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Abstract. Bending elements made of rubber polymer concrete (rubcon), which was invented at the
Department of Reinforced Concrete and Stone Constructions of the Voronezh Civil Engineering Institute,
are a promising direction in the development of the construction industry for industrial buildings due to their
high load-bearing capacity combined with universal resistance to aggressive environments. One of the
primary building materials today is cement concrete, despite its disadvantages associated with the
complexity of the maintenance of reinforced concrete structures in aggressive environments. The previous
research on rubcon bending elements of the rectangular cross-section was carried out without
implementing numerical studies that consider the nonlinear properties of the materials. Based on the
conducted physical experiments, a deformation model of the resistance of the normal cross-sections to the
action of transverse bending is developed, which allows estimating the strength of rubcon beams with the
greatest deviation of 18%. The accepted prerequisites in the calculation model allow a more correct
description of the deformation of polymer concrete in reinforced structures. The proposed analysis method
is validated by numerical studies in the ANSYS® software. Due to the obtained excellent convergence with
experimental values, physical studies can be replaced by numerical studies.
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1. Introduction

In this study, we consider bending elements made of rubber polymer concrete (rubcon) invented at
the Department of Reinforced Concrete and Stone Constructions of the Voronezh Civil Engineering
Institute. The optimal composition of the polymer concrete was obtained by prof. Potapov and Figovskiy [1,
2]. It was somewhat optimized later to obtain the best deformation characteristics [3].

One of the primary building materials today is concrete, despite its disadvantages associated with
the complexity of using this material in conditions different from residential and civil housing construction
without special protective measures, which can be corrected by polymers introduced directly into the
concrete composition. The pioneers in the creation of polymer concrete are Oster-Volkov and Itinsky, who
obtained a sample of polymer concrete based on furfural acetone monomer in 1956. Further, in 1961-1962,
studies of these polymer concretes were carried out at Voronezh Institute of Civil Engineering, Moscow
Institute of Transport Engineers and other organizations, on the basis of which the "Guide for the design
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and use of structures made of reinforced polymer concrete in construction" was developed, while abroad
recommendations for the design of polymer concrete structures are reflected in ACI 548 documents,
including recommendations for the selection of compositions, and also in the work of prof. Figovsky [4].
Authors propose, in addition to the existing methods for calculating polymer concrete structures, to take
into account the pre-fracture zone above the crack tip since, as the theory of fracture mechanics shows, at
the crack tip, stresses that exceed the limiting ones arise. A similar assumption is put forward for reinforced
concrete elements, which is stated in [5], while the additional consideration of the zone of extreme
deformation above the crack seems relevant, especially in polymer concrete elements due to the greater
ductility compared to traditional cement concrete and higher maximum stresses corresponding to the
ultimate tensile strength compared to traditional cement-based concrete.

Polymer materials used as a binder have a rather high cost; therefore, in the manufacture of
concretes based on them, it is necessary to strive to reduce the consumption of polymer, obtaining effective
materials with filler and aggregate content up to 90-95% of the mass. It is important to note that with such
a small consumption of polymer binder (less than 10% of the mass); polymer concretes have high strength
characteristics and high chemical resistance. Due to the presence of a large volume of production of
synthetic rubbers on the territory of the Russian Federation, their use as a binder in the manufacture of
polymer concrete is of practical interest.

