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SELECTION OF THE RATIONAL PARAMETERS OF THREE-
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Abstract. For the selection of the rational physical, mechanical and geometric parameters of three-layer rein-
forced concrete structures with monolithic bonding layers, it is necessary to have numerous data on the stress
field and patterns of their deformation upon loading, changes in the energy parameters of the strength of concrete
and the thickness of the layers. The important condition for the analysis of the stress-strain state by computer
simulation is verification with experimental studies. This research is a confirmation of the reliability of the parti-
tioning of the model into finite elements, the choice of their size and configuration. Modeling of three-layered
enclosing structures with overall dimensions of attic overlappings allows obtaining strains and deformations in
the outer and middle layers at different levels of loads and performing their comparison with limiting values.
Due to the high rigidity of the three-layered enclosing structures with a monolithic bond of the layers and the use
of structural concrete in the outer layers, the strength of which is more than 10 times higher than that of the mid-
dle layer, there are no cracks in the operating loads. In order to recommend considering the stress-strain state,
there are more dimensional three-layer coating plates with monolithically bonded layers with different geometric
and strength parameters, with different degrees of reinforcement and levels.
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BbIEOP PAIIMOHAJIBHBIX MAPAMETPOB TPEXCJIOMHBIX

"KEJE30OBETOHHBIX KOHCTPYKIMI C MOHOJUTHBIMU

CBA3YIOIIUMU CJIOAMU METOAOM KOMIIBIOTEPHOTI'O
MOIEJUPOBAHUA

E.A. Koponw, 1O.0. Kycmukoea

HanmonansHelil HecnenoBaTeabckiuii MOCKOBCKHIA TOCYJapCTBEHHBIN cTpouTenbHblid yHuBepcuteT (HUY MI'CY);
r. MockBa, POCCHUI

AnHoTauus. /{7 BIOOpa palMoOHAIBHBIX (PU3NKO-MEXaHMYECKHX M T'€OMETPUYECKHX IapaMeTpOB TPEXCIIOi-
HBIX JKeJIe300€TOHHBIX KOHCTPYKLIHUH C MOHOJUTHBIMHU CBSA3YIOIIMMHU CIOSIMH HEOOXOIMMO pacIosaraTb MHOIO-
YHMCICHHBIMH JJAHHBIMU O T0JI€ HANPSHKEHUH U 3aKOHOMEPHOCTAX X Je(opMaiyy Ipu HarpyKeHNH, N3MEHEHNU-
SIX DHEPreTHYECKHX IapaMeTpOB IPOYHOCTH OETOHA W TOJIIIMHBI CIIOEB. BakHBIM yClOBHEM /ISl aHaIN3a
HaInpsHKeHHO-1e(h)OPMUPOBAHHOIO COCTOSHHS C TIOMOILBIO KOMIIBIOTEPHOTO MOJICIMPOBAHHMS SIBISCTCS BepUpu-
Kalusl 9KCIepUMEHTAIBHBIMIA HCCICIOBAHISAMU. DTO HCCICAOBAHHE SIBIISICTCS MOATBEPIKICHUEM HA/ICKHOCTH
pasleneHusl MOJICIM Ha KOHEYHbIE 3JIEMEHTHI, BbIOOpa MX pa3Mmepa M KoHpurypauuu. MojaenupoBaHue Tpex-
CIIOMHBIX OTPaKJAIOMINX KOHCTPYKIMH C y4EeTOM TadapUTHBIX Pa3MEpOB UEPAAYHBIX MEPEKPBITHH MO3BOJISET
TIOJTy4aTh HAINPsHKEHUS ¥ IeOpMaIlMOHHBIE CIBUTH BO BHEIIHEM M CPEIHEM CJIOSIX MTPU Pa3HBIX YPOBHSAX Harpy-
30K M IPOBOANTH MX CPAaBHEHHE C IPEICIbHBIMU 3HAUCHHUSMH. braromapsi BEICOKON KECTKOCTH TPEXCIOWHBIX
Orpa)JIaroIuX KOHCTPYKIUI C MOHOJIUTHBIM COEIMHEHUEM CJIOEB U UCIIOJIb30BaHUIO KOHCTPYKLIIMOHHOTO OeTo-
Ha BO BHELIHUX CJIOSAX, IPOYHOCTh KOTOporo Oosee uem B 10 pa3 Bellle, YeM y CPEIHEro Cosl, PH KCILTyaTa-
LMOHHBIX HAarpy3Kax TPEUIMHBl OTCYTCTBYIOT. [ljii TOro 49ToOBI PEKOMEHJOBAaTh YYHTHIBATH HANpPSHKEHHO-
neopMHpOBaHHOE COCTOSIHUE, CYLIECTBYIOT IUIACTHHBI C TPEXCIOMHBIM MOKPBITHEM OOJIBILEro pa3Mepa ¢ Mo-
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KiroueBble ciioBa: TpCXCHOﬁHBIe ’KeJ1e300€TOHHBIE KOHCTPYKIUH, MOHOJIMTHBIC CBA3YIOIUC CJIOU,
KOMIIBIOTEPHOC MOJACIIMPOBAHUC, I[G(i)OpMaLII/II/I, HaHpﬂ)KeHHO-,I[C(l)OpMI/IpOBaHHOC COCTOSHHC,
orpaxJaaronye KOHCTPpyYKIHH, IPOYHOCTDH OceToHa

