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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. 
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У загальній методиці розрахунку конструкцій за граничними станами коефіцієнт умов роботи  повинен враховувати 

всі особливості роботи й експлуатації конструкцій, що не враховані в явному вигляді іншими коефіцієнтами методики. 

Можна вважати, що цей коефіцієнт покриває всі неточності розрахункової моделі, що виникають внаслідок її спро-

щення і ідеалізації, для того, щоб розрахунок можна виконати з необхідною точністю та з розумними працевтратами. 

Відомо, що у будь-якому розрахунку вводять спрощуючі положення, зокрема, основні гіпотези опору матеріалів та 

будівельної механіки. Унаслідок цього в будь-якому розрахунку виникають неминучі відхилення, обумовлені неточ-

ністю розрахункової моделі, котрі мають або систематичний, або випадковий характер. Для того щоб врахувати (або 

компенсувати) ці похибки і забезпечити необхідну надійність конструкції, що проєктується, вводять коефіцієнт умов 

роботи. Очевидно, що він має статистичну природу, в окремих випадках він детально вивчений і обґрунтований. Од-

нак у деяких випадках його значення встановлені експертним методом на основі досвіду проектування та експлуатації 

і потребують подальшого вивчення й уточнення. Дані стосовно розрахункових коефіцієнтів методики граничних ста-

нів, зокрема коефіцієнта умов роботи, вміщено в численних випусках нормативних документів, затверджених у різні 

роки. Таким чином створено значний масив інформації, котрий не проаналізовано у достатній мірі. Не систематизо-

вано результати натурних випробувань будівель і конструкцій як основи нормування коефіцієнта умов роботи. Мало-

відомими залишаються наробки дослідників надійності будівельних конструкцій, які можна залучити до обґрунту-

вання нових коефіцієнтів умов роботи різних конструкцій. Тому метою і задачами статті є систематизований аналіти-

чний огляд нормативних документів і наукових публікацій, починаючи з 1950-х років, з аналізом еволюції норм про-

ектування сталевих конструкцій у частині змін коефіцієнта умов роботи та залученням до цього дослідних експери-

ментальних і статистичних даних. 
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Introduction  

In the general method of calculating structures accord-

ing to limit states, the coefficient of working conditions 

c  (preliminary designation m) must take into account 

all the features of the work and operation of structures, 

which are not explicitly taken into account by other co-

efficients of the method. Therefore, this coefficient is 

the most loaded by purpose and the least determined by 

content and value. The value 1c   takes into account 
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the unfavorable operating conditions of the structure, 

the value 1c   – 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 c  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. 

• 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 γc = 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 γc = 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 

γc = 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  

γc = 1.05 is regulated in strength calculations. 

• Increased coefficients γс = 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 γc, which can be 

considered "basic", the codes of SNiP II-23-81 con-

tained the scales of the working conditions coefficients 

of connections γb = 0.75 – 1.0; elements of power trans-

mission line supports  

γc = 0.75 – 0.95; structures of communication antenna 

structures γс = 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 γc = 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 γc = 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 - γc = 0.75 – 0.95; 

• for structures of communication antenna structures up 

to 500 m high –γc = 0.55 – 1.10; 

• for structures of river hydrotechnical structures - γc = 

0.55 – 1.10 in the main combinations of loads; γc = 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: 

 ; .
експер експер
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теор теор

f
k k

f

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
= =  (1) 

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. 

 1 ; 1 .c ck k  = =  (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: 

 

 

 

 
1 2 3 4 5 6 7 8 ,k       =  (3) 

where 1  is a general correction to the calculation 

scheme; 

2  – correction to the geometric scheme; 

3  – correction to structural elements; 

4 – correction for cross-sections of working elements; 

5 – correction for spatial work; 

6  – correction for draft and rotation of supports; 

7  – load correction: its magnitude, relative position 

and change; 

8 – 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 0,90k = , standard k̂  = 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 k = 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 

Truss tape 

Constructive corrections 

by deflections 
by stresses in the middle  

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) 

 

Calculation 

scheme 

 

Constructive corrections 

by stresses in the middle of 

the truss in the lower and 

upper belts 

by deflections 

in the middle of truss 

 

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  

corrections 
1,29 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) k = 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 

No 

work-

shop 

Marking the place 

of displacement 

measurement, m 

Transverse braking 

of a bridge crane 

Horizontal force on the marks  

of the trusses bottom or the head of the 

rail 

Flat 

frame 

Spatial system 

 

Flat 

frame 

Spatial  

system 

№1 
25,7 0,12 0,60 0,21 0,80 

18,5 0,16 0,80 0,15 0,58 

№4 
15,2 0,09 1,00 0,08 0,51 

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 

Column type 
Constructive corrections 

by normal forces by bending moments 

Heavy (with branches from 

folded I-beams) 

Extreme row 0,91…1,01 0,66…0,74 

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; 

l2, l1 – lengths of the upper and lower parts of the col-

umn, respectively; Q2(t), Q1(t) are the failure probabil-

ities, respectively, of the upper and lower parts of the 

column for the service life of t = 50 years, which were 

determined approximately by the number of emissions 

N+(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 t 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 Q1(t)Q2(t) to find the reduced 

cross-sectional area and the coefficient of the work-

ing condition, which was equal to  

с = 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 

γС = 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 γС = 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 
V

a
ri

a
n

t 

C
o

n
n

ec
ti

o
n

 o
f 

 t
h

e 
cr

o
ss

b
ar

s 
w

it
h

 

 t
h

e 
co

lu
m

n
s 

Geometric 

parameters 
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Failure probabili-

ties 

Coeffici-

ent of 

working 

condi- 

tions 
L

B
 

2

1

l

l
 Roof 

Cranes Districts 
Upper 

part 

Lower 

part 

Q, t Mode 
Sno

w 
Wind Q2(t) Q1(t) γс 

1 rigid 
24

12
 

3,97

16,4
 

warm 

concrete 

panels 

15/3 7К ІІІ І 0,48 
0,96× 

×10-2 1,15 

2 rigid 
36

12
 

6,6

12,4
 

warm 

concrete 

panels 
125/20 4К-6К ІІІ ІІ 0,023 

4,15× 

×10-4 1,15 

3 hinged 
30

12
 

6,1

11,0
 

warm 

profiled 

flooring 

100/20 4К-6К ІІІ ІІ 
9,83× 

×10-4 

2,24× 

×10-7 1,32 

4 rigid 
30

12
 

6,4

14,2
 

warm 

concrete 

panels 

100/20 4К-6К ІІІ ІІ 0,054 
6,5× 

×10-5 1,25 

5 hinged 
36

12
 

6,02

14,4
 

warm 

concrete 

panels 

80/20 7К ІІІ ІІ 0,213 
1,71× 

×10-6 1,18 

6 hinged 
24

12
 

5,23

17,0
 

warm 

concrete 

panels 
50/10 4К-6К І ІІІ 0,54 

5,0× 

×10-8 1,19 

7 hinged 
24

6
 

3,25

9,75
 

cold 

concrete 

panels 

30/5 7К ІІ І 0,71 
2,78× 

×10-12 1,32 

 

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 S ", 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 S  decreases, and increases to the shear mecha-

nism; the maximum values of the coefficient S  are ob-

tained for the complete destruction mechanisms, the 

partial mechanism leads to a decrease in the coefficient 

S . The obtained schematic reliability coefficients are 

in the interval S = 1.18...1.27  

(Table 7), they indicate significant reserves of the SIS's 

carrying capacity, which do not take into account the 
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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 
S   

of statically indeterminate steel frames  

Number 

of spans 

Number of floors 

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  

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 

constructive correction - the experimental basis of 

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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are analyzed, such as: complete independence from the applied force and cone immersion depth; simplicity and reliability of 

the equipment; high reliability of results, etc. The methodology and results of 185 sets of penetration-shear tests of various clay 

rocks, from sandy loams to clays, are presented. Their results were used to determine the strength indicators of cohesive rocks 

(angle of internal friction and specific adhesion). Through statistical processing of experimental data, it was confirmed that for 
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coefficient. 
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Проаналізовано переваги експрес-методів пенетрації та зондування для оцінювання механічних параметрів зв’язних 

осадових порід перед традиційними способами їх випробувань у приладах одноплощинного зрушення, одометрах і 

стабілометрах, як-то: повну незалежність від прикладеного зусилля та глибини занурення конуса; простоту й надій-

ність обладнання; високу достовірність результатів і т. ін. Виділено галузі їх раціонального використання, у т. ч.: ла-

бораторні та польові методи визначення параметрів міцності й стисливості різновидів осадових, а особливо зв’язних, 

гірських порід; обґрунтування рівнянь взаємозв'язку між фізичними і механічними властивостями різновидів порід, 

які мають постійні індикаційні характеристики за узагальненням дослідних даних та ін. Відзначено, що результати 

пенетраційних випробувань відповідно до рішень вісесиметричної задачі теорії граничної рівноваги оцінюють за пи-

томим опором пенетрації. Подано методику і підсумки 185 комплексів пенетраційно-зрушувальних випробувань різних глинис-

тих порід, від супісків до глин. Їх результати використано для визначення показників міцності зв’язних порід (кута 

внутрішнього тертя й питомого зчеплення). Шляхом статистичної обробки дослідних даних підтверджено, що для 

водонасиченого стану глинистих порід існує майже функціональний зв’язок між показником пенетрації і коефіцієнтом 

пористості. Встановлено, що питомі опори зрушенню глинистих порід за умови однакового фізичного стану лінійно 

взаємопов’язані з відповідними середніми величинами питомого опору пенетрації при коефіцієнті кореляції близько 

0,80. Проведення вишукувань за рекомендованою методикою суттєво зменшує обсяг нормативних випробувань на 

одноплощинне зрушення, а також дає можливість одержати достатньо достовірні результати з меншою трудомісткі-

стю та тривалістю робіт. 

 

Ключові слова: свердловина, осадова зв’язна гірська порода, міцність, експрес-метод пенетрації, питомий опір пене-

трації, одноплощинне зрушення, кут внутрішнього тертя, питоме зчеплення, рівняння взаємозв’язку. 
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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 h, which does not exceed the height of the 

cone itself hk. 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 α = 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/R0 for cohesive rocks (or the penetration 

indices U/U0 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 c 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 α and the dimensionless 

coefficient 𝑀, which in turn is a function of the 

internal friction angle , or 

 2

01/ ( / 2)K D tg  =   , (2) 

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 α = 30°, in particular for: 

; 0 , 16,0 0,87M and K  =  = =  

; 10 , 21,5 0,646M and K  =  = =

. 20 , 37,0 0,376M and K  =  = =  

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 

20,4%pI =  and the moisture content at the yield point 

41,7%LW = ). 

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  

α = 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 maxM . 

Then, using the tip constant K , the specific 

resistance to rotational displacement  was determined, 
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and identifying  and 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 ( )c 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, c, 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 α = 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  and 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 II, cII . 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 /IIK c R =  for 

each geological element. 

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

shear experiments and II 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 kPа;  

IIc = 8-65 kPа; II = 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  under conditions of constant vertical 

pressure σ=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 f = . 

Fig. 3 shows the experimental points and the 

corresponding graph of the dependence between R  

and  at a vertical pressure of σ=const=100 kPa for 

sandy loam (50 complexes were statistically 

processed). 

Fig. 4 shows similar dependences between R  and  
at a pressure of σ=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. 
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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 𝑅̄ and the specific shear 

 resistance  at a pressure of σ=const=100 kPa for sandy loams 
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Figure 4 – Dependence between the specific resistance to penetration R  and the specific shear 

resistance  at a pressure of σ=const=100 kPa for loams and clays 

 

 

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 𝑅̄ and 

one-plane displacement  under the condition σ=const, 

we have 

 100 , 0,2156 36,86;kPa R = =  +  (3) 

 200 , 0,5378 15,03.kPa R = =  +  (4) 

Then 

0,5378 15,03 (0,2156 36,86)

200 100

0,003 0,1883

II

R R
tg

R


 + −  +

= =
−

=  −

 

and the specific adhesion (from the expression 

II IIc tg  = −  ) is  

(0,5378 15,03) 200 (0,003 0,18)

0,1062 32,68

IIc R R

R

=  + −   − =

= −  +
 

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 h>10 mm. 