The study of the properties of rubber concrete was carried out by the authors of [1, 2, 6], based on
which its physical and mechanical parameters and their dependence on variations in compositions were
established. A distinctive feature of this material is its high chemical resistance. In the article [7] Borisov
obtained and analyzed the coefficients of chemical resistance by for environments that are found in
industrial enterprises of various kinds. Chmykhov, in his dissertation work, somewhat expanded the
boundaries of this study, thereby proving that rubcon has universal resistance to particularly aggressive
media, for example, its chemical resistance coefficient in water is 1. Rubber concrete has high tensile
strength, while the modulus of elasticity corresponds to heavy concretes of the class B25-B30, which is an
undoubted advantage in comparison with most of the currently known polymer concretes [4], [8]. Which
indicates the promising use of rubcon as a material for the manufacture of bending structures. The study
of structures made of rubber concrete was carried out by the authors [9-11], including reinforced-rubcon
bending T-section elements [11]. Research on reinforced concrete elements with a 5 mm thick rubber
concrete coating was carried out by Pinaev in order to provide protection from an aggressive environment
[9]. There were also works on the study of a double-layered bending structure with a rubcon in a tensile
zone and with ordinary concrete in the compressed zone [10], where it was established that the strength of
the “rubcon-concrete” joint is higher than the shear strength of concrete. In the study of rectangular beams
[12], it was found that the ultimate strength of inclined sections is achieved when deflections are higher
than the maximum permissible, which indicates the expediency of studying the work of normal sections of
rubcon beams under load. In view of the presence of fly ash in the rubcon composition, it should be noted
that its influence on the strength characteristics and durability was also studied in concretes based on
polyester resins [13], as a result of which the effectiveness of its application was proved to reduce the cost
of the material. In a separate group of studies, we would like to single out studies of beams made of
geopolymer concrete [14]. This type of concrete does not use cement in its composition [15], like most
polymer concretes, which is also an advantage because about 7% of the world's greenhouse gases are
formed during the production of cement gases [16] and about 1 ton of CO2 per 1 ton of cement [17]. Among
the set of properties of rubcon, it is also worth highlighting high adhesion to materials of various types.
Based on research described in the dissertation of Pinaev, it was determined that the adhesion value of
the rubcon, for example to a surface made of steel, is 0.8 Rk (almost 9.0 MPa) for comparison adhesion
value for the ordinary cement concrete is less than 1.0 MPa. Some properties of the rubcon are given in
Table 1.

Table 1. Physical and mechanical properties of rubcon.

Properties Indicators for rubcon
Compressive strength, MPa 70...80
Tensile strength, MPa 9...11
Elastic modulus, MPa 24000
Poisson's ratio 0.25-0.26
Shrinkage, mm / m 0.0

Numerical modeling in software packages allow to reduce or completely avoid physical experiments
on structural and non-structural components. This direction is especially interesting in the study of
innovative (non-traditional) materials. To date, many works are devoted to the problems of studying
structures in such software systems as Midas®, ANSYS® and others, while the vast majority of works,
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including experimental ones, are devoted to structures made of traditional materials, such as steel or
cement concrete [18], recently, composite reinforcement and carbon fiber lamellas have been added to this
list [19]. As for polymer concretes, the bulk of research is focused on epoxy and polyester polymer
concretes [13], [20].

It is important to note that at the moment, the study of rubcon bending elements of the rectangular
cross-section was carried out without the implementation of numerical studies that take into account the
nonlinear properties of materials [3, 10-12]. Based on experimental studies, it is necessary to develop a
deformation model that will allow to evaluate the strength of normal sections of rubcon beams. Implement
a finite element model in ANSYS® that takes into account the nonlinear properties of the material, allow to
expand the boundaries of the study, change the size and shape of the cross-section, and reduce the
number of field experiments conducted. To do this, we need to determine the actual strength characteristics
of the reinforcement and polymer concrete used, as well as to assess the adequacy of the finite element
model in comparison with the experiments conducted.

2. Methods
2.1. Theoretical studies

The prerequisites for the method for calculating the strength of normal sections of rubcon bending
elements, which differ from the traditional method for calculating the strength, are based on the analysis of
their stress-strain state, established on the basis of physical experimental studies and the information
published in [3], [10], [21].

In view of the greater ductility and higher maximum stresses at the ultimate strength of rubber
concrete in comparison with the regular cement concrete, it is proposed to include in the calculation the
forces from the resistance of polymer concrete to crack propagation, i.e. taking into account the formation
of a zone of plastic deformation above the crack tip.

