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Summary 
The production by-product, specifically granite sifting, can constitute up to 10 – 15% of the primary 

product in stone crushing plants during the production of crushed stone. Granite sifting possesses prop-

erties comparable to crushed stone from the same source, yet its cost per cubic meter is considerably 

lower. In view of this, the use of grain sifting in the production of reinforced concrete columns is con-

sidered as a promising direction. The reinforced concrete columns typically experience biaxial bending 

conditions. This is attributed not only to the uniaxial application of external loads but also to random 

eccentricities arising from various factors such as inaccuracies in reinforcement installation, assembly 

discrepancies, and local damages. To validate the developed strength calculation method, which con-

sider the effects of biaxial bending, explore column behavior under load, and acquire experimental 

values for parameters characterizing the stress-strain state during failure, experimental tests on 10 bi-

axially bended columns were conducted. The columns were loaded with an axial force applied with two 

eccentricities in such a way that the forms of the compressed concrete area in the cross-section of the 

columns were different. An analysis of strength and deformation characteristics of fine-grained concrete 

in composition of biaxially bended reinforced concrete columns was carried out and the possibility of 

using granite sifting for their production is confirmed. 

1 INTRODUCTION 

The amount of production by-product, namely: granite screening, can reach 15% of the main product 

at stone crushing plants during the manufacture of crushed stone. Since in terms of its properties, granite 

sifting is not inferior to crushed stone from the same stone, but its cost per cubic meter is significantly 

lower, therefore granite crumb is a common raw material. In view of this, the use of grain screening in 

the production of various reinforced concrete structures is a promising direction. 

The wide range of applications of reinforced concrete columns is explained by the positive qualities 

of these structures, in which concrete and reinforcement are used most effectively. Moreover, unlike 

beams, concrete in columns plays a much greater role in terms of their bearing capacity. Quite often, 

the reinforcement of columns is carried out structurally due to the significant compressive strength of 

concrete. Therefore, with small loads on reinforced concrete columns, it is possible to use fine-grained 

concrete to ensure equal strength between the concrete and the reinforcing cage. At the same time, 

attention may be paid to other design features of this material, giving preference to ease of manufacture, 

minimization of external equipment, cost and the possibility of effective use of production waste. 

The advantages of fine-grained concrete, among others, are the high quality of the surface of 

finished structures, which practically does not require additional equipment, the convenience of 

manufacturing and casting the concrete mixture, the cost of concrete. The use of granite sifting as both 

coarse and fine aggregates additionally eliminates the need for sand mining, thereby conserving land 

resources. With a rational selection of the composition, fine-grained concrete is not inferior in strength 

to ordinary heavy concrete, and it is characterized by increased tensile strength during bending. Such 

concretes are distinguished by increased homogeneity, and therefore higher values of frost resistance 

and waterproofing, although they require some excess consumption of cement. The amount of cement 

in fine-grained concrete is usually 20...40% higher than in concrete with crushed stone of the same 

strength. The reason for this is the increased voids of fine aggregate compared to the total voids of 

coarse and fine aggregates for ordinary concrete. Higher specific surface area of the aggregate and, 

accordingly, higher water absorption of concrete mixtures also contribute to increased consumption of 

cement in fine-grained concrete [1] – [2]. 
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In many sources [3] – [9], it is noted that reinforced concrete columns, as a rule, work in conditions of 

biaxial bending, caused in addition to the uniaxial application of the external load by random eccentricities 

arising from various factors, such as inaccuracies in the installation of reinforcement, inaccuracies in 

assembling, local damage and others. When designing a column, the effect of eccentricities in mutually 

orthogonal planes is usually calculated separately. More accurate calculation results can be achieved by 

performing the calculation on the action of biaxial bending. At the same time, there are certain difficulties 

due to the variety of forms of the compressed zone of concrete, for each of which the calculation will have 

its own characteristics [9]. Experimental data on the strength and the process of forming the compressed 

zone of concrete of biaxially bended columns made of fine-grained concrete are scarce. Therefore, to test 

the developed calculation method [9] and to study the operation of columns under load, as well as to obtain 

experimental values of parameters characterizing the stress-strain state of the column during failure, 

experimental tests of biaxially bended columns were conducted.  