1. INTRODUCTION

This research is aimed at studying the develop-
ment of methods for calculating multi-layer re-
inforced concrete structures, that based on the
use of the results of both experimental and theo-
retical studies, including computer modeling.
Multilayer structures consisting of materials
with different physical and mechanical charac-
teristics have a contact layer on the contact
boundary, the influence of which on the con-
struction of computational models has been in-
vestigated by numerical methods [1-7].

The experimental results reflect within the lim-
its of the accuracy of the experiment the actual
parameters of the stress-strain state of the struc-
tures and are associated with the correct devel-
opment of physical models.

As shown by the theoretical and experimental
studies, which were carried out earlier by the
author [8-10], the stresses in the stretched zone
of the investigated three-layer reinforced con-
crete structures under the operational load do
not reach the ultimate tensile strength, therefore
formation of cracks does not occur. This is the
basis for accepting the work of concretes of the
middle and outer layers of the structure under
such elastic loads. However, when analyzing the
results of model calculation, it is necessary to
consider the ratio of the obtained values of ten-
sile stresses for each layer of concrete and the
corresponding design tensile strength. When
these values approach or exceed the first one
above the second one, it is necessary to correct
the model taking into account the cracking.

2. MATERIALS AND METHODS

The cross-section of the investigated three-layer
bending reinforced concrete structures consists

of two types of concrete. Their outer layers are
made of structural concrete of class B12.5 -
B30, and the middle layer is made of structural
and heat-insulating class B1.5 and less.

After preliminary analysis for further work, the
ZSOIL software package developed by Zace
Service Ltd. (Switzerland). The possibilities of
this program are allowed to enter various mate-
rial parameters without their mutual depend-
ence. The program allows you to set the data
and generate the grid CE in manual mode. This
software allows the use of flat, isoparametric
and subparametric finite elements of the second
order.

To approximate a three-layer structure from
different types of concrete with a monolithic
bond of layers, as preliminary studies have
shown, rectangular or triangular flat finite el-
ements are most suitable. The dimensions of
the final elements were correlated with the
thickness of the layers of the structure, the
smallest of which was 40 mm. In order to be
able to compare the results of the simulation
with the actual picture of the deformation of
the tested three-layer reinforced concrete
beam-type samples, the parameters of the lay-
ers of beam samples were taken for the first
model [8] based on the results of previous ex-
perimental studies. In the first approximation,
taking into account the rare arrangement of
the reinforcement and the low percentage of
reinforcement (up to 0.05%), the beam rein-
forcement was not taken into account in the
calculation.

