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To reduce the cost of steel for the installation of load-bearing elements of the wall enclosure made of sandwich panels, it is suggested to use prestressed steel-concrete girders with reduced stiffness of the steel part of the cross-section in one plane instead of girders from the pipe. Thus, the span cross-section will be a U-shaped steel profile filled with concrete. Experimental tests were carried out on eight samples of 3000 mm long girders made of bent channel № 10, size 100x50 mm, with a wall thickness of 3 mm, filled with C20/25 class concrete. The prestressing of the cross-section steel part was carried out by pre-bending the cross-section steel part with jacks and fixing it in this position by filling the inner cavity with concrete. As a result of the implementation of these measures during experimental studies, an increase in bearing capacity up to 31% and stiffness up to 57% was confirmed in the case of preliminary bending of the channel and filling with concrete 1.6 times higher than the height of its shelves. The use of such beams makes it possible to reduce steel consumption by 39%.
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[bookmark: _heading=h.gjdgxs]Стінові прогони являються горизонтальними конструктивними балковими елементами стінового огородження будівлі. Під час використання легких сендвіч-панелей у якості стінового огородження, несучі стінові прогони виконують сталевими. З метою зменшення витрат сталі для влаштування таких прогонів, авторами пропонується використовувати сталебетонні прогони, попередньо напружені у площині зменшеної жорсткості сталевої частини перерізу. Сталебетонні прогони пропонується виготовляти із гнутих швелерів із заповненням коритоподібного сталевого профілю бетоном. Сумісну роботу двох матеріалів слід забезпечувати встановленням системи анкерних стержнів. Суть попереднього напруження полягає в наступному. Спочатку сталевий коритоподібний профіль вигинається домкратом проти експлуатаційного прогину і в такому положенні заповнюється бетоном. Після набору бетоном проектної міцності, домкрат витягується. Утворений таким чином сталебетонний прогін за рахунок сумісної роботи сталі та бетону залишається вигнутим проти експлуатаційного прогину. Під час експлуатаційного навантаження на прогони, спочатку необхідно вибрати їх попередній вигин, повернувши прогони в початковий прямолінійний стан, а лише потім буде виникати прогин від прямолінійної початкової осі балки. Саме цим пояснюється підвищення міцності та жорсткості досліджуваних попередньо напружених сталебетонних прогонів. Для підтвердження наведених викладок було проведено експериментальні випробування восьми зразків прогонів довжиною 3000 мм, виконаних із гнутого швелеру №10 розміром 100×50 мм з товщиною стінки 3 мм, заповнених бетоном класу С20/25. Між собою зразки відрізнялися наявністю попереднього напруження сталевої частини перерізу, розміром перерізу бетонного осердя та схемою навантаження. У результаті проведених експериментальних досліджень підтверджено підвищення несучої здатності та жорсткості сталебетонних балок, що складає: 1) у випадку заповнення бетоном внутрішньої порожнини швелера 19% і 27% відповідно; 2) у випадку попереднього вигину сталевої частини перерізу 24% і 29% відповідно; 3) у випадку збільшення в 1,6 рази висоти перерізу бетонного осердя попередньо напруженого зразка 31% і 57% відповідно.

Ключові слова: попереднє напруження, сталебетон, стіновий прогін, експериментальні дослідження.

Introduction
Wall girders are horizontal structural beam elements of the building wall enclosure. The external load on the wall girders is the vertical load from the wall enclosure weight and the horizontal wind load. Thus, wall girders work for bending in two planes. The load from the weight of the wall enclosure, made of light sandwich panels, is approximately equal to the wind impact load on Ukrainian territory. Therefore, in this case, the wall girders are designed with equal strength in two planes.
A light, modern wall enclosure is made of hinged sandwich panels, consisting of two sheets of profiled wall flooring and effective rigid mineral wool insulation between them. Steel girders with a cross-section in the form of a pipe usually serve as the load-bearing elements of such a wall enclosure [1].

Review of the research sources and publications
Different methods of rational forces adjustment in steel structures are known, which are implemented both at the design stage and at the stage of manufacture and installation. The essence of these methods is described in detail in the work of M.V. Gogol [2].
One of the active methods of increasing the steel structures bearing capacity is the method of their preliminary deformation. For the most part, this method regulates the stress in individual rod elements. Preliminary elements deformation is arranged opposite to operational bending. This method consists in the fact that a prestressed deformed rod is formed using several elements connected into one in a pre-bent state (see fig. 1). Welding of curved elements requires significant additional costs of labor and energy, which is a disadvantage of this method [3].


