 1525.0

290-330 °C | 242.5 | 0.003 0.783 | 1.651 400.5

>330 °C 305.1 | 0.00034 | 0.104 53.037

> - 1.000 | 127.07 | 511.28 64967.3 | 1.00 | 23.86 | 119.66 | 2854.90

Continuation of Table 5

' ' ' | Dry gas Pre-saturation of
Ki Ai i 1- @i the absorbent
Component M Vii LN.i
P=1.6 MPa, T=-10 °C kmol/h kmol/h | mol/mol

N> 28.01 32.0 0.24 0.59 | 0.406 0.062 0.090 0.0015
CH,4 16.04 9.5 0.80 045 | 0.55 36.087 29.526 | 0.05049
CO, 44.01 2.9 2.62 0.72 | 0.28 2.719 6.990 0.1195
C2He 30.07 1.5 5.07 0.83 | 0.17 7.198 35.158 | 0.06012
CsHs 44.09 0.42 18.10 0.95 | 0.05 0.058 4.868 | 0.00832
Iso-butane 58.1 0.17 4471 0.99 | 0.01 0.001 4271 | 0.00730
n-butan 58.1 0.11 69.09 1.0 0 0 12.136 | 0.02075
iso-pentan 72.1 0.042 181.0 1.0 0 0 9.306 | 0.01591
n-pentan 72.1 0.035 217.0 1.0 0 0 13.322 | 0.02278
Fr.to 80°C | 85.7 | 0.0108 | 704.0 1.0 0 0 25.261 | 0.04319
80-100 °C 98.8 | 0.0039 | 1949.0 1.0 0 0 42.469 | 0.07262
100-130°C | 110.1 | 0.0017 | 4471.0 1.0 0 0 80.492 | 0.13764
130-160°C | 125.9 | 0.0007 | 10857.0 | 1.0 0 0 78.245 | 0.13380
160-180 °C | 140.1 | 0.0004 | 19000.0 | 1.0 0 0 93.811 | 0.16041
180-200 °C | 152.8 | 0.0002 | 38000.0 | 1.0 0 0 102.645 | 0.17552
200-240°C | 172.6 36.981 | 0.06324
240-290 °C | 205.7 7.413 | 0.01268
290-330°C | 242.5 1.651 0.00282
>330 °C 305.1 0.174 | 000030
> - 46.12489 | 584.81 10
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Table 6 — Calculation of the absorber operation with the absorbent saturation unit

Regener_ated absorbent, Dry gas, T=-21 °C, P=2.2 MPa
T=-11.6 °C
Component | M7 1T kg/ | kmol/ mol/ | kg/ | kmol/
mol | kmol h ke/h mol | kmol h ke/h
N, 28.01 0] 0.004 | 0.04 1.01 0.014 | 0.401 38.69 1083.8
CH4 16.04 | 0.050 | 0.810 | 11.81 | 189.49 | 0.864 | 13.864 | 2337.03 | 37485.9
CO, 44.01 | 0.012 | 0.526 | 2.80 123.10 | 0.031 | 1.349 82.87 3647.2
CoHs 30.07 | 0.060 | 1.808 | 14.07 | 423.01 0.059 | 1.774 | 159.53 | 4797.0
CsHs 44.09 | 0.008 | 0.367 | 1.95 85.87 0.022 | 0.988 60.57 | 26704
Iso-butane 58.1 1 0.007 | 0424 | 1.71 99.28 0.003 | 0.145 6.76 392.7
n-butan 58.1 1 0.021 | 1.206 | 4.86 | 282.12 0.005 | 0.261 12.17 706.9
iso-pentan 72.1 10016 | 1.147 | 3.72 | 268.45 0.001 | 0.072 2.70 195.0
n-pentan 72.1 10.023 | 1.642 | 533 384.32 0.001 | 0.058 2.16 156.0
Fract. to 80°C | 85.7 | 0.043 | 3.702 | 10.11 | 866.19 | 0.000 | 0.030 0.95 81.1
80-100 °C 98.8 10.073 | 7.175 | 16.99 | 1678.86 | 0.000 | 0.013 0.35 34.7
100-30°C 110.1 | 0.138 | 15.154 | 32.21 | 3545.89 | 0.000 | 0.002 0.05 5.95
130-60°C 125.9 | 0.134 | 16.845 | 31.31 | 3941.60
160-80°C 140.1 | 0.160 | 22.474 | 37.54 | 5258.70
180-00°C 152.8 | 0.176 | 26.819 | 41.07 | 6275.48
200-240C 172.6 | 0.063 | 10.915 | 14.80 | 2554.03
240-290 °C 205.7 1 0.013 | 2.608 | 2.97 | 610.16
290-330 °C 242.5 1 0.003 | 0.685 | 0.66 160.23
>330 °C 305.1 0] 0.091| 0.07 21.22
> - 1.000 | 114.40 | 233.99 [26769.03 | 1.000 | 18.957 | 2703.83 | 51256.5
Continuation of Table 6
Ki . Dry gas | Saturated absorbent
Component M _15.5°C Ai (031 - oi Vii LN,i Gaps..
’ kmol/h | kmol/h kg/h
N 28.01 30.0 | 0.003 | 0.003 | 0.997 38.576 0.52 4.259
CH4 16.04 7.0 | 0.013 | 0.013 | 0.987 | 2307.014 | 41.828 | 670.920
CO, 44.01 2.8 10.032 | 0.032 | 0.968 80.212 | 5.458 | 240.198
CoHg 30.07 1.19 [ 0.076 | 0.076 | 0.924 | 147.474 | 26119 785.40
CsHg 44.09 0.31 1 0.290 | 0.290 | 0.710 43.002 | 19.512 860.28
Iso-butane 58.1 0.13 | 0.790 | 1.000 0 0 8.468 492.02
n-butan 58.1 0.08 | 0.773 | 1.000 0 0 17.023 989.04
iso-pentan 72.1 0.03 | 0.692 | 1.000 0 0 6.427 463.40
n-pentan 72.1 0.025 | 0.605 | 1.000 0 0 7.493 540.28
Fraction to 80 °C 85.7 0.008 | 0.306 | 1.000 0 0 11.054 947.29
80-100 °C 98.8 | 0.0027 | 0.110 | 1.000 0 0 17.344 | 1713.59
100-130°C 110.1 | 0.0013 | 0.001 | 1.000 0 0 32.260 | 3551.85
130-160°C 125.9 31.307 394160
160-180°C 140.1 37.535 | 5258.70
180-200°C 152.8 41.070 | 6275.48
200-240°C 172.6 14.797 | 2554.03
240-290°C 205.7 2.966 610.16
290-330°C 242.5 0.661 160.24
>330 °C 305.1 0.070 21.22
> - - - - - 2586.96 | 321.54 | 30079.93
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This actualizes the problem of its more efficient use,
increases the pressure in the gas system of own needs
and leads to non-productive emissions of valuable raw
materials through the safety valves for combustion in
the flare system. However, in the case of using these

gases for pre-saturation of the absorbent, about 19% of
the low-pressure gas is absorbed and returned to the
process. As a result, the percentage of marketable prod-
ucts (BFLH and dry gas) is increasing.

Table 7- 9 shows the material balance of absorption.

