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Abstract

Introduction. Massive monolithic foundation slabs are prone to early-age cracking caused by the exothermic heat
of hydration of concrete. Selecting optimal strategies to address this issue can be achieved through computer-based
simulations. Purpose of the study. The study is aimed at developing a simplified finite element model to determine the
stress—strain state of foundation slabs during construction while accounting for foundation soil compliance, and validating
this model against existing experimental data as well as results reported by other authors. In the course of the study, the
following methods were used: finite element modeling with plate finite elements in the MATLAB environment, employing
software developed by the authors that reduces the three-dimensional problem of determining the stress—strain state to
a two-dimensional formulation. The foundation bed was modeled using the Pasternak model with two foundation moduli.
The results show that the proposed solution is in good agreement with the numerical modeling data obtained by other
researchers in a three-dimensional setting. Satisfactory agreement with the experimental results was also achieved.
A study was conducted to assess the influence of the reinforcement ratio and the coefficient of linear thermal expansion
of concrete on the stress—strain state.

Keywords: massive reinforced concrete structures; foundation slab; cracking; thermal stresses; finite element method;

foundation modulus.

Introduction

The increasing height of constructed buildings
makes research aimed at improving foundation
design and construction technology particularly
relevant, with the objective of enhancing structural
reliability and reducing costs. Widely used flat
monolithic reinforced concrete foundation slabs
typically have a thickness of 50-200 cm or more
(Bushmanova et al.,, 2017). In most cases, such
foundation slabs with a thickness exceeding 70 cmfall
into the category of massive structures (Johansson
and Heinegard, 2020). In massive reinforced
concrete foundation slabs, the heat released during
cement hardening causes non-uniform temperature
rise across the slab thickness (Kuriakose et al.,
2016). Differential thermal strains in combination
with  shrinkage deformations can generate
significant tensile stresses leading to cracking (Chuc
et al., 2018; Klemczak and Knoppik-Wrébel, 2011;
Korotchenko et al., 2016). Early-age cracking in
massive reinforced concrete structures may require
substantial additional costs, and in some cases may
render the structure unfit for service (Safiuddin et
al.,, 2018). It also adversely affects durability and
long-term structural performance under loading
(Slowik et al., 2008). Therefore, for such structures,
special measures must be implemented to minimize
the influence of thermal stresses associated with

concrete exothermy during hardening (Nama et al.,
2015).

Selecting optimal mix-design and technological
parameters for casting monolithic foundation slabs
can also be based on numerical modeling results
(Buffo-Lacarriére et al., 2011; Havlasek et al., 2017;
Wang et al., 2020).

At present, the finite element method serves as
the main tool for analyzing temperature fields and
thermal stresses in massive monolithic foundation
slabs during construction (Liu and Schindler, 2020;
Mathern and Yang, 2021).

The analysis of temperature fields and thermal
stresses during the construction of massive
monolithic foundation slabs is typically carried
out in a three-dimensional setting using solid
finite elements (FE) for both the concrete and the
foundation soil (Cajka et al., 2020). This approach
requires substantial computational resources, which
makes it difficult to explore a large number of options
when choosing optimal casting parameters.

An earlier study (Chepurnenko et al., 2022b)
proposed a simplified method for determining
thermal stresses during the construction of massive
monolithic foundation slabs resting on a completely
rigid base. In addition to assuming that the base
is non-deformable, the method also considers
identical reinforcement in the x and y axes and uses
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the plane-sections hypothesis, which reduces the
three-dimensional stress—strain analysis to a one-
dimensional problem.

In (Chepurnenko et al.,, 2024), a resolving
equation was derived to determine the stress—strain
state of a foundation slab during construction while
accounting for foundation slab compliance. The
Pasternak elastic foundation model was adopted
for the soil. The foundation slab was considered as
plain concrete, without accounting for reinforcement.
Moreover, a finite-difference method was proposed to
solve the resulting equation, which leads to relatively
complex approximations of boundary conditions.