Figure 1 – Scheme of preliminary stresses 
creation by the rod layers deformation 
followed by their welding [3]:
1, 2, 3, 4 – the order of welding seams

Another method of prestressing is the arrangement of local bonded tendons on the beam structures' steel parts in the zone of the maximum bending moment action. Izbash M.Yu. [4] proved the effectiveness of bonded tendons installing both on the lower girdle of the beams with a single-span scheme of their operation, and on the upper girdle above the supports with a non-split scheme (see fig. 2). A positive feature of such a constructive solution of prestressing is that, due to the small value of the angle α, the pulling force Fsp is almost an order of magnitude less than the reinforcement tension force Нsp created by it [5].

[image: ]
Figure 2 – Installation of tension rod 
for prestressing locally on intermediate 
supports of continuous steel beam [5]:
1 – tension rod; 2 – fixing cylinder

Preliminary stresses in the elements of bent continuous and spatial steel-reinforced concrete structures can be created both due to a well-chosen design, including nodes, and the development of manufacturing technology or preliminary reinforcing assembly during installation [6; 7], as well as by placing additional prestressed reinforcing bars (bonded tendons) in the stretched cross-sectional area [8; 9].
Scientific studies of reinforced concrete beams 
prestressing by placing additional prestressed reinforcing bars were conducted under the leadership of L. Storozhenko. In [10] V. Pents with Yu. Kushnir conducted a study of I-beams with side cavities filled with concrete with installed external or internal prestressed bonded tendons (see fig. 3).
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Figure 3 – Scheme of additional prestressed internal reinforcement of steel-concrete beams [10]

Similar types of beams were also studied by foreign researchers. In particular, C. Wang, Y. Shen, R. Yang, and Z. Wen (China) [11] conducted a study of prestressed steel-reinforced concrete beams shown in Figure 4. Prestressed steel-reinforced concrete beams have an inverted arch deflection before loading, which is advantageous for service loading. Compared to a conventional steel-reinforced concrete beam, the prestressed one has greater rigidity, which increases the resistance to cracking in tension concrete, but at the same time reduces the overall plasticity of the beam.
A positive result of prestressing by installing additional stressed reinforcing rods is an increase in the bearing capacity and rigidity of steel-reinforced concrete structures. At the same time, the general disadvantage of this method is the additional cost of materials and the installation of additional stressed rods.


Figure 4 – Prestressed steel-reinforced
concrete beams [11]

A separate type of steel-reinforced concrete structure self-tension is a special technology for their manufacture, the result of which is a change in the calculation scheme of their operation [12]. In particular, Figure 5 shows prefabricated monolithic steel-reinforced concrete crossbars stressed due to the staged production (concreting). This idea is patented by D. Bibik, V. Semko. and O. Voskbiynyk [13]. The production of prefabricated monolithic crossbars is carried out in several stages - the prefabricated part of the structure is manufactured at the factory, and the monolithic part is in the process of installation. Thus, the calculation scheme of the crossbar operation changes at the stages of its installation. In the first stage, the crossbar is a single-span beam freely supported on two supports. At this stage, the crossbar cross-section is a trough-shaped steel profile filled with concrete. At the second stage of production, prefabricated ribbed reinforced concrete floor slabs are mounted on the lower steel shelf of a trough-like profile, and the crossbar is welded to the embedded parts of the columns. At the same time, the crossbar calculation scheme is changed to a rigidly clamped one-span one. Then, a concrete monolithic upper shelf is arranged, which combines the crossbar with the floor slabs installed on it for joint work on the operational load.

monolithic concrete
prefabricated part of a crossbar
rolled steel
prefabricated panel

Figure 5 – Cross-sectional with showing
concreting stages [13]

Experimental studies of steel-reinforced concrete prefabricated monolithic crossbars confirmed the theoretical prerequisites regarding the effect of changing the cross-section during manufacture on the development of deflections and internal forces [14].

