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THE TECHNOLOGY OF WINTER CONCRETING OF
MONOLITHIC FRAME STRUCTURES WITH SUBSTANTIATION
OF HEAT TREATMENT MODES BY SOLUTIONS OF THE
DIFFERENTIAL EQUATION OF THERMAL CONDUCTIVITY
OBTAINED BY THE METHOD OF GROUP ANALYSIS
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Abstract. An innovative method for calculating thermal fields inside monolithic structures has been developed,
based on the use and analysis of nonlinear differential equations. The innovativeness of the method lies in the
approach to the analysis of nonlinear physical processes using nonlinear differential equations. Thanks to the
method of group analysis, 13 expressions are obtained from complex mathematical equations, which are easy to
use and depend on several empirical coefficients. It is assumed that this calculation method is a priori more accu-
rate than the existing ones, as well as available to people at a construction site without higher mathematical educa-
tion, which makes it a priority for research. The applicability of this method must be proven by linking empirical
coefficients and variables to the conditions of the experiments, while obtaining reliable data that will turn out to
be more accurate than the existing calculation methods. This article demonstrates a systematic approach to estab-
lishing the suitability of using the method of group analysis of differential equations for problems of winter con-
creting on the basis of laboratory experiments under stationary conditions. The equations were subject to verifica-
tion, which, according to the physical description, correspond to the real conditions of the course of thermal pro-
cesses inside monolithic structures. Based on the obtained processing results, it was decided that it was necessary
to further study the innovative method in the conditions of the construction site, but only for some expressions
that showed the best results at the stage of laboratory tests.
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TEXHOJIOI'YA 3BSUMHEI'O BETOHUPOBAHUSA KAPKACHBIX
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ANODPEPEHIINAJIBHOI'O YPABHEHUA
TEIIJIOMPOBOJAHOCTHU, ITIOJTYYEHHBIMU METOJOM
I'PYIHIIOBOI'O AHAJIU3A

A.A. Jlazapes
Hosocubupckwuit ['ocymapcTBennsiit ApxutektypHo-Crpoutensubiii YHUBepcuret (Cubctpun), HoBocnbupcek,
POCCUA

AHHOTa].ll/lﬂ. Pa3pa60TaH I/IHHOBaL[I/IOHHHﬁ MCTOJ pacycTa TCIHJIOBBIX moJiei BHYTPU MOHOJHWTHBIX KOHCprKL[PIfI,
OCHOBAHHEIN Ha MCIIOJIL30BAaHUE U aHAIIN3¢ HEIIMHCHHEBIX ,Z[I/Iq)(bepeHI_[I/IaHbHHX ypaBHeHHﬁ. I/IHHOBaHI/IOHHOCTL METO-
Ja 3aKJI0YacTCsa B MOAXOAC K aHAIIU3y HCJIUHEHHBIX (1)I/I3I/I‘ICCKI/IX mpoueccoB ¢ NOMOUIbIO HCIMHEHHBIX /:[H(l)(bepeH—
TraJIbHBIX ypaBHeHI/Iﬁ. Enaroaapa MCTOAY I'pyHIioBOro aHajin3a U3 CJIOXKHBIX MATECMATUYCCKUX ypaBHeHI/Iﬁ noJjryyde-
HBI 13 BLIpa)KeHPIﬁ, KOTOPBIC NPOCTbI B MPUMCEHCHUN U 3aBUCAT OT HCCKOJBKUX SMIIMPHUYCCKUX K03(1)(1)I/I]_[I/I€HTOB.
Hpez[nonaraeTCﬂ, qTo ,I[aHHHﬁ MCTO/ pacucTa ABJISICTCSA allpuoOpr 0oJiee TOUHBIM CYHICCTBYIOIINX, a TAKKEC NOCTYII-
HBIM 1A H}O,Zleﬁ Ha CTpOHTeHLHOﬁ IIomaaKe 0e3 BBICIIEI0 MAaTEMAaTHYCCKOTO O6pa30BaHI/I$[, 4YTO ACJIacT €ro npuo-
PUTCTHBIM IJId UCCICIOBAHUA. HpI/IMeHI/IMOCTB JaHHOT'O ME€TOoJa H€O6X0,Z[I/IMO J0Ka3aTb MyTEM IMPUBA3ZKH SMIIUPHUYC-
CKHX KOS(l)(i)I/IHI/IGHTOB U NEPCMCHHBIX K YCJIOBUSAM MPOTCKAHHA SKCIICPUMCEHTOB, MOJYyYas IMpU 3TOM JOCTOBCPHLIC
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JAAHHBIC, KOTOPBIC OKAXYyTCAd TOYHEC CYHICCTBYIOIINUX METOJOB pacyeTa. B Z[aHHOﬁ CTaTbC MPOACMOHCTPUPOBAH CHU-
CTEMHBIN noaxoa K YyCTAaHOBJICHUIO HNPUIOJHOCTHU HNPHUMEHCHUSA MCTOAA I'pYHIIOBOTI'O aHalInu3a J_'[I/I(i)q)epeHHI/IaHI)HI)IX
ypaBHeHI/Iﬁ I 3aga4 3UMHETO 6€TOHI/IpOBaHI/I${ Ha OCHOBC naﬁopaTopHHx OKCIICPUMCHTOB IPHU CTAUOHAPHBIX
YCII0BUAX. HpOBepKI/I MMoJJICKajin ypaBHCHHA, KOTOPLIC II0 (1)I/I3I/Iq€CKOMy OIMMUCAHUIO COOTBCTCTBYIOT PCAJIbHbBIM
YCHIOBUAM HNPOTCKAHUA TCIUIOBBIX MPOUECCOB BHYTPHU MOHOJUTHBIX KOHCprKHHﬁ. I/ICXO)IH 13 MOJYYCHHBIX PE3YJib-
TaToB 06pa6OTKI/I OBLIO MOPUHATO PEUICHUC O HCOGXO,HI/IMOCTI/I z[aaneI‘/'Hnero HN3YUYCHUS MHHOBALITMOHHOT'O crocoba B
YCIIOBUAX CTpOHTeHLHOﬁ mjIomaaku, OAHAKO TOJIBKO JIsI HEKOTOPBIX BBIan(eHHﬁ, KOTOpPBIC IMOKa3aJin HaWJIydlIne
PE3YJIbTAThI HA OTAIlC J'Ia60paTOpHI>IX HWCIBITAHUH.