The objective of this study is to further develop the
approaches proposed by Chepurnenko et al. (2024).
The method presented in this paper allows the
reinforcement of the slab to differ in the x and y axes.
The idea is to reduce the three-dimensional thermal
stress analysis to a two-dimensional problem based
on the assumption of a linear distribution of strains
through the slab thickness and the use of plate finite
elements instead of solid FE.

Materials and Methods

In this study, reinforced concrete foundation
slabs with orthogonal reinforcement are considered
(Fig. 1). To reduce the dimensionality of the problem,
the hypothesis of a linear strain distribution through
the slab thickness (straight-normal hypothesis) is
used. This hypothesis is valid for thin plates in which
the ratio of thickness h to the smallest plan dimension
a does not exceed one fifth (Petrov, 2018). Despite
their considerable thickness, which may reach 2.5 m
or more, foundation slabs also have significant plan
dimensions. Therefore, the ratio h/a generally falls
within the specified limits, and the use of the straight-
normal hypothesis can be considered justified for
this problem. When these limits are exceeded, one
may employ, for example, the hypotheses presented
in (Gatiev et al., 2023).

Based on the straight-normal hypothesis, the
total concrete strains &;,.ep,,7;y, Can be written as
follows:

= o

€px TEx ~ZXx>
Yoy =1 =270 (1)
where 82, 8(;,, Yo are the strains of the middle plane
(taken as the reference surface), y, = Zz_;} %y :ZZ_EV’
Yxy =az—w are the mid-surface curvatljcre chang)és,

Ox0y
w is the slab deflection, and the coordinate is
measured from the middle plane.

The strains of the reinforcement in the i-th layer
are determined from the condition of its combined
action with the concrete:

_.0 .
€ox,i = &x T Zgx,ikx>

Esy,i = 8())) “Zgy,iky- ()

In addition to the hypothesis of linear strain
distribution through the slab thickness, a hypothesis
on the one-dimensional character of temperature
distribution is introduced, i.e., the temperature
is assumed to be a function of the coordinate z
only. This is confirmed by the results of three-
dimensional finite element simulations presented
in (Chepurnenko et al., 2022a, 2022b). A deviation
from this hypothesis is observed only in a small
region near the slab edges. Since the temperature is
taken as a function of z only, the concrete modulus of
elasticity is also assumed to depend solely on z. The
well-known plate theory assumption of the absence
of transverse normal stresses is also adopted,
meaning that strains and stresses in the z direction
are absent in the concrete.

The total concrete strains, from a physical
standpoint, represent the sum of the strains caused
by stresses o, o5, and 1, as well as thermal
strains and shrinkage strains:

1
Ehx =m((5bx —VGby)-l-Sbf;
1

Sby Eb (Z)(Gby_vcbx)"'gbf;

2(1+v
Yoxy = ﬁrbxy > (3)

where Ej, (z)is the concrete modulus of elasticity; v is
the Poisson’s ratio of concrete, taken as constant;
epr = 0AT +eg, is the sum of the thermal strain and
shrinkage strain (o is the coefficient of linear thermal
expansion of concrete; AT is the temperature change
at the point under consideration).

The total strains in the reinforcement consist of
elastic and thermal strains:
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Fig. 1. Slab reinforcement layout
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temperature changes in the i-th layer in the x and y
directions, and o, is the coefficient of linear thermal
expansion of steel.