Table 7 — Calculation of extraction coefficients

Component Absorption, T=21.1 °C, P=1.58MPa Desorption, T=153 °C, P=1.61MPa
Kiat 21 °C Ai o'i K'i S'i o'
N, 40.000 0.019 0.019 60.0 9.9740 1.0
CH, 10.000 0.077 0.077 17.3 2.8758 1.0
CO; 8.200 0.094 0.094 18.25 3.0338 1.0
CHe 2.000 0.385 0.385 6.8 1.1304 0.88
CsHs 0.642 1.200 0.95 3.85 0.64 0.64
Iso-butane 0.270 2.855 1.0 22 0.3657 0.36571
n-butan 0.160 4817 1.0 1.9 0.3158 0.31584
iso-pentan 0.080 9.635 1.0 1.05 0.17455 017455
n-pentan 0.060 12.846 1.0 0.93 0.1546 0.15460
Ft;agg?fé“p 0.024 32.115 1.0 0.56 0.0931 0.09309
80-100 °C 0.009 85.640 1.0 0.3 0.0499 0.0499
100-130 °C 0.005 154.152 1.0 0.186 0.0309 0.03092
130-160 °C 0.003 296.446 1.0 0.093 0.0155 0.0155
160-180 °C 0.001 | 7707.600 1.0 0.052 0.0086 0.0086
180-200 °C 0 2569.200 1.0 0.0295 0.0049 0.00490
200-240 °C 0 7707.600 1.0 0.0165 0.0027 0.00274
240-290 °C 0 1.0 0.0083 | 0.00138 0.0014
290-330 °C 0 1.0 0.0046 | 0.00076 0.00077
>330 °C 0 1.0 0.0022 | 0.00037 0.00037

Table 8 — Material balance of ILTA MF «Solokha» after reconstruction with a «raw»
gas productivity of 130,000 m3/h

Gas inlet Degree Entrance Withdrawal of BFLH
Component in ILTA withdrawal

% mol. | g/m® | % mol. % mol. | g/m® | g/m® | th t/day
Gs 1.791 43.0 | 57.61 0.759 18.23 | 24.77 | 3.2204 | 77.29
>Cs 0.701 17.7 | 86.61 0.094 2.37 | 15.33 | 1.9925 | 47.82
>Cs 0.179 | 5.40 100 0 0 540 | 0.7021 | 16.85
> Ce+ 0.05 1.88 100 0 0 1.88 | 0.2438 | 5.85
ZCOZ ,CH4, C,Hs - - - - - - - 7.35
> 2.72 67.98 | 69.70 0.853 20.6 | 47.38 | 6.1588 | 155.16

Table 9 — Results of the introduction of the node of saturation of the regenerated absorbent with inert
components
Withdrawal of BFLH Difference
Component after reconstruction before reconstruction
g/m® | t/day | %mol | g/m® | t/day | %mol. | g/m? t/day | % mol.

C; 24.77 | 77.29 | 57.61 1529 | 47.70 | 35.56 | +9.48 | +29.59 | +22.05
>Cy 15.33 | 47.82 | 86.61 9.89 |30.86 | 5586 | +5.44 | +16.96 | +30.75
>'Cs 540 |[16,85 | 100 540 | 16,85 | 100 - - -
> Ce+ 1.88 | 5.85 100 1.88 | 5.85 100 - - -
2C0O,,CH4,CoHss | - 7.35 - - 348 - - +3.87 | -
> 4738 | 155.16 | 69.70 | 32.46 | 104.74 | 47.74 | +14.92 | +50.42 | +21.96
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The article presents a comprehensive analysis of load applicator designs used in the compaction technologies of stiff and
lightweight concrete mixtures. The role of loading is revealed as one of the key factors influencing the effectiveness of forming
products made from concrete with a low water-to-cement ratio. The main operating principles of load applicators are described,
which apply additional force to the concrete mixture in combination with vibrational loading. A classification of load
applicators is provided based on design features and energy source: inertial, non-inertial, pneumatic, and vibratory load
applicators. Special attention is given to combined devices that integrate vibrational and impulse action on concrete. The study
summarizes research findings that confirm the advantages of combined compaction, particularly when using pneumatic load
applicators with adjustable pressure. It has been established that the use of active load applicators allows for a reduction in
cement consumption by up to 30%, a decrease in product forming time by up to 50%, improved compaction uniformity along
the height, and enhanced surface quality. An original design of an active load applicator with a vibration exciter and impact
elements is proposed, providing impulse compaction with adjustable pressure and frequency. The main unresolved aspects of
the problem are identified — the lack of unified methodologies for calculating loading parameters, insufficient adaptability of
designs to changes in product geometry and concrete mixture properties. The feasibility of developing intelligent controlled
load applicators capable of adapting to forming conditions is substantiated to improve the efficiency of reinforced concrete
product manufacturing.

Keywords: concrete mixture, compaction, load applicator, vibration, combined compaction, vibratory load applicator,
pneumatic loading, lightweight concrete, energy efficiency.

IIpuBanTaxyBaui I yIIIbHEHHS 0€TOHIB

Hecrepenko M.M. ', Tlaudiaos O.I. %, Mupauk M.O. ?

123 HanionaneHwmii yHiBepcuTeT «IlonTaBchka momitexHika iMeni IOpis Konapatioka»
*Anpeca ais muctyBaHHs E-mail: nesterenkonikola@gmail.com

VY crarTi BUKOHAaHO KOMIUIEKCHUH aHalli3 KOHCTPYKILii MPUBAaHTa)XXyBadiB, SIKi 3aCTOCOBYIOTHCSI B TEXHOJIOTISIX YIIIIBHEHHS
JKOPCTKHX 1 JIETKUX OETOHHHUX CyMilied. PO3KpUTO posib MpUBaHTaXEHHS SK OJHOIO 3 KIIIOYOBHX (aKTOPIB, IO BIUIMBAE HA
e(eKTUBHICTh HOpMYBaHHs BUPOOIB i3 OETOHIB 3 HU3bKUM BOJIOLIEMEHTHHUM BifHOIIECHHAM. ONHUCaHO OCHOBHI MPUHIIUIH il
NPUBAHTA)XyBadiB, SIKi peati3yloTh J0JaTKOBY CHJIOBY JIif0 Ha OETOHHY CyMIIll y NTO€IHAHHI 3 BiOpaniiHNM HaBaHTAKECHHSIM.
HageneHo knacudikaiiro mpruBaHTa)XyBaviB 32 KOHCTPYKTUBHUMH O3HAKaMH Ta JDKEPEIOM CHEpTii: iHepIiitHi, Oe31HepiiiHi,
THEeBMATHYHI, BiOponpuBanTaxkyBadi. OcoOIMBY yBary npH/IiIeHO KOMOIHOBAaHHM IIPUCTPOSIM, SIKi TOE€AHYIOTh BiOpamiitHui
Ta IMITyJIbCHHUI BIUTMB Ha OCTOH. Y3araJbHEHO Pe3yNbTaTd AOCIiIKeHb, IO MiATBEPIKYIOTh IIepeBarn KOMOIHOBaHOTO YIITi-
JIbHEHHS, 30KpeMa 3 BUKOPUCTAHHSIM THEBMAaTUYHUX MTPUBAHTAXXyBayiB i3 peryJb0BaHHM THCKOM. BcTaHOBIEHO, 1110 3acTOCY-
BAaHHs aKTHBHHX MPUBAHTAXKYBAYiB JO3BOJISIE 3MEHIIINTH BUTPATH eMeHTy 10 30 %, CKOpOTUTH Yac GpopMyBaHHs BUPOOY 10
50 %, TOKpaIUTH OJHOPIAHICTh YIIUIBHEHHS MO BHCOTI Ta MiJBUIIUTH ITIOBEPXHEBY SKICTh. 3alPOIIOHOBAHO OPHTiHAIBHY
KOHCTPYKIIiI0 TIpHBaHTaKyBaya akTHBHOI Aii i3 BiOpo30yKyBaueM Ta yIapHUMHM elleMEHTaMH, 110 3abe3neuye iMITyIbcHe
YILIIJIBHEHHS i3 peryJIbOBaHUM THCKOM 1 YaCTOTOI0. Bu3HaueHO OCHOBHI HEpO3B’sA3aHi acleKTH NpoOJIeMH — BiJICYTHICTb YHi-
(iKOBaHHX METOAMK PO3PaXyHKY IapaMeTpiB MPHUBAHTAKEHHsI, HEJOCTATHS aIalITUBHICTh KOHCTPYKLI#i 10 3MiH reoMeTpil BU-
po6iB Ta BacTHBOCTEH OTOHHUX cyMimei. OOIpyHTOBaHO JOUINEHICTH PO3POOIICHHS IHTEIEKTYaIbHIX KEPOBAHUX IIPUBaH-
Ta)KyBadiB 3 MOXKITUBICTIO afjanTaii 10 yMoB ()OpMyBaHHS JUIS I IBUILCHHS e()eKTHBHOCTI BHPOOHUIITBA 32113006 TOHHUX BH-
poOiB.