Thus, the following prerequisites of the method for calculating the strength of normal sections of
rubcon bending elements were established:

1. The sections above the crack tip remain plane after deformation and are perpendicular to the
curved axis of the beam;

2. The calculation is carried out according to the stage of destruction ;

3. The compressed zone stresses are determined from a multilinear deformation diagram. The
compressive stress-strain diagram has a nonlinear outline;

4. The part of the rubcon above the crack resists tensile forces;

5. The stresses in the tensile reinforcement during the destruction of the beam do not exceed the
yield strength;

6. Inelastic deformations in the tensile zone of concrete at the crack tip are modeled by the pre-
fracture zone, which is considered in the work of Irwin [22]. The pre-fracture zone means an area equal to
two radii of plasticity at the crack tip in which the stresses at the crack tip tend to have values higher than
the ultimate strength of the material.

The distribution of the calculated internal forces and deformations in the normal section of a bending
element made of rubber concrete, taking into account the above prerequisites, is shown in Figure 1.
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Figure 1. Distribution of calculated internal forces in a normal section.

The force in the reinforcement is determined by the formula:
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Ng =0 A, 1)

where A, is rebar area;

O are rebar stresses:
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E, is elastic modulus.

The force in the rubcon tensil zone is determined by the formula:

1
thzszt'Xp'b’ (3)

&,
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where Xp =
&y

&, are tensile rubcon strains;
&, are relative compressive rubcon strains;
Ry is tensile strength;
b is section width.
The force in the rubcon compressed zone is determined by the formula:
Ny =w-o - X-Db, (4)

where @ is the coefficient of completeness of the compressed zone epure, obtained on the basis of the
established parameters of the multilinear diagram (Figure 2):
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Oy is the maximum compressed zone stress determined from a multilinear diagram, which is obtained from
testing of control samples (Figure 2); oy, Ok, Ok are compressive stresses at various stages of loading

and &y, &1, Ep are relative compressive strains at different stages of loading.
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Figure 2. Multilinear stress-strain diagram of rubcon.
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Resistance to crack propagation is determined taking into account the J.R. Irwin's correction to the
plastic zone above the crack tip [23]:

Nere =2-1y Ry -b, (6)

where ry

system of equations:

is the radius of the plastic zone at the crack tip, determined from the solution of the following

Kic :ko'Rkt'\/E
Kic =Rk Y, Tlere (7

2ry =hg = X=Xp = lerc

K¢ is the critical value of the stress intensity factor;
k0 is empirical coefficient according to [23];

cre IS crack height.

As a result, it was found that the radius of the plastic zone at the crack tip is:

r, =7 -ho—7-x@+ 24, (®)
&
T, 2T
where y =(—)/(—+1).
kO kO

The compressed zone height is determined from the sum of the projections of the internal forces on
the longitudinal axis of the element:

v o, -x-b—%Rkt-%-x-b—gk-ES-@A—szt-b-y-h0+2Rkt-b-y-(1+%)-x:o. )
k k

We transform this equation to find the height of the compressed zone:

A-x?+B-x-g, -hy-Eq-A =0, (10)

where A= -0y b=~ Ry - S b+ 2Ry, by (1+-54) = 0, (11)
2 Ek Ek

B:é?k'Es'As—ZRkt'b']/'ho. (12)

The bending moment is determined from the equilibrium of moments of all internal forces relative to
the center of gravity of the tensioned rebar:

2
My =Ny - (hg = ¥;) = Nig '(hO_X_EXp)_ Nere - (hg =X =Xp = 1y), (13)

where Y; =S;eq / Aeg — the center of gravity of the stress diagram of the compressed zone.

2.2. Experimental studies

To study normal sections of reinforced rubcon beams of rectangular cross-section, experimental
specimens with longitudinal bar reinforcement were manufactured and tested for pure bending. Reinforcing
bars were grade A500C and B500 per GOST 34028-2016. The percentage of longitudinal reinforcement
varied in the range from 0.8% to 6.3%. Beams in the experiment were designed as the beams, which failure
starts with the reinforcement reaching its yield stress.

The tests were carried out at the Center for Collective Use (CCU) of the Voronezh State Technical
University, Russia. The beams were loaded with two equal concentrated loads applied vertically in thirds
of the span. With this type of load application, the value of the bending moment arising in the beam
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increases from zero at the support to the maximum value under the point of load application. Between the
points of application of the load, the shear force is zero, and the value of the bending moment is constant
and equal to the maximum value - the zone of pure bending. The diagram of load application on specimen-
beams and their reinforcement are shown in Figure 3. Beam-samples were tested on a laboratory press
"INSTRON 600KN" (60 tons). The tests were carried out at a constant speed; the movement of the press
traverse was 1 mm/min.
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Figure 3. Loading scheme, section and reinforcement of bending elements.