The stresses in concrete are expressed from (3)
through the strains in the following form:

E
Opx :li—izz)(gbx T VEp, _(1+V)8bf):
E
B v (v, 1) )
Ey(z
Oty = 1ii2)(8by Hvep —(1+V) ey ) =
B ot
-V
Ey(2) Ey(2)

= =——2(yo-2 5
Thxy 2(1+V)Vbxy 2(1+ )(YO ZXxy) (5)

The stresses in the reinforcement are written
through the strains as follows:

0 .
Osx,i = Eg (Sx ~ Zex,ikx ~ oLSAT)c,i)’

0
Ogy,i = E; (gy T Zgyiky _asATy,i ) (6)

In the analysis, it is assumed that the slab resists
only bending, and that no longitudinal forces N,, N,
develop, since the soil has a much lower modulus
of elasticity compared with concrete and therefore
does not restrain the slab from expanding in the x
and y directions. The shear forces N, are also taken
equal to zero. The conditions of zero longitudinal
forces are written as follows:

h
2 ny
N, = I Opydz + chx,iAsx,i =0;

h i1
2
h
2 ny
Ny = [opdz+Y0y,,45; =0, 7)
h =1
2

where n, and n,, are the numbers of reinforcement
layers in the x and y directions, 4;, ; and Asy, are the
cross-sectional areas of the reinforcement in the i-th
layer per running meter of the slab length.
Substituting (5) and (6) into the first equation of

(7) yields the following:

0 0
(Bbl +Bsx)8x +Bb28y _(Cbl +Csx)Xx _CbZXy =
=Npr + Nysi» (8)
where
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1 h/2
Nbf Eb (z)abfdz;
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Ny = o E; ZASX AT,
Similarly, the condition Ny = 0 gives:

(Bbl +Bsy)8g + Byey _(Cbl +Csy)Xy —Cpox =

=Npr +Ngg (9)
where

Bsy = Es zAsy,i; Csy = zAsy,iZsy,i;
i=1 i=l1

Y
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The strains 82 and 8?, can be expressed from (8)
and (9) through changes in curvatures as follows:

0 -1
€y =[A] Xx n Bb1+Bsx BbZ y
sg), Xy By, By +B,,
ny
where
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The bending moments M, and M , are determined
as follows:

h
2
M, = J.GbedZ+ZGsx1 ox,iZsx,i >
h i=1
2
h
2
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2
Substituting (5) and (6) into (11) yields:
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Msfy = 0LsEszAsyIATylZsyt
i=1
To eliminate the mid-surface strains from (12),
expression (10) shall be substituted into (12). As
a result, the following relationship between the
bending moments and the changes in curvatures

can be obtained:
}, (13)
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It should be noted that Dy, = D,,.

The shear force Ny, is determined as follows:
h

N, bxy = _[ Tbxydz -

2
h

h
2
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The mid-surface strain vy, from (14) is expressed
through the torsional curvature ¥, as follows:

Yo=—F Xxy- (15)

In case of orthogonal reinforcement, the torsional

moment M, is entirely accepted by concrete:
h

2
My, = Irbxyzdz =
h

2
h
Yo h2 Xxy T 2
= Ey(z)zdz - E dz. (16
2(1+v) ,{/2 b(2)2d2 1+v Ih b(2)7dz (16)

2
Substituting (15) into (16) yields:

C2
Mxy :_(l_v)[Dbl B})l}Xxy D33Xxy (17)

Finally, the relationship between the internal
moments and the changes in curvatures can be
written in the following form:

Mx
M, (==[D){x}~{n"}, (18)
My,
where
Dy Dy 0 A
0 0 D33 /2 ZXxy
M,
{M*}_ ML
0

The calculation of the stress—strain state
is performed using the finite element method.
Rectangular plate finite elements are employed
(Fig. 2), each node having three degrees of freedom:
the deflection w, and the rotation angle ¢} ,¢; .

To obtain the stiffness matrix and the load vector,
the variational Lagrange principle (principle of
minimum total energy) is applied.

The total energy functional A represents the
difference between the potential strain energy and
the work of external forces:

A=T1-W. (19)

The potential strain energy, taking into account
thermal effects and concrete shrinkage, can be
written as follows:

=3 [ 121

where A=a-b is the area of the rectangular plate
FE.