Based on the results of one-plane shear of the same 

samples, 12 values of the specific shear resistance  
were obtained, and after their statistical processing, the 

values of the internal friction angle II=16° and the 

specific adhesion cII=36,4 kPa were calculated. 

According to the above dependences ( )f R = , we 

have 100 66,67 kPa =  and 200 96,89 kPa = , respec-

tively, at a vertical pressure of 100 kPa =  and 

200 kPa = . 

Then ( ) ( )    96,89 66,67 / 200 100    0,302;IItg = − − =  

the angle of internal friction is equal to   1  6,8 ;II =   and 

the specific adhesion 

     0,1062 1  52,2   52,69  16,16 52,69 36,5IIс kPa= −  + = − + = . 

Thus, the results of the established relationship between 

the parameters R and  made it possible to determine 

the strength of the experimental heavy dusty loam (with 

a plasticity number 14,5%pI = ), 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 LI  and the water 

saturation coefficient rS  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 ( )f R = , 

which does not depend on the porosity coefficient e, is 

as  follows  

 (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 II and 

specific adhesion cII) from the average value of the 

specific penetration resistance R  of compacted 

samples after their water saturation (usually reduced to 

the water saturation coefficient 0,80rS  ). 

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 ( )f R =  for a sufficiently wide range of 

variability of the clay rock yield factor, for example, 

0 0,75LI  , in the form 

 ( )A B C D R  = +  + +    (6) 

where A, 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 II and 𝑅̄ 

 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 

/
II

R c K


=  413 333 255,1 214,2 174,6 143,9 

Specific shear resistance , kPa, at vertical pressure , kPa 

σ=100 kPa 119,0 104,0 88,4 79,5 69,7 60,9 

σ=200 kPa 157,7 140,8 122,9 112,0 98,3 85,8 

σ=300 kPa  190,2 177,2 157,2 144,8 127,0 110,8 

 

Conclusions 

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). 

3. The use of the expressions ( )K f =  and 

/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.

 

References 
1. Asad M.M. (2019). Oil and Gas Disasters and Industrial 

Hazards Associated with Drilling Operation. An Extensive 

Literature Review. 2nd Intern. Conf. on Computing, Mathe-

matics and Engineering Technologies (ICoMET), March, 1–

6. 

https://doi.org/10.1109/ICOMET.2019.8673516 

2. Onyshchenko V., Vynnykov Y., Shchurov I. 

& Kharchenko M. (2023). Case Study: Sites for the Drilling 

and Repair of Oil and Gas Wells. Lecture Notes in Civil En-

gineering, 299, 367-389. 

https://link.springer.com/book/10.1007/978-3-031-17385-1 

3. Jaeger J.C., Cook N.G.W. & Zimmerman R. (2007). 

Fundamentals of Rock Mechanics. Wiley-Blackwell. 

https://doi.org/:10.1017/CBO9780511735349 

4. Schnaid F. (2009). In-situ testing in geomechanics – the 

main tests. Taylor & Francis Group, London. 

https://doi.org/10.1201/9781482266054 
5. Das B.M. (2019). Advanced Soil Mechanics. London: 

CRC Press. 

https://doi.org/10.1201/9781351215183 

6. Meigh A.C. (1987). Cone Penetration Testing: Methods 

and Interpretation. Butterworths, London. 

7. Mayne P.W., Saftner D. & Dagger R. (2018). Cone Pen-

etration Testing Manual for Highway Geotechnical Engi-

neers. Report. 
https://www.dot.state.mn.us/research/reports/2018/201832.pdf 

8. Zotsenko M., Vynnykov Yu., Lartseva I. & Sivitska S. 

(2018). Ground base deformation by circular plate peculiari-

ties. MATEC Web of Conferences 230, 02040. 7th Intern. Sci-

entific Conf. “Reliability and Durability of Railway 

Transport Engineering Structures and Buildings” (Transbud-

2018). 

https://doi.org/10.1051/matecconf/201823002040 

 1. Asad M.M. (2019). Oil and Gas Disasters and Industrial 

Hazards Associated with Drilling Operation. An Extensive 

Literature Review. 2nd Intern. Conf. on Computing, Mathe-

matics and Engineering Technologies (ICoMET), March, 1–

6. 

https://doi.org/10.1109/ICOMET.2019.8673516 

2. Onyshchenko V., Vynnykov Y., Shchurov I. 

& Kharchenko M. (2023). Case Study: Sites for the Drilling 

and Repair of Oil and Gas Wells. Lecture Notes in Civil En-

gineering, 299, 367-389. 

https://link.springer.com/book/10.1007/978-3-031-17385-1 

3. Jaeger J.C., Cook N.G.W. & Zimmerman R. (2007). 

Fundamentals of Rock Mechanics. Wiley-Blackwell. 

https://doi.org/:10.1017/CBO9780511735349 

4. Schnaid F. (2009). In-situ testing in geomechanics – the 

main tests. Taylor & Francis Group, London. 

https://doi.org/10.1201/9781482266054 

5. Das B.M. (2019). Advanced Soil Mechanics. London: 

CRC Press. 

https://doi.org/10.1201/9781351215183 

6. Meigh A.C. (1987). Cone Penetration Testing: Methods 

and Interpretation. Butterworths, London. 

7. Mayne P.W., Saftner D. & Dagger R. (2018). Cone Pen-

etration Testing Manual for Highway Geotechnical Engi-

neers. Report. 
https://www.dot.state.mn.us/research/reports/2018/201832.pdf 

8. Zotsenko M., Vynnykov Yu., Lartseva I. & Sivitska S. 

(2018). Ground base deformation by circular plate peculiari-

ties. MATEC Web of Conferences 230, 02040. 7th Intern. Sci-

entific Conf. “Reliability and Durability of Railway 

Transport Engineering Structures and Buildings” (Transbud-

2018). 

https://doi.org/10.1051/matecconf/201823002040 

https://doi.org/10.1109/ICOMET.2019.8673516
https://www.scopus.com/authid/detail.uri?authorId=57706004200
https://www.scopus.com/authid/detail.uri?authorId=57214233113
https://www.scopus.com/authid/detail.uri?authorId=57286420400
https://www.scopus.com/authid/detail.uri?authorId=57195071299
https://www.scopus.com/authid/detail.uri?authorId=57214233113#disabled
https://www.scopus.com/authid/detail.uri?authorId=57214233113#disabled
https://link.springer.com/book/10.1007/978-3-031-17385-1
https://www.wiley.com/en-be/search?pq=%7Crelevance%7Cauthor%3AJohn+Conrad+Jaeger
https://www.wiley.com/en-be/search?pq=%7Crelevance%7Cauthor%3ANeville+G.+W.+Cook
https://www.wiley.com/en-be/search?pq=%7Crelevance%7Cauthor%3ARobert+Zimmerman
https://doi.org/:10.1017/CBO9780511735349
https://doi.org/10.1201/9781482266054
https://doi.org/10.1201/9781351215183
https://www.dot.state.mn.us/research/reports/2018/201832.pdf
https://doi.org/10.1051/matecconf/201823002040
https://doi.org/10.1109/ICOMET.2019.8673516
https://www.scopus.com/authid/detail.uri?authorId=57706004200
https://www.scopus.com/authid/detail.uri?authorId=57214233113
https://www.scopus.com/authid/detail.uri?authorId=57286420400
https://www.scopus.com/authid/detail.uri?authorId=57195071299
https://www.scopus.com/authid/detail.uri?authorId=57214233113#disabled
https://www.scopus.com/authid/detail.uri?authorId=57214233113#disabled
https://link.springer.com/book/10.1007/978-3-031-17385-1
https://www.wiley.com/en-be/search?pq=%7Crelevance%7Cauthor%3AJohn+Conrad+Jaeger
https://www.wiley.com/en-be/search?pq=%7Crelevance%7Cauthor%3ANeville+G.+W.+Cook
https://www.wiley.com/en-be/search?pq=%7Crelevance%7Cauthor%3ARobert+Zimmerman
https://doi.org/:10.1017/CBO9780511735349
https://doi.org/10.1201/9781482266054
https://doi.org/10.1201/9781351215183
https://www.dot.state.mn.us/research/reports/2018/201832.pdf
https://doi.org/10.1051/matecconf/201823002040


Academic journal. Industrial Machine Building, Civil Engineering. – 2 (61)' 2023 21 

 

9. Powell J.J.M., Shields C.H. & Wallace C.F. (2015). Liq-

uid Limit testing – only use the Cone Penetrometer! Proc. of 

the XVI ECSMGE Geotechnical Eng. for Infrastructure and 

Development. Edinburg, 3305-3310. 

10. Uhlig M. & Herle I. (2015). Advanced analysis of 

cone penetration tests. Proc. of the XVI ECSMGE Ge-

otechnical Eng. for Infrastructure and Development. 

Edinburg, 3073-3078. 

https://doi:10.1680/ecsmge.60678 
11. Kryvosheiev P., Farenyuk G., Tytarenko V., Boyko I., 

Kornienko M., Zotsenko M., Vynnykov Yu., Siedin V., 

Shokarev V. & Krysan V. (2017). Innovative projects in dif-

ficult soil conditions using artificial foundation and base, ar-

ranged without soil excavation. Proc. of 19th Intern. Conf. on 

Soil Mechanics and Geotechnical Engineering. Seoul, 3007-

3010. 

https://doi.org/10.1680/geot.1997.47.3.693 

12. Ahmadi M.M. & Golestani Dariani A.A. (2017). Cone 

penetration test in sand: A numerical-analytical approach. 

Computers and Geotechnics. Vol. 90, 176-189. 

https://doi.org/10.1016/j.compgeo.2017.06.010 

 9. Powell J.J.M., Shields C.H. & Wallace C.F. (2015). Liq-

uid Limit testing – only use the Cone Penetrometer! Proc. of 

the XVI ECSMGE Geotechnical Eng. for Infrastructure and 

Development. Edinburg, 3305-3310. 

10. Uhlig M. & Herle I. (2015). Advanced analysis of 

cone penetration tests. Proc. of the XVI ECSMGE Ge-

otechnical Eng. for Infrastructure and Development. 

Edinburg, 3073-3078. 

https://doi:10.1680/ecsmge.60678 

11. Kryvosheiev P., Farenyuk G., Tytarenko V., Boyko I., 

Kornienko M., Zotsenko M., Vynnykov Yu., Siedin V., 

Shokarev V. & Krysan V. (2017). Innovative projects in dif-

ficult soil conditions using artificial foundation and base, ar-

ranged without soil excavation. Proc. of 19th Intern. Conf. on 

Soil Mechanics and Geotechnical Engineering. Seoul, 3007-

3010. 

https://doi.org/10.1680/geot.1997.47.3.693 

12. Ahmadi M.M. & Golestani Dariani A.A. (2017). Cone 

penetration test in sand: A numerical-analytical approach. 

Computers and Geotechnics. Vol. 90, 176-189. 

https://doi.org/10.1016/j.compgeo.2017.06.010 

13. Golestani Dariani A.A. & Ahmadi M.M. (2019). CPT 

Cone Factor: Numerical-Analytical Approach. Intern. Jour-

nal of Geomechanics, 19(12). 

https://asceli-

brary.org/doi/abs/10.1061/%28ASCE%29GM.1943-

5622.0001521 

14.  Liyanapathirana S. (2022). Large deformation finite el-

ement analysis to predict penetration resistance of offshore 

pipelines. Proc. of the 20th Intern. Conf. on Soil Mechanics 

and Geotechnical Engineering. Sydney: Australian Geome-

chanics Society. Vol. 2, 821-826. 