Definition of unsolved aspects of the problem
Thus, an effective method of prestressing the steel part of steel-reinforced concrete structures is their preliminary deformation by bends that are opposite to operational ones. Such bends are arranged either with jacks [3] or by arranging additional pre-stressed rods [4-5; 9-11]. At the same time, the steel part pre-bent state is fixed either by welding its component parts during manufacture [3], or by changing the conditions for fixing this steel beam part with columns [12-14], or by actually arranging stressed additional rods [4-5; 9-11]. Concreting of the steel part of steel-reinforced concrete structures cross-section in order to fix its pre-bent state was not considered.

Problem statement
The purpose of the work is to study experimentally the possibility of fixing the pre-bent state by filling with concrete the inner cavity of the steel U-shaped section of the steel-concrete rod, which can be used as a wall girder. The subject of the study is the stress-strain state and bearing capacity of a reinforced concrete rod prestressed in this way.

Basic material and results
General principles of creating rational preliminary stresses in the layers of reinforced concrete girders. The essence of the proposed measures set for the rational efforts redistribution is as follows. At the first stage of prestressed reinforced concrete girders production, mechanical jacks are used to create the initial bending of the beams' steel part, which is opposite to the operational one (see fig. 6). That is, at this stage, the deformations of the steel beam normal section are created opposite to the operational ones: the beam lower fibers will be compressed, and the upper fibers will be stretched (see fig. 7, a). At the second stage of production, the inner cavity of the rod U-shaped steel part is filled with concrete. During concreting and during the period when the concrete reaches the design strength, the jacks remain under the steel beams. That is, the stress-strain state of the steel beams does not change compared to the first stage, and the deformations of the normal section in the concrete are zero (see fig. 7, b). To ensure further compatible operation of the cross-section steel and concrete parts, anchoring means are welded to the inner side of the cross-section steel part in advance. For the useful load (third stage), the combined steel-concrete section will work together. In the concrete part, the deformations will develop from the undeformed (zero) state, while in the steel part, the deformations of the normal section will be superimposed on the already existing operational deformations obtained at the first stage of the combined structure (see Fig. 7, c). That is, during the operating load increase, the beam steel part first returns to its original undeformed state and only then it will deform according to the generally accepted scheme: the beam's lower fibers will stretch, and the upper fibers will compress. This explains the increase in the load-bearing capacity of reinforced concrete structures prestressed in this way. It should be noted that by selecting the beams’ steel part pre-bending optimal parameters and the rational ratio of the steel and concrete parts’ stiffness, it is possible to achieve a significant increase not only in the steel-concrete rod stiffness but also in its bearing capacity. 
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mechanical jack

Figure 6 – General view of the arrangement of the previous opposite to operational bending
of the cross-section steel part
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Figure 7 – Stages of a prestressed reinforced concrete rod work:
а) the previous opposite to operational bending of the section steel part; b) filling with concrete the inner cavity of the U-shaped steel part of the rod when the jack is installed; c) the operational stage


Construction of experimentally studied prestressed reinforced concrete girders. Samples of prestressed steel-concrete girders were made from steel bent channel № 10, 3000 mm long, with an external cross-sectional dimension of 50×100 mm and a wall thickness of 3 mm, with an internal U-shaped cavity filled with concrete. Experimental prestressed samples differed in the size of the concrete core cross-section and the operational load scheme (see fig. 8). Samples PSC1.1 and PSC1.2 were filled with concrete to the level with the channel shelves edge; the total height of their cross-section was equal to 50 mm, the reinforcement ratio was 11.4% (see section 1-1 in fig. 9). Samples PSC2.1 and PSC2.2 were filled with concrete 30 mm above the level of the channel shelves edge; the total height of their cross-section was equal to 80 mm, the reinforcement ratio was 7.3% (see section 1-1* in fig. 9). To determine the cross-section steel part prestressing effectiveness, samples SC1.1 and SC1.2 were made with concrete filling to the level of the channel shelves. The beam steel part prestressing was created by jacking it by bending it opposite to its previous operational bending by the amount of 1/300 of the span, which was 10 mm (see fig. 6). To determine the effectiveness of filling the channel inner cavity with concrete, empty steel samples S1.1 and S1.2 were manufactured and tested. Samples S1.1, SC1.1, PSC1.1, and PSC2.1 were loaded by one force in the middle of the span, and samples S1.2, SC1.2, PSC1.2, and PSC2.2 were loaded by two equal forces equidistant from the supports. 
The concrete to fill the internal cavity and the U-shaped steel part of the reinforced concrete beams were combined into a joint operation by means of vertical reinforcing bars of class A240С, 6 mm in diameter and 40 mm long, which were welded to the inside of the channel side shelves at a variable step, shown in figure 9. Since these anchoring means were welded along their entire height to the channel shelves, their own bending during loading is impossible. In addition, in order to prevent the two layers from shifting relative to each other, plates with a thickness of 4 mm were welded on the ends of the beams. Therefore, the investigated beams can be considered as two-layer composite structures with a rigid combination of two layers (steel and concrete).
To ensure the joint operation of the two materials in the plastic stage of their operation, S-shaped anchor rods of class A240С with a diameter of 6 mm are additionally welded from the inner side to the horizontally located wall of the channel, the shape and welding step of which is shown in figure 10. These additional anchoring means were to be included in the work after the loss of the channel shelves local stability and their detachment from the concrete core.

