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Abstract

The subject of the study. The work investigated the deformative, strength, and
cost parameters of concrete beams with various reinforcement types. The nature of
the behavior under a load of beams reinforced with steel reinforcement and beams
with basalt reinforcement of multiple diameters has been studied.

A research methodology is the studying of finite element models of the
reinforced concrete beam. The Drucker-Prager model was used to simulate concrete
behavior. For steel reinforcement, a bilinear isotropic hardening model, a linear
orthotropic model was used for composite reinforcement.

The goal is to reveal the advantages and disadvantages of using basalt
composite reinforcement in reinforced concrete.

Conclusion of the study.

The paper considers the behavior of four models of reinforced beams. In the first
model, a control one, steel reinforcement, is used. In the second, the composite
reinforcement diameter is equal to the diameter of the steel one. In the third model,
the diameters of the composite reinforcement are taken from the conditions of its
similar bearing capacity with the steel one. The fourth model's composite
reinforcement diameters have been taken from the requirements of its equal
deformation with the steel one. The paper presents a method for calculating the
corresponding diameters of reinforcement. The model in which the diameters of the
composite reinforcement are taken from the conditions of its equal deformation with
the steel reinforcement has the beam's best operation. In this case, the deformations
and stresses in concrete practically do not differ from the corresponding stresses in
the model with steel reinforcement. However, the utilization factor of the bearing
capacity of the reinforcement in this model is deficient, and the cost of reinforcing
elements is almost three times the cost of steel rods. The model in which the
diameters of composite reinforcement are taken based on its equal bearing capacity
with steel reduces the cost of reinforcement almost three times. However, such a
beam's deformation and strength properties are significantly worse than in the
control sample. The model with composite reinforcement diameters equal to the
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steel reinforcement diameters has no advantages over the model with steel
reinforcement.

Introduction

Composite materials are increasingly used in mining, automotive,
aerospace, construction, and other industries. Compared with metal,
composite materials have a lower specific gravity, high specific
strength, high corrosion resistance [1, 2]. In construction, composite
materials are used in the restoration and repair [1] of such structural
elements as beams [3] and walls [4].

Composite materials are wused relatively recently as bar
reinforcement. The most widely used are fiberglass, this is due to its
low cost and availability in the market [5, 6]. Still, carbon fibers have
excellent prospects [7]. They are much tougher than glass fibers and
have a modulus of elasticity, like steel [5].

Since the beginning of the century, basalt fiber has been
increasingly used [6-10]. The primary basalt deposits are in Ukraine
[6]. Compared to steel, basalt composite rebar has a higher tensile
strength — 1000-1300 MPa, but a much lower Young's modulus —
about 70 GPa.

Currently, there are many disputes about the effectiveness of
basalt rebar. Supporters of this building material note the high
bearing capacity, corrosion resistance, and cheapness of the material
[2]. Opponents point to a low modulus of elasticity of the material
and, accordingly, a more significant deformation under load and
more extensive cracking in reinforced concrete [12,13,18].

This work aims to identify the advantages and disadvantages of
using basalt rebar in reinforced concrete by analyzing the behavior of
digital models of reinforced concrete beams. The deformation and
strength characteristics of the models and some cost indicators were
used as analysis parameters.

The modeling of these structural elements' operations with
different reinforcement options was carried out to compare the
behavior of concrete beams reinforced with steel and basalt
reinforcement. The simulation was carried out by the finite element
method in the ANSYS Student software package.

The geometrical parameters

The geometric parameters of the numerical model of the
reinforced beam shown in Fig. 1. A concrete beam measuring
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2080%220%x120 mm mounted on two supports with a span of 1800
mm. Both supports have a rotational degree of freedom around the Z-
axis. One of the supports rigidly fixed along the X,Y,Z axes; the other
moves freely along the X-axis. The concentrated loads on the beam's
upper chord transmitted through prismatic pads installed at a distance
of 600 mm from the supports axes.