15.  Robertson P.K. (2016). CPT-based Soil Behaviour 

Type (SBT) Classification System – an update. Canadian Ge-

otechnical Journal. 53(12),  

https://doi.org/10.1139/cgj-2016-0044 

16. Xing Y., Kulatilake P. & Sandbak L. (2019). Rock 

Mass Stability Around Underground Excavations in a 

Mine. London. CRC Press. 

https://doi.org/10.1201/9780429343230 

17. Golestani Dariani A.A. & Naserifar A. (2024). Effects 

of Seismic Waves on the Segmental Lining of Shiraz Subway 

Line 2: A Case Study. Geotechnical and Geological Engi-

neering. Vol. 42, 1089-1104. 
https://link.springer.com/article/10.1007/s10706-023-02606-2 

 13. Golestani Dariani A.A. & Ahmadi M.M. (2019). CPT 

Cone Factor: Numerical-Analytical Approach. Intern. Jour-

nal of Geomechanics, 19(12). 

https://asceli-

brary.org/doi/abs/10.1061/%28ASCE%29GM.1943-

5622.0001521 

14.  Liyanapathirana S. (2022). Large deformation finite el-

ement analysis to predict penetration resistance of offshore 

pipelines. Proc. of the 20th Intern. Conf. on Soil Mechanics 

and Geotechnical Engineering. Sydney: Australian Geome-

chanics Society. Vol. 2, 821-826. 

15.  Robertson P.K. (2016). CPT-based Soil Behaviour 

Type (SBT) Classification System – an update. Canadian Ge-

otechnical Journal. 53(12),  

https://doi.org/10.1139/cgj-2016-0044 

16. Xing Y., Kulatilake P. & Sandbak L. (2019). Rock 

Mass Stability Around Underground Excavations in a 

Mine. London. CRC Press. 

https://doi.org/10.1201/9780429343230 

17. Golestani Dariani A.A. & Naserifar A. (2024). Effects 

of Seismic Waves on the Segmental Lining of Shiraz Subway 

Line 2: A Case Study. Geotechnical and Geological Engi-

neering. Vol. 42, 1089-1104. 
https://link.springer.com/article/10.1007/s10706-023-02606-2 

18. Briaud J.-L. (2013). Geotechnical Engineering: Un-

saturated and Saturated Soils. Wiley. 

https://doi.org/:10.1002/9781118686195 

 18. Briaud J.-L. (2013). Geotechnical Engineering: Un-

saturated and Saturated Soils. Wiley. 

https://doi.org/:10.1002/9781118686195 

19. Zein A.K.M. (2017). Estimation of undrained shear 

strength of fine grained soils from cone penetration re-

sistance. Intern. Journal of Geo-Engineering, 8(1). 

https://link.springer.com/article/10.1186/s40703-017-0046-y 

 19. Zein A.K.M. (2017). Estimation of undrained shear 

strength of fine grained soils from cone penetration re-

sistance. Intern. Journal of Geo-Engineering, 8(1). 

https://link.springer.com/article/10.1186/s40703-017-0046-y 

20. Liu L., Cai G., Liu X., Li X., Liu S., Puppala A.J. 

(2021). Estimation of Undrained Shear Strength of Overcon-

solidated Clay Using a Maximum Excess Pore Pressure 

Method Based on Piezocone Penetration Test (CPTU). Ge-

otech. Test. J. 44(4), 1153-1162. 

https://doi.org/10.1520/GTJ20190248 

 20. Liu L., Cai G., Liu X., Li X., Liu S., Puppala A.J. 

(2021). Estimation of Undrained Shear Strength of Overcon-

solidated Clay Using a Maximum Excess Pore Pressure 

Method Based on Piezocone Penetration Test (CPTU). Ge-

otech. Test. J. 44(4), 1153-1162. 

https://doi.org/10.1520/GTJ20190248 

21. Yang Z., Liu X., Guo L., Cui Y., Su X., Jia C. & Ling 

X. (2022). CPT-Based estimation of undrained shear strength 

of fine-grained soils in the Huanghe River Delta. J. Acta 

Oceanologica Sinica, 41(5): 136-146.  

http://www.aosocean.com/article/doi/10.1007/s13131-021-

1946-4 

 21. Yang Z., Liu X., Guo L., Cui Y., Su X., Jia C. & Ling 

X. (2022). CPT-Based estimation of undrained shear strength 

of fine-grained soils in the Huanghe River Delta. J. Acta 

Oceanologica Sinica, 41(5): 136-146.  

http://www.aosocean.com/article/doi/10.1007/s13131-021-

1946-4 

22. Equihua-Anguiano L.N., Orozco-Calderon M.  & Foray 

P. (2013). Estimation of undrained shear strength of soft ob-

tained by cylinder vertical penetration. Proc. of the 18th In-

tern. Conf. on Soil Mechanics and Geotechnical Engineering. 

 22. Equihua-Anguiano L.N., Orozco-Calderon M.  & Foray 

P. (2013). Estimation of undrained shear strength of soft ob-

tained by cylinder vertical penetration. Proc. of the 18th In-

tern. Conf. on Soil Mechanics and Geotechnical Engineering. 

https://doi:10.1680/ecsmge.60678
https://doi.org/10.1680/geot.1997.47.3.693
https://www.sciencedirect.com/journal/computers-and-geotechnics
https://doi.org/10.1016/j.compgeo.2017.06.010
https://doi:10.1680/ecsmge.60678
https://doi.org/10.1680/geot.1997.47.3.693
https://www.sciencedirect.com/journal/computers-and-geotechnics
https://doi.org/10.1016/j.compgeo.2017.06.010
https://ascelibrary.org/doi/abs/10.1061/%28ASCE%29GM.1943-5622.0001521
https://ascelibrary.org/doi/abs/10.1061/%28ASCE%29GM.1943-5622.0001521
https://ascelibrary.org/doi/abs/10.1061/%28ASCE%29GM.1943-5622.0001521
https://www.researchgate.net/journal/Canadian-Geotechnical-Journal-1208-6010?_tp=eyJjb250ZXh0Ijp7ImZpcnN0UGFnZSI6InB1YmxpY2F0aW9uIiwicGFnZSI6InB1YmxpY2F0aW9uIiwicHJldmlvdXNQYWdlIjoicHVibGljYXRpb24iLCJwb3NpdGlvbiI6InBhZ2VIZWFkZXIifX0
https://www.researchgate.net/journal/Canadian-Geotechnical-Journal-1208-6010?_tp=eyJjb250ZXh0Ijp7ImZpcnN0UGFnZSI6InB1YmxpY2F0aW9uIiwicGFnZSI6InB1YmxpY2F0aW9uIiwicHJldmlvdXNQYWdlIjoicHVibGljYXRpb24iLCJwb3NpdGlvbiI6InBhZ2VIZWFkZXIifX0
https://doi.org/10.1139/cgj-2016-0044
https://www.taylorfrancis.com/search?contributorName=Yan%20Xing&contributorRole=author&redirectFromPDP=true&context=ubx
https://www.taylorfrancis.com/search?contributorName=Pinnaduwa%20Kulatilake&contributorRole=author&redirectFromPDP=true&context=ubx
https://www.taylorfrancis.com/search?contributorName=Louis%20Sandbak&contributorRole=author&redirectFromPDP=true&context=ubx
https://doi.org/10.1201/9780429343230
https://link.springer.com/article/10.1007/s10706-023-02606-2
https://ascelibrary.org/doi/abs/10.1061/%28ASCE%29GM.1943-5622.0001521
https://ascelibrary.org/doi/abs/10.1061/%28ASCE%29GM.1943-5622.0001521
https://ascelibrary.org/doi/abs/10.1061/%28ASCE%29GM.1943-5622.0001521
https://www.researchgate.net/journal/Canadian-Geotechnical-Journal-1208-6010?_tp=eyJjb250ZXh0Ijp7ImZpcnN0UGFnZSI6InB1YmxpY2F0aW9uIiwicGFnZSI6InB1YmxpY2F0aW9uIiwicHJldmlvdXNQYWdlIjoicHVibGljYXRpb24iLCJwb3NpdGlvbiI6InBhZ2VIZWFkZXIifX0
https://www.researchgate.net/journal/Canadian-Geotechnical-Journal-1208-6010?_tp=eyJjb250ZXh0Ijp7ImZpcnN0UGFnZSI6InB1YmxpY2F0aW9uIiwicGFnZSI6InB1YmxpY2F0aW9uIiwicHJldmlvdXNQYWdlIjoicHVibGljYXRpb24iLCJwb3NpdGlvbiI6InBhZ2VIZWFkZXIifX0
https://doi.org/10.1139/cgj-2016-0044
https://www.taylorfrancis.com/search?contributorName=Yan%20Xing&contributorRole=author&redirectFromPDP=true&context=ubx
https://www.taylorfrancis.com/search?contributorName=Pinnaduwa%20Kulatilake&contributorRole=author&redirectFromPDP=true&context=ubx
https://www.taylorfrancis.com/search?contributorName=Louis%20Sandbak&contributorRole=author&redirectFromPDP=true&context=ubx
https://doi.org/10.1201/9780429343230
https://link.springer.com/article/10.1007/s10706-023-02606-2
https://doi.org/:10.1002/9781118686195
https://doi.org/:10.1002/9781118686195
https://link.springer.com/article/10.1186/s40703-017-0046-y
https://link.springer.com/article/10.1186/s40703-017-0046-y
javascript:;
javascript:;
javascript:;
javascript:;
javascript:;
javascript:;
https://doi.org/10.1520/GTJ20190248
javascript:;
javascript:;
javascript:;
javascript:;
javascript:;
javascript:;
https://doi.org/10.1520/GTJ20190248
http://www.aosocean.com/article/doi/10.1007/s13131-021-1946-4
http://www.aosocean.com/article/doi/10.1007/s13131-021-1946-4
http://www.aosocean.com/article/doi/10.1007/s13131-021-1946-4
http://www.aosocean.com/article/doi/10.1007/s13131-021-1946-4


 

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

 

Paris. 2933-2936. 

https://www.cfms-sols.org/sites/default/files/Actes/2933-

2936.pdf 

Paris. 2933-2936. 

https://www.cfms-sols.org/sites/default/files/Actes/2933-

2936.pdf 

23. Chang C., Zoback M.D. & Khaksar A. (2006). Empiri-

cal relations between rock strength and physical properties in 

sedimentary rocks. Journal of Petroleum Science and Engi-

neering. Vol. 51, Is. 3–4, 223-237. 

 https://doi.org/10.1016/j.petrol.2006.01.003 

 23. Chang C., Zoback M.D. & Khaksar A. (2006). Empiri-

cal relations between rock strength and physical properties in 

sedimentary rocks. Journal of Petroleum Science and Engi-

neering. Vol. 51, Is. 3–4, 223-237. 

 https://doi.org/10.1016/j.petrol.2006.01.003 

24. Zotsenko M.L., Vynnykov Yu., Pinchuk N.M. & Man-

zhalii S.M. (2019). Research of “influence area” parameters 

of the foundations arranged without soil. IOP Conf. Series 

Materials Science and Engineering. 708(1):012076.  

 https://doi:10.1088/1757-899X/708/1/012076 

 24. Zotsenko M.L., Vynnykov Yu., Pinchuk N.M. & Man-

zhalii S.M. (2019). Research of “influence area” parameters 

of the foundations arranged without soil. IOP Conf. Series 

Materials Science and Engineering. 708(1):012076.  

