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Abstract

:

Bar reinforced concrete structures, which include piles, in real working conditions perceive a whole range of internal force factors. Axial tension-compression forces, bending moments and shear forces are the most commonly perceived internal force factors. Of particular interest is the effect on the cross section of the shear force. If a complex curly shape is replaced by elementary form, then the calculation is not difficult. However, when calculating the composite cross section, there is no unambiguous solution. In accordance with the adopted regulatory documentation, it is necessary to accept only a main part, while discarding the surrounding areas. It is important to study the configuration of the shape of a complex section for the perception of a shear force. The purpose of the work was to refine the account of the entire complex section using numerical simulation by the finite element method, analytical calculations and small-scale experiments. Determination of further practical application of the obtained results on real structures was also the goal of the study. The parameters of the distribution of shear force between the main rib and flanges were obtained by numerical analysis and small-scale experiments. Numerical models of rectangular and tee cross sections beams have been developed. Analytical dependences were studied and full-scale tests of reinforced concrete beams of various sections were carried out. It has been established that when taking into account the work of the entire cross-section, the bearing capacity of concrete for the action of a shear force is 20% greater than when calculating only the main section without taking into account the shelves.
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1. Introduction


The active development of the construction industry leads to the emergence of increased complexity engineering solutions. The construction of buildings and structures is carried out in increasingly difficult conditions, the number of stories of buildings is increasing, and spans and areas are also increasing. Zero-cycle structures are deepened to significant heights. Of great importance are the characteristics of structural materials and the structures themselves. Strength, corrosion resistance, fire resistance and other properties are important and relevant [1,2]. The strength characteristics of building materials are significantly increased. Structural engineers try to make the most of the possibilities of materials. Efficient designs tend to operate at their limits. Therefore, the identification of strength reserves of 10–20% is a significant positive effect of research [3,4].



When considering the operation of pile foundations, it can be seen that the pile perceives the following internal force factors [5]:




	-

	
axial compressive or tensile load;




	-

	
bending moment;




	-

	
shear force.









The work of a reinforced concrete pile for axial compression and bending is carried out by the cross-section of concrete and longitudinal reinforcing bars. The perception of the transverse shear force is carried out by the inclined sections of concrete and transverse winding reinforcing bars or clamps [6].



The current design codes describe the procedure for calculating transverse reinforcement for the action of a transverse shear load. The Russian design codes [7] provide an algorithm for the calculation of the required transverse reinforcement only for a rectangular section. However, there is no clear description of how to determine the necessary transverse reinforcement for complex sections. In the practice of design and construction, the sections of piles of structures are of various types [8,9].



At present, screw-reinforced concrete piles are being actively developed. They have the positive properties of both displacement piles (driven and indented) and bored piles [10]. The studied screw-reinforced concrete piles have a rather complex cross-section of their shaft, as shown in Figure 1.



The required transverse reinforcement is carried out in the form of winding of various types of steel wire, as well as a rope. Longitudinal reinforcement includes at least six reinforcing bars of standard A500S steel according to Russian standards. The concrete used in these structures is of at least the B25 class according to Russian standards.



It was decided to investigate the effect of the cross-sectional shape on internal force factors, as was conducted by a number of authors [11,12,13]. In engineering practice, design codes regulate only a rectangular section. The underestimation of the complex shape of the section contributes to an incorrect analysis. In the example of the cross-section of a screw-reinforced concrete pile, it can be seen that the thread section is quite large in relation to the section of the pile shaft. The cross-sectional area of the thread must be taken into account.



The work of underground structures that perceive the spectrum of external influences has been studied for various structures and structural elements [14,15]. The greatest development for the analysis of the stress-strain state of structures has received numerical simulation using the apparatus of the finite element method [16]. This method allows one to perform calculations in a three-dimensional setting with 3D finite elements in both linear and non-linear formulations for structures of various configurations. However, this calculation is extremely time-consuming.