KiroueBble cjioBa: 3uMHee OETOHUPOBAaHUE, METO/I TPYIIIOBOTO aHaIM3a, A depeHnatsHoe ypaBHEHHE,
9KCIEPUMEHT, J1a00PATOPHBIC UCTIBITAHHS.

1. INTRODUCTION

The issue of strength gain of monolithic struc-
tures is fundamental for the construction indus-
try. It has long been established that strength
directly depends on the holding temperature of
monolithic structures [1]. Many methods have
been proposed for calculating thermal fields and
strength, but all the proposed methods are either
approximate or complex and voluminous for use
in a construction site for people without higher
mathematical education [2,3,4]. A new look at
the problem has appeared thanks to the method
of group analysis.

The method of group analysis of differential
equations, proposed in the middle of the last
century [5,6] for solving applied problems us-
ing nonlinear differential equations, made it
possible to obtain simple and convincing de-
pendences for modeling temperature condi-
tions during heat treatment of concrete harden-
ing in building structures at negative tempera-
tures.

The key parameters of the submodels obtained
from the basic nonlinear differential equation
of heat conduction are a parameter characteriz-
ing the inhomogeneity of the rod and a param-
eter characterizing the nonlinearity of the pro-
cess. These parameters depend on many fac-
tors. Finding them and matching them for dif-
ferent conditions, for each submodel, will de-
termine its applicability for solving practical
problems.
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After analyzing the 13 proposed submodels
[7,8], 6 were selected that are most suitable for
assessing the thermal processes occurring in the
concrete of an extended structure of the "col-
umn" type. These are submodels #1,2,3,7,10,11.
Parameters were determined experimentally for
various ambient temperatures and electric power
during heating.

2. RESEARCH AND RESULTS

Based on preliminary experiments [9, 10],
which demonstrated the prospects of the study,
a decision was made on the need for a system
of experiments for a more structured analysis.
Laboratory tests were carried out in a freezer
with a constant temperature, the values of
which during one experiment did not deviate
from the set temperature by more than 0.2 ° C,
which confirms the ideal conditions for the
experiment.

For the experiment, a column model was pre-
pared, consisting of a formwork structure
made of FSF18 laminated plywood, 18 mm
thick, reinforcing cage, 6 mm thick rods. As a
concrete mixture for the possibility of repeated
experiments, a model body was used, the char-
acteristics of which are shown in Table 1. As a
heating element, a PNSV 1.8mm heating wire
(GOST TU 16.K71-013-88) was used.
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Table 1. Materials

Consumption of materials for 1
Materials m’, kg
Standard con- Model body
crete B 22,5
Diabase crushed stone FR 5-20. GOST 10268-70 1250 1250
Quartz sand of the river (Krivodanovsky quarry) M grain= 530 530
1.8. GOST 10268-70
Portland cement M 400. GOST 10178-68 450 -
Crushed sand (Sunit= 2900 cm?/g) - 450
Industrial water GOST 2874-54 180 180
Bulk weight of concrete / model body, kg/m® 2410 2410

In order to establish the regularity of the distri-
bution of the values of the empirical coefficients
of the method of group analysis, a series of ex-
periments were carried out under different con-
ditions: at each steady-state temperature: 0 ° C, -
5°C,-10°C,-15° C, experiments were carried
out with different heating power: 56 W, 108 W,
176 W. The section of the column model and the
composition of the model body remained the
same.