 https://doi:10.1088/1757-899X/708/1/012076 

25. Lu Y., Duan Z., Zheng J., Zhang H., Liu X. & Luo S. 

(2020). Offshore Cone Penetration Test and Its Application 

in FullWater-Depth Geological Surveys. OP Conf. Series: 

Earth and Environmental Science 570(4):042008 

https://doi:10.1088/1755-1315/570/4/042008 

 25. Lu Y., Duan Z., Zheng J., Zhang H., Liu X. & Luo S. 

(2020). Offshore Cone Penetration Test and Its Application 

in FullWater-Depth Geological Surveys. OP Conf. Series: 

Earth and Environmental Science 570(4):042008 

https://doi:10.1088/1755-1315/570/4/042008 

26. Guo S.-Z. & Liu R. (2015). Application of cone pene-

tration test in offshore engineering, Chinese Journal of Ge-

otechnical Engineering, vol. 37, no. 1, 207-211. 

https://doi:10.11779/CJGE2015S1039 

 26. Guo S.-Z. & Liu R. (2015). Application of cone pene-

tration test in offshore engineering, Chinese Journal of Ge-

otechnical Engineering, vol. 37, no. 1, 207-211. 

https://doi:10.11779/CJGE2015S1039 

27. Wu B., Wang G., Li J., Wang Y. & Liu B. (2018). De-

termination of the Engineering Properties of Submarine Soil 

Layers in the Bohai Sea Using the Piezocone Penetration 

Test. Advances in Civil Engineering. 6: 1-13. Follow journal. 

https://doi:10.1155/2018/9651045 

 27. Wu B., Wang G., Li J., Wang Y. & Liu B. (2018). De-

termination of the Engineering Properties of Submarine Soil 

Layers in the Bohai Sea Using the Piezocone Penetration 

Test. Advances in Civil Engineering. 6: 1-13. Follow journal. 

https://doi:10.1155/2018/9651045 

28. Ma H., Zhou M., Hu Y. & Hossain M.S. (2017). Effects 

of cone tip roughness, in-situ stress anisotropy and strength 

inhomogeneity on CPT data interpretation in layered marine 

clays: numerical study. Engineering Geology, Vol. 227,  

12-22. 

https://doi.org/1016/j.enggeo.2017.06.003 

 28. Ma H., Zhou M., Hu Y. & Hossain M.S. (2017). Effects 

of cone tip roughness, in-situ stress anisotropy and strength 

inhomogeneity on CPT data interpretation in layered marine 

clays: numerical study. Engineering Geology, Vol. 227,  

12-22. 

https://doi.org/1016/j.enggeo.2017.06.003 

29. Solberg I-L., Long M., Baranwal V.C., Gylland A.S. & 

Rønning J.R. (2016). Geophysical and geotechnical studies of 

geology and sediment properties at a quick-clay landslide site 

at Esp, Trondheim, Norway. Engineering Geology. Vol. 208, 

214-230. 

 https://doi.org/10.1016/j.enggeo.2016.04.031 

 29. Solberg I-L., Long M., Baranwal V.C., Gylland A.S. & 

Rønning J.R. (2016). Geophysical and geotechnical studies of 

geology and sediment properties at a quick-clay landslide site 

at Esp, Trondheim, Norway. Engineering Geology. Vol. 208, 

214-230. 

 https://doi.org/10.1016/j.enggeo.2016.04.031 

30. Vynnykov Yu., Kharchenko M., Dmytrenko V. & 

Manhura A. (2020). Probabilistic calculation in terms of de-

formations of the formations consisting of compacted over-

burden of quarternary rocks. Mining of Mineral Deposits, 

14(4), 122-129. 

https://doi.org/10.33271/mining14.04.122 

 30. Vynnykov Yu., Kharchenko M., Dmytrenko V. & 

Manhura A. (2020). Probabilistic calculation in terms of de-

formations of the formations consisting of compacted over-

burden of quarternary rocks. Mining of Mineral Deposits, 

14(4), 122-129. 

https://doi.org/10.33271/mining14.04.122 

31. Shen S.L., Wang J.P., Wu H.N., Xu Y.S., Ye G.L. & 

Yin Z.Y. (2015). Evaluation of hydraulic conductivity for 

both marine and deltaic deposit based on piezocone test. 

Ocean Eng. Vol. 110, 174-182. 

https://doi.org/10.1016/j.oceaneng.2015.10.011 

 31. Shen S.L., Wang J.P., Wu H.N., Xu Y.S., Ye G.L. & 

Yin Z.Y. (2015). Evaluation of hydraulic conductivity for 

both marine and deltaic deposit based on piezocone test. 

Ocean Eng. Vol. 110, 174-182. 

https://doi.org/10.1016/j.oceaneng.2015.10.011 

 

  

https://www.cfms-sols.org/sites/default/files/Actes/2933-2936.pdf
https://www.cfms-sols.org/sites/default/files/Actes/2933-2936.pdf
https://www.cfms-sols.org/sites/default/files/Actes/2933-2936.pdf
https://www.cfms-sols.org/sites/default/files/Actes/2933-2936.pdf
https://www.sciencedirect.com/journal/journal-of-petroleum-science-and-engineering
https://www.sciencedirect.com/journal/journal-of-petroleum-science-and-engineering
https://www.sciencedirect.com/journal/journal-of-petroleum-science-and-engineering/vol/51/issue/3
https://doi.org/10.1016/j.petrol.2006.01.003
https://www.sciencedirect.com/journal/journal-of-petroleum-science-and-engineering
https://www.sciencedirect.com/journal/journal-of-petroleum-science-and-engineering
https://www.sciencedirect.com/journal/journal-of-petroleum-science-and-engineering/vol/51/issue/3
https://doi.org/10.1016/j.petrol.2006.01.003
https://www.researchgate.net/journal/IOP-Conference-Series-Materials-Science-and-Engineering-1757-899X?_tp=eyJjb250ZXh0Ijp7ImZpcnN0UGFnZSI6InB1YmxpY2F0aW9uIiwicGFnZSI6InB1YmxpY2F0aW9uIiwicG9zaXRpb24iOiJwYWdlSGVhZGVyIn19
https://www.researchgate.net/journal/IOP-Conference-Series-Materials-Science-and-Engineering-1757-899X?_tp=eyJjb250ZXh0Ijp7ImZpcnN0UGFnZSI6InB1YmxpY2F0aW9uIiwicGFnZSI6InB1YmxpY2F0aW9uIiwicG9zaXRpb24iOiJwYWdlSGVhZGVyIn19
file:///C:/Users/38067/Desktop/СКОПУС_ХАрків_05_2024/%20https:/doi:10.1088/1757-899X/708/1/012076
https://www.researchgate.net/journal/IOP-Conference-Series-Materials-Science-and-Engineering-1757-899X?_tp=eyJjb250ZXh0Ijp7ImZpcnN0UGFnZSI6InB1YmxpY2F0aW9uIiwicGFnZSI6InB1YmxpY2F0aW9uIiwicG9zaXRpb24iOiJwYWdlSGVhZGVyIn19
https://www.researchgate.net/journal/IOP-Conference-Series-Materials-Science-and-Engineering-1757-899X?_tp=eyJjb250ZXh0Ijp7ImZpcnN0UGFnZSI6InB1YmxpY2F0aW9uIiwicGFnZSI6InB1YmxpY2F0aW9uIiwicG9zaXRpb24iOiJwYWdlSGVhZGVyIn19
file:///C:/Users/38067/Desktop/СКОПУС_ХАрків_05_2024/%20https:/doi:10.1088/1757-899X/708/1/012076
https://doi:10.1088/1755-1315/570/4/042008
https://doi:10.1088/1755-1315/570/4/042008
https://doi:10.11779/CJGE2015S1039
https://doi:10.11779/CJGE2015S1039
https://www.researchgate.net/journal/Advances-in-Civil-Engineering-1687-8094?_tp=eyJjb250ZXh0Ijp7ImZpcnN0UGFnZSI6InB1YmxpY2F0aW9uIiwicGFnZSI6InB1YmxpY2F0aW9uIiwicG9zaXRpb24iOiJwYWdlSGVhZGVyIn19
https://doi:10.1155/2018/9651045
https://www.researchgate.net/journal/Advances-in-Civil-Engineering-1687-8094?_tp=eyJjb250ZXh0Ijp7ImZpcnN0UGFnZSI6InB1YmxpY2F0aW9uIiwicGFnZSI6InB1YmxpY2F0aW9uIiwicG9zaXRpb24iOiJwYWdlSGVhZGVyIn19
https://doi:10.1155/2018/9651045
https://doi.org/1016/j.enggeo.2017.06.003
https://doi.org/1016/j.enggeo.2017.06.003
https://www.sciencedirect.com/journal/engineering-geology
https://doi.org/10.1016/j.enggeo.2016.04.031
https://www.sciencedirect.com/journal/engineering-geology
https://doi.org/10.1016/j.enggeo.2016.04.031
https://doi.org/10.33271/mining14.04.122
https://doi.org/10.33271/mining14.04.122
https://doi.org/10.1016/j.oceaneng.2015.10.011
https://doi.org/10.1016/j.oceaneng.2015.10.011


Academic journal. Industrial Machine Building, Civil Engineering. – 2 (61)' 2023 23 

 

Збірник наукових праць. Галузеве машинобудування, будівництво 

Academic journal. Industrial Machine Building, Civil Engineering 

http://journals.nupp.edu.ua/znp 

https://doi.org/10.26906/znp.2023.61.3849 
 

UDC 624.072.2.014.2-413 
 

The limit state of steel beams research of damaged building elements 
 

Serhii Hudz 1*, Vitaliia Harkusha 2, Yuriy Sergienko 3, Tetiana Hodun 4 

 
1 Priazovsky State Technical University      https://orcid.org/0000-0002-4764-8635 
2 Priazovsky State Technical University      https://orcid.org/0000-0002-5016-0737 
3 Priazovsky State Technical University      https://orcid.org/0000-0002-3295-6280 
4 Priazovsky State Technical University      https://orcid.org/0000-0003-1710-9099 

 

*Corresponding author E-mail: goods_s_a@pstu.edu  
 

The article is devoted to the study of the limit state of steel І-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 

capacity resources, namely lateral bracing restraint with the help of structures attached to a steel beam, is considered. The 

proposed approaches are aimed at optimizing the use of materials and increasing savings by detailing the verification calcula-

tions of damaged steel beams. 
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У будівлях, які експлуатуються тривалий час і зазнали пошкоджень, прокатні балки є одними із найбільш поширених 

елементів, що потребують обстеження для точного визначення їх технічного стану та можливості відновлення. Осно-

вним способом оцінки технічного стану конструкцій є перевірочний розрахунок, у якому здійснюється врахування 

дефектів і пошкоджень. Під час його виконання використовуються дані, отримані в ході натурних оглядів, контролю 

характеристик міцності матеріалів, уточнення навантажень і впливів. Стаття присвячена вивченню граничного стану 

сталевих балок при втраті стійкості з експлуатаційними геометричними недосконалостями, виявленими під час обсте-

жень пошкоджених елементів відновлюваних будівель. Проведено аналіз впливу пошкоджень у вигляді початкових 

викривлень у горизонтальній площині на стійкість та несучу здатність конструкцій. Основний акцент робиться на 

визначенні особливостей експлуатації балок. Зокрема, розглядається можливість застосування ресурсів несучої здат-

ності, а саме бокового розкріплення за допомогою конструкцій, приєднаних до сталевої балки. При дотриманні нор-

мативних вимог щодо забезпечення надійного з’єднання суцільного жорсткого настилу зі стиснутим поясом стійкість 

балки не перевіряється. Удосконалена теоретична модель враховує і усуває присутні у попередній моделі недоліки. 