It was decided to simplify the model under study to a rectangular and tee cross-section. The results of the analytical calculation and numerical simulation are compared with the small-scale experiment, which gives the right to extrapolate them to more complex rounded sections. In this way, factors that contribute to the appearance of random errors will be discarded. Obtaining the geometric characteristics of the cross-section shown in Figure 1 is a rather complicated process of integral calculations. These geometric characteristics include the coordinates of the center of gravity, moments of inertia, static moments, and others.



The main purpose of the work is to determine the degree of influence of the cross-sectional shape on the stress-strain state of bar structures.



Within the framework of the research areas set, the following tasks were solved:




	-

	
measurement of parameters of small-scale models;




	-

	
comparison of the results of numerical simulation, analytical calculations and small-scale experiments;




	-

	
identification of patterns between the shapes of the section on the change in internal force factors;




	-

	
refinement of safety factors.










2. Materials and Methods


2.1. Materials


The object of research is the linear structures which are piles with different cross sections. These structures perceive a complex stress-strain state. The dimensions of the cross sections are shown in Figure 2.



The material of the structures is B25 class concrete according to Russian standards. Reinforcement is represented only by longitudinal reinforcement bars for the perception of normal stresses from bending moments. For the purity of the experiment to determine the effect of the sectional shape of a concrete structure on the perceived shear force, it was decided not to use transverse reinforcement. In this case, the entire shear force will be perceived by the inclined section of concrete. The properties of the materials of the structures under study are given in Table 1. The span of the calculated rod was assumed to be 6.7 m. Numerical simulation was carried out in the licensed and certified software package Lira-Soft 10.12.



The strength of the materials used in the experiment was determined by destructive tests in the laboratory according to the Russian standard GOST 22690-2015. The formwork materials in the experiment are aluminum profiles and laminated plywood. Teflon grease was used to reduce adhesion.




2.2. Methods


The following methods were used during the study:




	-

	
finite element modeling;




	-

	
experiment using a series of small-scale models in the amount of five pieces for each type of model;




	-

	
analytical calculation in accordance with regulatory documentation.









Modeling was carried out according to the instructions of the regulatory and technical literature [17,18,19,20]. According to the instructions of the design codes, the characteristics of the materials were assigned and controlled.



When performing the simulation, the following simplifications were taken into account:




	
construction material has no voids and its properties are the same in all directions;



	
stresses and relative deformations are interconnected by a linear relationship;



	
cross sections of elements remain plane after deformation;



	
the value of structural deformations is much less than their dimensions [21,22,23].








The calculation was carried out on the basis of SR 63.13330.2018 [7] analytically and in the Lira-Soft software package. For the most qualitative analysis of the bar structures’ operation features, their numerical simulation was performed using the apparatus of the finite element method. The model is set in a spatial formulation. The work of the material elements is physically and geometrically linear. Since the displacements of design schemes are negligible compared to the linear dimensions of structures, we did not take into account geometric nonlinearity which is a disproportionate relationship between deformations and displacements.



Two options for the cross-section of the elements (see Figure 2) and two options for applying loads on the bars are considered. As previously described, the cross sections are simplified to rectangular and tee shapes. The concrete class is taken equal to B25. To perform the experiment, small-scale models are taken with a scaling factor equal to 1:10.



When performing analytical calculations of the work of a section on the action of internal shear forces, the method of sections is used. The considered rod is calculated in an arbitrary section, the action which is represented by the following forces:




	
Longitudinal force N;



	
Shear force Q;



	
Bending moment M.








External forces are in balance with internal forces. Therefore, the whole system is in a state of static equilibrium.



According to [22], the calculation of the rods for the transverse load is performed according to the equation:


Q < Qb + Qsw



(1)




where Q is the total shear force in the support section, arising from all external forces located on one side of the cross-section. By sequential enumeration, we find the most dangerous load value within the area from h0 to 2h0; Qb is the shear force that the concrete can carry; Qsw is the shear force that is perceived by the transverse reinforcement bars.



