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Abstract. The object of the study is multi-layer reinforced concrete structures of concrete with various
physical and mechanical characteristics of materials - concrete and reinforcement under the influence of
loading. Analysis of the stress state of multilayer reinforced concrete beams by using different materials is a
complex problem due to the different mechanical and physical characteristics of materials and the cracking
behavior of concrete. This article presents an analysis of the stress-strain state of three-layered reinforced
concrete structures using the finite element method in the program ANSYS Mechanical. Numerical modeling
allows on ANSYS allows combining different combinations of loads, the variability of the strength and
deformation characteristics of materials and various types of reinforcement in multilayer reinforced concrete
beams. Comparison is made between the experimental results, numerical results and finite element analyses
with respect to initial crack formation and the ultimate load capacity of beams. The results of the study were
shown that as the grade of concrete in the external layer increases from B15 to B20 and the grade of
lightweight concrete in the internal layer increases from B0.75 to B1.5, the crack resistance can be increased
by 59.7% and the bearing capacity of the test beam is increased by 16.4%. When the thickness of the external
layers varies from 40mm to 80mm, making the crack resistance increased by 47.5% and the bearing capacity
of three-layer concrete beams greatly increased by 6.7%. The obtained scientific results enable to determine
rational parameters for modeling various structural solutions of multilayer reinforced concrete structures.

Keywords: concrete buildings; reinforced concrete; multilayer structures; three-layer structures;
contact interlayer; heat-insulating materials; stress analysis; ANSYS Mechanical.
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AnHotanusi: OObEKTOM HCCIIEIOBAHUSI SIBIISIOTCSI MHOTOCIIOIHBIE jKee300€TOHHBIE KOHCTPYKIMU U3 OeToHa
C PasIMYHBIMU (U3MKO-MEXaHHYECKHMH XapaKTepPUCTHKAaMH MaTepHajioB - OETOHa W apMarypbl MOJ
BO3/ICHiCTBUEM HArpy3ku. AHaJIM3 HANPSHKEHHOTO COCTOSHMS MHOTOCIOMHBIX IKeJIe300€TOHHBIX OalloK ¢
UCIIOJIb30BAaHMEM DPA3JIMYHBIX MaTepUalIOB IPEJCTaBISIET COOOH CIOKHYIO IpoOJIeMy H3-3a Pa3IMYHBIX
MEXaHMYECKUX M (PH3NYECKHX XapaKTEPHCTHK MaTepHaloB M pacTpecKuBaHms OceroHa. B naHHO# craTbe
NPENCTaBICH aHAJIM3  HAIPSDKCHHO-Ie(OPMHPOBAHHOTO  COCTOSHUS  TPEXCIOMHBIX — apMHUPOBaHHBIX
CTPOHUTENBHBIX KOHCTPYKIMI C HCIOJB30BAHMEM METOJa KOHEYHBIX dJeMeHTOB B mporpamme ANSYS
Mechanical. Yucnennoe moaenupoBanue mo3BoisieT Ha ANSYS KOMOMHUPOBATh pa3iuyHble KOMOMHAIINN
Harpy3oK, M3MEHYHUBOCTh MPOYHOCTHBIX M Je()OPMAIMOHHBIX XapaKTEPUCTHK MAaTEPHAIOB U Pa3IMYHBIX
TUIIOB apMaTypbl B MHOTOCJIOHHBIX JKeJle300eTOHHBIX Oaikax. [IpoBoauTCst CpaBHEHHE MEXIY
OKCIICPUMECHTAJIbHBIMU  PE3YJIbTaTaMU, YHWCJICHHBIMU peE3yJibTaTaMW W aHaJIM30M METOAOM KOHCYHBIX
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9JIEMEHTOB B OTHOIICHWN HA4YaJbHOTO 00pA30BaHUs TPEIIMH W MPEAEIbHON Hecyllel CIocOOHOCTH Oalok.
Pe3ynbTaThl MCCIEOBaHMS MTOKA3aJIM, YTO MO MEpEe YBEIMUYCHUSI Mapku OeTOHa BO BHEIIHEM ciioe ¢ B15 mo
B20 u copt merkoro 6eroHa BO BHYTpeHHEM ciioe yBenmumBaercs ¢ B0,75 mo B1,5, TpemmHOCTOIKOCTR
MOXeT ObITh yBenaHM4eHa Ha 59,7%, a Hecymasi CIOCOOHOCTh TecTa JIyd yBenuueH Ha 16,4%. IIpu TonmuHe
HapyXHbIX cioeB oT 40 MM 10 80 MM TpeumMHOCTOHMKOCTH yBenuuuBaercst Ha 47,5%, a Hecymas
CIIOCOOHOCTH TPEXCIIONHBIX OCTOHHBIX OAallOK 3HAYUTENIBHO yBeInunuBaeTcs Ha 6,7%. IlomydeHHble HayYHbIE