500mm

500mm —

Fig. 1 The geometrical parameters of the numerical model
of a reinforced concrete beam

There are some rebars in the upper and lower chord of the beam. In the
lower zone - three rods with an interval of 40 mm along the axes, in the
upper location - two rods with a gap of 80 mm along the axes. The distance
from the rods' axes to the beams' surface is assumed to be 20 mm.

Material properties

The work investigated the nonlinear behavior of materials. The
Drucker-Prager model was used to model the concrete behavior. The
concrete parameters for the Drucker-Prager model investigated in the
works. [15-16]. The concrete mechanical and physical properties
used in the numerical model shown in Table 1.

Table 1
Physical and mechanical properties of concrete
Density 2,3¢-06 | kg/mm?

Isotropic Elasticity Derive from Young's Modulus and Poisson's Ratio
Young's Modulus 32500 MPa
Poisson's Ratio 0,2000

Bulk Modulus 18056 MPa
Shear Modulus 13542 MPa

Drucker-Prager Base

Uniaxial Compressive Strength 38,350 MPa
Uniaxial Tensile Strength 3,4100 MPa
Biaxial Compressive Strength 59,780 MPa
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A model with bilinear isotropic strengthening was used to
simulate the behavior of steel reinforcement. The steel's mechanical
characteristics were taken from compliance with the AIIl
reinforcement and shown in Table 2.

Table 2
Physical and mechanical properties of steel rebar
Density 7,75e-06 | kg/mm?

Isotropic Elasticity Derive from Young's Modulus and Poisson's Ratio
Young's Modulus 2,1e+05 MPa
Poisson's Ratio 0,31000
Bulk Modulus 1,8421e+05 MPa
Shear Modulus 80153 MPa

3iev?

Stress

Bilinear Isotropic Hardening

0.0e+0
0.0e+0 Strain 7.0e-3

For composite reinforcement, a linear orthotropic behavior model
is adopted, and its characteristics showed in Table 3.

Table 3
Physical and mechanical properties of composite rebar
Density 1,8¢-06 kg/mm?

Orthotropic Elasticity

Young's Modulus X direction 71000 MPa
Young's Modulus Y direction 71000 MPa
Young's Modulus Z direction 71000 MPa
Poisson's Ratio XY 0,20

Poisson's Ratio YZ 0,40

Poisson's Ratio XZ 0,20

Shear Modulus XY 9000,0 MPa
Shear Modulus YZ 82143 MPa
Shear Modulus XZ 9000,0 MPa
Compressive Ultimate Strength 0 MPa
Compressive Yield Strength 1200,0 MPa
Tensile Ultimate Strength 1200,0 MPa
Tensile Yield Strength 1200,0 MPa
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Numerical model

The original simulation was done on a steel rebar model (St). The
diameter of the upper rods is 6 mm, and the lower ones are 12 mm. For
models with composite rebar, three options for bar diameters accepted:

diameters of composite and steel rebars are equal (C_eqv_D);

the diameters of composite rebar were calculated based on
conditions of equal bearing capacity with steel rebar (C_eqv_F);

The composite rebar's diameters are calculated from the
conditions of equal strain with steel rebar (C_eqv_e).

The methods for calculating the corresponding diameters of
composite rebar are discussed below.

For all four models, meshes with a cell size of 20 mm were
created (Fig. 2).

Fig. 2. Mesh of the numerical model of a reinforced beam
In all models, loading performs by applying a concentrated load
to the upper chord of the beam. The load was applied in ten steps
with a maximum value of 5000 N for each of the two concentrated
loads (Fig. 3). The load values for each stage give in table 4. In
addition to concentrated loads, gravity acts on the beam.

