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A unified approach for temperature and strength control of concrete

Abstract. The development of theoretical and experimental research in the field of quality
control has led to the development of many methods for assessing the strength of
concrete. The temperature-strength control (TSCC) method, which is based on the
relationship between concrete temperature and curing time, is the most adapted method
for quickly determining the strength of the concrete in the formwork during the early
phase of curing. The concrete strength tests must be carried out in accordance with the
requirements of the standards. The most adapted standards are ASTM C1074 (USA);
NEN 5970 (Netherlands); ST-NP SRO SSK-04-2013 (Russia). However, there are no
existing approaches to TSCC that consider all the advantages of each method. Using the
method of paired comparison, the authors determined the weights of the significance of
each criterion of methods and tasks for TSCC. Based on of the obtained results a unified
approach to temperature-strength control of concrete has been formed considering the
assessment of its applicability. This approach will solve the problem of limitation of the
application of most methods, which in its basis have the best methods in solving tasks of
control stages. The unified approach to temperature-strength control of concrete will
allow to achieving high quality and durability of concrete and reinforced concrete
structures.

Keywords: standard; concrete curing temperature; non-destructive testing of concrete;
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Introduction

The fixing of the concrete hardening temperature enables timely monitoring of the concrete
hardening process, its regulation and forecasting during documentation. In addition, as numerous
studies have shown [1-4], the temperature factor is fundamental in determining the required concrete
properties. When concrete strength is controlled using various measuring systems, the current
temperature values are sent to the measuring instrument. The temperatures and measuring times are
used to calculate the current strength of the concrete. The standards specify methods of determination
of concrete hardness. Each of the existing methods has a specific scope of application and has
advantages and disadvantages. However, the possibility of using alternative methods of temperature-
strength control of concrete (TSCC) in practice is limited due to the lack of relevant normative and
technical documents, regulations, and standards. In this regard, the development of a unified approach
to TSCC will serve as an important tool for controlling temperature and strength gain during all stages
of concrete curing. The approach should incorporate best practice techniques from around the world, as
global experience is an important factor in the choice of techniques and objectives for TSCC.

Analysis of best practices from around the world to TSCC

The software "Snow Leopard" was applied in the study [5], which allows to predict the final
strength of concrete and the time of cooling, and in case of negative predictions to choose the heat
treatment mode or the required thermal insulation. Another advantage of the program is the possibility
to automate the data entry process, obtained from multi-channel recorders, which increases quality,
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accuracy, and productivity. Registration of temperature at the enterprise was carried out using device
Terem-4.1.When observing the temperature of the concrete at reference points, a temperature-strength
control list is drawn up. With the help of "Snow Leopard" program schedules of temperature changes
and concrete strength gain were built for each of the control points.

In a study [6] to control the temperature of concrete curing, cube specimens were made of fine-
grained concrete of class B25, size 100*100*100 mm using Portland cement of grade M400. The samples
were placed in the body of the heated volume of the floor slab structure model. Temperature
measurement data were entered in the on-site computer and processed using a program that performs a
complete analysis of temperature parameters of concrete with the determination of concrete strength at
control points [6].

In April 2019, a construction company specializing in complex projects began experimenting
with Giatec SmartRockTM sensors during the construction of a major arch bridge project [7]. To
investigate the benefits of using SmartRock technology, the team conducted extensive testing by
embedding the sensors at key points on the bridge. By placing the sensors in the center and at the edge
of the arch, the strength gain was measured at different locations in the reinforced concrete element. The
sensor placed at the edge recorded a lower temperature profile and therefore the lowest strength gain.
Whereas sensors placed in the center of the arches measured the point of greatest temperature and
strength gain. By monitoring these locations, the actual strength of the concrete element at the critical
point was measured. This is only possible with the sensors, as the laboratory samples cannot reproduce
the actual curing conditions of the concrete element.

