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ABSTRACT

There are many methods used for temperature-strength control of reinforced concrete structures

globally. Their majority is associated with the significant challenges of being time-consuming,

costly and prone to errors. Therefore, this study investigated the potential applicability of the
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surface-strength approach of specimens using non-destructive testing methods to derive
temperature-strength relationships as an alternative approach to the currently widely used
methods. The studies were carried out by comparing the surface strength of small laboratory
specimens (SS) and large specimens (LS), imitating building structures, obtained by the shock-pulse
method and the strength obtained by the destructive method; and the obtained calibration
dependencies were adapted to the results of specimens’ thermal control. The temperature-
strength dependence was corrected by comparing the strength and temperature parameters of
SS and LS. The obtained nomograms make it possible to correct changes in the temperature regime
of hydration of structures curing in real climatic conditions. The final adaptation of the
temperature-strength dependence to the real erected structures showed a significant potential of
this method in the construction industry. The difference between the actual strength of the drilled
cores and the predicted strength of concrete at 28 days was only 1.02%.
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In contrast to the destruction of standard
specimens [[10], [11], [12], [13], [14]] is faster, less
labour-intensive, and relatively inexpensive. In

Introduction

The concrete strength is the main characteristic
these methods are

that establishes the ability of a concrete or
reinforced concrete structure (hereinafter — RCS) to
bear the design loads [[1], [2], [3], [4], [5]]. Among
the non-destructive methods of concrete strength
control in the CIS countries, the most widespread is
the shock-pulse method, implemented by a special
device IPS MG4 [[6], [7], [8], [9]].

contrast to CIS countries,
regulated by state standards of several countries:
the USA [15], Canada [16], the Netherlands [17],
Germany [18], South America [19], Russia [[20], [21],
[22], [23]]. According to these standards'
requirements, concrete strength estimates can be
performed according to the following basic
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methods: temperature graphs, concrete maturity,
and analytical functions. Standards [[15], [16], [18],
[24]] specify that there are four steps in the use of
the method of calculating the current strength of
concrete by its maturity:

i. Establishing the maturity-strength relationship
in the laboratory;

ii. Embedding maturity sensors
formwork at the construction site;

iii. Sensor reading of concrete maturity at the
construction site;

iv. Data analysis.

The method for concrete strength estimation by
maturity is based on the "maturity index" concept.
The maturity index is calculated using one of two
measures: the temperature-time factor (TTF) or an
equivalent age at 20 °C; due to the complexity of the
calculation, the equivalent age is used infrequently
compared to the TTF. The maturity method called
“Weighted Maturity” [17] takes into account the “C”
parameter specific to cement and is used depending
on cement strength, although it also allows the use
of additives. Previous studies have mainly focused
on modifying maturity methods in the data analysis
phase. This study investigates the potential
applicability of the surface-strength approach of
specimens using non-destructive testing methods to
derive temperature-strength relationships. The
general objective of this study is to express the
maturity function based on the relationship
between the curing temperature, time, and the
surface strength of concrete [25]. In the future, this
relationship can be used for prompt strength control
using temperature sensors embedded in the
concrete body [[2], [24], [26], [27], [28], [29]].

inside the

Experimental technique

The studies were conducted in two stages: at
the first stage, the temperature-strength
dependence of small cylindrical specimens
(hereinafter — SS) was investigated; at the second
stage, the same studies were conducted for large
specimens (hereinafter — LS). The comparison of the
results of studies of SS and LS shows the
acceptability of strength control of RCS by
measuring the thermal regime in the process of
hydration. The important indicator of the study is
the estimation of obtained temperature-strength
dependence of SS adapted for real structures.
Therefore, LS of imitating real RCS were used in the
studies. The studies were carried out in the following
sequence.

Stage 1 — Study of the SS (Figure 1a):

i. Preparation of 30 cylindrical SS with a height
and diameter of 15 cm;

ii. Determination of the surface strength of SSs
by the non-destructive shock-pulse method of
control [[18], [19]], with measurements every 24
hours until the 28-day of curing of the specimens.

iii. Determination of the cylindrical strength of
SS by destructive compression method [20] at curing
ages of 1, 3, 7, 14, 28 days (six SSs for each age);

iv. Plotting the calibration dependence
between the surface and cylindrical strength;

v. Measurement of  concrete curing
temperature in two SS for 28 days with 0.5-hour
interval;

vi. Determination of the temperature-strength
(surface) dependence according to ASTM [12].