Fig. 3. Scheme of fixing the beam and distribution of loads
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Table 4
Amount of load at each step of loading

Steps Time [s] X [N] Y [N] Z [N]
1 0 0 0 0
1 1 0 0 0
2 2 0 -11111 0
3 3 0 -22222 0
4 4 0 -33334 0
5 5 0 -44444 0
6 6 0 -55556 0
7 7 0 -66666 0
8 8 0 -77778 0
9 9 0 -88888 0
10 10 0 -100000 0

Method for calculating the diameters of composite rebars

As mentioned earlier, the work considers four numerical models
of a concrete beam, differing in material and diameters of rebars: St,
C eqv D, C eqv F, C eqv_e. In the first two models (St and
C _eqv_D), the diameters of the rebars are equal.

For the third model — C _eqv_F, the composite rebar diameter was
selected based on the conditions for ensuring elastic deformation
stages the same bearing capacity as steel rebar. The bearing capacity
of the rebar F is

F =onr’.

In equal bearing capacity rebar made of steel and basalt, the

condition must be met
O rj =0 rquz .

Hence

where F — rebar load
o — rebar stress
oks: — characteristic strength of steel rebar
Okcp; — Characteristic strength of composite rebar
rs: — steel rebar radius
Fep; — cOmposite rebar radius
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Fepzo — tadius of composite rebar that provides the same
bearing capacity as steel rebar.
For the considered model ox=295 MPa, orp=1200 MPa.
Therefore, the radius of the lower belt rebar takes:

6-, fﬁ =2,97 [mm]
1200

Similarly, the upper chord's composite rebar' radius was
calculated, which is 1.48 mm.

In the fourth model — C_eqv_e, the diameters of the composite
rebar were calculated from the conditions for ensuring the same
strain of the composite and steel bars at the stage of elastic
deformations. The following was considered

g Ao
Ag
where

F
g=— and o=—
A

For the round section

A=rm-r.
Thus, for a circular section
F E —-F AF
c=—5,aAc="—1=—.
nr nr nr
Hence
_ AF-I
Al-z-r*

Let us denote Young's modulus of steel rebar through E,
composite through E., and the cross-sectional radii of the steel
rebar, respectively, through r,, and the composite — r.,.. For the rods
to have the same relative elongation Al.,; = Al at the same AF, the
condition must be met

AF-1  AF-]

2 2"
E, -7-r E, - 7r

Removing the components with equal values from equality, we
obtain
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Hence

where r¢.. - the composite rebar radius that provides the same
strain as steel rebar.

For the considered model E~=2,1e+05 MPa, E..=7,1e+04 MPa.
The radius of the bars of the lower chord

6. [21e*05 ~10,32 [mm]
7,1e + 04

Similarly, the radius of the composite rods of the upper chord is
calculated as 5.16 mm.

The diameters of the rebar of all numerical models are seen in
table 5.

Table 5
Diameters of bar reinforcement of beam models
Model code
Top/bottom beam chord St C eqv D C oqv F Cizqv
The diameter of rods of the upper belt 6 6.0 296 10,3
[mm] .0 2
The diameter of rods of the bottom belt 1 12.0 5.04 20.6
[mm] 2.0 4

Research results

Based on the simulation results for different models, the beam's
deflections, relative deformations of concrete, axial compressive and
tensile stresses in the concrete, axial stresses in the upper and lower
chords' rods, and the degree of utilization of the rod material were
compared.

The dependence of the beam deflections on the load is shown in
Fig. 4.
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Fig. 4. Vertical deflections of reinforced concrete beams

It can be seen from the graph that the nonlinear deflection of the
beam in the St model begins at a load of 85.6 kN. The most
considerable deflections are observed in the C_eqv_F model. As
expected, the smallest deflections are in the C eqv_& model.
Simultaneously, until the onset of plastic deformations in steel rebar,
the deflections in the model St and C eqv_e are practically equal.
With the onset of plastic deformations in steel rebar at a load of 85.6
kN, the St model's deflections increase sharply, while in the C_eqv_g
model, they only slightly increase.

