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One of the methods for improving the bearing capacity of the construction
structures and engineering constructions is the application of construction materials with
the improved strength and flexibility characteristics as well as the ability to disperse the
vibration energy. It is of particular importance for the construction structures being in
the seismic regions, which are under dynamic loading during their operation. The shape
Memory Alloys (SMA) are promising materials, which can recover their original shape
after uploading (the effect of superelasticity) or being under the temperature influence
(the effect of shape memory) during many cycles of loading — unloading.

The mechanical behavior of a reinforced concrete beam with classical
reinforcement and a reinforced concrete beam reinforced with inserts of superelastic
Nitinol (Ni-Ti) is simulated by the finite element method. Beam dimensions: h=140 mm;
b=80 mm; L=1200 mm. The beam is made of concrete of the C20/25 class, armature
A400C 2012mm L=1080 mm; mountings armature A240C 206mm L=1200 mm,
reinforcing insert Ni-7i 2012 mm L=120 mm. Behavior simulation took place in the
ANSYS Workbench 19 R2 PC environment. Reinforced concrete beam is divided into
finite elements. Size of the Solid 186 elements for the armature 12,5 mm, for the
mountings armature 40 mm. The size of the Solid 186 elements for the body of the beam
was automatically selected by the software — 200 mm. In total, the reinforced concrete
beam consisted of 22872 finite elements and 4730 nodes. Reinforced concrete beam with
armature A400C is subjected to evenly distributed load on the plane 120x80 mm
(P = 20MPa). It is revealed that the transition of the yield strength in the simulated beam
with armature A 400C occurs at a load of P = 9MPa. Therefore, the study of the
behavior of the reinforced concrete beam with classical reinforcement (armature A
400C) and the reinforced concrete beam reinforced with inserts of superelastic Nitinol
(Ni-Ti) occurred when loading beams to the value of P = 9MPa and their complete
unloading. The insert of nickel-titanium (Ni-Ti) alloy replaced the plastically deformed
section of the working reinforcement A400C, where the stresses exceeded the yield
strength (oo, = 365 MPa).
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The values of displacements, maximum stresses and residual stresses of the beams
by compared. It was concluded that the inserts made of superelastic Ni-Ti alloy 16,9
times reduced the &, Of the working reinforcement, increased the maximum
displacement of the beam by 9,7%, increased the enay by 47,8% compared to the working
reinforcement 4400C.