pe3yIbTaThI

MO3BOJIAIOT OHNPCACIIUTL PpallMOHAJIBHBIC ITapaMETPhI

A MOACIMPOBAaHUA  pa3IMYHbIX

KOHCTPYKTUBHBIX PEIICHUH MHOTOCIIOWHBIX JKeJIe300€TOHHBIX KOHCTPYKIIHIA.

KiioueBble ciioBa: GETOHHBIC 30aHMs; KEIe300eTOH; MHOTOCIOWHbIE KOHCTPYKIIUH;
TPEXCIIONHBIC KOHCTPYKINH; KOHTAKTHASI IIPOCIIONKA; TEIION30JISIIHOHHbBIE MaTePHAIbI;
ananu3 Harpspkenuit; ANSYS Mechanical.

INSTRUCTION

Today, the development of technologies new ma-
terials from concrete has helped create many kinds
of enclosing structures for civil and industrial
buildings. Enclosing structures not only meet the
requirements for bearing capacity but also meet
other requirements such as thermal insulation,
sound insulation, fire resistance, corrosion re-
sistance, ... One of the effective solutions to solv-
ing this problem is the use of multilayer rein-
forced concrete structures with a middle layer of
low thermal conductivity concrete, that consists
of: the external layers made mainly of structural
concrete to provide the load-bearing of elements
such as: heavy concrete [1, 2], fine-grained con-
crete [3] or clay concrete [4, 5]; The internal layer
of heat insulation and sound insulation is used by
light concrete of low strength, such as foam con-
crete [6, 7], coarse-pored concrete [8], polystyrene
concrete [1, 9], etc.

In this type of construction, made of non-
uniform materials, under loadings, stress and
strain distribution is a rather complex process,
so the ratio between the modulus of elasticity of
the middle and outer layers haves a strong influ-
ence on the stress and strain distribution. Vari-
ous methods are used to calculate multilayer re-
inforced concrete structures. For calculating
strength and deformation, the authors [10, 11]
proposed to bring a three-layer reinforced con-
crete cross-section with a monolithic bond to an
I-beam, based on the ratios of the initial elastic
modulus of concrete of the layers using the hy-
pothesis of flat sections. In the literature [12-14]
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a method for calculating a multilayer structure
using a contact layer based on the Kirchhoff-
Love hypothesis was used.

It was found that the stress—strain state of multi-
layer reinforced concrete structures was influ-
enced by many factors. The influence of the
physical and mechanical properties of concrete
and the geometrical parameters of the layers
was analyzed in references [15— 16]. The influ-
ence of geometric and physical nonlinearity,
plastic and geological properties of concrete on
the stress—strain state of multi-layer structures
was studied in references [17, 18].

At present, the development of science and
technology has allowed to perform a wide varie-
ty of researches using the finite element method
and pro-vide results close to full-scale experi-
ments. Meth-ods of debonding evaluation in
FRP strengthened concrete beams based on fi-
nite element model (FEM)-modeling proposed
in References [19-20]. In this study, the authors
propose a solution to analyze the stress-strain
state of three-layer reinforced concrete by using
a finite element model (FEM) with the help of
the program ANSYS.

1. MATERIALS AND METHODS

1.1 Model of tested samples and material
properties

This article considers three-layered beams with a
width of 160 mm, a height of 250 mm and a
length of 3000 mm. For external layers, concrete
of class B15, B20 and B25 (Table 1) is commonly
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used, with a thickness from 40mm to 80mm. For
the middle layer, lightweight concrete with low
thermal conductivity is used, with polystyrene
concrete class B0.75, B1 and B1.5, and with the
thickness from 170mm to 90mm.
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In the tested beam, armature is obtained with 2
rebars with a diameter of 8 mm (A-500), oy =
475.2 MPa, 6u= 660.5 MPa, modulus of ¢clastic-
ity of the armature Es = 206,000 MPa.
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Figure 1. Three-layer concrete beam model of test
Table 1. Parameters and characteristics of concrete in tested beams
External layer Internal layer
B15 B20 B25 B0,75 B1 B1,5
Rv, (MPa) 11 15 18.5 0.84 1.1 1.61
Rut, (MPa) 1.15 1.4 1.6 0.44 0.51 0.61
Eb, (MPa) 23000 27000 30000 650 850 1100
v 0.2 0.2 0.2 0.2 0.2 0.2