The deflections in the C eqv_F model significantly exceed the
deflections in the St model at all loads. Nevertheless, with a load of 93.3
kN, the deflections in the steel rebar plastic deformations zone in both
models are equalized. Further increase in the load, the deflections in the
C eqv_F model are significantly lower than in the St.

As the load increases, the ratio of the deflection values in the steel
rebars elastic work zone for models St and C_eqv_F changes from
1.15 to 4.69, and models St and C eqv_D from 1.11 to 2.02. The
models' maximum strain was determined in the lower belt seat
central part (Fig. 5).

The simulation results are shown in Fig. 6. The patterns of
manifestation of relative deformations of all models are practically
similar to the manifestation of deflections. However, the ratio of the
relative deformations of different models is somewhat less.
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2300 700

Fig. 5. Concrete strain in the lower chord of the model with steel rebar (St)
at maximum load

The strain values ratio in the zone of steel reinforcement elastic
work for models St and C _eqv_F varies from 1.00 to 4.28, and for
models St and C_eqv_D from 1.00 to 1.62. The lowers values of the
relative deformations' ratios compared with the deflections are
explained by the fact that the deformations of the lower chord of the
beam and the upper one take part in deflections.
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Fig. 6. Strains of numerical models of reinforced concrete beams
Per [17], the tensile strain of concrete, at which cracking begins,
is determined by the formula

2
& — i 3 &
bIR 1 5 Ebn
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For the concrete used in the model, the limiting strain of concrete
after which cracking occurs e,z=1,48E-04 [mm/mm)].

A detailed examination of the relative deformations in the load zone
that corresponds to the moment of crack initiation (Fig. 7) shows that
crack formation occurs earlier in all models with composite rebars. In
the C_eqv_F model, cracking begins at a load of 18.5%, in C eqv D —
by 13.1%, C_eqv_&—Dby 7.0% lower than in the St.

The distribution of strain in the beam models St and C _eqv_D
showed in Figs 8 and 9. The relative deformations in the figure are
determined at a load of 83.57 kN, at which plastic deformations of
steel rebars begin in model St.

The C eqv_D model, in comparison with the St model, has
significantly larger relative deformations both in value and in length
along the lower chord of the beam.

15000
14000

13000

7000 |
2
€000 €

793805 8.93E-05 9,93E-05 1,09€-04 1,19E-04 1,29€-04 1,39€-04 1,49E-04
& [mm/mm]]

Fig. 7. Relative deformations of numerical models of reinforced concrete beams
in the load zone that corresponds to the beginning of cracking

Fig. 8. Equivalent total strain in model St under a load that is corresponding to the
onset of plastic deformations of steel reinforcement (83.57 kN)
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Fig. 9. Equivalent total strain in model C eqv_ D under a load that is
corresponding to the onset of plastic deformations of steel reinforcement (83.57 kN)

Cracking limits all models' lower chords' maximum stresses to
concrete's ultimate tensile strength (Figure 10). Therefore, after the
onset of crack formation, the nature of stress growth in the lower belt

for all models does not differ significantly.

The growth rate of stresses in the upper belt for different models
has significant differences. With increasing load, compressive
stresses increase the fastest in the model C_eqv_F. The higher rate of
growth of compression stresses in the upper belt of the C_eqv_F and
C _eqv_D models is associated with a decrease in the compressed
zone's size (Fig. 11).
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Normal Stress [MPa]
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Fig. 10. Maximum stresses in the upper and lower chord of various beam
models
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a) b) 9 d)

Fig. 11. Distribution of normal stresses along with height in the central part of
various beam models. a — St; b — C _eqv_D; c—C eqv_F;d—C eqv_e. Load 30 kN

In the model with steel rebar (St), a significant increase in stresses
in the beam's upper chord occurs when plastic deformations appear
in the lower chord rebar. The loss of the upper chord's bearing
capacity in models St, C eqv_D, and C eqv F occurs at tensile
stresses of about 42 MPa. This value is higher than the ultimate
strength of concrete under uniaxial compression (38.5 MPa) but
lower than the biaxial compressive strength (59.78 MPa). The loss of
concrete bearing capacity in the compressed zone in the C eqv F
model occurs at a load of 52.2 kN, C_eqv_D — a load of 74.4 kN, St
— 88.8 kN, C eqv_e — at a load of more than 100 kN. If we assume
that the loss of the bearing capacity of a beam with steel rebars
occurs not when the ultimate strength of concrete in compression is
reached but at the beginning of plastic deformations of the
reinforcement, then the bearing capacity of the St model not will be
88.8 kN, but 81.2 kN.