Memodom  cKiHueHux — eneMeHmié  3MOOEIbOBAHO  MEXAHIUHI  NO8eOdiHKU
3a1i300eMOHHOI  Oanku i3 KIACUYHUM APMYBAHHAM mMa 3ani3o0emonHoi 6anku,
niocunenoi  écmaexkamu i3 nikerb-mumanosozo cnaasy (Ni-Ti) 3 epexmom
naonpyscrnocmi. Posmipu 6anxu: h=140 mm; b=80 mm; L=1200 mm. Fanrxa éuxonana iz
oemony xnacy C20/25, apmamypu 2012 A400C L=1080 mm; monmadsicnoi apmamypu
206 A240C L=1200 mm, niocumoouoi ecmasku Ni-Ti 2012um L=120 mwm.
Moodemosannst nogedinku eidbysanocs y cepedosuwi ITK ANSYS Workbench 19 R2.
3anizobemonny b6anky po3zdiieno ma ckinuenni enemenmu. Posmip 3D enemenmis Solid
186 0ns pobouoi apmamypu pisni 12,5 mm, ons monmasicnoi apmamypu Solid 186 — 40
mm. Posmip enemenmis Solid 186 ona mina danku npospamue 3abe3neuenus nidiopaio
asmomamuuro — 200 mm. B 3aeanvnomy, sanizobemonna 6anka ckaadanacs iz 22872
CKiHueHHux enemenmie ma 4730 eyanie. 3aniz06emonny 64Ky iz pobouow apmamypoio
A400C niooano pisHomipHo po3noodilteHomy HasawmadicenHto naowuroro 120%80 mm
(P = 20MIla). Buseneno, wo nepexio medci mekyyocmi y 3MOO0enb06anii 6anyi i3
pobouoto apmamyporo A400C eiobysaemvca npu nasammasicenni P = 9MIla. Tomy
docniddcenHs noeedinku 3anizobemonnoi Oanku iz pobouoro apmamypor A400C ma
3a71i306emoHHOI banKku i3 écmaskamu i3 Hikenb-mumanogozo cnaasy (Ni-Ti) 3 echexmom
HaoONpyscHocmi 8i00ysanucs npu HaeanmagxgcenHi 6anok 00 sHauenns P = 9MIla ma
nosHomy ix poseanmaoicenti. Bcmasxoio i3 vikenv-mumanosoeco (Ni-Ti) cninagy 3amineHo
nracmuyno Oegopmosgany Oinauky pobouoi apmamypu A400C, Oe nanpysicenHs
nepeiwnu 3uauenns medxci mexywocmi (oy 0.2 = 365 Mlla). [opienano ompumani
MaKCUMANbHI MA 3ATUWKOS] HANPYICEHH Ma BIOHOCHI 8U006JCeH s DANOK. 3pobneno
BUCHOBOK, W0 ecmaeku i3 Haonpysxcrnoeo Ni-Ti cnaagy y 16,9 pazie 3MEHWUNU &g
poboyoi apmamypu, na 9,7% 36inewiunu maxcumanvhuii npoeun oanku, na 47,8%
30LIBUUTU Emay NOPIBHAHO 13 pobouoto apmamypoio A400C.

Kniouoei cnosa: cnaas nam’ami ghopmu, HAONPYscHicms, NIOCUNIEHHA KOHCIMPYKYT.
Keywords: shape memory alloy, superelastic, reinforcement of the structure.

Statement of the problem. One of the methods for improving the bearing
capacity of the construction structures and engineering constructions is the
application of construction materials with the improved strength and flexibility
characteristics as well as the ability to disperse the vibration energy. It is of
particular importance for the construction structures being in the seismic
regions, which are under dynamic loading during their operation. The shape
Memory Alloys (SMA) are promising materials, which can recover their
original shape after uploading (the effect of superelasticity) or being under the
temperature influence (the effect of shape memory) during many cycles of
loading — unloading.
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Analysis of the available results of investigation. The shape memory
alloys (SMA) were discovered in late 60-s of the last century. One-sided and
two-sided shape memory effects (SME), superelastic behavior (SE) were
investigated. Due to high damping properties SMA are used as the main
elements in the devices to decrease the dynamic loadings of the constructions
structures [1-5] and engineering constructions, bridges in particular [6,7].
Besides, in the construction SMA are considered to be the alternative
strengthening of the structures or their elements being in operation in the
seismic regions. Thanks to the SE these alloys can recover after sufficient
deformations (in some cases up to 10%) under unloading, which results in the
stable residual deformations during the steel alloying [8], [9-12].

Small reinforced concrete beams with the NiTi insertions were tested
under the monotonic loading by the three-point displacement before fracture
[13]. The behavior of conventional supporting reinforced beams with the hybrid
reinforcement (steel reinforcement with NiTi insertions) and the control beam
were tested experimentally. It was found, that the beam with SMA insertion
being combined with the high-strength steel demonstrates improved crack
recovery and deformation properties. That is why the application of the hybrid
NiTi with steel can sufficiently decrease the risk of fracture under earthquakes
as well as decrease the loses caused by it.

Taking into account sufficient material and labour expenditures to carry
out similar full-scale experiments in order to optimize the reinforced structures
the finite — elements method is worth being used for the modeling of the stress-
strain state [14].

Obijective of the work is to model and investigate the stress-strain state of
the reinforced beam with the nickel-titanium alloy insertion with the
superelasticity effect under monotonic loading and unloading from the loading
distributed on the square 120 x 80 mm using the finite elements method.