KiiouoBi ci1oBa: OeToHHA CyMilll, YIIIbHEHHS, IPUBAaHTa)XXyBad, BiOpallis, KoMOiHOBaHe yIIiIbHEHHS, BiOpOIPUBAHTaXYBaY,
ITHEBMOTIPUBAHTAXEHHS, JIETKI 0ETOHH, eHeproeeKTHBHICTb.
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Introduction
Loaders as elements of vibration equipment play a key
role in the compaction process of stiff and low-
workability concrete mixtures, which are widely used
in the production of precast reinforced concrete
products. Compaction is the factor that determines the
main physical and mechanical properties of the final
product—strength, density, frost resistance, crack
resistance, and durability. Under construction
conditions, where quality requirements and the
productivity of technological processes are constantly
increasing, the need arises for more -efficient
compaction methods than traditional vibration
techniques [1, 2, 5].

The use of loaders in combination with vibrational
loading is particularly relevant, as it allows the water-
cement ratio to be reduced, prevents segregation of the
mixture, and ensures uniform compaction throughout
the entire volume of the form. Due to the additional
static or dynamic pressure, loaders facilitate the active
expulsion of air and compaction of the granular
structure of the mixture, which, in turn, improves the
quality and strength of concrete products [3].

Depending on their structural design and operating
principle, loaders are classified into inertial, non-
inertial, pneumatic, and vibratory types, among others.
Each type has its own application features, advantages,
and limitations, which necessitate a thorough analysis
in the context of forming technologies. Combined
compaction modes, in which vibration is combined
with active loading—pneumatic, mechanical, or
impulse—are especially effective.

Given the diversity of product types, the properties of
concrete mixtures, and performance requirements, a
systematic analysis of existing loader designs and their
impact on compaction efficiency is of significant
importance.

Definition of unsolved aspects of the problem

Despite the availability of various technical solutions
for loading concrete mixtures during compaction, there
remain a number of unresolved issues related to both
the structural improvement of loaders and their
classification by operating principle, type of loading,
and intended function.

A significant portion of existing loader designs
feature fixed geometric and load parameters, which
limits their applicability for products of varying shapes
and sizes. Adaptive, modular, or universal designs
capable of automatically adjusting the force, direction,
or point of load application have yet to become
widespread or standardized in serial production.

Many existing designs also lack technical solutions
for precise synchronization between the loader’s action
and the operation mode of the vibration exciter (in
terms of frequency, phase, and direction). This limits
the effectiveness of combined compaction modes,
where the synchronization of impact and vibration is
critically important for forming a homogeneous
concrete structure.

Basic material and results

One of the key stages in the production of reinforced
concrete products is the compaction of the concrete
mixture. Particular attention must be paid to low-
workability and stiff concrete mixtures, for which
traditional compaction methods based solely on
vibration often prove to be insufficiently effective [4,
7]. In such cases, it is advisable to combine vibrational
impact with additional static pressure, which is
implemented through the use of loaders. This approach
significantly increases the degree of mixture
compaction, reduces forming time, and improves the
uniformity of the product structure.

Loaders perform the function of applying additional
pressure to the concrete mixture during vibration. This
promotes the intensification of the compaction process
by reducing viscosity, preventing segregation, and
accelerating air expulsion. Critical parameters in this
context include the magnitude of the pressure applied
to the mold surface, the frequency and amplitude of
vibrations, all of which must correspond to the physical
and mechanical properties of the concrete mixture.

Studies show that the application of combined
effects—vibration and loading—can increase the early
(24-hour) strength of concrete by 130—200% compared
to traditional pressing. This improvement is attributed
to denser particle packing, reduced void content, and
enhanced development of molecular bonding forces. In
particular, vibropressing technology with a loader is
successfully used in the production of paving slabs,
curb stones, and wall blocks made from stiff concrete
mixtures with workability of 40-50 seconds under a
pressure of 5-10 kPa.

Depending on the compaction conditions and the
properties of the concrete mixture, loaders can serve
various functions—from stabilizing the mixture's
position in the mold to initiating additional particle
movement. For example, in the case of heavy stiff
concrete, loading facilitates intensive air expulsion,
while in the compaction of lightweight concretes with
porous aggregates, it helps prevent segregation.
Therefore, it is a relevant task to adapt the type of loader
to the specific technological process and material type.

In the compaction of polystyrene concrete, which
exhibits high damping properties, the effectiveness of
traditional vibrocompaction is significantly reduced.
Under such conditions, the use of combined loaders
(e.g., pneumatic loading in conjunction with vibration)
enables a substantial increase in density and strength
while reducing cement consumption. Research findings
indicate that the application of variable pressure
throughout the compaction cycle not only ensures
uniform mixture distribution but also reduces internal
stresses in the product after hardening.

Given the wide range of concrete products, the
universality of loaders is also of great importance.
Modular designs with easily replaceable sections,
variable shield geometries, universal mountings, and
adjustable stiffness of elastic elements allow for rapid
reconfiguration of equipment for new products without
significant time and resource costs. This is especially
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important for small and medium-sized manufacturers,
where equipment flexibility directly affects production
efficiency.

An important criterion for selecting a loader remains
the energy efficiency of the compaction process. It has
been established that, at the same degree of
compaction, energy consumption for systems with
vibratory loading can be 20-30% lower compared to
traditional vibration-only methods, particularly when
compacting heavy or low-workability mixtures. This is
due to reduced energy losses from oscillations of
massive formwork elements and stabilization of
vibration modes.

Structurally, loaders can be implemented as movable
frames, loading plates, or mechanical or pneumatic
systems that provide controlled pressure on the surface
of the concrete mixture. The most common are vertical
loaders, which act on the top part of the form, ensuring
uniform pressure distribution across the surface. When
combined with vibrating platforms or vibrating tables,
loaders may be integrated into a common kinematic
scheme.

In industrial conditions, the effectiveness of loaders
is determined not only by the pressure applied but also
by the precision of synchronization with the vibration
mode. The best results are achieved using multi-
frequency compaction, where the vibrating table
operates at 55 Hz and the loader at 75-150 Hz.

Such a mode contributes to reduced -energy
consumption, improved uniformity of compaction, and
significantly shortened forming time.

Despite the widespread adoption of loaders in
production, a unified methodology for calculating their
parameters is still lacking. Existing theoretical
approaches show significant discrepancies in assessing
the optimal pressure, creating difficulties in
implementing such systems in new technological lines.
This highlights the need for further research aimed at
harmonizing loader parameters with the characteristics
of the concrete mixture, the product geometry, and the
vibration compaction modes.

In the practice of manufacturing concrete and
reinforced concrete products, loaders have gained
widespread use due to their ability to provide additional
force on the mixture during vibrocompaction. They can
be designed as devices that replicate the shape of the
product in plan view and operate based on mass, elastic
elements, or controlled pressure. According to their
mode of action, they are classified as passive or active.