2 METHOD OF EXPERIMENTAL RESEARCH 

During the manufacture of experimental columns, it was taken into account that the strength and stress-

strain state of the element primarily depend on such factors as: the number and placement of principal 

reinforcement in compressed and tesile zones, physical and mechanical properties of materials, and 

eccentricity of load application. The main tasks in conducting experimental research were: determina-

tion of the position of the neutral axis in the cross-section of the column at each stage of loading; 

establishment of the form of the compressed area in the cross-section of the column at the time of 

failure; investigation of the nature of the destruction of test samples with different forms of the com-

pressed area of concrete; determination of deformations in the most compressed fiber of concrete of 

normal cross-section at different levels and patterns of loading; determination of the bearing capacity 

of the columns during their biaxial bending. 

10 samples of reinforced concrete columns of rectangular profile from fine-grained concrete were 

produced. All experimental columns had a length of 1 m and design cross-sectional dimensions of 

125x125 mm. The design of the experimental samples is shown in Fig. 1. The characteristics of concrete 

and reinforcement used for the manufacture of experimental columns are listed in table 1. 

 
Fig. 1 Design and reinforcing scheme of experimental column samples 

The test columns are divided into three series depending on the diameter of the longitudinal principal 

reinforcement (Fig. 1, position 1). Reinforcement of the A240C class with diameters of 8,10 and 12 mm 

was used as principal longitudinal reinforcement and reinforcement with diameter of 6 mm was used 

as structural (Fig. 1, positions 2, 3, 4). The principal and structural reinforcement of the samples were 

connected to each other with the help of a tie wire into spatial cages. 

The electrical resistance strain gauges with a base of 20 mm were glued to the principal longitudinal 

reinforcing bars in their middle part from diametrically opposite sides after the manufacture of the 

cages. After the sensors were soldered to the switching wires, they were covered with epoxy resin, 

which ensured reliable hydraulic and electrical insulation.  

Concreting of the columns was carried out in laboratory conditions. 10 columns and 3 prisms meas-

uring 150x150x600 mm were made of one batch. The fine-grained concrete mix for the columns was 

produced manually by using a concrete mixer. M400 Portland cement produced at a factory in Ivano-
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Frankivsk was used as a binder. Granite screening with a fraction of 0-5 mm was used as a coarse and 

fine aggregate. The following ratio of cement: granite screening: water components was selected – 

1:3:0.5 and then used for columns manufacture. After placing the concrete mixture in the metal form-

work, it was compacted with a deep vibrator. 

Table 1 Characteristics of experimental column samples 

Sample 

code 

Eccentricities Concrete 

characteristic 

Reinforcement A240C characteristics 

еb, 

mm 

еh, 

mm 

fcm,  

МPа 
Ø, 

mm 

σy, 

МPа 

Es, 

МPа 

Ø, 

mm 

σy, 

MPa 

Es, 

MPa 

C-1-1 15 30 15.7 8 285 210000 6 256 210000 

C-1-2 10 20 15.7 8 285 210000 6 256 210000 

C-1-3 30 15 15.7 8 285 210000 6 256 210000 

C-2-1 10 30 15.7 10 278 210000 6 256 210000 

C-2-2 30 40 15.7 10 278 210000 6 256 210000 

C-2-3 0 20 15.7 10 278 210000 6 256 210000 

C-2-4 0 50 15,7 10 278 210000 6 256 210000 

C-3-1 15 30 15,7 12 328 210000 6 256 210000 

C-3-2 10 20 15,7 12 328 210000 6 256 210000 

C-3-3 10 30 15,7 12 328 210000 6 256 210000 

 

Concreted samples were kept for 28 days in a metal formwork under conditions of natural hardening in 

a wet state. Columns that reached the age of 30-40 days were prepared for testing. 

After drying the samples of the columns on the concrete in the zone of possible destruction, along 

the entire perimeter of the cross-section of the columns, tensor resistors with a base of 50 mm were 

glued. Previously, the concrete surface was polished, degreased with a solvent and primed with BF-2 

glue. The layout of strain gauges on concrete and reinforcement is shown in Fig. 2. It should be noted 

that the outer surface of the columns due to the use of fine-grained concrete and its careful compaction 

was uniform with a minimum number of pores and caverns. Therefore, the use of such concrete in 

structures minimizes the costs of their equipment. 