1.2 Finite element modeling for three-layers
reinforced concrete beam on ANSYS

The research methods are based on numerical
simulation of stresses and strains of multilayer
reinforced concrete elements under the action of
various load combinations. The use of modern
software systems enables to carry out numerous
variable studies, combining a different combina-
tion of loads and variability

of strength and deformation characteristics of
materials — structural concrete, low-strength
concrete for the middle layer, as well as to com-
pare the results obtained from PC ANSYS with
the theoretical results of the calculation. One of
the most modern, universal software complexes
ANSYS, based on finite element method was

used in the article as well as volumetric eight-
node finite elements of type SOLID65 and rod
elements LINK 180 [21].

The element Solid65 is used to model the con-
crete. This element has eight nodes with three
degrees of freedom at each node —translations in
the nodal x, y and z directions. This element is
capable of plastic deformation, cracking in three
orthogonal directions, and crushing. A schematic
of the element is shown in Figure. 2 (a). The el-
ement Link8 is used to model steel reinforce-
ment. This element is a 3D spar element and it
has two nodes with three degrees of freedom —
translations in the nodal x, y, and z directions.
This element is also capable of plastic defor-
mation. This element is shown in Figure. 2 (b).
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(a)
Figure 2. (a) Solid65 Element and (b)Link8 element
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Figure 3. Stress-strain relationship for concrete
Where: 61, - compressive stresses of concrete;
Ry - prismatic strength of concrete;
¢y - the deformation of concrete;
€b1; €bo; Ev2 - the deformation of concrete corre-
sponding to the stress 6,1= 0.6*Ry; 6b0= Rp = op2

(a)

(b)

Figure. 3 shows the stress- strain relation of
concrete [22]. Following equations are used to
compute the multilinear isotropic stress-strain
curve for the concrete (Figure. 3):

When 0< ¢ < gp1, with
When &b1< € < b0, with

6b=Eb.€b (1)

_ _ %1 |\ e Th1
o, =11 5 )ebo—em +ER, Q)
When &< € < ep2, with 6= Rp
The values of the stress ob1 are determined by
the following formula: 6b1= 0.6R»

3)

. g
Wlth Ep1—

(b)

Figure 4. Three-layers concrete beam model in ANSYS. a) Model of three-layer concrete beam
b) Modeling of steel bars in concrete beams
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2. RESULTS AND DISCUSSION

2.1 The results and analysis the stress-strain
state of three- layered reinforced concrete
structures of experiment and on ANSYS

The analysis and comparison of stress and de-
formation of the three-layer beam under the ef-
fect of load between finite element method with
using software complexes ANSYS, numerical

method and experiment is done on three-layer
beams in Figure. 1. The parameters and proper-
ties of materials are shown in Table. 2.

The analysis results of moment (M) and deflec-
tion (f) of three-layer beam on ANSYS are
shown in Figure 5 and Table 3.

Beam start to crack and to be damaged, are
shown in Figure. 6 and Figure. 7.

Table 2. Parameters and characteristics of concrete in tested beams

The layers of beam External layer Internal layer
The thickness of the layers h, cm 0.04 0.17
Prismatic strength of concrete Rb, (MPa) 21.5 1.54
Tensile strength of concrete Rut, (MPa) 1.8 0.36
The initial modulus of elasticity Eb, (MPa) 12100 1310
Coefficient Poisson v = 0.00189 |Rp|+ 0.12 0.16 0.122
Shear modulus G = Eo/(2(1 +v)), MPa 5216 346
The average density of concrete, kg/m’ 1800 440
12
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Figure 5. Load-Displacement curve for tested beam
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Figure 6. Beam start to crack, at moment Mcre = 2.11 kN.m
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Figure 7. Beam is damaged, at moment Muir = 10.20 kN.m
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Table 3. Comparation of the results of analysis

Model At the formation of cracks At failure of beam
Moment Deflection f, Moment Deflection f,
Mere (kN.m) (mm) Muit (kN.m) (mm)
On ANSYS 2.11 1.10 10.20 17.7
Experimental study [1] 2.23 1.12 9.6 8.30
Numerical study based on the mono- 2.09 1.20 11.1 17.96

lith converter of cross-section [1]

The analysis results in Table. 3 are shown that
moment (M) and deflection (f) of the three-
layer beam at the crack’s formation and at the
beam’s failure on ANSYS near experimental
results than results by wusing numerical
models. The difference of the results of the
beam bearing capacity analysis between the
ANSYS model and experiment is 1% at the
crack’s formation and 5.8% at the beam’s
failure. This difference between the numerical
and experimental models respectively is 6.3%
va 13.5%.

