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Abstract

The paper deals with strengthening of the reinforced concrete beam by shape memory alloy at the place of maximum loading and
deformation. A structural analysis is performed using FEM to study the behavior of the beam reinforced by steel and shape
memory alloys under 3- and 4-point bending. The elasticity of the reinforced concrete beam with NiTi rods slightly increase and
depends on loading type. It was revealed, that under the bending in the beam reinforced by shape memory alloy the residual
deflection decreases in comparison with traditional reinforcement.
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1. Introduction

Shape memory alloys (SMA), due to their pseudoelastic and good damping properties, are increasingly using in
structures. SMA improve the load-bearing capacity of structures or their individual elements under static load by
Almeida et al. (2020); Ayoub et al. (2004); Bykiv et al. (2020); Hamid et al. (2018). Due to high damping properties
SMA are employed as the main elements in the devices to decrease the dynamic loadings of the structures by Menna
et al. (2015) bridges in particular by Fang et al. (2019). Besides, SMA are considered to be the alternative
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strengthening of the structures or their elements being in operation in the seismic regions by Isalgue et al. (2006);
Morais et al. (2017); Zafar and Andrawes (2015).

When calculating the elements of structures taking into account the random loading, the cost of materials and
construction increases. To protect structures from this type of load, functional materials can be used. During
considering SMA as additional reinforcement in concrete beams by Bykiv et al. (2020), there arises the problem of
interaction of SMA rods in beams with different types of concrete and various reinforcement methods by Azadpour
and Maghsoudi (2020); Gholampour and Ozbakkaloglu (2018). These studies show that the effect of superelasticity
is more shown in medium-strength concrete (fe.,r = 37.5 MPa), but to the grater extend cause cracks closure in
stronger concrete (fress = 53.8 MPa). Increasing the percentage of reinforcement in the beams expands the ability to
dissipate energy by more than 50%. Therefore, it is important to analyse the behaviour of beams reinforced with
shape memory NiTi alloys under loading reported.

2. Materials and methods

To model the superelastic properties of SMA rods, the basic thermomechanical properties of Niss 75Tiss.15 alloy were investigated by Bykiv et al.
(2021). The temperatures of the phase transformations during heating (Fig.1a) and cooling (Fig.1b) were determined by the method of differential
scanning calorimetry. Mechanical properties of SMA (

Table 1) obtained by uniaxial tension of the sample with a diameter of 4 mm are shown on the hysteresis loop
(Fig.2).
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Fig.1. DSC analysis of shape memory alloy at a rate of 10°C/min (1), 5°C/min (2), 2,5°C/min (3) 1,5°C/min (4) heating (a) and cooling (b) mode.

Table 1. Mechanical properties of NiTi used for modelling

Densit: Young’s module . . oM oM ogMA oA
¥, g ’ Poisson’s Ratio ’ ’ ’ ’

SMA g/em? GPa MPa MPa MPa MPa

€, m/m Alpha

NiTi 6.45 68.2 0.36 407.5 4283 127.2 73.6 0.06 0
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Fig.2. The hysteresis loop of shape memory alloy.
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Fig.3 NiTi sample model (a) and hysteresis loop (b).

To verify the behavior of SMA model, a cylindrical element with a diameter of 4 mm and a length of 12.5 mm was studied (Fig.3a). For this
model, the NiTi alloy characteristics obtained from the experiment (

Table 1) were used and loaded with uniaxial tensile with a force of 5.39 kN followed by unloading (Fig.3b). The
required force was determined from the following formula:

F = OFpgs * T[T‘z, (1)

where oras is the stress of transformation completion; r is the radius of specimen.

The hysteresis loop obtained by modelling corresponds to the experimentally obtained values and the error does
not exceed 5%.

A linear structural analysis is performed using FEM to study the behaviour of reinforced concrete beam by steel
and SMA under 3- and 4-point bending. The objects of the research were reinforced concrete beam measuring
140x80x1200 mm (Fig.4a), made of concrete C20/25 and 400C 2012 mm working reinforcement (Fig.4b). Inserts of
28 mm nitinol rods were used at the place of the largest stresses (Fig.4c). The concrete strength data and that of the
reinforcement meet the standards of DBN V.2.6-98:2009 and DSTU B V.2.6-156:2010 and are presented in Table 2.

The model of the beam was subjected to bending: in the case of 3-point loading (Fig.5a) the force was applied in
the middle of the beam; in the case of 4-point load (Fig.5b) the force was applied at distances of 1/3 of the length of
the beam.



N. Bykiv et al. / Procedia Structural Integrity 36 (2022) 386-393 389

Table 2. The main properties of materials

Material Density, Young’s module, Poisson’s Yield Strength, Tangent Modulus, Ultimate Strength,
g/cm? GPa Ratio MPa MPa MPa

Concrete 2.3 23 0.2 - - 14.5

Steel 7.85 210 0.3 365 4000

Steel 7.85 210 0.3 225 2500

Aimm 1200mm !