 
Fig. 2 Diagram of the strain gauges location 
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To determine the physical and mechanical characteristics of reinforcing steel, previously prepared sam-

ples of 600 mm length, cut from each working and structural longitudinal bar, were used. Tensile testing 

of reinforcement samples was carried out on a certified HMS-50 press, force meter scale 100 kN. As a 

result of the tests, the yield strength of reinforcing steel was determined. The spread of values was 

small, because the reinforcing bars were cut from the same batch. Average data based on the test results 

of three samples are shown in Tab. 1. 

To determine the properties of concrete, concrete prisms were tested before testing the columns. 

Research was carried out on a 2PG-125 hydraulic press. The scale of the force meter is 490 kN. Mean 

value of compressive concrete strength of during the prism test is determined by the actual values of 

the experimental data at the time of sample destruction. The test results are shown in Tab. 1. 

Testing of experimental samples of columns for the effect of biaxial bending was carried out on a  

PG-125 hydraulic press. Before conducting the tests, the column was installed on the working plate of 

the press, centred along the geometric axis, and a hinge was installed in the upper part of the column, 

which transmitted the force with two eccentricities relative to the axes of inertia of the column section. 

Before starting, the scale of the press was calibrated by supplying oil to the piston of the working 

plate, until the arrow on the scale of the press took the zero position. The load on the sample was 

transferred using the upper movable plate of the press. Provision of load application with accepted 

eccentricities is shown in Fig. 3. The load was applied in increments of no more than 10% of the cal-

culated destructive load. The total test time of one column was 1.5 – 2 hours. 

 

 
 

Fig. 3 General view of the installation during the test (a) and sample loading scheme (b): 1 – press 

plates; 2 – hinge; 3 – experimental sample 

The columns were brought to destruction, i.e. the exhaustion of the bearing capacity, which character 

was changed depending on the eccentricity. The destruction of the concrete in the compressed area with 

a slight opening of cracks in the tensile area was observed at smaller values of eccentricities, the devel-

opment and opening of cracks in the tensile concrete with the formation of a winch in the compression 

area was detected at maximal eccentricities. After the maximum load was reached, followed by gradual 

decrease in pressure on the scale of the press. 

3 RESULTS AND DISCUSSION 

As it is known, during biaxial bending of reinforced concrete members, depending on the change in the 

eccentricity of the application of longitudinal force, the compressed concrete area can take on different 

geometric forms, which are clearly determined by the location of the neutral axis in the section. When 

studying biaxially bended columns, special attention was paid to finding out the position of the neutral 

axis, since it is an important criterion for the stress-strain state of such members. 

In general, all cases of the position of the neutral axis in the rectangular cross-section of the columns 

during biaxial bending are reduced to the formation of three forms of the compressed concrete area: 

triangular, trapezoidal and pentagonal. 
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The location of the neutral axis in the section is uniquely determined by two parameters, namely: 

the angle θ of the neutral axis inclination and the neutral axis depth x. The position of the neutral axis 

in the cross-section of the test columns at each stage of loading was determined using the graphs of the 

relative strains of the reinforcement and concrete, plotted according to the readings of the strain gauges. 

According to the results of the tests, it was noted that a trapezoidal compressed area of concrete was 

mainly formed in the test columns (Fig. 4). At the same time, the formation of a trapezoid was realized 

with bases both on the longitudinal (Fig. 4, C-2-3) and on the transverse faces of the section (Fig. 4,  

C-2-2). The triangular form of the compressed area was not realized during the tests of the experimental 

samples, and the pentagonal one was realized at the smallest eccentricities values. At the same time, in 

the absence of eccentricity in one direction, plain uniaxial bending was not realized, as evidenced by 

the rotation of the neutral axis from its horizontal position (Fig. 4, C-2-3). Which additionally confirms 

the statement that the implementation of plain deformation in reinforced concrete structures is impos-

sible. 

 
Fig. 4 Changing the position of neutral axis and forms of the compressed concrete area in the 

cross-section of test columns 

Based on the analysis of the formation of the compressed concrete area in the cross-section of the ex-

perimental columns, it was established that biaxial deformation, which can be caused by random fac-

tors, that is, with eccentricities, one of which (incidental) is significantly smaller than the other (design), 

as a rule, is realized with the formation of a trapezoidal form compressed area or pentagonal with a 

relatively small value of the design eccentricity. The implementation of the triangular form of the com-

pressed area is most likely in structures subjected to longitudinal force with design eccentricities in two 

planes. 