In the first version of the model, the three-layer
construction was represented by rectangular fi-
nite elements - the lower and upper layers in one
row, the middle one in the form of 4 rows of
finite elements (Fig. 1, a).
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Figure 1. FE model of beam with rectangular
grid: a) scheme for grid layout of FE model;
b) beam deformations

The parameters of the finite elements (FE) and
the characteristics of the concrete layers of the
structure are given in Table 1.

Table 1

Construction layer External Internal
The size of rectangular | 0,04%0, | 0,0425%0,
elements, m 10 10
Prismatic  strength of | 10,1 115
concrete Ry, MPa
Strength of concrete for 1,02 0,35
tensile strength Ry, MPa
Initial modulus of elas- | 10400 950
ticity EO, MPa
Poisson's ratio v = 0,139 0,122
0.00189 | Ry | +0.12
The shear modulus G = 4570 423
Eo/2 (1 +v), MPa
Average density of con- 1700 440
crete, kg / m3

The results of the calculation for a load corre-
sponding to the elastic stage of operation of a
beam sample are shown in Fig. 1 and Fig. 2.

As the calculation results showed, the deflec-
tions of beam models correspond to the results
of full-scale tests with an accuracy of up to
95%. The magnitudes of the principal stresses
in the layers of the elements are also close to
those experienced at the corresponding load
levels. However, the direction of the main ten-
sile and principal compressive stresses, shown
in adjacent finite elements on opposite diago-
nals, somewhat distorts the true picture of the
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stress field. Therefore, the representation of
the structural layers by rectangular finite ele-
ments with a length more than two times the
height of the element is not convenient in de-
riving the calculation results in the form of
principal stresses.
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Figure 2. Pattern of the distribution of principal
stresses in model 1
a) general diagram of the location of the princi-
pal stresses along the length of the beam;
b) enlarged fragment in the middle of the span

In the second model, the length of the rectangu-
lar finite elements is reduced to 0.05 m. Fig. 3
shows the main stresses in the middle of the
beam model. With a decrease in the size of the
final element by half, the overall picture of the
stresses did not change, but the angle of inclina-
tion of the principal stresses decreased some-
what. Differences in stress level do not exceed
0.1% upwards.
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Figure 3. Stresses in the beam by model 2
a) enlarged fragment of the main stresses
in the middle of the span;
b) diagram of normal stresses in the middle
of the span
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In the third model, the same construction is rep-
resented in the form of triangular finite elements
(Figure 4), that is, each rectangular FE with a
width of 0.1 m is replaced by four triangular el-
ements, dividing it by diagonals. In this case, we
obtain triangular FEs of two types-with the side
of the parallel lines separating the layers (1a) and
with the side perpendicular to these lines (1b).
The properties of the materials are taken from
Table. 1. As the analysis shows (Fig. 4, Fig. 5),
the transition to smaller triangular FEs clarifies
the results downwards by about 1.3%. In this
case, the diagram of normal stresses in the mid-
dle of the span of the beam completely corre-
sponds to the experimental data.
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Figure 4. FE model of beam with triangular grid
a) scheme for grid layout of FE model;
b) beam deformations
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Figure 5. Stress distribution pattern in model 3
a) distribution of principal stresses along the
length of the beam; b) enlarged fragment of

principal stresses along the length of the beam,

¢) diagram of normal stresses in the middle sec-

tion of the beam

The reliability of the model, when the beam is
divided into triangular FEs, has a significant
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importance. Comparison of the calculation re-
sults with the experimental data on deflections,
strain measurements along the direction of the
main stresses in the middle of the span and on
the landing areas gives a convergence in the
range 95-97%.