The analysis results of stress and deformation of
three-layer beams on ANSYS are close to the
experimental results, it allows to use this meth-
od in the research and evaluation of bearing ca-
pacity of the three-layer beam under the effect
of load.

2.2 Effect of concrete grade changes in
external and internal layers on the bearing
capacity of three-layer concrete beams

The three-layer reinforced concrete beams in
Figure. 1 are used to analyze the effect of con-
crete grade changes in external and internal lay-
ers on the bearing capacity of three-layer con-
crete beams. The heavy concrete class B15, B20
and B25 are used in external layers thickness
40mm. The lightweight concrete class B0.75,
B1 and B1.5 are used in internal layers thick-
ness 170mm.

Table 4 presents the cases of investigating
changes in concrete grades in the external and
internal layers:

Volume 18, Issue 2, 2022

Table 4. Concrete grade in cases investigated

Layer 1: Layer 2: Layer 3:

Case  NC layer LW layer NC layer
1 B15 B0.75 B15
2 B15 B1 BI15
3 BI15 B1.5 B15
4 B20 B0.75 B20
5 B20 B1 B20
6 B20 B1.5 B20
7 B25 B0.75 B25
8 B25 B1 B25
9 B25 B1.5 B25

Where: The normal concrete layer below is layer 1; the
lightweight concrete layer in the middle is layer 2; the
normal concrete layer above is layer 3.

For three-layer concrete beams, the vertical dis-
placement spectrum and moment at the for-
mation of cracks and at the failure of the beam
are shown in Table. 5, Figure. 8 and Figure. 9.

Table 5. Comparation of the results of analysis

Model At the formation of At failure of beam
cracks
Moment | Deflection | Moment |Deflection
M (kN.m)| f, (mm) Mg (kKN.m)| £, (mm)
Case-1 1.16 0.43 9.07 22.06
Case-2 1.18 0.41 9.82 19.96
Case-3 1.19 0.39 10.19 17.36
Case-4 1.52 0.57 9.44 23.07
Case-5 1.54 0.54 10.19 18.85
Case-6 1.57 0.51 10.37 16.26
Case-7 1.74 0.52 9.65 23.24
Case-8 1.81 0.51 10.48 18.67
Case-9 1.90 0.51 10.55 17.13
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For three-layer reinforced concrete beams, as the
grade of concrete in the external layer increases
from B15 to B20, the bearing capacity of the test
beam is increased. The moment at the crack's
formation increased from 1.16 kN.m to 1.74 kN.m
(increase by 50%), on the beams using lightweight
concrete B0.75 in the internal layer; and increased
from 1.19 kN.m to 1.9 kN.m (increase by 59.7%),
on beams using lightweight concrete B1.5 in the
internal layer (in Figure.8). The moment at the

116 1.18 1.19

Moment at the formation of cracks, kN.m
o

e J

B15

152 1.54 1.57

@
‘bfﬂ

beam’s failure can be increased from 9.07 kN.m
to 10.55 kN.m (increase by 16.4%), is shown in
Table.5 and Figure. 9.

When the concrete grade in the external layers is
the same, the grade of lightweight concrete in
the internal layer increases from B0.75 to B1.5,
the moment at the beam’s failure can be
increased from 9.07 kN.m to 10.19 kN.m
(increase by 12.4%) (in Figure.9).
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Figure 8. Chart of the relationship between crack's moment and concrete grade in external layers
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Figure 9. Chart of the relationship between bearing capacity of beams and concrete grade in inter-
nal layers
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2.3 Effect of thickness of the external and
internal layers on the bearing capacity of
three-layer concrete beams.

In this case, three-layered beams with width
160mm, height 250mm and length 3000 mm,
shown in Figurel, are studied. The external lay-
ers of tested beams made by heavy concrete
(normal concrete) grade B15, with changes of
thickness from 40mm to 80mm and the

internal layers of tested beams made by light-
weight concrete grade B1, with changes of
thickness from 170mm to 90mm.

Table 6 presents the cases of investigating
changes of thickness of the external and internal
layers on bearing capacity of three-layer rein-
forced concrete beams.