Passive loaders, which do not have built-in sources of
oscillation, apply pressure using gravity or elastic
systems. The simplest type is the inertial loader, in
which compaction occurs under the weight of the
structure itself. These are effective for small-batch
production, for example, in the manufacture of cinder
blocks or wall stones. However, their disadvantages
include limited productivity, manual feeding, and the
inability to precisely control the applied pressure.
Another type is the non-inertial loader, in which the
additional pressure is applied by a mass that does not
participate in oscillations but transmits the load through
elastic elements.

These systems may use either rigid or pneumatic
springs. In such two-mass systems, periodic impact
between the loader components is possible, which
further enhances the compaction effect. However, to
achieve stable impacts, it is necessary to precisely
adjust the spring stiffness according to the height of the
product and the nature of oscillations.

DN
SO
NN
NN
NN
NN
AR
NN
NONNN
ONUNN
RN
RN

a)
777
S
SIS
S
b)
[mm] =
B . . . . . . B / 1
S
/5/7////////?
S S LSS
v S
| |
c)

Figure 1 — Passive Loaders:
a) inertial loader; b) inertial loader with an additional
spring-loaded mass; c) inertial loader with a spring-
loaded pressing system

Active loaders are equipped with vibration exciters
and provide not only static pressure but also dynamic
action (vibrational or impact) on the concrete mixture.
This allows for a significant intensification of the
compaction process and improved structural
uniformity, particularly for products with complex
geometries.
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Figure 2 — Active Loaders:
a) pneumatic loader with vibration exciter;
b) inertial active loader with vibration exciter;
¢) inertial active loader with additional spring-loaded
mass and vibration exciter

Among active-type designs, special attention is given
to pneumatic loaders, in which pressure on the mixture
is generated by inflatable rubber bladders filled with
air. Such systems enable effective compaction of both
the external and internal surfaces of the product. For
example, in the production of pipes or hollow elements,
the bladders are installed on internal core formers,
creating uniform pressure on the concrete from all
sides. According to research, this technology can
reduce cement consumption by up to 25%, cut
hardening time nearly in half, and decrease the need for
thermal curing.

Particular mention should be made of combined
compaction systems, where pneumatic loading is used
in conjunction with vibration applied both from the top
and the bottom [5]. This ensures uniform compaction

throughout the entire volume, reduces the risk of
segregation, and enables efficient processing of stiff
mixtures with a low water-cement ratio.

The design of an active loader equipped with a
vibration exciter and impact elements (Figure 3)
enables the generation of additional impulses on the
compacted mixture. This design is based on the results
of the study [8].
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Figure 3 — Active loader with vibration exciter and
impact elements

Thus, concrete compaction loaders offer a wide range
of structural solutions, each oriented toward a specific
product type, concrete mixture properties, and
production conditions. The most promising among
them are combined systems that integrate vibrational
impact with controlled loading. Their implementation
enables improved strength and density of products,
reduced cement consumption, increased productivity,
and consistent product quality with significantly lower
energy consumption.

In the context of compacting stiff and lightweight
concrete mixtures, pneumatic loaders hold a special
place due to their high efficiency enabled by continuous
pressure adjustment during the forming process.
Studies [5, 6] have shown that when compacting
lightweight concrete using pneumatic loading for 30—
40 seconds, the strength increases initially, then
stabilizes, and eventually begins to decline. This
indicates the necessity to optimize both the duration
and dynamic control of pressure during compaction,
especially at the final stage of forming.

Experimental results [5] also indicate a significant
increase in strength (up to 50%) when combining
variable vibration modes with non-inertial loading,
compared to compaction without loading. The main
advantages of pneumatic bladder-type loaders are
reduced structural metal consumption, quick
adjustment of compaction modes, and minimized
human influence. This is particularly important for
serial production of components with varying heights
or complex geometries.
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Active vibro-loaders equipped with autonomous
vibration exciters are widely used and operate in
coordination with vibrating platforms. These systems
provide a dual-factor effect on the concrete mixture:
bottom vibration (via vibrating table) and top vibration
(via loader), with the ability to independently adjust the
frequency of each vibration source. As a result, so-
called dual-frequency compaction is achieved, which,
according to research [3, 8, 9], is the most effective
method for attaining maximum concrete density and
strength.

The practical implementation of such solutions is
realized in serially produced vibro-loaders of the
SMZh-849 and SMZh-852 types, used both in
automated lines and stationary posts. However, one of
the drawbacks of these systems is the fixed geometry of
the contact surface, which limits their versatility. To
overcome this limitation, some designs [9] include
shields composed of independent sections, each of
which can move separately. This allows the loader to
adapt to the shape of any product without replacing the
main unit.

We propose a design of an active-type loader
equipped with a vibration exciter, impact elements, and
an additional mass.

This loader consists of two plates:

1 — the lower plate, which rests on the concrete
mixture and has a vibration exciter (3) mounted on it;

2 — the upper plate, connected to the lower plate
through guide elements (4) with spring elements (5).

On the underside of the upper plate, impact elements
(6) are installed with threaded height adjustment.

Additionally, the system allows for adjustment of the
added weight (7) to fine-tune the loader’s operating
mode.

Summarizing the advantages of active vibro-loaders,
the following key points should be noted:

— Capability to form products from stiff concrete
mixtures without the need for excessive pressure;

— Implementation of dual-frequency compaction to
enhance efficiency;

— Reduced energy consumption through localized
vibrational impact;

— Improved uniformity of compaction and surface
quality of products.
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Figure 4 — Design of active loader with vibration
exciter, impact elements, and additional mass
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Conclusions

The designs of loaders used for the compaction of
concrete and lightweight concrete mixtures were
analyzed, and it was established that the most effective
are combined devices that integrate vibrational impact
with controlled loading on the mixture.

It was determined that active vibro-loaders
particularly pneumatic and impact-vibration types
provide enhanced homogeneity of the concrete
structure, reduce cement consumption by 15-30%, and
shorten the compaction cycle duration by up to 50%.

A design of an active-type loader equipped with a
vibration exciter, impact elements, and adjustable mass
was proposed. This design allows for the compaction
mode to be adapted to specific types of concrete
mixtures and product geometries.
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A study was conducted to select a modeling scheme for the process of preparing hydrocarbons for transportation by supersonic
separation. Modeling was performed in the HYSYS environment, which allowed obtaining optimal parameters for effective
removal of moisture and heavy hydrocarbons. The influence of pressure and temperature changes on the efficiency of heavy
hydrocarbon extraction was analyzed. The most effective modeling scheme was selected, which provides high prediction ac-
curacy. The results obtained can be used for further optimization of gas purification technological processes and their adaptation
to industrial applications.

Keywords: supersonic separation, natural gas, modeling, associated formation water, hydrocarbon preparation.