[image: ]
Figure 8 – Scheme of experimental research planning
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1-1 for beams SC1.1, SC1.2, PSC1.1, PSC1.2		1-1* for beams PSC 2.1, PSC 2.2
[image: E:\ASPIRANT\Statti\Poltava_2022_фах_2\Puc\9.jpg]

Figure 9 – Geometrical parameters of experimental single-span reinforced concrete girders
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Figure 10 – Scheme of additional anchors placement along the length of the tested samples


The physical and mechanical characteristics of the materials used for the manufacture of samples of prestressed steel-concrete girders (sheet and round steel and concrete) are shown in tables 1 and 2, respectively.




Table 1 – Physical and mechanical characteristics of rolled steel
	Rolled steel type
	Середня міцність, МПа
	Normative resistance, MPa:
	Coef. var., % 
	Absolute elongation
	Steel strength class
	Normative resistance, MPa
	Modulus of elasticity Es, .105 МПа

	
	
	of sample
	average
	
	
	

	
	σу
	σu
	Rуn
	Run
	Rуn
	Run
	Vуn
	Vun
	εs,u, %
	
	Rу
	Ru
	

	Channel #10  (sheet steel
	279
	393
	266
	374
	253,5
	367,5
	4,2
	2,8
	28,4
	С245
	240
	360
	2,1

	
	252
	374
	240
	356
	
	
	
	
	
	
	
	
	

	
	267
	380
	254
	362
	
	
	
	
	
	
	
	
	

	
	267
	397
	254
	378
	
	
	
	
	
	
	
	
	

	Anchor 6 mm (rod steel)
	278
	383
	265
	365
	262,2
	371,7
	3,2
	1,6
	24,2
	А240С
	240
	370
	2,1

	
	266
	395
	253
	376
	
	
	
	
	
	
	
	
	

	
	282
	393
	269
	374
	
	
	
	
	
	
	
	
	




Table 2 – Physical and mechanical characteristics of concrete cubes and prisms
	Code of samples
	Mean value of concrete compressive strength, MPa
	Coefficient of variation of concrete strength in a batch Vс, %
	Normative compressive strength of concrete, MPa:
	Coef. var.,%
	Concrete class
	Design value of concrete:

	
	
	
	of sample
	average
	
	compressive strength
	modulus of elasticity

	
	fcm,cube
	fcm,prism
	
	fck,cube
	fck,prism
	fck,cube
	fck,prism
	Vс, %
	
	fcd, МПа
	Еcd, ГПа

	SC1
	30,4
	22,5
	12,0
	24,4
	18,1
	26,6
	19,7
	12,2
	С20/25
	14,5
	23,0

	PSC1
	29,4
	21,8
	9,1
	25,0
	18,5
	
	
	
	
	
	

	PSC2
	35,5
	26,3
	8,9
	30,3
	22,4
	
	
	
	
	
	





Methodology of conducting experimental studies of prestressed reinforced concrete girders. After the concrete had reached the design strength, the jack was removed, with the help of which the preliminary bending of the beam steel part was created. The setting for reinforced concrete samples testing looked the same as for the preliminary bending of their steel part. Therefore, steel concrete samples were tested with a cavity filled with concrete to the bottom with a ∩-like arrangement of steel channel. Figure 11 shows the general appearance of reinforced concrete samples during tests with the indication of the load application node with one or two forces.