The work of external forces W represents the
work of the reactive pressure of the elastic base.
The Pasternak foundation model with two foundation
moduli C; and C, is adopted (Egorova et al., 2016),
in which the reactive pressure p is related to the slab
deflection as follows:

2 2
p=Cw-G, [a_era_J Cw—C, V2w, (21)
ox? 8y

For a homogeneous soil mass, the moduli ¢ and
€ are determined by the following formulas:

E

da+ [{x}T aa-{M"}, (20)
A

:—g; 22
Cl H(l—vé) ( )
C2 :i’ (23)

6(1+vg)

where H is the thickness of the soil mass, E, is the
Young's modulus of the soil, v, is the Poisson’s ratio
of the sail.
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Fig. 2. Finite element used

The work of external forces is calculated as
follows:

W= —Ip(x,y)w(x,y)dA. (24)
A
The following approximation is adopted for the
deflection:

W= fi+ fox+ fiy+ f4x® + fs37 + foxy+ frxty+
+” + fox? + fioy + X v+ fian® =[¥]{f). (25)
where

{f}T =N L s fa fs o 17 J3 Jo fro fir fin}s
[P]={1x y 37 Py 0 3Pyt

The displacement field of the element can be
written as:

T ow ow|
{W(px ‘Py}=wga =
w 2y vl P P By
3x2 0 3%y ) {1} (26)

2xy 0 3y2

lxyxzy2
=010 2x 0 y 2vp
0010 2y x x° X 3y%x

The vector of polynomial coefficients {f} is
determined by substituting the nodal coordinates
into (26): B

vtl=[Cl{ry > U =[eT v en

where
i T
{Ue}:{wl oo w93 ¢ w93 03 wy ¢} w{}
is the vector of nodal displacements of the element,

1000 0 0 0 O 0 O 0 O
0100 0 0 0 0O 0 0 0 0
0010 0 0 0 0O 0 0 0 0
1 a0d4>0 0 0 0 4 0 0 0
01 020 0 0 0 3> 0 0 0
0010 0 a a 0 0 0 & 0
(1=l 6 b @ 0 aba® a? & B b ab
01 02 0 b 2ab b> 3a®> 0 3a’ b
001 0 20 a a 2ab 0 30* & 3ab®
1ob0 »»0 0 0 0 » 0 0
0100 0 5 0 5 0 0 0 &
0010 20 0 0 0 30 0 |
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The curvature vector can be written as:

%w
ox?
x
A
y ayZ
2% xy
*w
2
Ox0y
0002002 0 6x 0 6xp O
=[0 00020 0 2x 0 6y 0 6xp|{f)=
000002 4c 4y 0 0 6x> 6)°
0002002 0 6x 0 6xp 0
=00 0020 0 2x 0 6y 0 6xplx
00000 2 4r 4y 0 0 6x° 6)°
-1
<[c]Hue) = [B{ue}. (28)

Substituting (28) into (20) yields the following
expression for the potential strain energy of the
element:

{UE}T£ B [D][B] dA{Ue}
e 1 o o)
A Y ) e

where [Ke} = _[[B]T [D][B]dA is the stiffness matrix
of the finite element,
{Fe*} = —J'[B]T dA-{M*} is the contribution of

thermal and shrinkage strains to the load vector.

To express the work of external forces, the
Laplacian differential operator applied to the
deflection can be written as follows:

V2= %vz ([‘P][C’l}{Ue})Jr%VZ ([¥1[c [{ve))-
=3 v (et o)) o5 e o) -

:%vZ([w])[c—l]{m}%{w}T[c—l]T v2([¥])-30)
This representation is used in order to obtain
symmetric matrices.

As aresult, the work of external forces for a single
FE can be written in the following form:

e =foe) [ e e 1v1-

o[ [ 39 ()92 (1) ) pas o) -

e i 1 N
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where [Kf} is the additional term in the stiffness

matrix accounting for the contribution of the elastic
base.