Запропоновані підходи спрямовані на оптимізацію використання матеріалів та збільшення економії шляхом деталіза-

ції перевірочних розрахунків сталевих балок із пошкодженнями. Висвітлені та розглянуті підходи щодо визначення 

допустимих викривлень сталевих двотаврових балок у горизонтальній площині можуть бути використані з достатньою 

точністю при відновленні пошкоджених елементів будівель. Не зважаючи на певні недоліки, якими наділені ці методи, 

вони достатньо прості та відповідають нормам проєктування сталевих будівельних конструкцій. 
 

Ключові слова: втрата стійкості, двотаврова балка, початкове викривлення, експлуатаційні геометричні недоскона-

лості, розкріплення. 

 
 

Introduction 

Frame buildings in general, and one-story buildings 

in particular, are the most common use of steel struc-

tures in the world. Until recently, hot-rolled beam pro-

files were predominantly used for roof purlins in indus-

trial buildings. Although solid section purlins are heav-

ier than lattice girders, they are much easier to manu-

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. 

 

 
Figure 1 – View of the flat roof structures on I-beams 

in the transverse and longitudinal directions 

 

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). 

 

 

 
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. 

 

 
Figure 4a – Beam strain during buckling 

 

 
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 = Npl = AfRyf + 0,25AwRyw, where Af, Aw 

are the cross-sectional areas of the compressed flange 

and beam web; Ryf, Ryw are the calculated steel re-

sistances of the compressed flange and web, respec-

tively); l is the span of the beam; v0 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 e0, 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: 

  
3 fic

fic

Q
q

l
=  (2) 

The values of the fictional transverse force Qfic in 

formula (2) can be determined by the approximate 

dependence (8.14) approximated in DBN V.2.6-

198:2014 [9]: 
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where E is the modulus of elasticity of steel; Ry is the 

calculated resistance of steel to tension, compression 

and bending beyond the yield strength; φ 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: 

 6
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 
 

 (4) 

Some values of the dimensionless parameter δ for 

different values of Ry and E = 2,06105 MPa are given 

in Table 1.  

 

Table 1 – The value of the dimensionless 

parameter δ for determining the permissible cur-

vature 

Ry, МПа δ Ry, МПа δ 

220 330 300 280 

230 321 310 276 

240 313 320 273 

250 306 330 270 

260 299 340 267 

270 294 350 264 

280 289 360 262 

290 284 370 259 

 

Note. When determining the permissible value of the 

initial beam curvature in the elastic stage, the obtained 

values should be reduced by the value Nel/Npl. 

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. 

 

 
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 Ry, or the actual 

yield strength y obtained as a result of the inspection 

tests, and the value of normal stresses in the uncurved 

beam . 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 
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Uniformly distributed load 

tanh tanh
2 41

2 4

ad tot

t

kl kl

E
q

kl klGI


 

 
 

=  − 
  
 

 

Note. F is a concentrated force; q is uniformly distrib-

uted load; G is the shear modulus; tGI
k

EI
= is elastic 

bending-torsional characteristic; It is the torsional con-

stant; I is the warping constant;  is the warping area 

of the beam cross-section at the stress determination 

point;  = bh/n; b is the width of the beam flange; h 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

02fic
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l
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where α is a multiplying factor to account for the sec-

ond-order effects, which in the compressed rod model 

is determined by equation: 
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where αcr 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 hf between the weight centers of the beam 

flanges, taking into account the longitudinal force aris-

ing in the beam from the external load: 
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where My,Ed, NЕd 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: 
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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. 

 
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): 

 
3 31000 (50 10 ) ,roof

w

s
S t b

h
= +  (9) 

where t is the thickness of the profiled deck in mm; 

broof is the width of the roof in mm (Ls); s is the distance 

between purlins in mm; hw 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. 
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У статті проаналізовано класифікації антенних споруд мобільного зв’язку за конструктивною схемою, розміщенням, 

матеріалом, типом перерізу та просторовою формою стовбуру; розглянуто їх основні особливості, переваги та недо-

ліки. Узагальнена класифікація антенних споруд складена для тих, що експлуатуються на території Україні. Регулярна 

повторюваність аварій та руйнувань антенних споруд вказує на те, що існуючі методи розрахунку і проектування та-

ких конструкцій не завжди враховують їх усі конструктивні особливості. Розглянуто технічні та конструктивні рі-

шення, особливості роботи споруд під навантаженням, аспекти застосування та їх вимоги до безпечної експлуатації. 

Одними з найбільш ефективних та масово використовуваних антенних споруд є решітчасті вежі та щогли. Основною 

перевагою решітчастих веж є невелика площа забудови, однак з точки зору витрати сталі щогли є більш економічно 

ефективними при однаковій висоті споруди та корисному навантаженню. Проте, вартість будівництва антенної спо-

руди не завжди є основним критерієм вибору її конструктивної схеми. Передусім, велике значення мають радіотехні-

чні, технологічні й архітектурні вимоги. При відсутності обмежень на геометричні параметри перевагу віддають ве-

жам з мінімальною кількістю граней, наприклад, при переході від 3-х до 4-х гранної вежі її вага збільшується на 10%. 

Для техніко-економічної ефективності не тільки підбираються раціональні типи поперечних перерізів елементів, а й 

розробляються різні комбіновані конструктивні системи. Яскравим прикладом є впровадження у масове будівництво 

комбінованих опор на базі конічної залізобетонної стійки СК-26, поверх якої встановлена сталева решітчаста надста-

вка. Конструктивним недоліком комбінованих опор на базі конічної залізобетонної стійки СК-26 є їх обмежена несуча 

здатність на відмітці +2,000…+3,000 м, що в ряді випадків призводило до аварійних руйнувань саме на цій характерній 

ділянці. 
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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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a)    b)    c)    d)  

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 m2, for towers of a similar height – 20-

40 m2). In addition, masts can perceive the useful an-

tenna load much less than lattice towers. 

 

 
 

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 

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.

 

 

 
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 

(a) (b) (c) (d) (e) (f) (g) (h) (i) 
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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. 3i) 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 

 

 

 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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Зменшення використання цементу та зниження ваги бетону у згинальних залізобетонних елементах є важливим за-

вданням у сучасному будівництві. Для його вирішення впроваджуються різні методи, зокрема використання як знім-

них, так і незнімних пустото утворювачів, поєднання декількох матеріалів для взаємовигідної їх сумісної роботи. Хоча 

у нормативних документах зазначено, що бетон в розтягнутій зоні не працює, попри це, бетон у розтягнутій зоні тра-

диційно приймають того ж класу міцності, що й у стиснутій зоні елемента. Однак систематизований огляд досліджень 

можливості заміни розтягнутого бетону у таких конструкціях на більш дешевий матеріал, наприклад бетон меншого 

класу по міцності чи із пористими заповнювачами, не виконаний. Метою роботи є огляд експериментальних і теоре-

тичних досліджень, що обґрунтовують можливість та доцільність зменшення міцності бетону в розтягнутій зоні зги-

нальних залізобетонних конструкцій, і як результат зменшення витрат цементу на приготування бетонної суміші для 

конструкцій, без попереднього напруження останніх. Глуховський В.Д. і Пахомов В.А. вперше науково обґрунтували 

застосування шлаколужного цементу замість портландцементу для виробництва розтягнутої частини залізобетонних 

конструкцій. Байков В.М. та Сігалов Е.Є. розробили ряд прикладів, в яких наведено економічне обґрунтування засто-

сування бетонів меншого класу у розтягнутій зоні. Дослідники Національного університету «Львівська політехніка» 

Рутковська І.З., Рутковський З.М., Вознюк Л.І., Марущак А. провели експериментальні дослідження тришарових ба-

лок, виготовлених у двох серіях: у першій серії середній шар складався з керамзитобетону, у другій – із пінобетону. 

Науковці з В’єтнаму T.Q.K. Lam, T.M.D. Do, V.T. Ngo, T.T.N. Nguyen, D.Q. Pham експериментальним шляхом та ме-

тодом чисельного моделювання дослідили зміну класу бетону у шарах тришарових сталефібробетонних балок. Слід 

відзначити, що багатошарові згинані залізобетонні конструкції із бетоном меншого класу утворюються також у під 

час підсилення. Так Мазурак А., Ковалик І. та інші наводять результати експериментальних випробувань залізобетон-

них конструкцій, підсилених торкретуванням. 
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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 m³ 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 fctk is zero; 
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concrete in the compressed zone has a rectangular 

stress diagram with a design resistance fck; longitudinal 

reinforcement operates within the design stresses σs ≤ 

fyd, and in the compressed zone, reinforcement is sub-

jected to stresses fck. 

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: 

μ=1-2% at x/h0=0.3-0.4 for beams; 

μ=0.3-0.6% at x/h0=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 1: Precast concrete beam without prestress-

ing, dimensions 6(L)×0.5(h)×0.2(b) m. The concrete 

used was C16/20 class with cement grade 400, the ce-

ment consumption per beam was 340 kg/m³ with a yield 

strength of 80%. The volume of concrete in the beam 

was Vb=6×0.5×0.2=0.6 m3, and the cement consump-

tion was 0.6×340=204 kg. After replacing the concrete 

in the tensile zone with C8/10 concrete, the cement con-

sumption is reduced to 0.446 m3×235 = 104.9 kg. In the 

compressed zone, the cement consumption is 0.6 - 

0.446 m3 × 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 m2: 

0.24 m3. Initial cement consumption: 370 kg/m3 × 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, I. 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 × 200 × 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. 

 

  
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 (F < 0.05 Fmax) 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 F < 0.05 Fmax, and after 
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their appearance - by F < 0.1 Fmax, 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, I. 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 × 

90 × 120 mm. All beams were reinforced with longitu-

dinal reinforcement of A400C class and transverse re-

inforcement of Вр1200 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. 

 
Figure 2 – Fracture pattern of prism samples: 

a) heavy concrete; b) foam concrete; 

c) 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 

40×40×160 mm specimens and 600×600 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 1650×150×75(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 

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. 

 

 
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. 

 

    
Figure 5 – Typical uniaxial compression and tension diagram for concrete 

 

 
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 

 

 
Figure 8 – Model of steel fibres in concrete 

 

    
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. 

 

 
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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HSCF 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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Виробництво бетону є важливою складовою будівельної промисловості, проте воно відоме своїми великими енерге-

тичними витратами та негативним впливом на довкілля. У зв'язку з цим, дослідження системи живлення бетонозмі-

шувальної установки має велике значення для підвищення сталості та зменшення впливу на навколишнє середовище. 

В статті проводяться дослідження, які спрямовані на оптимізацію виробничих процесів та зменшення споживання 

енергії в бетонозмішувальних установках. У роботі використовувалися моделювання та аналіз технічних параметрів 

конструкції бетонозмішувальної установки. Однією з ключових проблем, що виявлені, є неефективність системи жи-

влення, що призводить до зайвого споживання енергії та втрат продуктивності. З метою вирішення цієї проблеми, 

запропоновано змінити принципову схему системи живлення, розташовуючи кожен бункер окремо із власним конве-

єром. Результати дослідження показали, що запропоновані зміни сприяють підвищенню енергоефективності устано-

вки за рахунок мінімізації енерговитрат, підвищення ефективності процесу та зменшення ризику перешкод. Такі пок-

ращення можуть значно зменшити витрати енергії та покращити загальну продуктивність бетонозмішувальної уста-

новки. Висновки дослідження вказують на важливість постійного пошуку нових технологій та методів для зменшення 

енергоспоживання та покращення сталості виробництва. Запропоновані зміни можуть стати важливим кроком у на-

прямку створення екологічно чистих та енергоефективних установок для виробництва бетону, що відповідає сучасним 

вимогам сталого розвитку. 
 

Ключові слова: бетонозмішувальний завод, система живлення, енергоефективність, екологія, продуктив-

ність, час зміни матеріалу, стійкість, бетон 

 

 

Introduction. 

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 

an important role in the production of concrete for con-

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. 