By calculation, the most dangerous section is determined, in which the ratio Q/(Qb + Qsw) is maximum. As shown in Figure 3, the length of the studied section is taken to be at least 1.0h0 and not more than 2.0h0, where h0 is the working height of the bar element [24].



The hinged supports of the ends were set as the boundary conditions. Loads were represented by uniformly distributed forces.



However, for the purity of the experiment, the purpose of which is to clarify the effect of the concrete section on the perception of the shear force, it was decided not to use transverse reinforcement. Thus, Qsw is equal to zero. Longitudinal reinforcement is applied to perceive the bending moment. The destruction of short bars should occur along inclined sections from the action of shear force.



The force perceived by concrete section Qb is:


   Q b  =    φ  b 2   ·  R  bt   · b ·  h 0    2   C   



(2)




where φb2 is adopted equal to 1.5 according to Russian standards, Rbt is the design tensile strength of concrete.



Determining Qsw is not a problem, since it is sufficient to know the cross-sectional area of the transverse reinforcement and the design strength. Of greatest interest is the shear force Qb. It is necessary to clarify how the configuration of the cross-section affects the shear force perceived by it. According to SR 63.13330 [7], the rigidity of the flanges is not taken into account in the T-section.



That is, the design codes consider the calculated section as one rectangle equal to 300 × 500 mm. From the point of view of the Russian standard, the sections shown in Figure 2 are equivalent to each other [25].



The numerical experiment made it possible to refine the distribution of internal force factors. The calculation scheme consists of three parallel spatial rods, which were modeled by one-dimensional bar finite elements (Figure 4). To ensure joint work, a kinematic association of displacements was performed. The load application scheme is indicated in two versions. The first type of load is a uniformly distributed load of 0.5 kN/m applied to the shelves. The second type of load is the application of 1 kN/m to the central rod.



The eccentricity of the center of gravity of the shelves relative to the central rod is presented in the form of an absolutely rigid kinematic insert.



Figure 5 shows the described structural diagram. Figure 6 shows a structural diagram, taking into account the assigned sections. As a result of this numerical simulation, the task was to obtain the distribution of internal forces between the central rib and flanges.



In addition to the numerical experiment, a small-scale experiment was carried out. For this, models of beams with sections were made, the diagrams of which are shown in Figure 7. The length of the beams was 200 mm. The concrete class was B25. In the manufacturing of concrete, a ready-made mixture of BASF master mako with hyper plasticizers based on polycarboxylates was used. Coarse inert filler had a size of no more than 2 mm. The ratio of the dry mixture to water by weight was 30 to 4. Reinforcement on the bottom face was presented by two rods with a diameter of 4 mm. Reinforcement on the upper face was presented by two rods with a diameter of 2 mm. Transverse reinforcement was absent. Laminated plywood and aluminum profiles of the required section were used as formwork, as shown in Figure 8. Teflon aerosol was used as a lubricant to minimize adhesion forces.



The use of these technologies made it quite easy to strip the formwork without damaging the reinforced concrete parts.



To control the strength of the concrete of the tested structure, three cubes with an edge size of 100 mm were molded and subsequently tested by the method of destructive strength testing on a press.



As a result, five small-scale T-beams and rectangular beams were obtained. To transfer the load from the press, a steel bar of rectangular Section 20 × 10 mm was used. The tested reinforced concrete beams are supported by similar steel bars. The complete set, ready for testing, is shown in Figure 9. The side surface of the beams is marked. The markings indicate the serial number and type of section: T is Taurus and P is rectangle.





3. Results


Uncertainty in design codes leads to the lack of a clear description of which shelf sizes (item 2 in Figure 10) should be taken into account, and which should not. The dimensions of the shelves can be significant and proportionate to the main rib of the section. Taking into account their rigidity will clarify the shear force that the section of concrete perceives.