To study the stress-strain state of normal sections, strain gauges were glued along the height of the
beam section (Figure 4).
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Figure 4. Strain gauges scheme.

Strain gauge Ne 1 for measuring the deformation of the reinforcing bar, strain gauges Ne2-11 to
measure the strain on the section height. The value of the ultimate load was taken as the maximum value
of the press force, indicated by the force sensor, at which the yield strength of the reinforcement is reached.
Figure 5 shows a general view of a ready-to-test beam installed to a testing machine.

Figure 5. General view of the beam BRR-2x14 prepared for testing.

With each series of beams, three concrete prism samples and three rebar samples were tested to
determine the compressed strength of concrete and rebar mechanical properties. Reinforcing bars were
grade A500 per GOST 34028-2016. Based on the test results, the actual strength characteristics of the
materials were obtained (Table 2) and used in the calculations. Table 2 also shows the values of the
ultimate bending moment and the height of the compressed and tensile zones.

Table 2. Test results.

Beam designation Reinforcement Rk, MPa oy, MPa ME, kNm X8 mm Xpe, mm
percentage (1, %
BRR - 1x8 0.8 81 565 2.96 32 22
BRR - 1x10 1.25 81 600 4.28 38 18
BRR - 1x12 1.8 80 600 5.80 46 16
BRR - 2x10 25 75 600 7.82 44 16
BRR - 2x12 3.6 79 600 10.30 61 15
BRR - 2x14 4.95 79 635 14.00 62 11
BRR - 2x16 6.3 80 550 15.32 60 10

Note: Beam designation BRR-NxM means that rectangular beams are made of rubcon, N — number of

reinforcing bars, M — diameter of reinforcing bars. M. is ultimate bending moment according to test results; XE, Xpe
are height of compressed and tensil zones according to test results.
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2.3. The FEM simulations

ANSYSP® software package was used for finite element analysis of rubcon beams using nonlinear
properties of materials. On the right support of the beam, a roller was set, prohibiting only vertical
displacements, but allowing all rotations and horizontal displacements. A pinned support was set on the left
side. The length of the support zone was 60 mm, the cantilevers of the beam were 75 mm. Two
concentrated forces act on the beam, located similar to the test scheme (Figures 6 and 7).

Figure 6. Finite element model of the element under research.
i 500 400 T 500 .
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Figure 7. Design scheme of the element under research.

The eight nodal finite element Solid65 was used to model concrete. This element type is capable of
simulating plastic deformations, cracking in tension and crushing in compressed. This finite element
implements the “Willam-Warnke” concrete deformation model [24]. The model includes the following

parameters: the stress-strain relationship for compression, elastic modulus Ex, compressive strength Ry

and tensile strength Rkt, Poisson's ratio v, shear transfer coefficient for closed and open cracks £t and f.
To model the longitudinal and transverse reinforcement, the finite element Beam 188 was used, which is a
linear spatial finite element. The support and load plates have a thickness of 20 mm and are made of steel,
the contact zone is rigid. The mesh size of the finite element model was chosen in such a way that the
nodes of the rod element modeling the reinforcement bar match with the nodes of the solid elements to
ensure a rigid contact between the polymer concrete body and the reinforcement.

To describe the mechanical characteristics of polymer concrete, a multilinear diagram of the
relationship between stress and strain is used, which is shown in Figure 2, &, = 0.2%, oy, = 48.0 MPa,

this point means that the beginning of microcracking occurs, &y, = 0.45%, this point means that the

beginning of macrocracking occurs, &, =0.55%, ogyg = oy, = 80.0 MPa. For the rubcon, the coefficient

of transfer of shear forces for closed cracks, S is taken equal to 0.4, for open cracks, B¢, 0.9 in accordance
with [25], [26].

For A500 rebar and B500 transverse rebar, bilinear stress-strain diagrams were used. The first
parametric point is the elastic limit, the second is the limit of plastic deformation, which was taken as 2.5%.