Statement of the task. The reinforced C25/30 concrete beam was chosen
for the investigation (Fig. 1). The characteristics of the structure are: reinforced
beam b = 80 mm, h = 140 mm, L = 1200 mm; reinforcement A400C 2(12 mm;
assembly reinforcement A240C 206 mm.

Basic characteristics of mechanical properties of beam elements used for
the modeling are presented on Table 1.

Elements Gt0.2, MPa Gt max, MPa E, GPa

A 400C 365 460 210
NiTi 450* 1200* 52,7*

Concrete

C20/25 B 2.2 23

*Characteristics of the nitinol mechanical properties were found under the

tensile strain at the temperature 18°C [15].

26




"Cyuacni mexnonozii ma memoou po3paxyuxie y oyoiesnuymei', eunyck 13, 2020

Here 6,0, — is the material yield limit under tension (for the Ni-Ti; alloy —
starting stress value for the forward phase transformation) o; max — is the material
tension strength limit; E — is the material 1-st level modulus of elasticity (the
Young’s modulus), (for the Ni-Ti alloy —austenite elasticity modulus).

]

140mm t—~:

B
““ The Ni-Ti insertion

of 120 mm

b)
Figure 1. The spatial model of reinforced concrete beam: a) the main view;
b) the location of Ni-Ti insertion

It should be noted, that the values of the conditional yield limit and the
nitinol strength exceed sufficiently the corresponding characteristics of strength
of the steel reinforcement A400C (Table 1).

The concrete strength data and that of the reinforcement meet the standards
of JIBH B.2.6-98:2009 [16] and ICTVY b B.2.6-156:2010 [17].

All calculations of the free-support beam on two supports (Fig. 2,a) are
performed for the force P = 9 MPa being uniformly distributed in the area D of
the 120 x 80 mm. The values of the force are chosen in such a way, that the
stress on the operating reinforcement A 400C has exceeded the yield stress of
the operating reinforcement A400C (a¢ o, = 365 MPa). With this purpose the
reinforced beam with the operating reinforcement A400C is loaded gradually
up to the value P = 20 MPa (Fig.3). The force distributed in the area D is
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symmetric relatively the geometric center of the upper side and is directed to —
Y. Besides, the force of gravity acting on the beam and directed to -Y is taken
into account.
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Figure 2. The design scheme of the beam: a) freely supported state, where A and
C are the locations of the beam support; B - application of gravity g = 9.8066
m/s” to the center of mass of the structure; D - the area of application of force P
= 9MPa; b) beam loading-unloading scheme
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Figure 3. Dependence of stresses in the armature A 400C on the applied
distributed loading
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The stress-strain state is modeled in the medium ANSYS 2019 R2. To
calculate it all bodies of the reinforced beam are divided into finite elements.
The size 3D of the Solid 186 elements for the operating reinforcement is equal
to 12,5 mm, for the mounting reinforcement Solid 186 — 40mm. The Solid 186
elements size for the beam body were selected automatically by the software
being of 200 mm. In general, the reinforced beam consisted of 22872 finite
elements and 4730 units.

Analysis of data. In Fig. 4 the distribution of displacement (bending)
fields in the beam with the operating reinforcement A400C (a) and with the
SMA insertion (b) under the maximum loading, taking into account the beam
weight, are presented.

-6.2457 Min

250,00 500.00 (mm)
o, —
375.00

5154
-2.2731
-3.0308
-3.7886
-4.5463
-5.304
-6.0617
-6.8194 Min

500.00 (mm)

b)
Figure 4. The maximum displacement of beam: a) — with operating
reinforcement bar A 400C; b) — with SMA insertion
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As it follows from the results analysis, the beam with the SMA insertion
has been displaced by 9,2% more than that with the operating reinforcement
400C. It is caused by the less value of the NiTi modulus of elasticity in the area
of deformation of austenite and in the area of austenite- martensite
transformation as compared with that of the steel reinforcement and the
superelastic behavior effect.