The results of the analysis the stress and defor-
mation state on the beams are shown in Table. 7
and Figure.10.

Table 6. Thickness of layers in cases investigated

Layer 1: Layer 2: Layer 3:

Case NC layer LW layer NC layer
10 40 mm 170 mm 40 mm
11 60 mm 130 mm 60 mm
12 80 mm 90 mm 80 mm

Where: The normal concrete (B15) layer below is layer 1;
the lightweight concrete (B1) layer in the middle is layer
2; the normal concrete (B15) layer above is layer 3.

Table 7. Comparation of the results of analysis

Model At the formation of At failure of beam
cracks
Moment | Deflection| Moment |Deflection
Mere (kN.m)| £, (mm) Mere (kKN.m)| f, (mm)
Case-10 1.18 0.41 9.82 19.96
Case-11 1.57 0.44 10.19 20.26
Case-12 1.74 0.46 10.46 19.15

12 4
T
= 101 T e
£ re ./././
Z pad
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Figure 10. Load-displacement curve for tested beams

In the beam samples case-10; 11 and case-12,
the material used by the external and internal
layers of the three-layered beams remains con-
stants, when thickness of the external layers var-
ies from 40mm to 80mm, making the crack re-
sistance and the bearing capacity of three-layer

Volume 18, Issue 2, 2022

concrete beams greatly changed. The moment at
the crack's formation increased from 1.18 kN.m
to 1.74 kN.m (increase by 47.5%), the bearing
capacity of tested beams increased from 9.82
kN.m to 10.46 kN.m (increase by 6.7%).
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3. CONCLUSION

The obtained experimental and theoretical re-
sults lead to the following conclusions:

(1) The final analysis shows similar results ob-
tained by numerical methods using the ANSYS
PC, compared to experimental studies and theo-
retical calculations. The results of analysis of
moments and deflections of multilayer rein-
forced concrete beams of ANSYS are usually
lower compared to the result of moments and
deflections when calculated according to the
theory scheme (from 1 to 5.8%).

(2) The analysis of concrete grade changes in
the layers shows that as the grade of concrete in
the external layer increases from B15 to B20,
the crack resistance can be increased in 59.7%
and the bearing capacity of the test beam is in-
creased in 16.4%. When the concrete grade in
the external layers is the same, the grade of
lightweight concrete in the internal layer in-
creases from B0.75 to B1.5, the moment at the
beam’s failure can be increased in 12.4%.

(3) The analysis of changes thickness of the ex-
ternal and internal layers shows that when the
thickness of the external layer varies from
40mm to 80mm, making the crack resistance in-
creased in 47.5% and the bearing capacity of
three-layer concrete beams greatly increased
6.7%.

REFERENCES

1. Korol E.A. Trekhsloynyye ograzhdayush-
chiye zhelezobetonnyye konstruktsii iz
legkogo betona i osobennosti ikh rascheta
[Three-layer fencing reinforced concrete
structures made of lightweight concrete and
features of their calculation]. Moscow,
ASV, 2001, 395 pages (in Russian).

2. Tho V.D., Korol E.A. Vliyaniye kon-
taktnykh sloyev na treshchinostoykost' iz-
gibayemykh trekhsloynykh konstruktsii [In-
fluence of contact layers on the crack
resistance of bent three-layer structures] //

70

10.

Vestnik MGSU, 2020, Vol. 15, pp. 988-998
(in Russian).

Lam T.V., Vu D.T., Dien V.K., Bulgakov
B.I., Korol E.A. Properties and thermal in-
sulation performance of lightweight con-
crete. // Magazine of Civil Engineering,
2018, Vol. 84, Issue 8, pp. 173-191.

Korol E.A., Marina Berlinova. Calcula-
tion of multilayer enclosing structures with
middle layer of polystyrene concrete. //
MATEC Web Conf, 2018, Volum 193, 7
pages.

Korol E.A., Kharkin Y.A. To the question
of choosing a software package for model-
ing the stress-strain state of three-layer rein-
forced concrete elements and structures
with a monolithic bond of layers. // Scien-
tific and technical journal on construction
and architecture (The Bulletin), 2010, Vol.
3, pp.156-163.

Korol E.A, Vu Dinh Tho., Kustikova Y.
Model of stressed-strained state of multi-
layered reinforced concrete structure with
the use of composite reinforcement. // IOP
Conference Series: Materials Science and
Engineering, 2017, Vol. 365, Issue 5, 11
pages.