Stage 2 — Study of the LS (Figure 1b):

i. Preparation of two LSs of cubic form with
the size of 50x50x50 cm;

ii. Measurement of concrete curing
temperature in two LS for 28 days with 0.5-hour
interval;

iii. Determination of the temperature-strength
(surface) dependence according to ASTM [12];

iv. Determination of the functional
dependencies of SS and LS enabling correction of
temperature-strength (surface) dependence;

v. Determination of the temperature-strength
(cylindrical) dependence, taking into account the
corrections.

All SS and LS were made with the same concrete
mix B25 M350. The strength tests of the specimens
by the non-destructive control method are
performed using a shock-pulse device IPS MG4.

Figure 1 — Experimental studies of specimens: a —

SSs, b — LSs
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This is an express method and being an indirect
assessment of the strength characteristics of
structures, it requires a calibration dependence on
the destructive method [19] performed on a testing
press (in this case, the Pilot Compact 500 kN
automatic press was used).

A handmade measuring device consisting of the
following components was used to measure the
temperature mode of concrete curing:

i. Four DS18B20 type temperature sensors;

ii. Two lithium-ion batteries with a nominal
voltage of 3.7V and a capacity of 3000mAh;

iii. Atmega328p microcontroller (this
microprocessor is an 8-bit AVR microcontroller with
32KB of programmable Flash memory, it is relatively
inexpensive compared to other energy-efficient
microcontrollers but also has a compact TQFP32
package).

iv. 8GB memory card to store up to 28 days of
recordings;

v. DS3231 timing module to periodically wake
up the device and poll the connected sensors.

The processing of the temperature-strength
dependence for predicting the concrete structure's
strength was carried out in two stages. The first
stage involved correcting the temperature-strength
(surface) dependence of the LS to the temperature
mode of the LS and the corresponding surface
strength of the SS. This is because SS and LS were
directly subjected to both temperature and surface
strength control (unlike the strength by the
destructive method), and the variables of the
obtained dependences had a frequent periodicity of
measurements (the measurement of surface
strength every 24 hours, temperature - every 30
minutes). The second stage involved the correction
of the obtained temperature-strength (surface)
dependence for the transition from the surface
strength to the cylindrical one, meaning from the
indirect method to the direct destructive method.
For the controlled assessment of the obtained
temperature-strength dependence after 28 days,
cores were taken from the LS to determine the
actual strength. The obtained results of the actual
strength were compared with the predicted strength
obtained by the temperature-strength relationship.

Results and Discussion

2.1 Strength tests on specimens

Figure 2a shows the dependence of measured
non-destructive and destructive strengths on the
age of concrete specimens (SS and LS). Before the

tests, local measurement sites were prepared. The
results of the non-destructive testing of the LSs are
also shown in Figure 2a. Strength measurements
were also performed on the side faces of the
specimens. A total of 4 test measurements were
made for each specimen, i.e., one test measurement
was made from each of the side faces. Also, as in the
case of SS, the control measurement included 15
particular strength measurements. The
dependencies presented in Figure 2a are described
by logarithmic functions having a close relationship
with the specific values, whose coefficients of
determination are more significant than 92%. Figure
2b shows a comparison of particular values of
strength characteristics of LS and SS obtained by a
non-destructive method. Figure 2c shows the
calibration dependence or comparison of particular
values of SS strength characteristics obtained by
non-destructive and destructive methods.
According to the results of comparative analysis,
the best convergence of values of strength is
observed between the destructive and non-
destructive methods of SS (the difference of
particular values does not exceed 23%, on average
10%). It can be expressed by the corrective function,
obtained from the correlation dependence between
the surface and the cylindrical strength of SS (Eq. 1):

03’ = 11192055, (1)

The convergence of values between the non-
destructive method of SS and LS also has a close
relationship (the differences of particular values do
not exceed 25%, on average 15%). It can be
expressed by the following corrective function (Eqg. 2):

olS = 0.8945055, (2)
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Figure 2 — Results of strength measurements of SS and LS: a — Dependence of strength by age, b — Correlation
between the surface and cylindrical strength of SS, c — Correlation between the surface strengths of SS and LS
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Figure 3 — Comparison of SS and LS temperature histories

According to the statistical analysis, particular
values of strength measurements have close
relations within the limits of control measurements,
as well as control measurements among themselves:
coefficient of variation of all related particular values
on the average makes 0.02, lies in a range from 0.01
to 0.05; coefficient of reliability herewith makes 1.23
on the average, lies in a range from 1.01 to 2.46. ltis
necessary to note that extreme values of the range

are out of general statistics and represent a
single case, but they meet the requirements of
statistical tests for exclusion of accidental errors and
are within the acceptable 95% confidence level.