With a section of 300 × 500 mm, a protective layer of concrete of 50 mm, and a concrete class of B25, Qb according to equation 2, is equal to:


   Q b  =    φ  b 2   ·  R  bt   · b ·  h 0    2   C  =   1.5 · 1050 · 0.30 ·   0.45  2    0.45   = 213    kN   



(3)







The hypothesis put forward in this study is as follows:



The share of the shear force perceived by the shelves in the cross-section is proportional to the ratio of the moments of inertia of the main rib to the moments of inertia of the shelves.



The ratio of the shear force that the concrete of the tee section perceives to the rectangular one is equal to the ratio of the main central moments of inertia. To test this hypothesis, we perform the calculation by numerical methods.



The distribution of internal shear forces depending on the design scheme obtained as the result of the calculation is summarized in Table 2 and shown in Figure 11. The difference in the character of the shear force diagrams depending on the place of application of the load is visible. When a load is applied to the shelves, the force in the central rib is stepped. When a load is applied to the rib, the diagram of the shear force in the side flanges becomes stepped. The shear force diagram on the rib is linearly uniformly variable. The observed effect was formed due to the introduction of rigid inserts.



Confirmation of the most accurate result was obtained through a small-scale experiment. This experiment took into account the scale factor. The size of the coarse aggregate of the mixture is 2 mm, which is 10 times less than the coarse aggregate for conventional structures. However, the determining factor is the stress, which remains unchanged, since it is obtained by reducing the force to the area.



The reliability of the results obtained in the course of small-scale experiments is achieved due to the minimum required number of samples [26].



According to the results, it can be seen that the ratio of the moments of inertia and the perceived shear forces is equal when loaded on the main rib. The ratio of forces is 85% to 15% and 86% to 14%.



Before testing, the samples were marked with Ri and Ti, which means rectangular and tee sections, respectively. The tests were carried out in the laboratory LLC “Donskaya Stroitelnaya Laboratoriya” using Matest equipment (Figure 12), which allows for the fine adjustment of the load increase.



According to Equation (2) [19,20], beam models should have the following bearing capacity (support reaction):


   Q b  =    φ  b 2   ·  R  bt   · b ·  h 0    2   C  =   1.5 · 0.105 · 3 ·   4.5  2    4.5   = 2.13    kN   



(4)







The total vertical load on the beam should not exceed 4.26 kN.



As a result of testing, one of the samples of the rectangular section, marked as 1R, was destroyed along the normal section in the middle of the span due to the fact that a mistake was made—the sample was turned over 180 degrees and the working longitudinal reinforcement, which is required at the bottom face, turned out to be at the top, as seen in Figure 13. The results for sample 1R were not taken into account in further studies.



This fact suggests that the working reinforcement along the bottom face is optimally selected. With even a slight decrease in its area, destruction occurs not along an inclined section in the support zone, but along a normal one in the middle of the span. Experimental results are summarized in Table 3.




4. Discussion


The article is a scientific study aimed at obtaining new knowledge on the development of existing ideas about the operation of bar structures and, at the same time, has practical significance. This allows us to simplify a number of tasks of the building complex, as the end user of our scientific research.



Researchers have conducted similar tasks in papers [27]. However, in their studies, they looked for somewhat different patterns. They assumed a rectangular cross-section of the rod element and varied the boundary conditions with the ratio of the bending moment and the transverse force.



Additionally, an interesting study led to [28] studies being canceled. The authors of this study perceive the shear load on a full-scale cantilever and continuous beams with a span of up to 7 m. The section taken was only rectangular. The influence of the destruction of the longitudinal working reinforcement and the deformation of concrete on the bearing capacity was studied in detail.



There are also studies of the operation of beams without transverse reinforcement, performed by numerical methods. For example, the authors of paper [29] used 3D finite elements to simulate the operation of these beams. The reinforcement was modeled with bar elements. In this case, patterns of cracking and reaching the limit state were obtained.



The above studies did not investigate the effect of the cross-sectional shape on the bearing capacity from the shear load.