Fernando P.L.N., Jayasinghe M.T.R.,
Jayasinghe C. Structural feasibility of Ex-
panded Polystyrene (EPS) based light-
weight concrete sandwich wall panels. //
Construction and Building Materials, 2017,
Volume 139, pp. 45-51.

Diamond S. Aspects of concrete porosity
revisited. / Cement and Concrete Research,
1999, Vol. 29, Issue 8, pp. 1181-1188.

Tho V.D., Korol E.A. Influence of geomet-
rical parameters of the cross section,
strength and deformability of the materials
used on stress strain state of three-layered
reinforced concrete. // IOP Conference Se-
ries: Materials Science and Engineering,
2019, Vol. 661, 10 pages.

Shendy M.E. A comparative study of
LECA concrete sandwich beams with and
without core reinforcement. / Cement and

International Journal for Computational Civil and Structural Engineering



Model of Stress-Strain State of Three-Layered Reinforced Concrete Structure by the Finite Element Methods

11.

12.

13.

14.

15.

16.

17.

18.

19.

Concrete, Compos, 1991, Vol. 13, pp. 143—
149.

Korol E.A. The choice of the rational pa-
rameters of three-layer reinforced concrete
enclosing structures with the monolithic
bond of layers by computer simulation. //
IOP Conference Series: Materials Science
and Engineering, 2018, Vol. 456, 7 pages.
Shams A., Horstmann M., Hegger J. Ex-
perimental  investigations on Textile-
Reinforced Concrete (TRC) sandwich sec-
tions. // Composite Structures, 2014, Vol.
118, Pages 643-653.

Andreev V.1., Turusov R.A., Tsybin N.Y.
Application of the Contact Layer in the So-
lution of the Problem of Bending the Multi-
layer Beam. // Procedia Engineering, 2016,
Vol. 153, pp. 59-65.

Gara F., Ragni L., Roia D., Dezi L. Ex-
perimental behaviour and numerical analy-
sis of floor sandwich panels. // Eng. Struct,
2012, Vol. 36, pp. 258-269.

Gara F., Ragni L., Roia D., Dezi L. Ex-
perimental tests and numerical modelling of
wall sandwich panels. // Eng. Struct, 2012,
Vol. 37, pp. 193-204.

Tho V.D., Korol E.A. Influence of geomet-
rical parameters of the cross section,
strength and deformability of the materials
used on stressstrain state of three-layered
reinforced concrete. // IOP Conference Se-
ries: Materials Science and Engineering,
2019, Vol. 661, pages 10.

Yue Z., Xiao H. Generalized Kelvin Solu-
tion based boundary element method for
crack problems in multilayered solids. //
Engineering Analysis with Boundary Ele-
ments, 2002, Vol. 26, pp. 691-705.
Marciukaitis G., Juknevicius L. Influence
of the Internal Layer Cracks on the Crack-
ing of Flexural Three-Layer Concrete
Members. // Journal of Civil Engineering
and Management, 2002, Vol. 8, pp. 153—
158.

Funari ML.F., Spade, S., Fabbrocino F.,
Luciano R. A. Moving Interface Finite El-
ement Formulation to Predict Dynamic

Volume 18, Issue 2, 2022

20.

21.

22.

Edge Debonding in FRP-Strengthened
Concrete Beams in Service Conditions. //
Fibers, 2020, Vol. 8, pages 42.

Funari MLF., Greco F., Lonetti P. 2016. A
cohesive finite element model based ALE
formulation for z-pins reinforced multi-
layered composite beams. // Procedia
Struct. Integr, 2016, Vol. 2, pp. 452-459.

S. Moaveni. Finite element analysis: Theo-
ry and application with ANSYS, 2015, (in
London).

SP 63.13330.2012. 2012.Concrete and rein-
forced concrete structures.

CIIMCOK JIMTEPATYPbI

1.

Kopouas E.A. Tpexcrolinble orpaxnaaroonme
XKene300eTOHHBIE KOHCTPYKIIMH U3 JISTKOTO
0eToHa M OCOOCHHOCTH HMX pacyeTa. — M.;
ACB 2001.-255c.

Tho V.D., Kopol E.A. Biusaue KOHTakT-
HBIX CJIOCB HAa TPEUIMHOCTOWKOCThH M3Trnbae-
MBIX TPEXCIONUHBIX KOHCTPYKIUH. // Becm-
Hux MI'CY, 2020, Tom 15, c. 988-998.