OO0rpyHTyBaHHSI BUOOPY CXeMHU MOAEJIOBAHHS MPOIECy MiATOTOBKHU BYTJie-
BOJIHIB /10 TPAHCIIOPTYBAHHSI METOIOM HA/I3BYKOBOI cenapaii

Hecrepenko T.M.'*, Hecrepenko M.M.%, IlleBuenko 0.0.%, Omenbuenxo O.F0.*

1,234 HanionaneHuii yHiBepcuteT «IlonTaBebka momitexnika imeni I0pis Kongpatroka»

*Anpeca ais muctyBaHHs E-mail: tnesterenko2021@gmail.com

IIpoBeneHo aHasi3 METOIIB MiATOTOBKY BYTJIEBOIHIB IO TPAHCIIOPTYBAaHHS Ta OOTPYHTOBAHO BUOIp CXEMH MOJIETIOBAHHS MPO-
Iecy HaJ3BYKOBOI cemapaiiii. Ll TexHOIOTIS 103BOIISE epEeKTHBHO BUAAISATH BOJIOTY, Bakki ByrieBoaHi Ta CO2, mo 3Ha9HO
MOKpAIye€ SIKICTh T'a3y Ta 3MEHIIy€e HeraTHBHUH BIUIMB Ha JOBKI/UIA. BHKOHaHO 4KceIbHE MOJETIOBAaHHS B IIPOTPAMHOMY Ce-
penosunti HYSYS, sike 103BonuiI0 OTpUMAaTH ONTUMAJIBHI TapaMeTpH mpouecy. JJocnimKeHo BILIMB KIIFOYOBUX (akTopis, Ta-
KHX K THCK, TeMIIepaTypa Ta MIBHIKICTh HOTOKY, Ha e()eKTUBHICTD cenaparii. OTprUMaHO 3aJIeXHOCTI, 0 IEMOHCTPYIOTh, 10
30inbIIeHHsS THCKY 10 12,5 MIla migsuiiye eheKTHBHICTh MPOIECy, OJHAK MOJANbIIE HOro 3pOCTaHHS HE Ta€ 3HAYHOTO MOK-
pamenHs. [IpoBeneHo MOPIBHSIBHUN aHANI3 JBOX CXEM MOJIETIOBAHHS, B PE3yNbTaTi IKOTO JOCATHYTO BHOOPY ONTHMAIBHOL
MOJIeNi, 10 3a0e31edye BUCOKY TOYHICTh IPOTHO3YBaHHS Ta MiHIMi3y€ 00UHCITIOBANIbHI BUTpaTH. Br3Ha4YeHO, 110 3aIpOIIOHO-
BaHa cXeMa JI03BOJISI€ HAUOUIBII TOYHO BiATBOPUTH (Di3HUHI MPOIIECH, SKi BiIOYBAIOTHCS B HAI3BYKOBOMY CEIIApaToOpi, BKIIO-
Yaroud PO3MIMPEHHs MOTOKY, (a3oBHii mepexil, po3AiIeHHs pinkoi Ta ra3oBoi da3 i audysiro. [IpoananizoBaHO 0OMEKEHHS
Cy4acHMX MoJieJIel, 30KpeMa IXHIO YyTJIMBICTb 0 PIBHOBOXXHUX NMPUIYIIEHb. BCTaHOBIEHO, 110 IS MiJBUIIEHHS TOYHOCTI
MPOTHO31B HEOOXIHI MOJANBIII YIOCKOHAICHHS METOIB MOJICIIOBAHHS, OCKUTHKH peabHUM TPOIIEC € HepiBHOBAKHUM. J[o-
CSITHYTO BHCHOBKY, 1110 BUKOPHUCTAHHS HaJ3BYKOBOTO CemapaTropa MOXe 3HAUYHO MMiIBHIIUTH €(eKTUBHICT MiATOTOBKU MPH-
POAHOTrO ra3y Ta 3a0e3NeYnTH J0JaTKOBE BIITyUeHHs KOHAeHcaTy. OTprMaHi pe3yibTaTH MOXYTh OyTH BUKOPHCTaHI IS 1O-
JabIIO] ONTHMIi3amii TEXHONOTIYHNX TIPOIIECiB OYMIIEHHS ra3y Ta iXHBOI aJanTarii 10 MPOMICIOBOTO 3aCTOCYBAaHHS.

KirouoBi ciioBa: HaJA3BYKOBa cenapauisl, HpHpOI[HI/Iﬁ ra3, MOACIIOBaHHs, CYTYTHbO-ILUIaCTOBA BOJiA, Hi,I(I‘OTOBKa ByI‘.IIeBOIIHiB

Introduction The successful implementation of supersonic separa-

Efficient hydrocarbon feedstock preparation is a cru-  tion requires a thorough selection and justification of
cial stage in the technological processes of the oil and  the modeling scheme, taking into account the thermo-
gas industry. One of the promising methods for enhanc-  dynamic and hydrodynamic characteristics of the flow,
ing the separation efficiency of gas-liquid mixtures is  phase state changes of the components, and the influ-
supersonic separation, which provides high-speed and  ence of key parameters such as pressure, temperature,
selective removal of undesirable impurities such as  and gas flow velocity.
moisture, condensate, and solid particles.
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Despite the significant potential of supersonic separa-
tion technology, its practical application is often limited
by the complexity of process modeling and the lack of
standardized approaches to predicting separation effi-
ciency under different operating conditions. The choice
of a s grounded modeling scheme is essential for opti-
mizing equipment design, improving energy efficiency,
and ensuring the stability of the separation process.
Therefore, this study aims to address these challenges
by providing a justification for selecting an appropriate
modeling scheme for hydrocarbon feedstock prepara-
tion using supersonic separation.

Review of the research sources and publications

The study of hydrocarbon preparation processes in-
volving supersonic separation technology is rapidly
evolving, as reflected in modern scientific publications.
The main focus is on modeling this process, optimizing
the design of supersonic separators, and integrating
them into real technological chains.

In study [1], a Unit Operation Extension (UOE) was
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developed for use in the HYSYS environment, enabling
effective modeling of supersonic separation processes.
Specifically, the study examined in detail the processes
of dehydration, heavy hydrocarbon fraction removal,
and decarbonization in high-carbon-content natural
gas.

A similar approach was applied in study [2], where an
HYSYS model was developed to simulate the operation
of a supersonic separation module. This research pro-
posed a design solution that ensures stable nozzle per-
formance even under varying inlet pressure or gas com-
position. In particular, it was demonstrated that the sys-
tem can maintain the dew point with a deviation of no
more than £2.5 °C from the established criteria, even
with inlet pressure variations of £18%. The impact of
natural gas composition changes was also analyzed,
confirming the system's high stability under such fluc-
tuations. The computational scheme of the supersonic
separation process is presented in figure 1.

{Compressor Unit

Figure 1 — Calculation scheme

In addition to its use in natural gas dehydration and
heavy hydrocarbon removal, supersonic technology has
significant potential for industrial application. One of
its important applications is decarbonization, i.e. the
extraction and utilization of CO2 from gas mixtures
with a high carbon concentration, such as natural gas or
exhaust gases from internal combustion engines. Effec-
tive reduction of CO2 emissions using this technology
opens up opportunities not only to reduce environmen-
tal risks, but also to provide economic benefits through
further storage and use of carbon dioxide. Research ac-
tivities in the field of supersonic separation cover nu-
merous aspects: experimental studies of flow proper-
ties, mechanisms of intraphase transition condensation,
as well as structural features of devices. In particular,
eddy flows [3], diffusion recovery processes [4], dehy-
dration efficiency of separation tubes [5] and optimiza-
tion of nozzle designs using CFD (computational fluid
dynamics) [6] have been studied.

Other examples include the study of methods for
modeling such processes using software such as Uni-
Sim Design [7] and HYSYS [8], which allow for in-
creased accuracy in estimating the efficiency of separa-
tion tubes at the design stage. In [9], a one-dimensional
model of a supersonic tube was proposed, which signif-
icantly reduces the computational complexity during
the initial design.

Definition of unsolved aspects of the problem

Although substantial advancements have been made
in this field, a range of persistent challenges continues
to demand attention. One notable issue is the heavy re-
liance of the technology on accurate modeling to
achieve optimal performance. Currently, there is an ab-
sence of a clearly established or universally accepted
computational framework capable of adequately repre-
senting the complexities involved in the supersonic
separation process. This gap highlights the pressing
need for more focused and in-depth research efforts to
address these limitations and enhance our understand-
ing in this area.

Problem statement

The operation of the separation equipment can be
simulated using modern software. However, since the
3S separator is a non-standard separation equipment, it
is necessary to substantiate the model of the supersonic
separation process by comparing the simulation results
for different model variants.