The heating wire was connected to an electrical
network with a voltage of 220 V. The electrical
power was changed using a laboratory auto-
transformer  AOSN-20-220-75UHL4 (GOST
15150-69). The power was kept constant
throughout the experiment. Power measure-
ments were carried out using periodic monitor-
ing of the current and voltage using a voltamme-
ter. The measurements were made at different
loads of the laboratory's electrical network. The
limiting power fluctuations did not exceed 2 W,
which indicates the reliability of the experiments
being carried out.

Experiments, the error of which went beyond the
specified limits of the error of power and tem-
perature due to failures, according to the indica-
tions of the thermodat and personal control,
were excluded from the processing of the results
of the experiments.

With a view to generate data for the possibility
of further research, 7 chromel-copel thermocou-
ples were installed, located in the center of the
structure along its central rod. To process the
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experiments, we used one thermocouple located
in the center of the structure. The rest of the
thermocouples were used to assess the likeli-
hood of the main thermocouple, as well as to
investigate the second phase - temperature prop-
agation along the structure (See Fig. 1).

| S

e

Figure 1. Schematic of the column model. 1 -
chromel-copel thermocouples, 2 - heating wire,
3 - reinforcing cage, 4 - model body, 5 - model

formwork

When processing these experiments, thermo-
couples located at the centers of the faces of the
column model and in the corners (critical points
of a monolithic structure during heating) were
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not used to narrow the studied boundaries of
applicability of the method of group analysis of
differential equations. In the case of a positive
verification of the theory in laboratory tests and
confirmation by a production experiment, the
theory needs to be tested at critical points to cre-
ate guidelines for the application of the group
analysis method.

The results obtained in the laboratory were pro-
cessed using the Maple software package togeth-
er with the selection of coefficients, depending on
the theoretical equation. The coefficients were
selected depending on the best convergence of
the theoretical and experimental curves of tem-
perature rise and fall in the column body model.
The results of processing the T1 submodel ac-
cording to the experimental data are shown in
Table 2.
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The results of processing the T2 submodel ac-
cording to the experimental data are shown in
Table 3.
The results of processing the Ts submodel ac-
cording to the experimental data are shown in
Table 4.
The results of processing the Tz submodel ac-
cording to the experimental data are shown in
Table 5.
The results of processing the Tio submodel ac-
cording to the experimental data are shown in
Table 6.
The results of processing the Ti1 submodel ac-
cording to the experimental data are shown in
Table 7.

Table 2. Empirical coefficients submodel T1

Heating the model Cooling the model
Temperature, °C Coefficients Temperature, °C Coefficients

o [p |a o |p |G
Low power case 56W
0 10 3,5 1,53 0 1,6 3 7
-5 1,7 3,3 1,68 -5 1 2 3
-10 3,1 3,3 18 -10 - - -
-15 - - - -15 1 11 4
Medium power case 108W
0 9 3,24 1,37 0 1,2 2,5 7
-5 6 2,9 2,15 -5 1 2,25 7
-10 2,4 2,37 1,36 -10 1 2 6
-15 1,85 1,66 1,42 -15 - - -
High Power Case 176W
0 6 1,63 1,24 0 0,8 2 8
-5 4,5 3,9 1,45 -5 0,4 2 6
-10 1,75 1,64 151 -10 0,4 2,25 16
-15 1,8 1,95 1,58 -15 - - -
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Table 3. Empirical coefficients submodel Tz
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Heating the model

I Cooling the model

Temperature, °C Coefficients I Temperature, °C Coefficients
@ B I a B
Low power case 56W
0 1,43 -0,475 0 14 1,5
-5 1,13 -0,745 -5 14,5 1,5
-10 0,83 -1,045 -10 - -
-15 - - -15 15 1,5
Medium power case 108W
0 1,03 -0,855 0 16,5 1,5
-5 0,5 -1,105 -5 16,45 1,5
-10 0,41 -1,27 -10 15 1,5
-15 0,28 -1,29 -15 - -
High Power Case 176W
0 0,5 -1,03 0 18 1,5
-5 0,11 -1,2 -5 16,5 1,5
-10 0,04 -1,29 -10 16,5 1,4
-15 0,01 -1,305 -15 - -
Table 4. Empirical coefficients submodel T3