Based on (29) and (31), the Lagrange functional
for the entire slab takes the following form:

A=y (KK )W) {71 @2)

where [K|=X[K*]is the stiffness matrix of the entire

slab, [K,]=2X[KS] is the contribution of the elastic

base to the stiffness matrix, {F*}:Z{Fe*} is the
load vector.

The system of FEM equations can be obtained
by minimizing the Lagrange functional with respect
to the nodal displacement vector:

oo (KD - (] @

The calculation of thermal stresses is carried
out in an uncoupled quasi-static formulation; i.e., it
is assumed that the stress state does not affect the
temperature field. The calculation of temperature
fields is performed using the finite element method
in a one-dimensional formulation according to the
procedure presented in (Chepurnenko et al., 2022a).

Results and Discussion

Validation of the developed method was
performed using the experimental data and
numerical simulation results presented in (Smolana
et al., 2022). The initial data for the analysis are
given in Table 1.

The slab reinforcement consisted of two layers
of reinforcement placed at the upper and lower

surfaces, with a concrete cover of 6 cm. The diameter
of the reinforcing bars was 25 mm, with a spacing of
15 cm.

The measured ambient temperature variation at
the construction site is shown in Fig. 3.

The dependence of the concrete elastic modulus
on time was taken as a function of the equivalent
age f,, in accordance with the study carried out by
Smolana et al. (2022):

B1 B2
o A
E(t)=E(tyg)=me \“) +ope \) | (34)

where a; = 15 GPa, a, = 20 GPa, 1, = 2 days,
Ty = 4 dayS, ﬁl :[32 =1.5.

The equivalent age of concrete is determined by
the integral:

t_Ea[l_lJ
I (35)
0

where T (1) is the concrete temperature at time 1
in Kelvins, Tor = 293 K, R =8.314 J/(mol-K) is the
universal gas constant, £, =38500 J/mol is the
activation energy.

Since Smolana et al. (2022) did not provide
sufficient data on the heat release of concrete, the
heat release function was adopted based on studies
performed by Nesvetaev et al. (2024) and Nesvetaev
and Koryanova (2023):

0(1)= 0 ‘exp[k-{l—@m, (36)

Table 1. Initial data for the analysis

Quantity Designation Units Value
of measurement

Foundation slab thickness h m 2.1
Foundation slab width a m 26.5
Foundation slab length b m 41.5
Soil mass thickness H m 10
Heat transfer coefficient on the upper surface of the slab h, W/(m?-°C) 30
Initial temperature of the concrete mixture T, °C 24
Initial temperature of the soil mass Y °C 16
Concrete density P, kg/m?3 2,349
Soil density P, kg/m?® 2,070
Thermal conductivity coefficient of concrete A, W/(m-°C) 2.67
Thermal conductivity coefficient of soil A, W/(m-°C) 1.4
Specific heat capacity of concrete c, J/(kg-°C) 1,000
Specific heat capacity of soil C, J/(kg-T) 1,039
Coefficient of linear thermal expansion of concrete a 1/°C 1.2:10°°
Poisson’s ratio of concrete v - 0.2
Poisson’s ratio of soil v, - 0.2
Modulus of elasticity of soil E, MPa 30
Modulus of elasticity of steel E, MPa 2.1-10°
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Fig. 3. Ambient temperature variation over time

where ¢ is time in days, O,g is the amount of heat
released during the first 28 days of hardening,
MJ/m?, k& and x are coefficients characterizing the
kinetics of concrete hardening.

The parameters O,g, k and x were selected in such
away as to ensure the best possible correspondence
between the experimental temperature—time
curves and the numerical predictions. To select the
parameters O,g, k and x, the nonlinear optimization
package MATLAB Optimization Toolbox was used.
An objective function f(0,4,k,x) was implemented
to calculate the sum of squared deviations between
the theoretical and experimental temperature
values. As a result of minimizing the objective
function using the interior point method (Byrd et
al,, 1999), the following values were obtained:
0Or5 =51.7 MJ/m3, k = 1.62:10°°, x = 3.76. Fig. 4
presents the experimental curves (dashed lines)
together with the theoretical curves (solid lines) of
temperature evolution in time at the center of the
foundation slab — both at mid-depth (shown in
green) and near the bottom surface (shown in red).
For the mid-depth point, the agreement of results
is very good, while for the point near the bottom
surface it is satisfactory.