(b)
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Fig.4. Beam model with SMA rods: (a) cross-section; (b) right side; (c) reinforcement.
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Fig.5. Loading beams: (a) 3-poin; (b) 4-point.
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Fig.6. Loading forces of beams: (a) 3-point; (b) 4-point.
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The reinforced concrete beam was loaded with a force of 218 kN in both load cases (Fig.6). This force is selected
in such a way that the NiTi rods show the effect of superelasticity.

3. Results and discussions

As expected, the analysis of the behaviour of the beam with nitinol rods during 3-point and 4-point bending
showed that at the same force of 218 kN the beam deflection of 8.6 mm from 3-point loading would be greater than
15.4 mm deflection from 4-point load (Fig. 7). Similarly, the residual deflections can be characterized as well: 1.14

mm and 0.99 mm after 3-point and 4-point loading, respectively.
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Fig.7. Load-deflection response of reinforced beam by NiTi alloy under 3- and 4-point bending

After beams reloading and unloading the maximum deflections did not change due to the lack of fatigue
characteristics in the model for concrete, reinforcement and nitinol in this study. However, the residual deflection
increased to 1.16 mm after 3-point loading and to 1 mm after 4-point loading.

The behaviour of reinforcement and nitinol rods in a reinforced concrete beam was analysed in detail on the
example of a 3-point loading, where a greater deflection occurred. Thus, at maximum deflection, the maximum
stresses in nitinol rods are 408 MPa, while in the reinforcement, the maximum stresses are 382 MPa (Fig.8a).
However, it should be noted that the reinforcement was subjected to plastic deformations in areas where stresses
exceeded the yield strength 692 =365 MPa (Table 2).

After unloading, the residual maximum stresses in the 400C reinforcement are 398 MPa, while the maximum
stresses in the nitinol rods are concentrated at the edges and are equal to 113 MPa (Fig. 8b). This can be explained
by the fact that on the one hand the stresses in the 400C reinforcement exceeded the yield strength, and on the other
hand, the structural steel can restore only 0.2% of maximum elongation, while nitinol can recover up to 6% (Fig.3).

It should be noted that during the second loading cycle, the maximum stresses in the 400C reinforcement increase
from 382 MPa to 391 MPa. At the same time, the maximum stresses in the nitinol rods were constant, and the
residual stresses decreased from 127 MPa to 113 MPa (Table 3).

Table 3. Maximal and residual stresses of NiTi beam under 3-point bending

Number of cycle Type of rebar in beam Maximal stress, MPa Residual stress, MPa

First cycle NiTi 408 127
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400C 382 388

NiTi 408 113
Second cycle

400C 391 398
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Fig.8. Maximum stress during first cycle (a) and residual stress after second cycle (b) of reinforced element

During the 3-point bending, the beam with SMA rods bent 1.1% more than conventional reinforcement, and
during the 4-point bending the deflection in both beams was the same (Fig.9Tlomunaka! /[’kepe;io mocujianHs He
3naiineno.). The greater deflection of the beam with SMA rods is due to the fact that the modulus of elasticity of
NiTi alloy is smaller than that of 400C reinforcement (Table 2). However, the residual deflections in the beams with
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NiTi rods are 24% smaller than in the typical beams in case of 3-point bending, and 27% in case of 4-point bending
(Table 4)
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Fig.9. Load-deflection response of reinforced beam by NiTi alloy and only 400C under 3- and 4-point bending

Table 4. Maximal and residual deflections of NiTi beam under 3-point bending

Bending Type of reinforcement Maximum deflection, mm Residual deflection, mm
NiTi+400C 18.6 1.16
3-point
Only 400C 18.4 1.52
NiTi+400C 15.4 1
4-point
Only 400C 15.4 1.37

It was found that the maximum reinforcement stresses in the beam with nitinol rods exceed the maximum
reinforcement stresses in the beam without nitinol rods by 6% in the first cycle and by 0.5% in the second cycle.
Nevertheless, the residual reinforcement stresses in the beam with nitinol rods were 2.3% lower in the first cycle and
4.3% lower in the second cycle compared to the reinforcement in the beam without nitinol rods (Table 5).

Table 5. Results of 3-point bending beams

Number of cycle Type of reinforcement Maximum stress, MPa Residual stress, MPa
NiTi+400C 408 388

First cycle
Only 400C 386 397
NiTi+400C 408 398

Second cycle
Only 400C 406 416

All in all, the obtained results show that the use of NiTi alloy insertion in structural elements made of structural
materials after a load exceeding the allowable, prevents the loss of stability and failure of structures. Due to the
effect of superelasticity, residual deformations are much smaller compared to typical materials.

The presented results could be used while designing structures that will be operated under significant
deformations.
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4. Conclusions

The elasticity of the reinforced concrete beam with NiTi rods slightly increase and depends of loading type.
However, residual deflection reduces by 24% under 3-point bending and by 27% under 4-point bending in
comparison with traditional reinforcement.

In the beam with nitinol rods, the maximum stresses are higher by 6% in the first cycle and 0.5% in the second
cycle, but the residual stresses are lower by 2.3% in the first cycle and 4.3% in the second cycle, compared to the
beam without nitinol rods.

Residual stresses decreased using NiTi rods by 2.3% after the first cycle; 4.3% after the second cycle. It was
estimated that under 4-point bending, NiTi rods showed a better recovery effect in comparison with 3-point bending.
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