It can be seen from Fig. 4 that in the columns during the entire loading, the movement of the neutral 

axis in the direction of the most compressed rib occurred almost parallel with small deviations. Exceptions 

were noted when transitioning from one form to another in the form of jump-like turns of the neutral axis. 

The direction of rotation was ambiguous in each specific case, and also changed when the neutral axis 

passed through the rib. This is probably explained by the balancing of internal and external moments of 

forces in the cross-section of the column when the form of the compressed area changes. 

During experimental tests of the columns, attention was paid to determining the ultimate fiber 

strains of fine-grained concrete in the compressed area. The method of conducting experimental studies 

made it possible to determine the longitudinal strains of both concrete and reinforcement at all levels 

of loading. From the very beginning of loading, the maximum deformations of concrete were observed 

in the most compressed edge of the biaxially bended columns, and at the moment of failure, they 

reached the maximum values of εcm (Fig. 5). 

Analysis of the given graphs (Fig. 5) shows that the ultimate strains of fine-grained concrete in the 

experimental columns depend on the area As of the principal longitudinal reinforcement. Thus, in the 

columns of the C-1 series, which have a smaller diameter of the principal reinforcement (As = 201 mm2), 

the ultimate strains of concrete reach smaller values compared to the concrete deformations of the C-2 

columns (As = 314 mm2). Considering the nature of the N-εcm dependences, it is possible to note the 

following nature of the influence of the area of longitudinal work on the curvature of the graphs: with 
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an increase in the amount of reinforcement, the deformation of the concrete of the most compressed 

edge occurs less intensively, as indicated by the curvature of the N-εcm graphs for columns C-2 com-

pared to C-1. The reason for this is that the reinforcement absorbs a significant part of the compressive 

force, thereby relieving the concrete. 

  
Fig. 5 N-εcm diagrams for experimental columns 

According to the results of the analysis of the ultimate strains of fine-grained concrete, it was noted that 

with the same reinforcement, they increase during the transition from a pentagonal to a trapezoidal form 

of the compressed area and when it further approaches a triangular one, and therefore change according 

to the patterns that were noted for heavy concrete [10]. Values of ultimate fiber strains of fine-grained 

concrete vary from 0,00212 to 0,00392. 

The analysis of the strains of the principal longitudinal reinforcement at all stages of loading pro-

vided an opportunity to find out the nature of the work of each reinforcing bar and to reveal its influence 

on the stress-strain state and bearing capacity of the columns. Fig. 6 presents the most characteristic 

graphs of the dependence of the strains εs of the reinforcing bars on the action of the external longitu-

dinal force N.  

  
Fig. 6 Graphs of dependence of N-εs for experimental columns: (left) column C 2-2; (right) col-

umn C-2-3; SG … – strain gage number (Fig. 2). 

Considering the change in the relative strains of reinforcing bars with sensors 1-2 and 7-8 (Fig. 6, left), 

which are located on the border of the compressed and tensile cross-sectional areas of the C-2-2 column, 

the graphs show the rotation of the neutral axis in the process of loading. The indicated reinforcing bars 

at the first stages of loading undergo tension, then compression, and at the last stages they again per-

ceive tensile forces. Similar changes in reinforcement strains are noted in columns C-2-1 and  

C-1-3. For the deformations of the bars of column C-2-3 (Fig. 6, right) and other columns, in which no 
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change in the form of the compressed area occurred from the beginning of loading, a similar variation 

of the reinforcement deformations was not observed. 

The strains of the tensile and compressed bars farthest from the neutral axis occurred more inten-

sively compared to others. At loading levels of 0.85 – 0.90N, strains in the most tensile bars of columns 

C-1-3 and C-2-2 reached values corresponding to the yield point, as a result of which the nature of their 

destruction was plastic. In other columns, strains characterizing the yield point of the reinforcement 

were determined only in the most compressed bars at load levels of 0.9 –1.0N, while the strains of the 

most tensile bars were 65 – 80% of the strains corresponding to the yield point. As a result, the nature 

of the failure of these columns was brittle. 