2.2. Thermal control of specimens

The data obtained for temperature changes by
age showed a close relationship between SS and LS
(Figure 3).

According to the obtained temperature regimes,
the greatest thermal response of LS concrete was
observed in the early period of its curing, after 13.5
hours of its pouring, with a temperature of 36.5 °C.
The minimum LS temperature was observed after 22
days, amounting to 2.25 °C. A similar pattern of
thermal fluctuation was observed in SS, where the
maximum temperature of 28.27 °C corresponds to
the curing age of 4.5 hours, the minimum
temperature of 1.02 °C - after the same 22 days. The
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thermal fluctuation in both cases has a common
pattern in the setting and curing of concrete.

In both cases, the maximum exothermic process
occurs at the initial stage of concrete curing (due to
three-calcium aluminate hydration). The difference
in temperature at the initial stage of the hydration
process may be explained by the massiveness of LS
in relation to SS. The more massive the structure, the
less convection surface heat removal; consequently,
more time is needed to achieve thermal balance
with the environment, as evidenced by the large
amplitude of thermal cyclicity of the SS concerning
the LS. Generally, the particular values of
temperatures have high convergence (which can be
observed when superimposing the dependencies on
each other (Figure 4), numerically described by the
dependency y=1.049x, which indicates deviations of
particular values of SS from LS, on average, by 5%.
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Figure 4 — Correlation of SS and LS temperature histories

It is necessary to correct the values of surface
strength of large specimens from the available
database of their temperature measurements as a
result of the hydration process (Figure 5a). For the
transition to the cylindrical strength of the LS
concrete, we use the previously obtained function of
the calibration dependence between the strength of
non-destructive control and the cylindrical strength
of the SS. Figure 5b shows the predicted
dependence between LS's surface and cylindrical
strength. The obtained dependence makes it
possible to carry out indirect non-destructive
strength control of reinforced concrete structures
with the same mixture of concrete and kept in the

same climatic conditions. The specimens were
subjected to destructive strength tests. According to
the results, the following was obtained: the average
core strength was 32.9 MPa, with a quadratic
deviation of 0.29 and a coefficient of variation of
0.01. Comparing the strength of the cores with the
predicted strength calculated from the previously
obtained dependence, it was found that the average
actual core strength has a high convergence with the
expected strength of 33.24 MPa. The error of the
indirect method was: 1.02 %. In general, the studies
to assess the strength characteristics of structures
based on measurements of temperature conditions
of concrete curing in the process of its hydration
refers to indirect methods of strength control, so it
requires a qualitative analysis of the data to be
compared and considering regional characteristics
of construction. According to the standard method
[15], the transition to strength indexes of concrete is
made by measuring the temperature regime and the
control measurement of the cylindrical strength of
concrete in different periods of its curing. The
resulting  pattern of  temperature-strength
dependence is subsequently adapted for strength
control of real building structures. In the present
study, in contrast to the standard method, it was
decided to carry out strength control using the data
on the surface strength of concrete by the shock-
pulse method.

In the case of this study, the error of the
obtained temperature-strength dependence, in
comparison with the actual strength of four control
tests of the strength (destructive method) of drilled
cores, was 1.02%. It should be noted that
comparisons with the actual strength of large
specimens were made only after 28 days, which may
not be sufficient for a complete conclusion about the
reliability of this method. Also, the next study
program will include an assessment of the influence
of the temperature and humidity regime of the
environment on the thermal changes in the concrete
during the design period of hydration (up to 28
days).

In this case, the ambient temperature range will
be within +5°C to +25°C, as exceeding this
temperature range is not acceptable for curing the
concrete without the use of additional measures.
The obtained nomograms will make it possible to
correct changes in the temperature regime of
hydration of structures curing in real climatic
conditions.
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Conclusion