In general, the analysis of the operation of the
three-layer beam element model without longi-
tudinal reinforcement shows that the bulk of the
effort is assumed by the outer layers of the con-
struction made of structural concrete, and in the
middle layer of low strength concrete, the level
of maximum stresses is lower by an average of
15 times. The destruction of the structure will
occur starting with the outer layers, and on the
average, a layer of internal destruction and ex-
cessive deformation is not observed.

In this research there is also well-considered
issue, how the introduction into the stretched
zone of the beam of longitudinal reinforce-
ment will affect the operation of the layered
structure. For this, in the middle of the height
of the lower layer of the beam we arrange the
reinforcement layer. In this case, for the pos-
sibility of comparing the results of the charac-
teristics of reinforcement and concrete layers,
we take as previous tests of beam samples [8]
(Table 2).

Table 2

Construction layer External Internal
The size of rectangular | 0:04%0,10 | 0,0425%0,
elements, m 0,02x0,10 | 10
Prismatic  strength of 21,0 1,01
concrete Ry, MPa
Strength of concrete for 1,75 0,28
tensile strength Ry, MPa
Initial modulus of elas- | 12000 890
ticity EO, MPa
Poisson's ratio v = |0.16 0,122
0.00189 | Ry | +0.12
The shear modulus G = | 9172 397
Eo/2 (1 +v), MPa
Average density of con- | 1800 440
crete, kg / m3
Modulus of elasticity of | 200000
reinforcement, MPa
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The reinforcement was adopted with a diameter
of 8 mm in increments of 15 cm, the reinforce-
ment percentage was 0.29%. The FE model grid
and the results of the the loading of beam calcu-
lations are shown in Fig. 6 - 8.
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Figure 6. Model of a beam with longitudinal
reinforcement
a) scheme of grid layout of the FE model 4,

b) deformation of the beam
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Figure 7. Pattern of the distribution of principal
stresses in a model with longitudinal reinforce-
ment: a) distribution of principal stresses in the

model; b) enlarged fragment of principal stresses

As shown by the calculation results, the deflec-
tions of the models of beam samples (Fig. 6)
correspond to the results of the tests with an ac-
curacy of up to 96%, the deformations in the
middle layer of the beam near the supports (Fig.
8b) are also close to those experienced at this
stage of loading. The effect of reinforcement on
the operation of such rigid beams at such a low
percentage of reinforcement (0.29%) is very
slight. The difference in the absolute values of
the boundary compressive and tensile stresses in
the considered models without reinforcement is
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from 0 to 0.3%, and in the reinforced sample
this difference amounts to 3.75%.
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Figure 8. The field of distribution of the relative
deformations of concrete in the beam of model 4
a) along the length of the beam; b) enlarged
fragment near the support

In this study the following model of the effect of
increasing the degree of reinforcement on the
work of a three-layer structure was considered.
With an increase in the percentage of rein-
forcement to 3% and a decrease in the strength
of the concrete of the outer layers to the value
indicated in Table. 1, the stress field in concrete
changes and the reinforcement will have a sig-
nificant effect on the design work (Figure 9).
The main tensile stresses in the lower zone of
the beams in the middle of the span are below
the boundary compressive stresses by 57.3%.
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Figure 9. Beam model with an increased per-
centage of reinforcement
a) deformation of the beam, b) distribution of
principal stresses

Comparison of the results of experimental stud-

ies of three-layer beam elements with their
models developed with the help of the ZSOIL
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software complex showed that it is possible to
reproduce with sufficient accuracy the modeling
of the operation of a multilayer element using
plane triangular cells with dimensions close to
the thickness of the layers.

3. RESULTS

In the practice important means has studying the
work of the slabs and attic overlaps of a three-
layer structure with a monolithic bond of layers:
a slab of a 6.0 m length and a thickness of 50
cm with external layers of structural concrete 8
and 4 cm thick and a medium layer of low
strength concrete - 38 cm; minimum allowable
reinforcement level of 0.05% (a reinforcement
with a diameter of 8 mm step of 15 cm). The
total calculated value of the uniformly distribut-
ed load from the roof mass and the temporary
snow load is 2.2 kN / m?.