Basic material and results

The literature review examined various schemes used
for simulation. Two main schemes for simulating the
3S separator process were selected for comparison (Fig.
2,3).
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Figure 3 — Equivalent circuit of a supersonic separator in HYSYS (option 2)

The functional stages of liquefaction, separation and
diffusion in a supersonic gas separator require replace-
ment by equivalent processes and simplification in the
HYSYS software used for modeling.

Particular attention should be paid to the fact that the
two separated liquid streams in a real supersonic sepa-
rator are not completely pure gas or liquid. Therefore,
it is necessary to simulate the procedure of redistribu-
tion and recombination of these streams in certain pro-
portions in order to reproduce the real efficiency of the
supersonic separator as accurately as possible. Subse-
quently, two redistributed streams are obtained at the
output. Based on the principles of operation of the su-
personic separator and the functionality of the modules
in HYSYS, the following scheme can be considered an
optimal equivalent model.

In the first section (nozzle), the compressed gas ex-
pands adiabatically, as a result of which the flow veloc-
ity reaches supersonic values, and the temperature and
pressure decrease sharply. This promotes phase transi-
tion and condensation in the target components. The
role of this stage is played by the expansion module,
which forms the effect of cooling and liquefaction of
important components. In the second stage, the formed
high-energy gas-liquid flow is directed to the separa-
tion section, where the droplets are separated through
the side outlet. The equivalence of this phase is ensured
by a modular combination of a separator, tees and mix-
ers. After the separation of the two-phase mixture, the
dry gas is directed to the diffusion segment, where its
speed decreases, and the pressure and temperature in-
crease. In the simulation, this process is reproduced us-
ing a compressor module, ensuring the restoration of
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the physical parameters of the gas at the end of the dif-
fusion section.

In the process of modeling supersonic separation in
HYSYS, several assumptions are introduced to sim-
plify the calculations and more accurately reflect the re-
sults.

For physical properties, the Peng-Robinson equation
of state (PR EOS) is used, which is suitable for gas
preparation. A stable flow regime within the supersonic
separator is taken into account as a basic assumption.

The separator throughput is set to 100 kg/h, which ex-
ceeds the minimum critical value for stable operation.

For the treatment of humid air, the flow distribution
coefficients in the gas-phase and liquid-phase tees are
setto 0.7+ 0.3 and 0.32 + 0.68, respectively. In the case
of natural gas, these figures change to 0.75 + 0.25 and
0.002 + 0.998.

The flow within the entire separator is assumed to be
adiabatic. For equivalent modeling, the adiabatic effi-
ciency of the compressor and expander is set to 99%.

The construction of the equivalent module is aimed at
minimizing energy losses due to the impact of shock
waves and secondary gasification of condensate.

The pressure and temperature at the outlet of the noz-
zles are considered critical parameters that have a direct
impact on the quality of component separation. Thus,
the proposed model in HYSY'S allows for a fairly accu-

rate reproduction of the functional stages of a super-
sonic gas separator and provides the necessary flexibil-
ity for laboratory or industrial applications. [5].

The modeling working environment is equipped with
all the necessary components to solve the task. It in-
cludes raw material components, material and energy
flows, technological equipment, process control and
regulation tools, as well as logical operations and utili-
ties. The Peng—Robinson equation of state was chosen
as the thermodynamic method in the modeling. For the
correct implementation of the 3S separator device
model using standard tools, it is necessary to reflect
three key physical processes occurring in the device: —
expansion of the gas input flow with its subsequent
cooling; — separation of the resulting gas condensate
flow into gas and gas-liquid fractions; — compression of
the separated gas flow after separation.

It is also necessary to make a reservation that the soft-
ware environment gives the most accurate results when
modeling equilibrium processes. Since the process oc-
curring in the supersonic separator is non-equilibrium,
this method of modeling is considered as a first approx-
imation to the actually occurring processes. To justify
the choice of the model type, a study was conducted for
weathering gas. The study was conducted for both
models. Model options 1, 2 (Fig. 4,5).
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Figure 4— Option 1 of the separation process modeling

The influence of pressure on the extraction of target
components. For the raw material stream, the depend-
ence of the extraction of the C3 + fraction (% wt.) Into
the condensed phase of the gas-liquid flow (gas— liquid

SET-1 W SET-2 w

E-100

Figure 5 — Option 1 of the separation process modeling

phase) on the pressure at the inlet to the 3S— separator
in the range of 7-15 MPa in 1 MPa increments at a raw
material temperature of +10 ° C was studied. The re-
sults of the studies for the two options are shown in the
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figures 6-9. For options 1 and 2, the data obtained dur-
ing the study on the dependence of the extraction of the
C3 + fraction on the pressure of the raw material allow
us to conclude that in the considered pressure range, the
extraction of the target components increases non-line-
arly. At a pressure of 12.5 MPa, the content of the C3
+ fractions practically does not change. This is con-
firmed by Fig. 8, in which the mass of condensate per
year, starting from a pressure of 12.5 MPa, almost does
not change. The dew point temperature for moisture
and hydrocarbons of the extracted gas meets the re-

Gas fraction extraction
efficiency C3+, %

11

13

quirements of the Code of the Gas Transportation Sys-
tem of Ukraine. For all considered raw material flows,
the deviation of the graphs from linearity is insignifi-
cant. It should also be noted that temperature, unlike
pressure, has an anti-battery effect on the yield of the
liquefied product. Therefore, it can be stated that both
schemes show convergent results, since the nature of
the distribution is the same. Further use is possible for
both option 1 and option 2. We choose scheme 1 for
further modeling, since it has fewer components.
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Figure 6 — Extraction of target components C3 + from the pressure at the inlet
to the apparatus at P =10 MPa
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Figure 7 — Gas and condensate extraction at the pressure at the inlet to the apparatus at P = 10 MPa
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Figure 8 — Extraction of target components C3 + from the pressure at the
inlet to the apparatus at Tc =283 K

Academic journal. Industrial Machine Building, Civil Engineering. — 2 (61)' 2023

91



3000,00

2500,00

2000,00

1500,00

t/year, m3/year
[

1000,00

500,00

0,00
6 8 10 12

—@&— Option 1 Condensate at the
separator outlet, t/year

v @ ®— Option 1 Gas at the separator
outlet, m3/year

Option 2 Gas at the separator
outlet, m3/year

Option 2 Condensate at the
separator outlet, t/year

14 16

Gas pressure at the inlet to the separator, MPa

Figure 9 — Gas and condensate extraction at the pressure at the inlet to the apparatus at Tc =283 K

The object of modeling was chosen as the hydrocar-
bon preparation system at the gas condensate field. It
has a capacity for: gas — 2 million m*/day, gas conden-
sate — 150 t/day, formation water — 52 t/day.

The component composition of the gas is given in Ta-
ble 1.

Table 1 — Component composition of hydrocar-

bons
Name and chemical for- Component con-
mula tent, % vol.
Methane CH4 86,607
Ethane C,oHg¢ 5,739
Propane CsHs 1,253
i-Butane iCsH1o 0,154
n-Butane HC4H o 0,198
neo-Pentane neoCsH» 0,007
i-Pentane iCsH» 0,063
n-Pentane HCsHi» 0,041
Hexane+thigher CeHist 0,204
Oxygen (0)} 0,000
Nitrogen N» 0,240
Carbon dioxide CO, 4,494

The process of gas and condensate preparation at the
installation for further transportation includes: gas col-
lection at the unit of the input threads of the installation;
gas separation at the input separators of the first stage,
pre-cooling at recuperative heat exchangers (for gas
from high-pressure wells) throttling and separation at
low-pressure separators of the second stage, heating at
recuperative heat exchangers (for gas from high-pres-
sure wells) before feeding into the main gas pipeline;
separation of gas condensate from associated formation
water from condensate in the dehydratorl; final separa-
tion of associated formation water from gas condensate
in the dehydrator B-1; degassing of gas condensate in
the degasser B-2; final degassing of condensate on the
ladder and in condensate storage tanks.