 

 
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. 

 

 
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 m3/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. 

 
Figure 5 – 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 m³, 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. 

 

 
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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Запропоновано розрахунок оптимальних параметрів числовим методом віброустановки нової конструкції з активним 

робочим органом. Наведена нова принципова схема обладнання є модифікацією відомої УВВ-04, що містить 

керований механічний збуджувач кутових коливань, до якої введено додатково робочу камеру обробки з активним 

робочим органом, оберти якого регулюються окремим приводом. Методом моделювання системи як масово-

пружинної демпферної системи та гармонійного Фур’є-аналізу коливань отримано математична модель динамічної 

взаємодії робочого органу і деталі, з врахуванням додаткових сил тертя, кутом нахилу, пружних і демпфуючих сил, 

що часто ігноруються в попередніх дослідженнях, і більш точно описує динамічні взаємодії у системі та дозволяє 

встановити шляхи оптимізації. Модель може бути розширена та вдосконалена з урахуванням конкретних вимог і 

особливостей оброблюваних деталей. Визначено ключові параметри - фазовий зсув між коливаннями робочого органу, 

деталі та абразиву. Наведено приклад розрахунку оптимальних параметрів методом чисельного розв'язання системи 

диференційних рівнянь за допомогою методу Рунге-Кутта. Запропоновано алгоритм визначення оптимальних 

параметрів з використанням методу градієнтного спуску. Цільова функція оптимізацї включає мінімізацію фазового 

зсуву та амплітуди коливань робочого органу та деталі По результатам обчислень побудовано часові графіки 

залежностей величини фазового зсуву коливань деталі та робочого органу, амплітуди. Проведено їх порівняльний 

аналіз до і після оптимізації, який засвідчив досягнення мінімальних величин фазового зсуву коливань, максимальної 

амплітуди зі збереженням стійкості системи, синхронізацію коливань робочого органу і деталі. Це є передумовою 

забезпечення рівномірного контакту між робочим органом та деталлю, покращує передачу енергії, приводить до 

зменшення енерговитрат та собівартості вібротехнологічного процесу з підвищенням ресурсу міцності та надійності 

обладнання. Запропонований метод може бути використаний в прикладних задачах на виробництві. 
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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 (β), and the coefficient of sliding 

friction (µ). 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 I.I. 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 ω\omegaω, 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. 

 

  ( )2 2

1

( )
n

i i
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J A 
=

=  +  (1) 

where  i  - phase shift, iA  - amplitude of 

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 
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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), xd(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 

• md — mass of the processed parts 

• mа — mass of the abrasive 

• k — stiffness coefficient of the spring connecting 

the working chamber to the frame 

• kd — elasticity coefficient of the workpiece 

• kа — elasticity coefficient of the abrasive 

• c — damping coefficient of the working body 

• cd — damping coefficient of the parts 

• cа — damping coefficient of the abrasive 

• А— amplitude of vibration oscillations 

• ω— frequency of vibrations 

• Ω— rotational frequency of the working element •

 μ — coefficient of friction 

• g — acceleration due to gravity 

• θ — angle of inclination of the installation 

• ϕ — 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:
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where: 
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d x
m
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– inertial force of the working body 

- 
2
sin( )mA t  +  – the magnitude of the vibration 

force 

-

2

2

d

d

d x
m

dt
– inertial force of the part 

 

- cos( )
d
m g  – the friction force of the part due to the 

angle of inclination 

 

- d
d

dx
c
dt

– damping force acting on the part 

- 
d d
k x  – elastic force acting on the part. 

 

- ddxdx
c
dt dt

 
− 

 
– damping force of interaction with the 

working body 

( )   
d

k x x− − – strength of elasticity of interaction with 

the working body. 

-

2

2

a

a

d x
m

dt
– inertial force of the abrasive. 

- ( )
a a
k x t  – elastic strength 

 

-
a

a

dx
c
dt

– damping force 

- ( )   
d d a
k x x−  – elastic force acting between the 

abrasive and the part 

The resonant frequency is determined by the 

formula: 

 res

k

m
 =  (3) 

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 

 opt res   (4) 

The excitation force F0 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: 

 
0

2 2 2( ) ( )

F
A

k m c 
=

− +
 (5) 

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 during 

operation, potential for uneven treatment. 

Recommendations: Suitable for rough surface 

treatment where high precision is not required.2. 

 

 Conical Shape: 

Advantages: Better load distribution, reduced 

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. 

 

 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 — 2 kg 

• md — 0,3 kg 

• mа — 1 kg 

• k — 1000 N/m 

• kd — 500 N/m 

• kа — 300 N/m 

• c — 10 Nс/m 

• cd — 5 Nс/m 

• cа — 3 Nс/m 

• А— 0.002 m 

• ω— 50 rad/s  

• Ω—30 rad/s (287 RPM) 

• μ — 0,1 

• g — 9,81 m/s2 

• θ — 0 rad 

• ϕ — 5 rad 

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 ω was increased from 

50 rad/s to 55 rad/s. 

3. The rotational frequency Ω 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. 

 

 
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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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 
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Будівельна галузь в Україні постійно розвивається, використовуючи сучасні технології та матеріали для підвищення 

стійкості та ефективності. Одне з таких нововведень передбачає використання переробленого пластику у виробництві 

цегли, пропонуючи багатообіцяюче рішення для боротьби з пластиковими відходами та сприяння переробці. Вироб-

ничий процес передбачає збір і переробку пластикових відходів, які потім змішуються з іншими компонентами та 

формуються в цеглу за допомогою таких методів, як формування пластику та напівсухе пресування. Ці методи мають 

явні переваги та недоліки, що впливає на загальну якість і властивості цегли. Критичним аспектом виробничого про-

цесу є розподіл тиску в шнекових пресах, який відіграє ключову роль у пресуванні глини для виробництва будівельної 

кераміки. Проведено аналіз течії глини через прес на моделі в’язкопластичного матеріалу та розраховано характерис-

тики шнека та формувальних тіл для визначення параметрів режиму роботи. Крім того, вакуумування формувальної 

маси визначено як вирішальний крок для підвищення якості формованих виробів. Отримані вироби з пластикової це-

гли демонструють ряд переваг, включаючи змінену міцність, покращені ізоляційні властивості та меншу вагу, що ро-

бить їх переконливою альтернативою традиційним цегляним матеріалам. Крім того, порівняння технологічних схем 

показує, що напівсухий спосіб виробництва цегли демонструє більшу металоємність і меншу трудомісткість на від-

міну від пластичного. Це дослідження має на меті зробити внесок у поточні зусилля щодо підвищення ефективності 

та результатів термопластичного формування в будівельній галузі. Досліджуючи інноваційне використання перероб-

леного пластику у виробництві цегли та наголошуючи на важливості розподілу тиску та вакуумування в процесі фор-

мування, це дослідження спрямоване на просування екологічних методів будівництва та зменшення впливу на навко-

лишнє середовище. 
 

Ключові слова: екологія; енергоефективність; обладнання; пластик; пластико-керамічні вироби; прес; термопласти-

чне формування; тиск; цегла; якість 

 

Introduction. 

The construction industry in Ukraine is one of the key 

sectors of the economy, which determines not only the 

socio-economic development of the country, but also 

contributes to the formation of modern infrastructure 

and maintains the stability of the national economy. 
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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. 

 

 
Figure 1 – Designs of pressing screw shaft blades 

 

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]. 

 

 
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. 

 

 
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 Q=f(q), i.e., the dependence of performance Q on 

pressure q. Figure 3 shows the characteristics of the 

screw at variable angular velocity (1.26 to 4.41 s-1), as 

well as the characteristics of the forming organs (curve 

A). The operating mode parameters, Qp and qp, 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: 

 0

dU

dy
  = +   (1) 

where τ and τ0 – effective and maximum stress shear;  

µ – material viscosity;  

dU

dy
=  – velocity gradient. 

 

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 τ0. 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 ( )e f = , 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: 

  
0 ( )e

   −=   (2) 

where ψ – the flow index, which depends in logarith-

mic coordinates on the angle of inclination of the rheo-

logical curve to the abscissa axis; 

µ0 – consistency index is an indicator that determines 

the effective viscosity at a unit velocity gradient, 

H∙s/m2. 

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: 

 
шн пр зв витQ Q Q Q= − −  (3) 

where Qшн – supercharger performance;  

Qпр – direct flow, which occurs due to the pushing 

ability of the main front surfaces of the screw; 

Qзв – the backflow that occurs when the forward flow 

is restrained;  

Qвит – outflow through the gaps. 

The characteristics of the forming organs (curve A in 

Figure 3) are calculated as q=f(Q), moreover, the total 

pressure qƩ is equal to the sum of the pressure losses in 

the press head qгол and mouthpieces qмун:  

qƩ= qгол+ qмун. Each loss is calculated using the formula: 

 ( )гол мун

г

Q
q q

K
=   (4) 

where Кг – 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 µе for each channel, find by a chart 

( )e f =  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 rheometers 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. 



 

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

 

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 «Solokha» 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%. 
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Процеси абсорбції є одними з основних при підготовці природного і супутнього нафтового газів. Застосування схем 

низькотемпературної абсорбції дає змогу забезпечити високе вилучення компонентів С3+ з вуглеводневих газів при 

порівняно помірному охолодженні технологічних потоків. Однак, у зв’язку зі зниженням тиску вхідного газу, ряд 

об’єктів підготовки промислової продукції не можуть забезпечити необхідний технологічний режим і тому потребу-

ють реконструкції. Типовим прикладом є установка низькотемпературної абсорбції (УНТА) на головних спорудах 

(ГС) «Солоха» газопромислового управління «Полтавагазвидобування». При роботі установки абсорбції під середнім 

і високим тиском разом з пропаном і вищими вуглеводнями абсорбентом поглинається також значна кількість метану 

і етану. У результаті розвиток процесу може лімітуватися за деякими компонентами внаслідок термодинамічної рів-

новаги. Отже, поглинання небажаних компонентів в абсорбері спричиняє підвищення середньої температури абсорб-

ції та несприятливого формування профілю температур по висоті апарата. Наслідком цього є зниження ефективності 

процесу розділення природних і нафтових газів. За результатами аналітичних досліджень для усунення вказаного не-

доліку запропоновано варіант реконструкції УНТА ГС «Солоха», який передбачає застосування схеми з попереднім 

насиченням регенерованого абсорбенту. В такій схемі контакт сирого газу і насиченого абсорбенту здійснюється в 

холодильнику сирого газу при нижчій температурі, ніж в абсорбері. Попереднє насичення регенерованого абсорбенту 

сухим газом дозволяє підвищити глибину вилучення цільових компонентів з газу в абсорбері. У цьому холодильнику 

одночасно конденсується частина важких вуглеводнів, що призводить до зниження тепла абсорбції в абсорбері. За-

вдяки попередньому насиченню абсорбенту метаном, в самому абсорбері відбувається  вилучення з газу в основному 

цільових вуглеводнів. Застосування вузла насичення регенерованого абсорбенту інертними компонентами дозволить 

мінімізувати наслідки зниження тиску вхідного газу і підвищити рівень вилучення компонентів широкої фракції лег-

ких вуглеводнів (ШФЛВ) на 21,96 % (в т. ч. пропану на 22,05 %, бутанів на 30,75 %). При цьому рівень вилучення 

досягне проектного.   

 

Ключові слова: низькотемпературна абсорбція, широка фракція легких вуглеводнів, попереднє насичення абсорбенту 

 

Introduction 

Absorption processes are one of the main ones in the 

preparation of natural and associated petroleum gases. 

Absorption schemes, in addition to general nodes 

(modules) of separation, compression and drying of 

gas, have absorption and desorption modules [1]. 