Figures 12 and 13 show the nature of stress changes of the upper
and lower chords rebars. The fastest increase in stresses in the
reinforcement of the lower chord is observed in the C_eqv_F model.
In models St and C eqv_F, almost the same voltages occur with
increasing load.

The stresses in the lower chord rebars of the C_eqv_e model at
any loading level are significantly less than in the St and C eqv_F
models. The distribution of stresses in the reinforcement of the upper
chord has other dependencies (Fig. 13).
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Fig. 12. Normal stresses in the lower chord rebar

The highest compressive stresses are observed in the St. The
voltage is slightly lower in the C eqv_F model, even lower in the
C eqv_D model. Model C eqv_e has the lowest stresses in the top
chord reinforcement.
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Fig. 13. Normal stresses in the upper chord rebar

Figures 14 and 15 show the coefficients of using the bearing
capacity of the reinforce of the models.

The steel reinforcement bearing capacity's utilization factor was
determined as the reinforcement's stress ratio to its yield point. For
composite reinforcement, this is the ratio of stress to the ultimate
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strength of the reinforcement. At the same loads, the maximum
utilization factor for steel reinforcement of the St model, the
minimum for the C_eqv_e model. At a load of 80 kN, the utilization
factors of the bearing capacity of the lower reinforcement are: St —
0,99; C eqv_ D — 0,22; C eqv_F — 0,66; C eqv_e — 0,08. For the
upper reinforcement, these indicators are: St — 0.51; C eqv_ D —
0.058; C eqv_F 0.10; C_eqv_e — 0.04. Thus, underutilization of the
bearing capacity of the material is observed for all models of
composite reinforcement.

In the production of reinforced concrete, the price of both the
concrete itself and the reinforcement elements is essential. Since the
concrete volume in the models under consideration does not change
significantly, only steel and composite rebar will be considered when
calculating the cost indicators.

70000

EIN]

Fig. 15. Utilization factors of the bearing capacity of the upper reinforcement
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Prices are obtained from open sources: [18], [19] (as of
12/01/2021). Prices for one running meter of steel and composite
reinforcement of various diameters showed in Table 6. At the time of
this writing, one hryvnia corresponded to USD 0.035 and EUR

0.029.

Table 6
Price of one running meter steel and composite rebar
Item No. Diameter [mm] Rebar type Price [UAH]
1 6 steel 6,5
2 12 steel 17
3 3 composite 2,5
4 6 composite 4.5
10 composite 13,7
12 composite 18
6 20 composite 52,7

The models under consideration use three rods with a total length
of 6.24 m in the lower chord and two rods with a total length of 4.16
m in the beam's upper chord. The calculation of the cost of
reinforcement showed in table 7.

Table 7
Calculation of the cost of reinforcing elements
Top/bottom Parameter podgeode C
beam chord St C_eqv_ D C_eqv_F —qu—
Diameter [mm] 6 6 3 10
Price of one running
Upper meter [UAH] 6,3 43 25 137
Amount 4,16 4,16 4,16 4,16
Total [UAH] 27,04 18,72 10,4 56,992
Diameter [mm] 12 12 6 20
Price of one running
Lower meter [UAH] 17 18 43 52,7
Amount 6,24 6,24 6,24 6,24
Total [UAH] 106,08 112,32 28,08 328,848
In total 133,12 131,04 38,48 385,84
K 1 0,98 0,29 2,9

The last line of the table shows the relationship between the cost
of composite reinforcement of the corresponding models and the cost
of steel reinforcement. Calculations show that the C_eqv_F model
has the lowest cost of reinforcement, with the bearing capacity of the
composite reinforcement being equal to the bearing capacity of the
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steel reinforcement. The cost of the reinforcement model C_eqv_D
differs slightly from the cost of steel reinforcement, and the cost of
the reinforcement model C_eqv_e is almost three times the cost of
steel reinforcement.