Gas preparation is carried out on two technological

lines (high-pressure and low-pressure) with a total de-
sign capacity of 2 million m*/day. Additionally, a meas-
uring technological line with a capacity of 300-600
thousand m3/day is provided for the performance study
of wells.

The gas-water-condensate mixture from the produc-
tion wells of the gas condensate field is supplied to the
unit of the input threads of the installation using gas
pipelines-loops, where the technological mode of oper-
ation of the “formation-well-loop” system is set using
regulating fittings. Also, at the input string node, gas
(wells) is distributed into high-pressure and low-pres-
sure technological lines or to a measurement line for
performance monitoring.

The gas obtained as a result of the technological pro-
cess is sent to the commercial metering unit and then
transported to the gas pipeline connecting to the main
gas pipeline.

The condensate obtained after stabilization to atmos-
pheric pressure and separated from the sub-product wa-
ter is shipped from the condensate park tanks to tanker
trucks.

The associated formation water, which was separated
from the condensate as a result of the technological pro-
cess, is sent via a bypass to the formation water storage
tank. The results of the calculation using a supersonic
separator are shown in Figure 10.

The figure shows the input parameters of the gas
along 3 lines and shows the parameters of the prepared
gas, winding gas, condensate and formation water.

The ventilation gas at the installation can be utilized
immediately: from the separator of another stage it is
directed to the low side of the ejector, from the degasser
tank the condensate is sent to the compressor, also
when necessary. It is possible to direct the ventilated
gas from the separator to another stage and from the
degasser tank to the condensate to the compressor or
ejector.
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Figure 10 — Equivalent calculation scheme of a complex gas preparation installation

Also, when connecting to the compressor, it is possi-
ble to direct the gas supply to the power gas separator.
Whenever there is a supply of gas, excess gas from the
gas separator is discharged to the flare. It is advisable
to install a supersonic separator at the installation, and
if there is a presence of winding gas, direct it not to the
torch, but to this separator. The results of modeling an
improved scheme for the preparation of carbohydrates
are shown in Figure 4.3. It can be seen that additional
condensate of 1070 t/year was recovered, but not much
was recovered, and gas can also be supplied to the su-
personic separator, which is sent to the propane refrig-
eration unit of another gas treatment unit. After super-
sonic separation of the gas, this gas is determined by
the dew point temperatures of the liquid and carbohy-
drates.

Conclusions

The simulation of the supersonic separation process
was performed in the HYSYS environment, which al-
lowed obtaining optimal parameters for the extraction

of heavy hydrocarbons from natural gas. The effect of
pressure on the efficiency of the separation of target
components was studied. Data were obtained that when
the pressure was increased to 12.5 MPa, the efficiency
of the process increases, however, a further increase in
pressure does not provide significant advantages. A
comparative analysis of two modeling schemes was
carried out, as a result of which the optimal option was
selected, which has fewer components and provides
sufficient prediction accuracy.

The limitations of existing models were analyzed, in
particular their sensitivity to equilibrium assumptions.
Using the example of an existing gas preparation plant,
it was proven that the use of a supersonic separator con-
tributes to increasing the efficiency of natural gas prep-
aration and additional condensate extraction. The re-
sults obtained can be used to further improve natural
gas purification technologies and their adaptation to in-
dustrial application.

References

1. Niknam, P. H., Mortaheb, H. R., & Mokhtarani, B.
(2017). Optimization of dehydration process to improve
stability and efficiency of supersonic separation. Journal
of Natural Gas Science and Engineering, 43, 90—
95. https://doi.org/10.1016/j.jngse.2017.03.017

2. Lai, X.-y., Jiang, W.-m., Chen, J.-n,, Ru, Y.-p.,
Hu, W.-1, & Wang, S.-t. (2021). Process Simulation Inves-
tigation of Purification and Deacidification in Supersonic
Separation Process for Natural Gas Treatment.
VY Proceedings of the International Petroleum and Petro-
chemical Technology Conference 2020 (c.266-284).
Springer Singapore.

https://doi.org/10.1007/978-981-16-1123-0_27

1. Niknam, P. H., Mortaheb, H. R., & Mokhtarani, B.
(2017). Optimization of dehydration process to improve
stability and efficiency of supersonic separation. Journal
of Natural Gas Science and Engineering, 43, 90—
95. https://doi.org/10.1016/j.jngse.2017.03.017

2. Lai, X.-y., Jiang, W.-m., Chen, J.-n., Ru, Y.-p.,
Hu, W.-1., & Wang, S.-t. (2021). Process Simulation Inves-
tigation of Purification and Deacidification in Supersonic
Separation Process for Natural Gas Treatment.
VY Proceedings of the International Petroleum and Petro-
chemical Technology Conference 2020 (c.266-284).
Springer Singapore.

https://doi.org/10.1007/978-981-16-1123-0 27

Academic journal. Industrial Machine Building, Civil Engineering. — 2 (61)' 2023

93


https://doi.org/10.1016/j.jngse.2017.03.017
https://doi.org/10.1007/978-981-16-1123-0_27
https://doi.org/10.1016/j.jngse.2017.03.017
https://doi.org/10.1007/978-981-16-1123-0_27

3. Jiang, W., Bian,J., Wu, A., Gao,S., Yin, P, &
Hou, D. (2018). Investigation of supersonic separation
mechanism of CO2 in natural gas applying the Discrete
Particle Method. Chemical Engineering and Processing -
Process Intensification, 123, 272-279.

https://doi.org/10.1016/j.cep.2017.11.019

4. Shooshtari, S. H. R., & Shahsavand, A. (2018). Opti-
mal operation of refrigeration oriented supersonic separa-
tors for natural gas dehydration via heterogeneous conden-
sation. Applied Thermal Engineering, 139, 76-86.

https://doi.org/10.1016/j.applthermaleng.2018.04.109

5. Cao, X., & Yang, W. (2015). The dehydration perfor-
mance evaluation of a new supersonic swirling separa-
tor. Journal of Natural Gas Science and Engineering, 27,
1667-1676.

https://doi.org/10.1016/j.jngse.2015.10.029

6. Bian, J., Cao, X., Yang, W., Edem, M. A., Yin, P., &
Jiang, W. (2018). Supersonic liquefaction properties of
natural gas in the Laval nozzle. Energy, 159, 706-715.

https://doi.org/10.1016/j.energy.2018.06.196

7. Machado, P. B., Monteiro, J. G. M., Medeiros, J. L.,
Epsom, H. D., & Araujo, O. Q. F. (2012). Supersonic sep-
aration in onshore natural gas dew point plant. Journal of
Natural Gas Science and Engineering, 6, 43—49.

https://doi.org/10.1016/j.jngse.2012.03.001

8. Arinelli, L. d. O., Teixeira, A. M., de Medeiros, J. L.,
& Aragjo, O.d. Q. F. (2019). Supersonic separator for
cleaner offshore processing of natural gas with high carbon
dioxide content: Environmental and economic assess-
ments. Journal of Cleaner Production, 233, 510-521.

https://doi.org/10.1016/j.jclepro.2019.06.115

9. Alnoush, W., & Castier, M. (2019). Shortcut modeling
of natural gas supersonic separation. Journal of Natural
Gas Science and Engineering, 65, 284-300.

https://doi.org/10.1016/j.jngse.2019.03.004

3. Jiang, W., Bian,J., Wu, A., Gao,S., Yin,P., &
Hou, D. (2018). Investigation of supersonic separation
mechanism of CO2 in natural gas applying the Discrete
Particle Method. Chemical Engineering and Processing -
Process Intensification, 123, 272-279.