It can be seen that the shear force is distributed between the longitudinal elements in a ratio that correlates with the ratio of their axial moments of inertia. It can also be seen that the change in the distribution of forces depends on the type of loading (on the edge or on the shelves). Our results agree with the works [18,30].



Small-scale experiments have proved the need to take into account the work of the shelves when the shear force is perceived by a complex composite section. The distribution took place in the ratio of 83% on the edge, and 17% on the shelves. These values show the convergence with the results of numerical simulation, in which the distribution was as follows: 86% on the edge, and 14% on the shelves. The discrepancy between numerical simulation and small-scale experiments is 3%.



Thus, when calculating screw-reinforced concrete piles, it is necessary to take into account the total section of concrete, taking into account the thread section falling into the section plane. This fact allows more efficient use of resource-intensive elements such as concrete in building structures. Additionally, for piles, it is necessary to take into account the reactive thrust of the surrounding soil, since part of the transverse load will be perceived by it. Numerically, this effect can be taken into account by the elastic bed coefficient distributed along the length of the pile shaft. For this study, the most simplified model was used.



The result obtained showed the correctness of the approach, which takes into account the shelves in the calculation of the shear force. It should be clarified to what extent the transverse reinforcement of the shelves complements the transverse reinforcement of the central rib. This question is relevant in view of the fact that the calculated length from Cmin to Cmax (see Figure 3) at the rib and shelves have different values.



It is also worth noting the characteristic pattern of cracking for the tee section. On the side surface of the shelves, the crack propagates at a certain angle to the horizontal axis. When moving to a vertical edge, the crack propagation angle decreases. This effect can be explained by two factors:




	
Influence of longitudinal reinforcement bars;



	
The critical fracture plane for the rib is farther away from the support than at the flanges. When the influence of shelves on cracking disappears, cracks try to make up for the untrodden path.








This effect indicates a complex distribution of shear stresses in the body of the structure.




5. Conclusions


As a result of the study, we obtained a number of scientific and practical results:




	(1)

	
The results of the study obtained by various methods are in excellent agreement with each other. The influence of the ratio of the geometric characteristics of complex composite cross-sections on the distribution of internal forces is shown.




	(2)

	
The bars simulating the T-section flanges took 14% of the transverse shear force.




	(3)

	
A series of small-scale experiments were carried out, confirming the results of analytical and numerical calculations. Field experiments have proven the impact of the work of all elements of the section on the perception of shear force. The distribution took place in the ratio of 83% on the edge, and 17% on the shelves.




	(4)

	
A recommendation is given to take into account the calculations, the total section, and not only the main rib, as indicated in [7].




	(5)

	
It is established that the distribution of shear forces is proportional to the ratio of the axial moments of individual parts of the cross-section.




	(6)

	
The experiments were carried out on small-scale models. In the future, it is planned to test elements of real sizes.




	(7)

	
It is planned to conduct tests in interaction with the soil surrounding the pile.