The mechanical characteristics of the B500 rebars are taken in account with the normative
documents (Russian State Standard GOST 34028-2016). The relative longitudinal deformations of the first

point are &5y = 0.25%. The stress values for the first and second points are taken equal to Oy, the yield
point = 500 MPa. When modeling bars, the relative longitudinal deformations of the second point are

&5 = 2.5%. The stress-strain relationship are assumed to be identical for tension and compression. The
diagrams are taken ignoring hardening beyond the yield point.
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3. Results and Discussion

Figure 8 shows the results of vertical displacements of the BRR—2x12 beam under the action of a
load, obtained experimentally and according to the results of finite element analysis.
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Figure 8. Deflection of a beam with g = 3.6% reinforcement.

This indicates an excellent convergence of the experiment and the FE model, but Figure 9 shows
the results of the stress distribution over the height of the section located in the middle of the span. From
which it can be seen that the value of the height of the tensile concrete above the crack is lower than in the
experimental samples.
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Figure 9. Normal stresses in cross-section of beam with u = 3.6% reinforcement
at failure.
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Figures 10-15 show a general view of the model of the beam and the reinforcement at failure.
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Figure 10. Normal stresses in reinforcement in the FE model of a beam with g =0.8%
reinforcement at failure.

ANSYS
2020 R1
ACADEMIC

886
- 0.0026224 :
0.0023601 i
00020979 | -
00018356 %
4.1852e-7 Min 0.000 0.500(m)

0.250

Figure 11. Development of elastic strain (cracks) in the FE model of a beam with y=0.8%
reinforcement at failure.
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Figure 12. Normal stresses in reinforcement in the FE model of a beam with g = 3.6%
reinforcement at failure.
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Figure 13. Development of elastic strain (cracks) in the FE model of a beam with gy = 3.6%
reinforcement at failure.

ANSYS

2020R1
ACADEMIC

27388
-3.09698 V
-3.92¢8 | -
-4.7431e8 X
-5.5662e8 Min 0.000 0,500 (m)

0.250

Figure 14. Normal stresses in reinforcement in the FE model of a beam with gy =6.3%
reinforcement at failure.
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Figure 15. Development of elastic strain (cracks) in the FE model of a beam with gy =6.3%
reinforcement at failure.
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It is obvious that the general picture of the FE model of the beam before failure with an increase in
the percentage of reinforcement corresponds to the logic of failure of bending elements, i.e. the model
shows the appearance and development of a larger number of areas of development of elastic strains
(cracks). Also, according to Figures 8 and 9, it can be argued about the adequacy and good convergence
of the data obtained from the results of finite element analysis.

The results of the carried out theoretical, experimental and numerical studies of rubcon bending
elements are summarized in Table 4.

Table 4. Research results.

Reinforcement
percentage (,%

Mut, kNm Mum, kNm Mue, kNm AMut, % AMum, %

Beam designation

BRR - 1x8 0.8 2.51 2.60 2.96 -18.0 -13.8
BRR - 1x10 1.25 4.02 4.20 4.28 -6.6 -1.9
BRR - 1x12 1.8 5.82 6.00 5.80 0.4 3.3
BRR - 2x10 2.5 7.92 8.00 7.82 1.3 2.3
BRR - 2x12 3.6 10.86 11.20 10.30 5.2 8.0
BRR - 2x14 4.95 14.47 15.20 14.00 3.3 7.9
BRR - 2x16 6.3 14.96 16.80 15.32 -2.4 8.8

Note: Mut is ultimate bending moment according to the design results according to the proposed method; M

is ultimate bending moment according to the results of design in ANSYS®, AMUt is deviation of calculation results
according to the proposed method from experimental values; AM™is deviation of calculation results in ANSYS® from
experimental values.

The relationship between the ultimate bending moment and the percentage of longitudinal
reinforcement is shown in Figure 16.
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Figure 16. Relationship between the ultimate bending moment and reinforcement percentage.