Lam T.V., Vu D.T., Dien V.K., Bulgakov
B.1., Korol E.A. Properties and thermal in-
sulation performance of lightweight con-
crete. // Magazine of Civil Engineering,
2018, Volume 84, Issue 8, pp. 173—-191.
Korol E.A., Marina Berlinova. Calcula-
tion of multilayer enclosing structures with
middle layer of polystyrene concrete. //
MATEC Web Conf, 2018, Volum 193,
pages 7.

Korol E.A., Kharkin Y.A. To the question
of choosing a software package for modeling
the stress-strain state of three-layer reinforced
concrete elements and structures with a mon-
olithic bond of layers. // Scientific and tech-
nical journal on construction and architecture
(The Bulletin), 2010, Volume 3, pp.156-163
Kopouas E. A., Vu Dinh Tho., Kustikova
Y. Model of stressed-strained state of multi-
layered reinforced concrete structure with
the use of composite reinforcement. // IOP
Conference Series: Materials Science and

71



Vu Dinh Tho, Elena A. Korol, Vladimir I. Rimshin, Pham Tuan Anh

Engineering, 2017, Volume 365, Issue 5,
pages 11.

7. Fernando P.L.N., Jayasinghe M.T.R.,
Jayasinghe C. Structural feasibility of Ex-
panded Polystyrene (EPS) based light-
weight concrete sandwich wall panels. //
Construction and Building Materials, 2017,
Volume 139, pp. 45-51.

8. Diamond S. Aspects of concrete porosity re-
visited. // Cement and Concrete Research,
1999, Volume 29, Issue 8, Pages 1181-1188.

9. Tho V.D., Korol E.A. Influence of geomet-
rical parameters of the cross section,
strength and deformability of the materials
used on stressstrain state of three-layered
reinforced concrete. / IOP Conference Se-
ries: Materials Science and Engineering,
2019, Volume 661, 10 pages.

10. Shendy MLE. A comparative study of LECA
concrete sandwich beams with and without
core reinforcement. / Cement and Concrete,
Compos, 1991, Volume 13, pp. 143—149.

11. Korol E.A. The choice of the rational param-
eters of three-layer reinforced concrete en-
closing structures with the monolithic bond of
layers by computer simulation. // IOP Con-
ference Series: Materials Science and Engi-
neering, 2018, Volume 456, 7 pages.

12. Shams A., Horstmann M., Hegger J. Ex-
perimental investigations on  Textile-
Reinforced Concrete (TRC) sandwich sec-
tions. // Composite Structures, 2014, Vol-
ume 118, Pages 643-653.

13. Andreev V.I., Turusov R.A., Tsybin N.Y.
Application of the Contact Layer in the So-
lution of the Problem of Bending the Multi-
layer Beam. // Procedia Engineering, 2016,
Volume 153, pp. 59-65.

14. Gara F., Ragni L., Roia D., Dezi L. Ex-
perimental behaviour and numerical analy-

sis of floor sandwich panels. // Eng. Struct,
2012, Volume 36, pp. 258-269.

15. Gara F., Ragni L., Roia D., Dezi L. Ex-
perimental tests and numerical modelling of
wall sandwich panels. // Eng. Struct, 2012,
Volume 37, pp. 193-204.

16. Tho V.D., Korol E.A. Influence of geomet-
rical parameters of the cross section,
strength and deformability of the materials
used on stressstrain state of three-layered
reinforced concrete. // IOP Conference Se-
ries: Materials Science and Engineering,
2019, Volume 661, pages 10.

17. Yue Z., Xiao H. Generalized Kelvin Solu-
tion based boundary element method for
crack problems in multilayered solids. //
Engineering Analysis with Boundary Ele-
ments, 2002, Volume 26, pp. 691-705.

18. Mar¢iukaitis G., Juknevicius L. Influence
of the Internal Layer Cracks on the Crack-
ing of Flexural Three-Layer Concrete
Members. // Journal of Civil Engineering
and Management, 2002, Volume 8, pp.
153-158.

19. Funari MLF., Spade, S., Fabbrocino F.,
Luciano R. A. Moving Interface Finite El-
ement Formulation to Predict Dynamic
Edge Debonding in FRP-Strengthened
Concrete Beams in Service Conditions. //
Fibers, 2020, Volum 8§, 42 pages.

20. Funari ML.F., Greco F., Lonetti P. 2016. A
cohesive finite element model based ALE
formulation for z-pins reinforced multi-
layered composite beams. // Procedia
Struct. Integr, 2016, Volume 2, pp. 452—
459.