Fig. 5 shows the time-dependent variation of
the stresses o, at the center of the foundation slab
at mid-depth. The red curve corresponds to the
experimental results, the yellow curve corresponds
to the results of finite element analysis, obtained
in a three-dimensional formulation, in the work by
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Smolana et al. (2022). The blue curve shows the
solution obtained using the authors’ approach The
blue dashed line represents the solution obtained
using the authors’ method in the absence of
reinforcement. From Fig. 5 it can be seen that, up to
approximately seven days, the discrepancy between
the results obtained by the authors’ method and
those of the finite element modeling is insignificant.
The subsequent divergence can be explained by
the fact that it was not possible to achieve a perfect
match between the calculated and experimental
temperatures due to the lack of detailed data on the
heat release of concrete.

The deviation between the calculated stresses
and the experimental results can also be attributed
not only to insufficient information on the heat release
of concrete, but also to the presence of shrinkage and
creep in concrete, as well as differences between
the actual time-dependent modulus of elasticity and
the curve described by Eq. (34). A notable feature
is the nearly instantaneous drop of the experimental
stress curve to zero at r = 16 days, which is likely
associated either with sensor failure or the formation
of a crack.

As can also be seen from Fig. 5, the reinforcement
of the slab in the considered example does not have a
noticeable effect on the stress—strain state. This can be
explained by the relatively low reinforcement ratio, as
well as by the fact that, following Smolana et al. (2022),
the coefficient of linear thermal expansion of concrete
was taken equal to that of steel. Depending on the
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Fig. 4. Experimental and theoretical temperature—time curves
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Fig. 5. Time-dependent variation of the stresses at the center of the foundation slab at mid-depth

concrete composition, the coefficient of linear thermal
expansion varies from 5.4 to 14.4 - 10 1/°C (Naik et al.,
2011). The value most commonly used in calculations
is 10 1/ °C (Mackiewicz and Szydio, 2020).

Fig. 6 presents the results of the stress analysis
for different values of the coefficient of linear thermal
expansion of concrete and the reinforcement ratio
H=p, =H,. The reinforcement ratio was defined as

the ratio of the total area of reinforcing bars along
one axis per running meter of the slab length to its
thickness, expressed as a percentage:

n n
zi;Asx,i 4

V4o
i, :TIOO%; iy :%100%. (37)

From Fig. 6, it is evident that the maximum
tensile stresses increase with both the reinforcement
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Fig. 6. Stress analysis results for various values of the coefficient of linear thermal expansion and
reinforcement ratio

ratio and the coefficient of linear thermal expansion
of concrete.

Conclusions

1.A simplified method was proposed for
determining the stress—strain state during the
construction of monolithic foundation slabs while
accounting for the foundation bed compliance. The
foundation bed was modeled using the Pasternak
model with two foundation moduli. The proposed
method reduces the three-dimensional problem of
thermal stress analysis to a two-dimensional one
based on the assumption of linear strain distribution
through the slab thickness.

2.The proposed method was verified against
experimental data as well as against the results
of three-dimensional finite element modeling
reported in (Smolana et al., 2022). The agreement
between the results obtained using the present
method and the experimental data is no worse
than that demonstrated in the referenced study,
despite the reduced dimensionality of the problem.
Up to 10 days, the discrepancy between the
experimental maximum tensile stresses and those
calculated using the proposed method does not
exceed 5 %.
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3.A parametric study was carried out
to investigate the influence of the coefficient of linear
thermal expansion of concrete and the reinforcement
ratio on the magnitude of thermal stresses. It was
established that increasing both the reinforcement
ratio and the coefficient of linear thermal expansion
leads to higher maximum tensile stresses.