The use of LTA schemes makes it possible to ensure 

a high 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 °С [2]. At low-temperature condensation (LTC) 

installations, this requires an isotherm of minus 80-85 

°С [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 l/m3. 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). 

At ILTA (MF) «Solokha», pre-dried gas under a pres-

sure of 2.2-2.4 MPa and at a temperature of minus 11.6 
oC enters two absorbers working in parallel (130,000 

m3/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 C3+ 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 «Solokha» JSC 

«Ukrgazvydobuvannya» is shown in Fig. 1. In Tables 1 

and 2. the composition of the input gas and adsorbent 

of ILTA at the main facilities «Solokha», respectively, 

is given. 

 

 
Figure 1 – Scheme of low-temperature absorption of MF «Solokha» [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] 
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 N2 1.112 1.582 0.287  

СН4 88.67 89.475 59.71  

СО2 2.477 2.396 5.923  

С2Н6 5.037 5.125 31.62 1.232 

С3Н8 1.791 1.087 2.043 89.70 

Iso-butane 0.201 0.09 0.127 5.265 

п-butan 0.421 0.168 0.179 3.756 

neopentane 0.005 0.02 0.001 0.006 

іsо-pentan 0.087 0.03 0.02 0.031 

п-pentan 0.082 0.023 0.015 0.012 

Fract. tо 60 оС 0 0.002 0.007 10-4 

Fractю 60-80 
оС 

0 0.002 0.012 - 

Fract. 80-100 
оС 

0.089 0.009 0.010 - 

Fract. 100-

120оС 
0.015 0.007 0.027 - 

Fract. 120-

150оС 
0.017 0.003 0.013 - 

Fract. 150-

160оС 
- 0.0003 0.001 - 

Fract. 160-

180оС 
- 0.0001 7٠10-4 - 

Fract. 180-

200оС 
- 2٠10-5 2٠10-4 - 

Fract. 200-

230оС 
-  2٠10-5 - 

Мaver, kg/mol 18.54 18.08 22.95 45.2 

Density,  kg/m3 0.746 0.728 0.924 503.8 

Table 2 – Characteristics of absorbents of the 

ILTA installation [10] 
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 N2 - 1.25 6٠10-5 

СН4 - 0.002 0.006 

СО2 - 0.004 0.007 

С2Н6 6 ٠10-5 0.59 0.1 

С3Н8 0.04 7.64 0.85 

Iso-butane 0.13 1.98 0.99 

п-butan 0.57 3.98 2.15 

neopentane 0.01 0.04 0.02 

іsо-pentan 1.07 1.52 2.36 

п-pentan 1.39 1.62 2.99 

Fract. tо 60 оС 0.83 0.86 4.49 

Fract. 60-80 оС 2.03 1.86 6.68 

Fract. 80-100 оС 4.87 4.25 9.57 

Fract. 100-120 оС 21.36 18.41 17.79 

Fract. 120-150 оС 32.62 27.71 26.87 

Fract. 150-160 оС 8.08 6.82 6.94 

Fract. 160-180 оС 10.07 8.48 10.5 

Fract. 180-200 оС 6.79 5.71 6.82 

Fract. 200-230 оС 3.88 3.25 0.83 

Fract. 230-250 оС 2.83 2.37 0.02 

Fract. 250-270 оС 3.44 2.88 0.01 

Fract. 270-290 оС 0.01 0.008 0 

Fract. 290-320 оС 0.008 1.26 0 

Fract. 320-250 оС 0.003 0.002 0 

Fract.  > 350 оС 0.0007 0.004 0 

Мaver, kg/mol 121.03 81.43 110.88 

Density kg/m3 755.11 623.49 716.89 

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 C3+ 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 oC. At the same time, the 

temperature of the gas at the entrance to the LTA rises 

to minus 18 – minus 15 oС, the temperature of the re-

generated absorbent when fed to the absorber to minus 

10 – minus 8 oС. 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 

on each of the eight theoretical plates (the temperature 

difference between the first and second and second and 

third plates is 1.7 oC, while between the third and 

fourth, fourth and fifth plates is only 1.2 oC), 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] 
№
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С
 Flows, 

 kmol/h 

Enthalpy, 

 kcal/kmol 
Flows, kg/h Density, kg/m3 

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 2638.4 263.51 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 2674.7 321.42 1929.43 -4328.68 49865.15 30074.02 20.90 747.77 

 

 

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 

 

Compositions 

gas inlet withdrawal Dry gas output Withdrawal of BFLH 

% mol. g / m3 % mol. % mol. g/m3 g/m3 t/h t/day 

С3 1.791 43.0 35.56 1.14 27.71 15.29 1.9875 47.70 

∑С4 0.701 17.7 55.86 0.16 7.81 9.89 1.2858 30.86 

∑С5 0.179 5,40 100 0 0 5.40 0.7021 16.85 

∑С6+ 0.05 1.88 100 0 0 1.88 0.2438 5.85 

∑СО2 ,СН4, С2Н6 - - - - - - - 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» 

(C3+higher = 300 g/m3), 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;  

|IV – 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 

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. 

 

 

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 (II 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;  

III – 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 5 – 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 

 

The installation uses two absorbents: light - with a 

molecular weight of 100 and heavy - with a molecular 

weight of 140. 

In fig. 6 shows the technological diagram of the LTA 

installation with the absorbent pre-saturation unit of the 

gas processing plant designed for the extraction of 

ethane and heavier hydrocarbons from natural gas (Al-

vin, USA). [8]. A gasoline fraction with a molecular 

weight of 100 is used as an absorbent. 

 

 
Figure 6 – Technological scheme of the LTA gas processing plant, designed for the extraction of C2+ 

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 C2+ higher hydrocarbons  

Definition of unsolved aspects of the problem  

However, in connection with a decrease in the pres-

sure of the input gas, a number of facilities for the prep-

aration of industrial products cannot provide the neces-

sary technological regime and therefore require recon-

struction. A typical example is the installation of low-

temperature absorption (ILTA) at the main facilities 

(MF) «Solokha» of the gas industry management JSC 

«Ukrgazvydobuvannya». 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. 

 

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 oC in the amount of 130,000 m3/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 oC absorbent. 
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The absorption process is accompanied by the release 

of heat (heating of the absorbent from minus 11.6 oC to 

minus 10 oC, and the gas from minus 21 to 5.9 oC). 

The absorbent, saturated with BFLH, with a temper-

ature of minus 10 oC and a pressure of 2.2 MPa is throt-

tled from the absorbers to 1.6 MPa in the air conditioner 

B-1. As a result of the throttle effect, the absorbent tem-

perature drops to minus 16.9 oC. 

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 16.9oC 

(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 oC 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 oC 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 oC. The heating 

of the liquid in the cube up to 170 oC 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 

185oC 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 

HFLV 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 Х-1 to a temperature of 50 оС and enters the tank 

E-5. 

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 oC) 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 
oC 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 ACI 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 oС), 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) 

Component М 

Regenerated absorbent, Т=-11.6 оС 
Weathering gas К-1: 

Т=-5.6 оС, Р=1.6 МРа 

mol/ 

mol 

kg/ 

kmol 

kmol/ 

h 
kg/h 

mol/ 

mol 

kg/ 

kmol 

kmol/ 

h 
kg/h 

 N2 28.01 0 0 0 0 0.001 0.036 0.152 4.258 

СН4 16.04 0 0 0 0 0.55 8.795 65.613 1052.43 

СО2 44.01 0 0 0 0 0.08 3.571 9.709 427.293 

С2Н6 30.07 0.00003 0.001 0.0153 0.4612 0.354 10.64 42.341 1273.19 

С3Н8 44.09 0.00736 0.325 3.7630 165.91 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 

п-butan 58.1 0.02322 1.349 11.872 689.75 0.002 0.128 0.264 15.338 

іsо-pentan 72.1 0.01805 1.301 9.2285 665.38 0.001 0.047 0.077 5.552 

п-pentan 72.1 0.02590 1.867 13.242 954.75 0.001 0.048 0.080 5.768 

Fr. to 80оС 85.7 0.0493 4.224 25.201 2159.7 0.001 0.046 0.060 5.142 

80-100 оС 98.8 0.0830 8.200 42.436 4192.7 0 0.027 0.033 3.260 

100-130 оС 110.1 0.1574 17.329 80.47 8859.7 0 0.020 0.022 2.422 

130-160 оС 125.9 0.1530 19.266  9850.5 0 0.006 0.005 0.630 

160-180 оС 140.1 0.18348 25.706 93.809 13142.6 0 0.003 0.002 0.280 

180-200 оС 152.8 0.2008 30.676 102.64 15684  0.002 0.001 0.153 

200-240 оС 172.6 0.072 12.49 36.98 6383.1     

240-290 оС 205.7  2.983 7.414 1525.0     

290-330 оС 242.5 0.003 0.783 1.651 400.5     

>330 оС 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 

Component М 
Ki Аі φi 1- φi 

Dry gas 
Pre-saturation of  

the absorbent 

V1,і LN,i  

Р= 1.6 МPа, Т= -10 оС kmol/h kmol/h mol/mol 

 N2 28.01 32.0 0.24 0.59 0.406 0.062 0.090 0.0015 

СН4 16.04 9.5 0.80 0.45 0.55 36.087 29.526 0.05049 

СО2 44.01 2.9 2.62 0.72 0.28 2.719 6.990 0.1195 

С2Н6 30.07 1.5 5.07 0.83 0.17 7.198 35.158 0.06012 

С3Н8 44.09 0.42 18.10 0.95 0.05 0.058 4.868 0.00832 

Iso-butane 58.1 0.17 44.71 0.99 0.01 0.001 4.271 0.00730 

п-butan 58.1 0.11 69.09 1.0 0 0 12.136 0.02075 

іsо-pentan 72.1 0.042 181.0 1.0 0 0 9.306 0.01591 

п-pentan 72.1 0.035 217.0 1.0 0 0 13.322 0.02278 

Fr. to 80 оС 85.7 0.0108 704.0 1.0 0 0 25.261 0.04319 

80-100 оС 98.8 0.0039 1949.0 1.0 0 0 42.469 0.07262 

100-130 оС 110.1 0.0017 4471.0 1.0 0 0 80.492 0.13764 

130-160 оС 125.9 0.0007 10857.0 1.0 0 0 78.245 0.13380 

160-180 оС 140.1 0.0004 19000.0 1.0 0 0 93.811 0.16041 

180-200 оС 152.8 0.0002 38000.0 1.0 0 0 102.645 0.17552 

200-240 оС 172.6      36.981 0.06324 

240-290 оС 205.7      7.413 0.01268 

290-330 оС 242.5      1.651 0.00282 

>330 оС 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 

Component М 

Regenerated absorbent,  

Т=-11.6 оС 
Dry gas, Т=-21 оС, Р=2.2 МPа 

mol/ 

mol 

kg/ 

kmol 

kmol/ 

h 
kg/h 

mol/ 

mol 

kg/ 

kmol 

kmol/ 

h 
kg/h 

 N2 28.01 0 0.004 0.04 1.01 0.014 0.401 38.69 1083.8 

СН4 16.04 0.050 0.810 11.81 189.49 0.864 13.864 2337.03 37485.9 

СО2 44.01 0.012 0.526 2.80 123.10 0.031 1.349 82.87 3647.2 

С2Н6 30.07 0.060 1.808 14.07 423.01 0.059 1.774 159.53 4797.0 

С3Н8 44.09 0.008 0.367 1.95 85.87 0.022 0.988 60.57 2670.4 

Iso-butane 58.1 0.007 0.424 1.71 99.28 0.003 0.145 6.76 392.7 

п-butan 58.1 0.021 1.206 4.86 282.12 0.005 0.261 12.17 706.9 

іsо-pentan 72.1 0.016 1.147 3.72 268.45 0.001 0.072 2.70 195.0 

п-pentan 72.1 0.023 1.642 5.33 384.32 0.001 0.058 2.16 156.0 

Fract. to 80 оС 85.7 0.043 3.702 10.11 866.19 0.000 0.030 0.95 81.1 

80-100 оС 98.8 0.073 7.175 16.99 1678.86 0.000 0.013 0.35 34.7 

100-30оС 110.1 0.138 15.154 32.21 3545.89 0.000 0.002 0.05 5.95 

130-60оС 125.9 0.134 16.845 31.31 3941.60     

160-80оС 140.1 0.160 22.474 37.54 5258.70     

180-00оС 152.8 0.176 26.819 41.07 6275.48     

200-240С 172.6 0.063 10.915 14.80 2554.03     

240-290 оС 205.7 0.013 2.608 2.97 610.16     

290-330 оС 242.5 0.003 0.685 0.66 160.23     

>330 оС 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 

Component М 
Ki 

-15,5оС 
Аі φi 

 Dry gas Saturated absorbent 

1- φi 
V1,і 

 kmol/h 

LN,і 

kmol/h 

Gаbs.. 