A set of tests and strength measurements of
small specimens (laboratory) and large specimens
(imitating the relative massiveness of reinforced
concrete structures in relation to the laboratory
specimens), non-destructive and destructive tests
were conducted. The following conclusions can be
made based on the results of the studies; Firstly, the
obtained particular strength values have a close
relationship within the limits of the control
measurements, have a high degree of reliability, as
evidenced by high statistical indices and a large
number of measurements: the coefficients of

variation do not exceed 2%. Secondly, the average
strength data of small and large specimens showed
a remarkable convergence of the results, which is a
positive indicator for further data reduction in the
temperature-strength analysis and the error of
indirect strength control. Thirdly, the temperature
control results revealed the influence of the
massiveness of large specimens on the amplitude of
thermal cycling. Fourthly, the temperature-strength
functional dependence was obtained, making it
possible to perform strength control of reinforced
concrete structures made of the same concrete
mixture composition and kept under the same
climatic conditions. The control method refers to the
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[JaTunmKTEep MeH COKKbI-MUMNYAbLCTIK 94iCTi KONAaHa OTbIpbIn, 6€TOHHbIH, 6eTKi
6epiKTiri 60MbIHLIA MOHUTOPUHTI

12 yrenos E.B., 3 AHMCKUH A., 2 JlyknaHos P.E., Y2 Tyne6ekosa A.C., 2 }apacos LU.}K.

1CSI Research&Lab, *KLLC, Hyp-CyamaH, KazakcmaH
2 /1.H. lymunee amoiHdarsl Eypasus yammeoiK yHusepcumemi, Hyp-CyamaHx, KazakcmaH
3 Conmycmik YHusepcumemi, BapaxcOuH, Xopsamus

TYAIHAEME

Qnemae Temip-6eTOH KOHCTPYKLUMANAPbIH TEMNEPaTypabiK-6epiKTiKk MOHUTOPUHTI KaHe Bakplnay
YLWiH naitaanaHbinatbiH KenTere agictep 6ap. Anaiga, 6yn aaictep meH npoueaypanap MaHpi3abl
macenenepmeH 6alNaHbICTbl, BUTKEHI ON1ap KON YaKplTTbl, LbIFbIHAAPAbI Tanan eTefi XKaHe

Makana kengi: 03 seamokcaH 2021 KaTenikTepre 6eiim. COHAbIKTaH, By 3epTTey Kasipri yakbiTTa KEHiHeH KONAaHbINATbIH aicTepre
CapantamazaH eTri: 28 KaHmap 2022 Ganama Tacin peTiHge TemnepaTtypa MeH 6epiKTiK apacbiHAafbl TIYENAINIKTI any i
Kabbinganab: 10 aknar 2022 6y3blAMaiiTbiH BaKplnay SAiCcTepiH KongaHa OTbipbin, yAarinepain, 6eTTik 6epiKTiriH aHbIKTay

SAICIHIH, bIKTUMAN KONAAHbINYbIH 3epTTedi. 3epTreynep COKKbI-MMMNYAbCTIK dA4iCneH anblHFaH
KYPbI/bIC KOHCTPYKLMANAPbIH UMUTALMANAUTBIH LWaFbIH 3€PTXAHANbIK YATINEPAH, (SS) KoHe yaKeH
yarinepain, (LS) 6eTki 6epiKkTiriH aHe by3y aaicimeH anblHFaH 6epiKTiriH CanbICTbIPy apKbibl
JKYprisingi. AnbiHFaH Kanubpney Tayenginikrepi yarinepain, *oiny 6akbliayblHbIH, HITUXKeNepiHe
beiiimpgenai. TemnepaTypa-6epikTik Tayenainiri SS aHe LS 6epikTiri MmeH TemnepaTtypanbik
napameTp/iepiHiH,  H3TWXKenepiH  CanbICTblpy  apKbinbl  Ty3eTingi. HakTbl  canblHFaH
KOHCTPYKUMANApFa TemnepaTypanbik-6epikTik TayenminiriHiv Tynkinikti 6eiimaenyi Kypblabic
canacblHAAfFbl OCbl SAICTIH eneyni aneyeTiH KOPCeTTi, MyHAa OypfbliaHFaH KepHAEPAiH, HaKTbl
6epikTiri meH 6eToHHbIH 28 KyHAiK 6omkamabl 6epikTiri apacbiHAafbl ablpMallbliblkK, 6ap
6onfanbl 1,02% - pgpl Kypadbl. AnblHFaH HOMOrpamMMmanap HaKTbl KAMMATTbIK *Kafdannapga
KaTaTblH KypblNbiMAapabl rMapatauvanayfiblH, TEMNEPaTypanblk peXUMIHAEN MyYMKIH 6onaTbiH
e3repicTepai TyseTyre MymKkiHAiK 6epeg,.