21. S. Moaveni. Finite element analysis: Theo-
ry and application with ANSYS, 2015, (in
London).

22. SP 63.13330.2012. 2012.Concrete and rein-
forced concrete structures.

Vu Dinh Tho. Candidate of Technical Sciences, Teacher
of the Department of Construction of civil engineering
and industrial engineering « University of transport tech-
nology (UTT)» (Vietnam), 100000, 54-Trieu Khuc,
Thanh Xuan, Ha Noi, Vietnam.

By Jluno Txo. Kann. TexH. Hayk, nperiojiaBaTessb Kadeapb
"[IpOMBIIIIEHHOE U TPaXJAHCKOE CTPOUTENLCTBO", YHU-
BEpCUTET TpaHCHOPTHBIX TexHosorui; 100000, 54- UYuey
Xyk, Txamp Cyan, Xa Ho#i, Bsernam; e-mail:
thovd@utt.edu.vn; (+84)986961858; 0000-0001-7374-9424.

72 International Journal for Computational Civil and Structural Engineering



Model of Stress-Strain State of Three-Layered Reinforced Concrete Structure by the Finite Element Methods

Elena A. Korol. Doctor of Technical Sciences, Professor,
Professor of the Department "Housing and Communal
Complex", National Research Moscow State University
of Civil Engineering" (NIU MGSU); 129337, 26, Yaro-
slavskoye Shosse, Moscow, Russia; e-mail: Koro-
IEA@mgsu.ru; 0000-0002-5019-3694.

Vladimir 1. Rimshin. Doctor of Technical Sciences, Pro-
fessor, Professor of the Department "Housing and Com-
munal Complex", National Research Moscow State Uni-
versity of Civil Engineering" (NIU MGSU); 129337, 26,
Yaroslavskoye Shosse, Moscow, Russia; e-mail: Rim-
shinVI@mgsu.ru.

Pham Tuan Anh. Candidate of Technical Sciences,
Teacher of the Department of Construction of civil engi-
neering and industrial engineering « University of
transport technology (UTT)» (Vietnam), 100000, 54-
Trieu Khuc, Thanh Xuan, Ha Noi, Vietnam.

Volume 18, Issue 2, 2022

Koponw Enena Anamonvegna. JJOKTOp TEXHUUECKUX HAYK,
mpodeccop, mpodeccop  kadenpsl <« OKunmmmiHO-
KOMMYHQJIBHBIF ~ KOMIUIeKe», DenepanbHoe rocynap-
CTBEHHOEC OIO/DKETHOE O0pa30oBaTEeIbHOE YUPEKICHHE
BEIcIIero oOpa3oBaHus «HamnoHaIBHBIN HCCIIeIOBATEIb-
CKMM MOCKOBCKHH TIOCYAapCTBEHHBIH CTPOUTENbHBIN
yausepcure™ (PI'BOY BO «HUY MI'CVYy»); 129337, r.
Mocksa, SpocmaBckoe 1mocce, a. 26; e-mail: Koro-
IEA@mgsu.ru.; 0000-0002-5019-3694.

Pumwun  Braoumup Heanosuu. JIOKTOp TEXHUUECKHX
HaykK, mpodeccop, npodeccop Kadeapsl <« KunniHo-
KOMMYHAaJIbHBIA KOMIUIeKe», denepabHOe rocyaapcTBeH-
Hoe Oro/DKeTHOE 00pa30BaTENbHOE YUYPEXKICHHE BBICIICTO
oOpazoBaans «HammoHaMBHEIA ¥ccIenoBaTeIbckuii Moc-
KOBCKHMH TOCYJapPCTBEHHbBIM CTPOUTEIBHBIA YHHUBEPCUTET
(®I'bOY BO «HUY MI'CVYy»); 129337, r. Mocksa, Spo-
CIIABCKOE 10cce, 1. 26; e-mail: RimshinVI@mgsu.ru.

@am Tyano Anb. KaHa. TeXH. HayK, MpenojaBaTeib Ka-
¢denper  "TIpoMBIIIUIIEHHOE ¥ TPAXKIAAHCKOE CTPOUTEIIb-
cTBO", YHHUBEpPCUTET TPAHCIOPTHBIX  TEXHOJOTHIA;
100000, 54- Yuey Xyx, Txanb Cyan, Xa Hoii, BbeTHawm;
e-mail: anhpt@utt.edu.vn; 0000-0001-9484-1916.

73