kg/h 

 N2 28.01 30.0 0.003 0.003 0.997 38.576 0.52 4.259 

СН4 16.04 7.0 0.013 0.013 0.987 2307.014 41.828 670.920 

СО2 44.01 2.8 0.032 0.032 0.968 80.212 5.458 240.198 

С2Н6 30.07 1.19 0.076 0.076 0.924 147.474 26119 785.40 

С3Н8 44.09 0.31 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 

п-butan 58.1 0.08 0.773 1.000 0 0 17.023 989.04 

іsо-pentan 72.1 0.03 0.692 1.000 0 0 6.427 463.40 

п-pentan 72.1 0.025 0.605 1.000 0 0 7.493 540.28 

Fraction to 80 оС 85.7 0.008 0.306 1.000 0 0 11.054 947.29 

80-100 оС 98.8 0.0027 0.110 1.000 0 0 17.344 1713.59 

100-130оС 110.1 0.0013 0.001 1.000 0 0 32.260 3551.85 

130-160оС 125.9      31.307 394160 

160-180оС 140.1      37.535 5258.70 

180-200оС 152.8      41.070 6275.48 

200-240оС 172.6      14.797 2554.03 

240-290оС 205.7      2.966 610.16 

290-330оС 242.5      0.661 160.24 

>330 оС 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, Т=21.1 оС,  Р=1.58МPа Desorption, Т=153 оС, Р=1.61МPа 

Кі at 21 оС Аі φ'i К'і S'i φ''i 

N2 40.000 0.019 0.019 60.0 9.9740 1.0 

СН4 10.000 0.077 0.077 17.3 2.8758 1.0 

СО2 8.200 0.094 0.094 18.25 3.0338 1.0 

С2Н6 2.000 0.385 0.385 6.8 1.1304 0.88 

С3Н8 0.642 1.200 0.95 3.85 0.64 0.64 

Iso-butane 0.270 2.855 1.0 2.2 0.3657 0.36571 

п-butan 0.160 4.817 1.0 1.9 0.3158 0.31584 

іsо-pentan 0.080 9.635 1.0 1.05 0.17455 017455 

п-pentan 0.060 12.846 1.0 0.93 0.1546 0.15460 

Fraction up 

 to 80 оС 
0.024 32.115 

1.0 
0.56 0.0931 0.09309 

80-100 оС 0.009 85.640 1.0 0.3 0.0499 0.0499 

100-130 оС 0.005 154.152 1.0 0.186 0.0309 0.03092 

130-160 оС 0.003 296.446 1.0 0.093 0.0155 0.0155 

160-180 оС 0.001 7707.600 1.0 0.052 0.0086 0.0086 

180-200 оС 0 2569.200 1.0 0.0295 0.0049 0.00490 

200-240 оС 0 7707.600 1.0 0.0165 0.0027 0.00274 

240-290 оС 0  1.0 0.0083 0.00138 0.0014 

290-330 оС 0  1.0 0.0046 0.00076 0.00077 

>330 оС 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 

 

Component 

Gas inlet 

in ILTA 

Degree 

withdrawal 

Entrance Withdrawal of BFLH 

% mol. g / m3 % mol. % mol. g/m3 g/m3 t/h t/day 

С3 1.791 43.0 57.61 0.759 18.23 24.77 3.2204 77.29 

∑С4 0.701 17.7 86.61 0.094 2.37 15.33 1.9925 47.82 

∑С5 0.179 5.40 100 0 0 5.40 0.7021 16.85 

∑С6+ 0.05 1.88 100 0 0 1.88 0.2438 5.85 

∑СО2 ,СН4, С2Н6 - - - - - - - 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 

 

Component 

Withdrawal of BFLH Difference 

after reconstruction before reconstruction 

g/m3 t/day % mol. g/m3 t/daу %mol. g/m3 t/daу % mol. 

С3 24.77 77.29 57.61 15.29 47.70 35.56 +9.48 +29.59 +22.05 

∑С4 15.33 47.82 86.61 9.89 30.86 55.86 +5.44 +16.96 +30.75 

∑С5 5.40 16,85 100 5,40 16,85 100 - - - 

∑С6+ 1.88 5.85 100 1.88 5.85 100 - - - 

∑СО2,СН4,С2Н6 - 7.35 - - 3.48 - - +3.87 - 

∑ 47.38 155.16 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. 

 

 

 

 

Привантажувачі для ущільнення бетонів 
 

Нестеренко М.М. 1*, Панфілов О.І. 2, Пирлик М.О. 3 
 

1,2,3 Національний університет «Полтавська політехніка імені Юрія Кондратюка» 

*Адреса для листування E-mail: nesterenkonikola@gmail.com  
 

У статті виконано комплексний аналіз конструкцій привантажувачів, які застосовуються в технологіях ущільнення 

жорстких і легких бетонних сумішей. Розкрито роль привантаження як одного з ключових факторів, що впливає на 

ефективність формування виробів із бетонів з низьким водоцементним відношенням. Описано основні принципи дії 

привантажувачів, які реалізують додаткову силову дію на бетонну суміш у поєднанні з вібраційним навантаженням. 

Наведено класифікацію привантажувачів за конструктивними ознаками та джерелом енергії: інерційні, безінерційні, 

пневматичні, вібропривантажувачі. Особливу увагу приділено комбінованим пристроям, які поєднують вібраційний 

та імпульсний вплив на бетон. Узагальнено результати досліджень, що підтверджують переваги комбінованого ущі-

льнення, зокрема з використанням пневматичних привантажувачів із регульованим тиском. Встановлено, що застосу-

вання активних привантажувачів дозволяє зменшити витрати цементу до 30 %, скоротити час формування виробу до 

50 %, покращити однорідність ущільнення по висоті та підвищити поверхневу якість. Запропоновано оригінальну 

конструкцію привантажувача активної дії із віброзбуджувачем та ударними елементами, що забезпечує імпульсне 

ущільнення із регульованим тиском і частотою. Визначено основні нерозв’язані аспекти проблеми — відсутність уні-

фікованих методик розрахунку параметрів привантаження, недостатня адаптивність конструкцій до змін геометрії ви-

робів та властивостей бетонних сумішей. Обґрунтовано доцільність розроблення інтелектуальних керованих приван-

тажувачів з можливістю адаптації до умов формування для підвищення ефективності виробництва залізобетонних ви-

робів. 
 

Ключові слова: бетонна суміш, ущільнення, привантажувач, вібрація, комбіноване ущільнення, вібропривантажувач, 

пневмопривантаження, легкі бетони, енергоефективність. 
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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. 

 

 

 

 

 

 

a)  
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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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c) 

 

Figure 2 – Active Loaders: 

a) pneumatic loader with vibration exciter; 

b) inertial active loader with vibration exciter; 

c) 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]. 

 

 
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. 

 

 
Figure 4 – Design of active loader with vibration 

exciter, impact elements, and additional mass 

 

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. 
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Проведено аналіз методів підготовки вуглеводнів до транспортування та обґрунтовано вибір схеми моделювання про-

цесу надзвукової сепарації. Ця технологія дозволяє ефективно видаляти вологу, важкі вуглеводні та CO₂, що значно 

покращує якість газу та зменшує негативний вплив на довкілля. Виконано чисельне моделювання в програмному се-

редовищі HYSYS, яке дозволило отримати оптимальні параметри процесу. Досліджено вплив ключових факторів, та-

ких як тиск, температура та швидкість потоку, на ефективність сепарації. Отримано залежності, що демонструють, що 

збільшення тиску до 12,5 МПа підвищує ефективність процесу, однак подальше його зростання не дає значного пок-

ращення. Проведено порівняльний аналіз двох схем моделювання, в результаті якого досягнуто вибору оптимальної 

моделі, що забезпечує високу точність прогнозування та мінімізує обчислювальні витрати. Визначено, що запропоно-

вана схема дозволяє найбільш точно відтворити фізичні процеси, які відбуваються в надзвуковому сепараторі, вклю-

чаючи розширення потоку, фазовий перехід, розділення рідкої та газової фаз і дифузію. Проаналізовано обмеження 

сучасних моделей, зокрема їхню чутливість до рівноважних припущень. Встановлено, що для підвищення точності 

прогнозів необхідні подальші удосконалення методів моделювання, оскільки реальний процес є нерівноважним. До-

сягнуто висновку, що використання надзвукового сепаратора може значно підвищити ефективність підготовки при-

родного газу та забезпечити додаткове вилучення конденсату. Отримані результати можуть бути використані для по-

дальшої оптимізації технологічних процесів очищення газу та їхньої адаптації до промислового застосування. 

 

Ключові слова: надзвукова сепарація, природний газ, моделювання, супутньо-пластова вода, підготовка вуглеводнів 

 

Introduction 

Efficient hydrocarbon feedstock preparation is a cru-

cial stage in the technological processes of the oil and 

gas industry. One of the promising methods for enhanc-

ing the separation efficiency of gas-liquid mixtures is 

supersonic separation, which provides high-speed and 

selective removal of undesirable impurities such as 

moisture, condensate, and solid particles. 

The successful implementation of supersonic separa-

tion requires a thorough selection and justification of 

the modeling scheme, taking into account the thermo-

dynamic and hydrodynamic characteristics of the flow, 

phase state changes of the components, and the influ-

ence of key parameters such as pressure, temperature, 

and gas flow velocity. 
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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 

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. 

 

 

 
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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nozzle Separation Diffuser 

 

 

 

 

 

 

Figure 2 – Equivalent circuit of a supersonic separator in HYSYS (option 1) 
 

 

Nozzle Separation Diffuser 

 

 

 

 

 

 
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 

set to 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 HYSYS 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). 

 

Figure 4– Option 1 of the separation process modeling 

 

 
Figure 5 – 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 

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 



Academic journal. Industrial Machine Building, Civil Engineering. – 2 (61)' 2023 91 

 

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-

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. 

 

 

 
Figure 6 – Extraction of target components C3 + from the pressure at the inlet  

to the apparatus at P = 10 MPa 

 

 
Figure 7 – Gas and condensate extraction at the pressure at the inlet to the apparatus at P = 10 MPa 

 

 
Figure 8 – Extraction of target components C3 + from the pressure at the  

inlet to the apparatus at Tc = 283 K 
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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 m3/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-

mula  

Component con-

tent, % vol. 

Methane CH4 86,607 

Ethane C2H6 5,739 

Propane C3H8 1,253 

i-Butane іС4Н10 0,154 

n-Butane нС4Н10 0,198 

neo-Pentane neoC5H12 0,007 

i-Pentane іС5Н12 0,063 

n-Pentane нC5H12 0,041 

Hexane+higher C6H14+ 0,204 

Oxygen O2 0,000 

Nitrogen N2 0,240 

Carbon dioxide CO2 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 dehydrator1; 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 m3/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. 
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