Data processing results are given, and their parameters are both new material and the basis for further research.
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Figure 1. Schematic representation of a helical reinforced concrete pile: (a)—side view of the pile segment, (b)—cross-section of the helical reinforced concrete pile, where: 1—pile shaft; 2—thread; 3—central axes; 4—thread trace in the section plane. 
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Figure 2. Studied sections of rod elements: (a)—approximation of the section of a screw pile by replacing curvilinear sections with an equivalent composite tee, (b)—section that perceives shear according to Russian standards, where: 1—pile shaft; 2—equivalent tee section; 3—thread trace in the section plane; 4—rectangular section, equivalent to a tee. Dimensions are in mm. 
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Figure 3. Limits of application of the design scheme, where: Qb is the force perceived by concrete, Qsw is the force perceived by transverse reinforcement, h0 is the working height of the cross-section, C is the distance from the support to the upper edge of the studied inclined section. 
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Figure 4. Schematic representation of a bar finite element, where: l is the length of the element,  φ  is the angle of rotation of the element, X, Y, Z are the axes of global coordinates; X1, Y1, Z1 are the axes of local coordinates. 
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Figure 5. Calculation scheme in the software package Lira-Soft 10.12. Three bar elements are presented: a central rib and two side shelves. The shelves are set with a vertical offset due to rigid kinematic inserts. Two options for applying loads are given: on the shelves at 0.5 kN/m and on the central rib 1 kN/m. 
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Figure 6. Visualization of design schemes, taking into account the assigned cross sections. The central rib is blue. Two side shelves are beige. As can be seen from the visualization, the sections do not intersect. The lower faces of the rib and flanges coincide. 
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Figure 7. The studied cross sections of the bar elements. Dimensions are given in mm. 
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Figure 8. Formwork and reinforcement work and concreting of beams: (a)—formwork coating with Teflon grease, (b)—location of reinforcement in beams, (c)—concreting of beams and cubes, (d)—dimensions of the test samples. 
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Figure 9. Test samples before the experiment. Whitish traces of Teflon grease are visible. Reinforcement protrusions are made to prevent errors: rods of larger diameter are laid at the lower faces. Support and cargo steel plates are located in the center of the photo between the beams. 
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Figure 10. Sectional areas taken into account: 1—section considered in the calculation, according to [7], 2—section ignored in the calculation. It is necessary to find out how position 2 affects the operation of the section. 
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Figure 11. Shear force diagrams in the vertical rib and flanges. It can be seen that the side shelves perceive part of the shear force. The stepwise or linear character of the change in the transverse force, as well as its value, depends on the place of application of the load. 
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Figure 12. Sample testing process in the laboratory LLC “Donskaya Stroitelnaya Laboratoriya” with characteristic patterns of sample destruction: (a)—Matest test press, (b)—sample 2R sample test, (c)—sample 2T test. 
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Figure 13. Test specimens after testing (on the element marked 1R, destruction is visible in the normal section due to an error during testing: a small reinforcement with a diameter of 2 mm was found in the tension zone. 
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Table 1. Characteristics of the materials used in the calculation.
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	Sample Number
	Code
	Name of Material
	Class
	Specific Gravity, kN/m3
	Design Compressive Strength, kPa
	Design Tensile Strength, kPa
	Deformation Modulus, MPa
	Poisson Ratio





	1
	SR63
	Heavy concrete
	B25
	25
	14,500
	1050
	3·104
	0.2



	2
	SR63
	Reinforcing steel
	A500C
	78.5
	435,000
	435,000
	2.0·105
	0.3
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Table 2. Summary table of calculation results.
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	№
	Element
	Axial Moment of Inertia, cm4
	Share in the Total Moment of Inertia of the Entire Section
	Shear Force According to the Loading Scheme No. 1, kN
	Share of the Total Shear Force, for the Entire Section
	Shear Force According to the Loading Scheme No. 2
	Share of the Total Shear Force, for the Entire Section





	1
	Rib
	312,500
	0.85
	2.62
	0.78
	2.88
	0.86



	2
	Shelves
	56,250
	0.15
	0.74
	0.22
	0.48
	0.14
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Table 3. Summary table of experimental results.
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№

	
Type of Element

	
Fracture Force, kN

	
Support Reaction at Failure, kN

	
Average Value of the Support Reaction at Failure, kN

	
Share of the Total Transverse Force, for the Entire Section






	
1

	
R1

	
-

	
-

	
3.469

	
0.83




	
2

	
R2

	
6.15

	
3.075




	
3

	
R3

	
7.15

	
3.575




	
4

	
R4

	
7.1

	
3.55




	
5

	
R5

	
7.35

	
3.675




	
6

	
T1

	
7.61

	
3.805

	
4.058

	
1.0




	
7

	
T2

	
9.41

	
4.705




	
8

	
T3

	
7.45

	
3.725




	
9

	
T4

	
8.58

	
4.29




	
10

	
T5

	
7.53

	
3.765
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