But after unloading the residual displacements of the beams with the
operating reinforcement 400C (a) and that with the SMA insertion (b) are, in
fact, the same.
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Figure 5. Residual displacement of beam after unloading: a) — with the operating
armature bar A 400C; b) — with SMA insertion

The stresses and relative elongation along the axis of the operating
reinforcement are presented in Fig. 6 and 7 correspondingly. In Fig. 6 it is seen,
that the stress state in the SE insertion Ni-Ti alloy is sufficiently smaller (by
69,3%) than that of the reinforcement A 400C. It is caused by the fact, that the
reinforcement A 400C is of greater stiffness than that of the Ni-Ti alloy.
Besides, it is seen, that when SMA insertion is used, the residual stress in the
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operating reinforcement after unloading decreases in 12,5 times as compared
with that of the operating reinforcement A 400C.

It is seen in Fig. 7, that deformations in the operating reinforcement with
the SE Ni-Ti alloy insertions are greater by 18,2% than those in the
conventional operating reinforcement A 400C. This behavior is caused by the
fact, that the reinforcement A 400C is of greater stiffness than that of the Ni-Ti
alloy. The residual deformations in the operating reinforcement with the SE
insertions, in fact, are not available. Due to it the crack “treatment” in the
reinforced beam with the SE insertions takes place [13].
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o 250 Maximum
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=) Permanent
150 13 Ni-Ti:
100 | Maximum
50 13 Ni-Ti:
: ? P t
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Figure 6. Stress distribution along reinforcement axis at P = 9 MPa
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Figure 7. Strain distribution along the reinforcement axis after unloading

The obtained results of the digital modeling of the stress-stain state are
presented on Table 2 and in Fig. 8.
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Table 2
The values of displacements, maximum stresses and residual stresses obtained
by FEM
The main Maximum . - .
H H maxy maxy ress
reinforcement | displacement, mm/mm MPa m/m Gress MPa
bars mm
A 400C 6,25 1,76e-3 370,25 3,66¢-4 76,80
The insertion
of SMA 6,82 2,61e-3 377,63 2,16e-5 3,64
350
300
§ 250
DE 1 A 400C
1o A 400C + NiTi
50
C.
0 0.001 0.002 0.003

Figure 8. Stress-strain response for reinforced reinforcement

Having analyzed the obtained data it can be concluded:

Displacement of the beam with the SMA insertion under the maximum
loading exceeds by 9,2% that with the operating reinforcement 400C. The
maximum relative elongation of the sample with the SMA insertion is by 47,8%
greater than that of the sample without insertion. It is caused by the smaller
SMA stiffhess as compared with that of the conventional reinforcement.

The value of the maximum similar stress in the beam with the SMA
insertion equals the stress in the beam without insertion. But the SMA insertion
in the reinforcement decreases the maximum residual stresses by 4,7% as
compared with those conventional ones.

Conclusions. The stress-strain stress of the conventional reinforced beam
and that on two supports with the SMA superelastic alloy bar insertions of 120
mm length and the displacement, the loading being uniformly distributed in the
central area, has been modeled using the finite-elements method and the
ANSYS complex. The efficiency of the method for the decrease of stresses in
the operating reinforcement and the replacement of the area, where the stresses
exceed the material yield limit on the SMA SE insertion, has been interpreted.
The SMA SE insertions of 12 mm diameter decrease in 16,9 times the
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maximum residual relative elongation of the operating reinforcement as
compared with that of the operating reinforcement 400C.

According to the results of the stress-strain state modeling the increase of
displacement by 9,2% of the beam with the SMA SE insertions was revealed as
compared with that of the operating reinforcement 400C, as well as the increase
by 47,8% of the maximum relative elongation of the SMA SE reinforcement
under the maximum loading.
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