https://doi.org/10.1016/j.cep.2017.11.019

4. Shooshtari, S. H. R., & Shahsavand, A. (2018). Opti-
mal operation of refrigeration oriented supersonic separa-
tors for natural gas dehydration via heterogeneous conden-
sation. Applied Thermal Engineering, 139, 76-86.

https://doi.org/10.1016/j.applthermaleng.2018.04.109

5. Cao, X., & Yang, W. (2015). The dehydration perfor-
mance evaluation of a new supersonic swirling separa-
tor. Journal of Natural Gas Science and Engineering, 27,
1667-1676.

https://doi.org/10.1016/j.jngse.2015.10.029

6. Bian, J., Cao, X., Yang, W., Edem, M. A,, Yin, P., &
Jiang, W. (2018). Supersonic liquefaction properties of
natural gas in the Laval nozzle. Energy, 159, 706-715.

https://doi.org/10.1016/j.energy.2018.06.196

7. Machado, P. B., Monteiro, J. G. M., Medeiros, J. L.,
Epsom, H. D., & Araujo, O. Q. F. (2012). Supersonic sep-
aration in onshore natural gas dew point plant. Journal of
Natural Gas Science and Engineering, 6, 43—49.

https://doi.org/10.1016/j.jngse.2012.03.001

8. Arinelli, L. d. O., Teixeira, A. M., de Medeiros, J. L.,
& Aragjo, O.d. Q. F. (2019). Supersonic separator for
cleaner offshore processing of natural gas with high carbon
dioxide content: Environmental and economic assess-
ments. Journal of Cleaner Production, 233, 510-521.

https://doi.org/10.1016/j.jclepro.2019.06.115

9. Alnoush, W., & Castier, M. (2019). Shortcut modeling
of natural gas supersonic separation. Journal of Natural
Gas Science and Engineering, 65, 284-300.

https://doi.org/10.1016/j.jngse.2019.03.004

94 Academic journal. Industrial Machine Building, Civil Engineering. — 2 (61)' 2023


https://doi.org/10.1016/j.cep.2017.11.019
https://doi.org/10.1016/j.applthermaleng.2018.04.109
https://doi.org/10.1016/j.jngse.2015.10.029
https://doi.org/10.1016/j.energy.2018.06.196
https://doi.org/10.1016/j.jngse.2012.03.001
https://doi.org/10.1016/j.jclepro.2019.06.115
https://doi.org/10.1016/j.jngse.2019.03.004
https://doi.org/10.1016/j.cep.2017.11.019
https://doi.org/10.1016/j.applthermaleng.2018.04.109
https://doi.org/10.1016/j.jngse.2015.10.029
https://doi.org/10.1016/j.energy.2018.06.196
https://doi.org/10.1016/j.jngse.2012.03.001
https://doi.org/10.1016/j.jclepro.2019.06.115
https://doi.org/10.1016/j.jngse.2019.03.004

10

11

3micT

BpaxyBaHHs1 yMOB po00OTH KOHCTPYKIili B MeTOAULi TPAHNYHUX CTAHIB
Miuyrin C.O.

Amnpo0ailisi ekcripec-MeToy NeHeTpalii 1A OUiHIOBAHHA MIlIHOCTI 0Cca/I0BHX
3B’SI3HUX ripCHKUX NMOPi
Bunnukos F0.J1., Bounap A.B., JIsmenko A.B., HoBoxarniit B.I'., Pu6anko M.O.

JocaimkeHHs] TPAHUYHOIO CTAHY CTAJTeBUX 00K MOLIKOKEHUX eJIeMeHTIiB OyaiBeb
I'ymse C.A., Tapxyma B.C., Ceprienko 10.B., 'ogyn T.M.

Kaacugikaniss aHTeHHHUX cIOpyI MOOIJILHOTO 3B’ SI3KY
T'acenko A.B., ITanys }0.0., bibik M.B.

Oruisig gocigxeHb 0araTolIapoBHX 3rHHAHUX 32113006 TOHHUX KOHCTPYKIiil npsiMo-
KYTHOT'0 NIONIEPEeYHOro nepepizy
Pomanenxo /1.b

Po3poOka eHepro3oepiraouoi KOHCTPYKUIi CHCTEMH KMBJIEHHS 0€TOHO3MIIIYBAJIbHOT
YCTAHOBKH
Kopoo6ko B.0., Jlepuenko O. I1., Pynux P.1O.

Po3paxyHok onTHMAJLHUX IApaMeTPiB YCTAHOBKH /VIs BiOpoadpa3uBHOI 00poOKu Je-
KOPATHBHUX €JIeMEHTIB 3 AKTUBHUM POOOYHMM OPraHoM
Byrpos J1.1O., Byrposa T.M.

AHaJii3 00/1aJHAHHS VIS TePMOILIACTUYHOr0 (POPMYBAaHHS IITYYHUX BUPOOIB npocTo-
poBoi gopmu

Cyuxos I. M., Pymuxk P. 1O.

YaockoHaJIeHHS METOAY NNPOMHUCJI0BOr0 BUJIy4eHHS TOMOJIOTIB METaHy

ITeguenxko M.M., Ilemuenko JI.O., [Tequenko H.M., Casuk B.M.

IIpuBaHTa:KyBayi 1y1s yIUiIbHEeHHsS1 0eTOHIB
Hecrepenko M.M., ITaudinos O.1., ITupaux M.O.

OOrpynryBanHsl BUOOpPY cXeMHU MO/AeTIOBAHHSA NpoLecy MiATOTOBKM BYIJIEBOAHIB /10
TPAHCIIOPTYBAHHS MeTOI0M HA/A3BYKOBOI cenapauii
Hecrepenko T.M., Hecreperko M.M., IlleBuenko O.0., Omensuenko O.10.

14

23

29

36

46

52

60

67

80

86

Academic journal. Industrial Machine Building, Civil Engineering. — 2 (61)' 2023

95



10

11

CONTENTS

Consideration of the structures working conditions in the method of limit states
Sergii Pichugin

Approbation of the express penetration method for assessing the strength of
sedimentary cohesive rocks
Yuriy Vynnykov, Andrii Bondar, Anna Liashenko, Valeriy Novokhatniy, Maryna Rybalko

The mobile communication antenna structures classification
Serhii Hudz, Vitaliia Harkusha, Yuriy Sergienko, Tetiana Hodun

The mobile communication antenna structures classification
Anton Hasenko, Yurii Padun, Mykola Bibik

Studies of multilayer bent reinforced concrete structuresof rectangular cross section
review
Dmytrii Romanenko

Development of an energy-saving design for the feeding system of a concrete mixing
plant
Bogdan Korobko, Oleksandr Levchenko, Rostyslav Rudyk

Calculation of optimal parameters for a vibratory finishing machine for decorative
elements with an active working tool

Dmytro Bugrov, Tetiana Buhrova

Analysis of equipment for thermoplastic molding artificial products of spatial form
Ivan Suchkov, Rostyslav Rudyk

Improvement of the industrial extraction method of methane homologues
Mykhailo Pedchenko, Larysa Pedchenko, Nazar Pedchenko, Vasyl Savyk

Loaders for Concrete Compaction
Mykola Nesterenko, Olexandr Panfilov, Maxim Pyrlyk

Justification for the Choice of a Modeling Scheme for the Hydrocarbon Preparation
Process for Transportation Using Supersonic Separation
Tetiana Nesterenko, Mykola Nesterenko, Oleksandr Shevchenko, Oleksii Omelchenko

14

23

29

36

46

52

60

67

80

86

96

Academic journal. Industrial Machine Building, Civil Engineering. — 2 (61)' 2023