The model with the bottom layer of concrete 8
cm thick is divided in height into two rows of
FE - 2 cm and 6 cm, reinforcement is provided
between layers 2 cm and 6 cm thick, was com-
posed in this researching. Further, the middle
layer of 38 cm thick is represented by three
rows of FE with a height of 5.6 cm. The upper
layer 4 cm thick is single-row. The length of the
element is divided into 15 sections, i.e., the
maximum length of the FE is 20 cm. The FEs
are triangular (Fig. 9 and Fig.10).
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Figure 10. Model of a plate of a covering:
a) scheme of splitting on final elements; b) de-
formation of the plate; c) diagram of the distri-
bution of longitudinal forces in the reinforce-
ment
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Deflections, the pattern of distribution of princi-
pal stresses, the diagram of normal stresses and
also the distribution fields of normal stresses
and relative deformations of concrete are shown
in Fig. 10 — 12. The maximum vertical deflec-
tion of the structure was 0.125 cm. As can be
seen in Fig. 11, at such value of ratio of the lay-
ers thickness, the tensile force in the middle lay-
er practically does not arise.
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Figure 11. The pattern of stress distribution in
the plate model: a) the main stresses along the
length of the plate; b) enlarged fragment of
principal stresses, c) diagram of normal stress-
es in the middle section of the plate
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Figure 12. distribution of stresses and strains in
the model plate: a) field distribution of normal
stresses in the plate; b) field of distribution of

the relative deformations

In addition, the cross section in the middle of
the span of the plate was considered. In the 5
upper triangular cells of the cross-section 1,
normal compressive stresses of the level of
0.086-0.012 MPa (at Rb = 1.15 MPa) act in the
middle of the slab of the structural concrete lay-
er; and only in the lower FE there is an insignif-
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icant stretching of 0.022 MPa (at Rbt = 0.35
MPa). Such a distribution of efforts will posi-
tively affect the reliability of the work of such a
design. Efforts in the outer layers of the plate
are as follows: in the stretched zone 0.259-0.526
MPa (at Rbt = 1.02 MPa); in the compressed
zone 0,96 - 1,1 MPa (at Rb = 10,1 MPa).

The stress diagram for the reinforcement, shown
in Fig. 10, shows that the effect of reinforce-
ment due to the rigidity of the structure is insig-
nificant, since at the design load the ratio of the
maximum force in the armature (2.2 kN) to the
design (18.34 kN) is 12%.

As the calculation of the design model with the
dimensions of the offered full-scale plates has
shown, the concrete of the middle layer of such
boards will experience compressive stresses of
85% of the thickness that do not exceed 8% of
the prismatic strength of concrete, while the re-
maining part exhibits insignificant tensile
stresses that do not exceed 6% of the tensile
strength of the concrete.

4. CONCLUSIONS

The well convergence of the experimental and
calculated results makes it possible to recom-
mend considering the stress-strain state of large-
sized layered slabs with different thicknesses of
monolithically bonded layers at different rein-
forcement levels and loading levels on the rec-
ommended finite element models.

The use of modern calculating software on the
basis of the finite element method (FE) makes it
possible to simulate the stress-strain state of a
reinforced layered structure with monolithically
bonded layers. It is recommended to use flat tri-
angular cells with dimensions close to the thick-
ness of the layers.

The analysis of the operation of three-layer
beam structures shows that the middle layer of
low-strength concrete undergoes insignificant
stresses, which are close to the operational ones,
5-10% of the design tensile strength of concrete,
which confirms the rational layout of the section
from the point of view of the stress-strain state,

Volume 19, Issue 2, 2023

These researches with application of a computer
modeling method allow to vary in a wide range
by changing the design parameters (thickness of
layers, strength properties of concrete, types of
reinforcement and the degree of reinforcement)
and, ultimately, to choose a rational design solu-
tion.
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