TyiiiH ce30ep: 6eToHHbIH eTinyi, 6eTiHiH, 6epiKTiri, UMNYNbCTIK COKKbl 3Aici, onepaunsanbiK
6aKblnay, ceHcop.
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MOHUTOPUHT 6eToHa no HOBerHOCTHOﬁ MNPOYHOCTU C NpUMeHeHnem AaT4nKoB U

YBAPHO-UMNY/IbCHOTO MeToAa

12 yrenos E.B., > AHuckuH A., 2JlyknaHos P.E., 2 Tyne6ekosa A.C., 1* }Kapacos LL.}K.

1CSI Research & Lab, TOO, Hyp-CynamaH, KazaxcmaH
2 Egpasulickuli HayuoHanbHelli yHusepcumem um. /1.H. lymuneea, Hyp-CyamaH, Kazaxcmat
3 University North, BapaxOuH, Xopgamus

AHHOTAUMA

B MUpe cyuwectsyetT MHOXXeCTBO MeToA0B, MUCMOoJsb3yemblX A/1a TemMnepaTypHO-NPOYHOCTHOro
MOHUTOPUHIA U KOHTPOIA KenesobeToHHbIX KOHCprKLl,VIi;I. OpHaKo 3Tn meToapl 1 npoueaypbl
CBA3aHbl CO 3Ha4YUTe/IbHbIMU npoﬁnemaMM, MOCKO/IbKY Tpe6y|0T MHOro BpemMeHW, 3aTpaT U
noaBepXeHbl owmnbKam. Mostomy B AaHHOM WcCnefoBaHMWM U3y4vanacb MOTeHUManbHaA
NPUMEHUMOCTb MeToda onpeaeneHna ﬂOBerHOCTHOVI NPOYHOCTU OﬁpaBLI,OB C ucnonbsoBaHnem

MonyyeHo: 03 dexkabps 2021

MEeTOA0B Hepaspywakwero KOHTpoaAa AnAa nonyyvyeHuaA 3aBUCUMOCTEN mexay TeMﬂepaTypof/’l n

PeueH3nposaHue: 28 aHeapa 2022

MpuHsaTo: 10 ¢pespana 2022

NPOYHOCTbIO B KauyecTBe afbTePHATMBHOMO MNOAXOAA K LUMPOKO WMCMO/b3yembiM B HacTosAuiee
Bpems metogam. MccrefoBaHUs MPOBOAMAUCH MYTEM CPABHEHWS MOBEPXHOCTHOW MPOYHOCTU
Masnbix nabopaTtopHbix 06pasLoB (SS) n 6oablwmnx 06pasLos (LS), UMUTUPYIOLLMX CTPOUTE/IbHbIE
KOHCTPYKLUMKU, MONYYEHHbIX YAAPHO-MMMNYAbCHBIM METOAOM, W MNPOYHOCTM, MOAYYEHHOM
paspylaowmMm MeTogom. MonydeHHble KanMbpoBoUHble 3aBUCMMOCTM Bblan afanTMpoBaHbl K
pesynbTaTaM TeNAOBOrO  KOHTPOAA 06pasuoB. 3aBUCMMOCTb  TemnepaTypa-npoyHOCTb
KOPPEeKTUPOBaiacb NyTem CPaBHEHUsA Pe3yNbTaToB NPOYHOCTHLIX U TEMMEpPaTypHbIX NapameTpos
SS u LS. OKoHYaTenNbHaa agantauua TEMNEPATYPHO-NPOYHOCTHON 33aBUCUMOCTM K peasibHbiM
BO3BEAEHHbIM KOHCTPYKUMAM MOKasana 3HauuTenbHbI MNOTEHUMan f[aHHOrO MeToga B
CTPOUTENIbHOM OTPAC/K, TAe pasHULa MeKay GpaKkTUUECKO NPOYHOCTLIO BbIBYPEHHbIX KEPHOB U
NPOrHO3HOM MPOYHOCTbIO BeToHa B Bo3pacTe 28 AHel coctasuna sBcero 1,02%. MonyyeHHble
HOMOrpamMMmbl MO3BO/IAT KOPPEKTUPOBATb BO3MOXKHbIE M3MEHEHUs TeMMepaTypHOro pesuma
rMapaTaumm KOHCTPYKLUIA, TBEPAEIOWMX B PEANbHBIX KAMMATUYECKUX YCNOBUSAX.

Knroyeebie cnoea: 3penoctb 6eToHa, NOBEPXHOCTHAA MPOYHOCTb, YAAPHO-MMNYALCHBIA MeToa,
ONepaTUBHbIN KOHTPO/Ib, AATUMK.
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