CIBC Square (Ontario, Canada) is a highly visible pair of innovative 3 million square foot office
towers in the city center. Exact Technology sensors were used in the construction of the facility. These
precision devices provide concrete maturity monitoring at CIBC Square to determine when concrete
strength is approaching the 16 MPa threshold [8] that allows self-compacting formwork to be moved,
and formwork pressure readings for self-compacting mix loads. Relays, recorders, and probes are in the
center of the Exact sensor for maturity and temperature control. The use of the sensors has had a
positive effect on construction.

The study [9] recommends the use of three or more marks per gauge to obtain the most accurate
maturity and strength. This leads to the conclusion that the maturity of the poured concrete will depend
on the lowest slab temperature and not necessarily on the temperature in the middle of the slab.

In the study [10] three concrete mixtures were considered: the first mixture of pure Portland
cement, the others included a partial replacement of cement with fly ash and ground granulated blast
furnace slag at 30 % respectively. In this work the reference temperature was chosen to be 11°C, which
is an average value among those recommended [11]. The concrete specimens in the single cube moulds
were covered with polyethylene foil immediately after pouring and cured at room temperature (approx.
20 °C) [12] for one day. They were then removed from the moulds and placed in a water bath set at 20
°C. A computer-controlled programmable water bath was used to simulate the temperature conditions
in situ. The test ages of the standard curing concrete specimens were 1, 2, 3, 5, 7, 14, 28, 42, 84, 156, and
365 days, while the temperature cured concrete specimens were tested at 1, 2, 3, 3, 7, 14, and 28 days.
According to [13], "equivalent” mortar mixtures can be used to determine the activation energy of
concrete mixtures. The Dutch method for determination of maturity and the method for determining
the equivalent age depends on the mix and require the determination of a weighted Cn factor and
activation energy. A close convergence between the strength data at 20°C and 50°C was not obtained.
Thus, the authors note the difficulties encountered in additional investigations with the Dutch method
and the Arrhenius equation method for determining maturity.

The authors [14] monitored the hydration temperature continuously after the concrete was
poured and temperature sensors provided data to assess the degree of maturity of the concrete as it
hardened. The hydration temperature history data was applied to the Nurse-Saul function to predict the
maturity index.
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Research methods

By analyzing the best practices reviewed, it is possible to identify certain techniques and tasks of
the methods used in them (i.e. methods of temperature and strength control of concrete), which have
led to the effectiveness of the results obtained in the particular best practices. The list of these techniques
and tasks is interpreted and presented in Table 1.

Table 1
List of techniques and tasks of best practice TSCC methods
Methods Techniques and objectives

Best practice 1 [5]
ST-NP SRO SSK-04- The use of the "Snow Leopard" software made it possible to predict the
2013 [15] concrete strength, cooling time and achievable final strength of the

concrete; statistical processing of the results was carried out.

Best practice 2 [6]
ST-NP SRO SSK-04- The use of the program made it possible to determine probabilistic
2013 [15] estimates of concrete strength and to advise on continuing heating and

curing times for the entire sample of homogeneous structures under the

prevailing curing conditions.

Best practice 3[7]

ASTM C 1074 [13] Sensor placement was carried out at key locations. By creating a maturity
calibration, using and interpreting the SmartRock sensor data, the strength
of the concrete was determined. A simple interpretation of the temperature

graphs and monitoring of the concrete's strength development saved time.

Best practice 4 [8]
ASTM C 1074 [13] Wireless sensors were installed in the concrete formwork, fixed to the

reinforcement, before pouring. Temperature data was collected by the

sensor and there was no difficulty in using it. The concrete strength was

calculated using the Nurse-Saul temperature-time factor.