Table 5 shows the values of the heights of the compressed and tensile zones of concrete above the
crack, as well as the values of the height of the tensile zone calculated without taking into account the
accepted prerequisite. Table 6 shows the deviations of the values of Table 5 from the experimental.

Table 5. Height of compressed and tensile zones.

Beam designation XLmm o Xpbmm X mm XS mm X" mm X", mm X, mm
BRR - 1x8 39 22.5 32 22 32.5 17.5 14.2
BRR - 1x10 41 19.2 38 18 40 15 11.9
BRR - 1x12 45 16.6 46 16 42.5 15 10.1
BRR - 2x10 51 14.7 44 16 52.5 10 8.9
BRR - 2x12 57 12.3 61 15 55 7.5 7.4
BRR - 2x14 63 10.2 62 11 6,5 7.5 6.1

BRR - 2x16 67 9.8 60 10 72.5 7.5 6.4
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Table 6. Value of deviation from experimental data.

Beam designation  Ax' o5 Axpl e Ax™ % Axp™ % Axp, %

BRR - 1x8 -22.6 -2.1 -1.6 20.5 35,5
BRR - 1x10 -9.0 -6.2 -5.3 16.7 33,9
BRR - 1x12 1.4 -3.4 7.6 6.3 36,9
BRR - 2x10 -15.3 8.7 -19.3 375 44,4
BRR - 2x12 6.1 21.8 9.8 50.0 50,7
BRR - 2x14 -2.3 8.0 -4.8 31.8 44,5
BRR - 2x16 -12.0 2.4 -20.8 25.0 36,0

Note: Xt, Xpt are height of compressed and tensil zones according to the design results according to the
proposed method; xX™, Xpm is height of compressed and tensil zones according the results of design in ANSYS®; Axt,
A)cpt are deviation of calculation results according to the proposed method from experimental values; Ax™, Axpm are

deviation of calculation results in ANSYS® from experimental values; Axp is deviation of calculation results without
taking into account the pre-fracture zone from experimental values.

As can be seen from Table 6, the most correctly values of the height of the tensile concrete zone are
determined according to the method developed by the author.

The above assumptions of the calculation are confirmed by the studies in the article [5], which
indicate the need to take into account the pre-fracture zone when calculating reinforced concrete elements
in the stage of exploitation, as well as studies of the stress-strain state of rubber concrete bending elements
of rectangular section [3], and T-section [11]. In order to reduce the cost of manufacturing beams, the
authors of [9] propose to use a “cage” made of rubber polymer concrete, however, this method will
significantly increase the resistance of the structure to environmental influences and only slightly the
bearing capacity and crack resistance. To increase the load-bearing capacity and reduce the cost of rubcon
beams, in [10], studies of a two-layer bending element with a rubcon only in the tensile zone were carried
out, but now these studies were carried out only in the experimental stage without implementation of
software packages.

Approach implemented with FE modeling of rubcon beams, as described above, was tested in [25]
for calculating the reinforced concrete elements and the calculating the concrete elements reinforced by
CFRP lamellas [26] and showed excellent agreement with experimental data.

From the analysis of Figure 16, it can be said that the proposed method for calculating the strength
of normal sections provides excellent convergence with the experimental values (the largest deviation is
18.0% in the series of beams BRR-8). Application of ANSYS® software allows to adequately perform a
numerical strength analysis (the largest deviation is 13.8% towards the margin in the series of BRR-8
beams, the smallest deviation is 1.9% in the series of BRR-10 beams). Consequently, the strength
calculation method proposed in this work provides sufficient convergence with experimental values and is
confirmed by theoretical and numerical studies.

The accepted prerequisites in the calculation model allow to more correctly describe the deformation
of polymer concrete in reinforced structures.

4. Conclusion

1. Rubber concrete beams are competitive in the construction industry in terms of their strength
characteristics in combination with chemical resistance.

2. The proposed method for calculating the strength of normal sections provides excellent
convergence with experimental values.

3. A comparison of the results of theoretical, numerical and experimental studies showed that the
“Willam-Warnke” theory for composite materials, implemented in the ANSYS® software with the application
of the established characteristics of materials, allows to calculate the strength of rubcon beams.

4. The conducted experimental studies can be replaced by numerical studies.
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