Heating the model I Cooling the model
Temperature, °C Coefficients Temperature, °C Coefficients

o [p [ | o [p [C
Low power case 56W
0 6 4 4.4 0 3 1 1033
-5 6 4 3,5 -5 3 1 10,39
-10 6 4 2,3 -10 - -
-15 - - - -15 3 1 (0,153
Medium power case 108W
0 6 4 8,45 0 3 1 10,375
-5 6 4 7,85 -5 3 1 (04
-10 6 4 55 -10 3 1 (0,68
-15 6 4 55 -15 - - -
High Power Case 176W
0 6 4 12 0 3 1 (041
-5 6 4 15,5 -5 3 1 (0,62
-10 6 4 11 -10 3 1 (07
-15 6 4 4,95 -15 - - -

\Volume 17, Issue 4, 2021

119



Alexander A. Lazarev

Table 5. Empirical coefficients submodel T~

Heating the model Cooling the model
Temperature, °C ?efﬁm\egts ‘ e Temperature, °C ((;oefﬁ‘clg nts ‘ e
Low power case 56W
0 1,4 1 102 0 1,4 1 0,63
-5 1,4 1 |07 -5 1,4 1 0,645
-10 1,4 1 (0,17 -10 - - -
-15 - - - -15 1,4 1 0,68
Medium power case 108W
0 1,4 1 10,64 0 1,4 1 0,86
-5 1,4 1 |05 -5 1,4 1 0,93
-10 1,4 1 |0,52 -10 1,4 1 1,33
-15 1,4 1 |0,65 -15 - - -
High Power Case 176W
0 1,4 1 108 0 1,4 1 1,34
-5 1,4 1 11,15 -5 1,4 1 2,29
-10 1,4 1 10,85 -10 1,4 1 1,265
-15 1,4 1 |5 -15 - - -
Table 6. Empirical coefficients submodel T1o

Heating the model I Cooling the model
Temperature, °C Coefficients | Temperature, °C Coefficients

B lcs |co | B [ Cs | Co
Low power case 56W
0 1,65 5 6 0 1,5 3 2
-5 2 3 4 -5 1,3 3 2
-10 2 1 2 -10 - - -
-15 - - - -15 1,25 -1 1
Medium power case 108W
0 1,45 6 7 0 1,3 4 3
-5 1,5 4 5 -5 1,25 4 3
-10 1,55 2 3 -10 1,15 5 4
-15 1,6 12 12 -15 - - -
High Power Case 176W
0 1,4 7 8 0 1,25 4 3
-5 1,25 5 6 -5 1,05 5 4
-10 1,3 3 4 -10 1,1 5 4
-15 0,8 13 14 -15 - - -
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Table 7. Empirical coefficients submodel T11

Heating the model I Cooling the model

o Coefficients . Coefficients
Temperature, °C B | Co | Cil I Temperature, °C B ‘ Cuo ‘ Cut
Low power case 56W
0 1,6 2 5 0 1,5 5 8
-5 1,8 2 5 -5 1,3 6 9
-10 2,1 2 5 -10 - - -
-15 - - - -15 1,2 2 2
Medium power case 108W
0 1,32 2 5 0 1,3 5 9
-5 1,36 2 5 -5 1,2 6 9
-10 1515 |2 5 -10 1,1 6 11
-15 1,54 2 5 -15 - - -
High Power Case 176W
0 1,16 2 5 0 1,2 5 7
-5 1,18 2 5 -5 105 |7 13
-10 1,245 |2 5 -10 1 8 9
-15 1,265 |2 5 -15 - - -

3. CONCLUSION

Drawing a conclusion based on the processing
of experimental data according to the criteria:
the percentage of discrepancy, the approximate
dependence in the values of the coefficients, we
can say that only three of the submodels pre-
sented have demonstrated a satisfactory result
and are recommended for experimental verifica-
tion by a series of experiments on the construc-
tion site in real conditions:

l-a

T, =c X" (&(1)
1

T, = czxfl (8'(t))ﬁ

1 1

Ty =(&'(1))7 (cp Inx+cyy )AL
This clearly demonstrates their applicability for
modeling thermal processes, and hence the ac-

quisition of strength by concrete in structures of
the "column™ type.
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It should be noted that all presented sub-models
have several dependences depending on the ini-
tial parameters of experiments, such as power
and ambient temperature. With a view to stream-
line the results and precisely identify patterns, it
is necessary to conduct a series of reinforcing
experiments at the construction site to establish
the relationship between heat treatment condi-
tions and empirical coefficients.
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