4.The model developed in this study allows
the incorporation of concrete shrinkage; however,
shrinkage was not considered in the experiment
modeling due to the lack of sufficient data. Concrete
creep was also not included in the analysis. In future
research, we plan to examine the influence of these
two factors on the stress—strain state.

5.The deformation model developed in this
work enables prediction of crack initiation, but not
the subsequent crack propagation or crack width
development. To track the evolution of the stress—
strain state after crack formation, it is necessary to
account for the material nonlinearity of concrete,
which also represents a direction for further research.
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AHHOTauuA

BBeaeHue. [N MacCMBHbIX MOHOMUTHBLIX (DYHAAMEHTHbIX NIUT akTyanbHa npobnema paHHero TpewmnHoobpasoBaHus,
06ycnoBneHHoro ak3otepmMmuein 6eToHa npv TBepAeHMN. BeiGop onTuManbHbIX NyTel peLleHns 3To NpobneMbl MOXET ObITb
OCYLLECTBMEH Ha OCHOBE KOMMbIOTEPHOIO MoAennpoBaHus. Llenbro paboTbl ABnsetcs paspaboTka ynpoLLeHHON KOHEYHO-
3MEMEHTHOM MoAenu AN onpefaeneHus HanpsiKeHHo-4eOPMUPOBaHHOIO COCTOAAHUSA (DyHAAMEHTHbIX NAWT B NpoLecce
BO3BELEHNS C Y4ETOM NOAATIIMBOCTM OCHOBaHWSA 1 ee anpobauusi Ha CyLLEeCTBYHLLMX 3KCMEPMMEHTANbHbIX AaHHbIX, @ TaKKe
pesynbratax pacdeTta Apyrux asTopoB. Mcnonb3oBaHbl cnepyoume MeToAbl: KOHEYHO-3NeMEeHTHOe MOAenNupoBaHme
nnacTMHYaTbIMN KOHEYHbIMM aneMeHTamu B cpede MATLAB ¢ ncnonb3oBaHmem paspaboTaHHOro asTopamu NporpammMHoOro
obecneyeHuns, CBOASILLErO TPEXMEPHYIO 3a[advy onpeaeneHns HanpsiXxeHHO-AeOpMUPOBAHHOTO COCTOSIHUS K ABYMEPHOMN.
B kayecTBe Mogenu rpyHTOBOro OCHOBaHWUsI MCMOMb3oBaHa Moaenb lMactepHaka ¢ AByMs koaddULMeHTaMn NocTenu.
B pesynbTaTte ycTaHOBMEHO, YTO peLLEHMEe aBTOPOB XOPOLLO COrnacyeTcsi ¢ pesynsrataMmv YCNEeHHOTro MOAENMPOBaHNS,
nonyyYeHHbIMU OPYrMMW aBTOpamMu B TPEXMEPHOW MOCTaHOBKe. Takke MOnyyYeHO yOOBMEeTBOpUTENbHOE coBnageHue c
pesynsrataMmu akcrnepuMeHTa. [poBefeHO uccrnefoBaHWe BNUSIHUS KO3dULMEHTA apMUpoBaHMsa U KoadduumeHTa
NIMHEHOro TemMnepaTypHOro paclunpeHns 6eToHa Ha HanpsXXeHHO-AeOPMUPOBAHHOE COCTOSTHUE.

KniouyeBble crnoBa: MacCuBHblE Xerne300eTOHHble KOHCTPYKLU NN, d)yH/J,aMeHTHaFI nnnTa; TpeLLMHOOGpaSOBaHVIe;
TeMnepartypHble HanpAXXeHnA; MeTo KOHEYHbIX 3NeMEHTOB; KO3 ULMEHT NOCTENN.
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