Conclusions

The results obtained in work allow making a comparative analysis
of various models of using composite reinforcement. All parameters
of the composite model are compared with the corresponding
parameters of the steel rebar model. The analysis results are
summarized in Table 8.

Table 8
Summary indicators of models with steel and composite reinforcement
_ Model code
Z
) C_eqv
= St C eqv D F C eqv e
<2
Parameter g g g g
Q
£l 2| 2| 8| 2| 8| 2| B
g s s 3= s = s =
5| » > g E g & E
2 3 5 B
) ° kS °
Vertical deflection [mm] 80 3,96 8,89 |+124 |24,01 +506 4,05 |+2
Maximum concrete stresses in
the lower chord of the beam|80 [3,53 (3,79 [+7 3,61 +2 3,54 |0

[MPa]

Maximum concrete stresses in
the upper chord of the beam |80 [29,54 [40,9 [+39 4296 |+4 30,38 |43
[MPa]

Crack initiation load [kN] - 14,0 12,1 -14 11,8 -16 129 |-8

Strain [mm/mm x107] 80 1,17 [232 [+98 |6,86  |+486 |1,20 |+3

Stresses in the upper chord rebar

147,1 169,6 -53 124,3 -15 51,16 [-65
[MPa] 80

Stresses in the lower chord rebar

282,0 (2624 |[-7 793,7 +181 (98,12 |-65
[MPa] 80 ; . : :

Utilization factor of the upper

0,50 0,06 -88 0,10 -79 0,04 91
chord rebar 80 ’ ? ’ ’

Utilization factor of the lower

0,96 0,22 -77 0,66 -31 0,08 91
chord rebar 80 ’ i ? ’

Rebar cost — | 133,12| 131,04 -2 38,48 =71 | 3858 190

402



The C_eqv_e model provides the best beam performance. In this
case, deformations are provided at the level of deformations of the
beam with steel reinforcement, and the stresses in concrete
practically do not differ from the corresponding stresses in the model
St. The calculation obtained lower loads at which cracks begin to
form. However, the utilization factor of the bearing capacity of the
reinforcement in this model is shallow. The cost of reinforcing
elements is almost three times the cost of steel rods. The model also
showed lower loading values at which cracks start to form.

The C eqv_F model can significantly reduce the cost of
purchasing reinforcement. The advantage of a model with
reinforcement of the same bearing capacity with steel reinforcement
on this ended. The deformation of the model is 5-6 times greater than
in control. The upper and lower chords' concrete stresses are higher
than in a beam with steel rebar. Cracking begins at loads 16% lower,
and the loss of the beam's bearing capacity occurs at 35% lower
loads (Fig. 10) than in the model St.

Model C eqv_F has reinforcement diameters equal to
corresponding diameters of steel reinforcement of control model St.
This model, in comparison with the control (St), has only
disadvantages. At the same loads, the deformation in it is more
significant, the stresses in the concrete are higher, cracking and loss
of bearing capacity begins earlier than in a beam with steel
reinforcement. The utilization factors of the bearing capacity of the
reinforcement are also insignificant.

The analysis carried out in this work at this stage of research did
not reveal the significant advantages of composite rod reinforcement
compared to steel. Benefits can be obtained with a significant
reduction in the cost of composite reinforcement.

The high creep values of amorphous vitreous substances can
significantly affect the deformation and bearing capacity of
structures over long periods. Therefore, further research should be
aimed at studying the creep parameters of composite reinforcement.
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