support

support
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Figure 11 – General view of reinforced concrete samples during testing


The strains of steel and concrete were measured in the area of maximum bending moment (in the middle of the span) and at a distance of 0.25 of the span length from the supports using strain gauges with a base of 20 mm (see fig. 12). To control the deformations in the most compressed and stretched fibers of the sample, a 20 mm base Hugenberger mechanical strain gauge with a division value of 0.005 mm was installed, which ensured the accuracy of relative deformation measurements 25×10-5. Clock-type indicators were used to measure deflections in the middle of the span and at a distance of 0.25 of the span length from the supports.
Results of experimental studies of prestressed reinforced concrete girders. Figure 13 shows the changes in the distribution of strains of the normal cross-section, located in the middle of the span, of the steel part of 
the tested samples loaded by one force in the middle of the span. The relative deformations of the stretched part of the cross-section were determined as the arithmetic average between the readings of the electro-tensile resistors T1 and T6, and of the compressed part of 
the cross-section – as the arithmetic average between the readings of the electro-tensile resistors T2 and T7 
(see fig. 12). 
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Figure 12 – Scheme of measuring devices location on the studied samples
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a) steel sample S1.1
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b) steel concrete sample SC1.1
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c) prestressed steel concrete sample PSC1.1
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d) prestressed steel concrete sample PSC2.1

	
	


Figure 13 – Changes in the distributions of strains of the steel part normal cross-section located
in the middle of the span of samples loaded by one force in the middle of the span

On the distributions of strains of normal cross-sections of the studied samples, the movement of the zero line along the height of the cross-section can be clearly traced. For the empty steel sample S1.1 (see fig. 13, a), the zero line is at the height of the central axis of the used bent channel. For the steel-concrete sample without prestressing SC1.1 (see fig. 13, b), the zero line is located slightly higher. This is explained by the presence of concrete in the cavity, which raises the cross-section central axis. For prestressed steel concrete samples PSC1.1 and PSC2.1 (see fig. 13, c-d), the zero line is higher, the higher the cross-section height of the concrete core. This increase in the position of the zero line is explained, firstly, by the inclusion of concrete in the work and, secondly, by the presence of previous deformations of steel normal section, which are "subtracted" from the deformations during operational loads. 
To determine the efficiency of the proposed prestressing of the cross-section steel before its concreting, a comparison of the development of the normal cross-section relative deformations and the deflections of all samples was made. For samples loaded with a single force at mid-span, these comparisons are shown in figure 14. For specimens loaded with two equal forces equidistant from the supports, these comparisons are shown in figure 15.
 
a) [image: ]  b) [image: ]
Figure 14 – Comparison of the development of the steel part normal section strains (a) and the deflections (b) of the samples loaded by one force in the middle of the span

a) [image: ]  b) [image: ]
Figure 15 – Comparison of the development of the steel part normal section strains (a) and the deflections (b) of the samples loaded by two equal forces equidistant from the supports


Conclusions
As a result of experimental studies of prestressed steel-concrete wall girders' stress-strain state and bearing capacity, the following was established:
– by filling the steel U-shaped section inner cavity with concrete, it is possible to fix its pre-bent state. After the concrete gains strength and the jack is released, the preliminary bending decreases by 81% and 31% for samples filled with concrete at the level and 30 mm above of the channel edges suitably;
– preliminary bending of the section steel part increases the load-bearing capacity by 24% and the steel-concrete beam rigidity by 29%;

– filling the channel inner cavity with concrete increases the load-bearing capacity by 19% and the reinforced concrete beam rigidity by 27%;
– a 1.6-fold increase in the cross-sectional height of the concrete core of the prestressed sample increases the load-bearing capacity by 31% and the stiffness of the reinforced concrete beam by 57%.
Thus, the experimentally investigated prestressed reinforced concrete girders consisting of bent channel #10 with a wall thickness of 3 mm filled with concrete have the same load-bearing capacity with a higher stiffness of up to 27%, as a steel beam made of pipe 80×3mm, which reducing steel consumption by 39%.
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