The data of experimental tests of columns made of fine-grained concrete on a granite screening 

were compared with the results of calculating the strength of columns in biaxial bending according to 

the method developed in [9] for structures made of heavy concrete. In the calculation, generally ac-

cepted prerequisites according to Eurocode 2 were applied. As can be seen from the analysis of these 

comparisons (Tab. 2), the calculation method for biaxial bending according to [9] allows to obtain quite 

accurate values of the strength of columns made of fine-grained concrete. The coefficient of variation 

in the values of the destructive longitudinal force N is 8.37%. 

Table 2 Comparison of the results of theoretical strength calculations of biaxially bended reinforced 

concrete columns with experimental data 

Sample 

code 

Neutral axis inclin. angle θº Neutral axis depth х, mm Destructive force N, kN 

Theor. Exp. 
Theor. 

Theor. Exp. 
Theor. 

Theor. Exp. 
Theor. 

Exp. Exp. Exp. 

С-1-1 15 30 33,63 32,01 1,05 108,65 97,45 1,11 142,90 

С-1-2 10 20 34,34 42,24 0,81 119,50 109,86 1,09 172,60 

С-1-3 30 15 53,17 52,56 1,01 105,74 99,44 1,06 131,10 

С-2-1 10 30 26,06 26,09 1,00 110,88 100,35 1,10 171,00 

С-2-2 30 40 39,53 52,00 0,76 99,70 87,02 1,15 115,30 

С-2-3 0 20 0,00 6,00 - 104,01 80,60 1,29 209,30 

C-2-4 0 50 0,00 6,00 - 70,51 62,02 1,14 108,20 

C-3-1 15 30 33,45 24,00 1,39 115,50 100,87 1,15 195,40 

C-3-2 10 20 34,47 35,00 0,98 126,53 108,82 1,16 235,20 

C-3-3 10 30 26,05 25,35 1,03 113,29 103,40 1,10 205,60 

Expectation 1,0051     1,1347     0,9254 

Arithmetical mean deviation 0,0359     0,0039     0,0060 

Dispersion 0,1895     0,0624     0,0775 

Root mean square deviation 0,1885     0,0550     0,0837 

Variation coefficient 1,0051     1,1347     0,9254 

 

It should also be noted a certain overestimation of the theoretical values of the neutral axis depth x, 

which is due to the simplifications adopted in the calculation, namely the use of a rectangular distribu-

tion of stresses in the concrete of the compressed area. The overestimation of the value of the depth x 

was 13.47%. The most variable values of discrepancies were observed for the values of the angle θ of 

the neutral axis inclination, the coefficient of variation for which was 18.85%, which is explained by a 

set of random factors that could affect this sensitive parameter during the test, since the values of the 

angle θ differ significantly with the smallest changes in strains of concrete or reinforcement. Neverthe-

less, the general tendency of the change of this parameter depending on the change in the eccentricity 

of the application of the external load of the experimental columns corresponds to the calculated one. 
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4 CONCLUSIONS 

As a result of testing samples of fine-grained concrete columns for biaxial bending, the following was 

established: 

1. The compressed concrete area of experimental biaxially bended columns acquired two geometric 

forms: trapezoidal and pentagonal. 

2. The neutral axis in the normal cross-section of the columns during the entire loading moved in 

parallel towards the most compressed edge at a constant form of the compressed concrete area. When the 

form changes, i.e. when the neutral axis passes through the edge of the section, a rotation of the neutral 

axis was observed during the loading process. 

3. Ultimate fiber strains of fine-grained concrete in the composition of biaxially bended reinforced 

concrete columns increase with an increasing in the area of the longitudinal reinforcement of the columns, 

as well as with the transition from a pentagonal to a trapezoidal form of the compressed area, approaching 

a triangular form. The values of the ultimate fiber strains of the fine-grained concrete of the columns varied 

from 0,00212 to 0,00392. 

4. The conducted comparative analysis of the results of calculating the parameters of the stress-strain 

state of experimental columns at the time of failure confirms the possibility and feasibility of applying the 

developed method of strength analysis when determining the bearing capacity of biaxially bended columns 

made of fine-grained concrete. 

5. The possibility of using waste from stone crushing plants, in particular granite screening, for the 

production of fine-grained concrete for biaxially bended reinforced concrete columns has been experimen-

tally confirmed. Since, during the study of the strength and deformability of fine-grained concrete, no 

features were found that would prevent its use as a material for reinforced concrete structures. 
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