Best practice 5 [9]

ASTM C 1074 [13] Particular attention was paid to the location of the concrete temperature
measuring points, which allowed the most accurate determination of
maturity, and showed that the maturity of the poured concrete would

depend on the lowest slab temperature, and not necessarily on the

temperature in the middle of the slab.
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Best practice 6[10]
ASTM C 1074 [13] It is noted that the mixture calibration method is very simple, having made

a minimum of 17 cylinders; 2 were used for temperature monitoring and

the remaining samples for determining the compressive strength. By
selecting minimum 5 time intervals, 1, 3, 7, 14 and 28 days, for each day the
compressive strength of two cylinders was determined, during the
intervals data was also obtained from two cylinders which were used for
temperature monitoring and the average value of these values was
determined. Entering these values into the Nurse-Saul function or the
Arrhenius method gave a maturity value. To calculate the Arrhenius
method, additional investigations were carried out to determine the
activation energy, which was a time consuming process. The Nurse-Saul
function does not differentiate the temperature sensitivity of different
cement systems, especially for mixtures with different bases (with
additives, accelerators).

NEN 5970 [16] The "weighted maturity” method requires additional research, the
determination of a weighted Cn coefficient, but in the study the strength
data at 20 and 65 °C did not match.

Best practice 7[14]
ASTM C 1074 [13] The resulting Nurse-Saul concrete strength data provided accurate and

reliable results. The application of the sensors did not cause any difficulty

in use.

The main normative documents governing the requirements for TSCC are ASTM C1074 (USA);
NEN 5970 (Netherlands); ST-NP SRO SSK-04-2013 (Russia), which are predominantly reflected in use,
therefore, these standards were adopted for the analysis (Figure 1).

Standards for temperature and

strength control of concrete
|

|
ST-NP SRO SSK-04-2013 ASTM C 1074 NEN 5970
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temperature graphs Nurse-Saul mif:;ig
3
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Figure 1. Standards for temperature and strength control of concrete
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Three essential types of processes have also been defined: laboratory, field and resultant.
Laboratory tests result in the acquisition of strength isotherms for a given type of mixture. Field tests are
used to obtain data on concrete temperature, and the resulting calculation of concrete maturity. The
sorted and classified science-based techniques and tasks of the TSCC methods are presented in Figure 2.

Laboratory Field Resulting

4. Embedding sensors

1. Sample testing
5. Sensor connection

11.Calculation

6. Concrete pouring

2. Dipping the sensors into the
samples

7. Sensor setting

8. Control of thermal stresses in
concrete

12. Additional tests

9. Analysis

3. Analysis of results

10. Removing the formwork

Figure 2. List of sorted and categorized evidence-based techniques and objectives of TSCC method

Based on the classified science-based techniques and tasks of TSCC methods (Figure 2), Table 2
presents a multi-criteria analysis based on the results of best practices, where the evaluation criteria for
TSCC processes are: K1 - reliability of the method and availability of normative literature; K2 -
possibility of application to various structures (by form, reinforcement, responsibility); K3 - labor input;
K4 —the safety of testing; K5 - accuracy of calculations. The indexes are expressed in points from 1 to 10
with a scale of 1. A score of 10 indicates compliance with the quality criteria.

Table 2
Multi-criteria analysis
Process Indicator ST-NP SRO SSK-04-2013 ASTM C 1074 NEN 5970
numbering as
per Figure 2 A B C D E F
1 K1 10 10 10 9 9 9
K3 10 10 10 8 8 8
K4 9 9 9 9 9 9
K5 10 10 10 8 8 8
K3 8 9 10 10 10
K1 6 10 8
K3 5 10
K5 8 10 9 10 9 10
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4 K1 9 10 10 8 8 8

K2 10 10 10 10 10 10

K3 9 10 9 9 9 9
5 K3 9.5 9.5 9.5 10 10 10
6 K3 10 10 10 10 10 10
7 K3 9 9 10 10 10
8 K1 9 10 7

K5 8 10 7
9 K1 9 9 10 9.5 9
10 K3 8 8 9
11 K1 5 7 10 8
12 K3 4 7 10 7

*A,B,C,D,E,F — Methods regarding figure 1

Using the paired comparison method, a criterion analysis was carried out for the TSCC methods,
assigning a degree of preference to each pair of criteria, and constructing a matrix of paired
comparisons (Table 3). Iterations were defined to determine the weights for each criterion. And the final
weights were then found for each criterion: for K1- 0.312179; K2 - 0.129903; K3-0.188206; K4-0.071029;
K5-0.298683. Based on the weights obtained for each process, a ranking of the data presented in Table 4

was carried out.

Table 3
Pairwise comparison of criteria
K1 K2 K3 K4 K5
K1 1 4 0.33 2 4
K2 0.25 1 2 4 0.2
K3 3.03030303 0.5 1 1 0.25
K4 0.5 0.25 1 1 0.2
K5 0.25 5 4 5 1
Table 4
Calculation of the weighted sum
Name of processes Indicator A B C D E F
1 K1 3.1218 3.1218 3.1218 2.8096 2.8096 2.8096
K3 1.8821 1.8821 1.8821 1.5056 1.5056 1.5056
K4 0.6393 0.6393 0.6393 0.6393 0.6393 0.6393
K5 2.9868 2.9868 2.9868 2.6881 2.3895 2.6881
) 8.6299 8.6299 8.6299 7.6427 7.3440 7.6427
2 K3 1.5056 1.6939 1.6939 1.8821 1.8821 1.8821
Z 1.5056 1.6939 1.6939 1.8821 1.8821 1.8821
3 K1 1.8731 2.8096 3.1218 2.4974 2.4974 2.4974
K3 0.9410 1.8821 1.5056 1.6939 1.1292 1.5056
K5 2.3895 2.9868 2.6881 2.9868 2.6881 2.9868
Z 5.2036 7.6785 7.3156 7.1781 6.3148 6.9899
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4 K1 2.8096 | 3.1218 | 3.1218 | 2.4974 | 24974 | 2.4974
K2 12990 | 1.2990 | 1.2990 | 1.2990 | 1.2990 | 1.2990
K3 1.6939 | 1.8821 | 1.6939 | 1.6939 | 1.6939 | 1.5056
T 5.8025 - 6.1147 54903 | 54903 | 5.3021
5 K3 1.8821 | 1.8821 | 1.8821 | 1.8821 | 1.8821 | 1.8821
b 1.7880 | 1.7880 | 1.7880
6 K3 1.8821 | 1.8821 | 1.8821
b
T 1.6939 | 1.6939 | 1.6939
8 K1 2.8096 | 3.1218 | 2.8096 | 2.4974 | 24974 | 2.1853
K5 23895 | 29868 | 2.3895 | 1.7921 | 2.0908 | 2.0908
T 5.1991 51991 @ 4.2895 | 45882 | 4.2760
9 K1 2.8096 | 2.8096 2.8096 | 2.8096 | 2.8096
T 2.8096 | 2.8096 2.8096 | 2.8096 & 2.8096
10 K3 1.5056 | 1.5056 | 1.5998
T 1.5056 | 1.5056 | 1.5998
11 K1 1.5609 | 2.1853 | 1.8731
T 1.5609 | 2.1853 | 1.8731
12 K3 07528 | 1.3174 | 0.9410
T 0.7528 | 1.3174 | 0.9410

Results and discussion

The analysis shows that the significant processes that lead to the effectiveness of TSCC are those regulated by
regulations:
— The process 1 — ST-NP SRO SSK-04-2013;
— The process 2 - ASTM C 1074;
— The process 3 — ST-NP SRO SSK-04-2013by the maturity of the concrete;
— The process 4 — ST-NP SRO SSK-04-2013by the maturity of the concrete;
— The process 5 — ASTM C 1074 Nurse-Saul;
— The process 6 — ST-NP SRO SSK-04-2013, ASTM C 1074;
— The process 7 — ASTM C 1074;
— The process 8 -ST-NP SRO SSK-04-2013by the maturity of the concrete;
—  The process 9 — ST-NP SRO SSK-04-2013by analytically dependencies;
— The process 10 — ASTM C 1074 Nurse-Saul;
— The process 11 — ASTM C 1074 Nurse-Saul;
—  The process 12 — ASTM C 1074 Nurse-Saul.

Concrete plays an important role in ensuring the safety, serviceability and durability of concrete
and reinforced concrete structures, the quality of which is primarily determined by a combination of
formulation and technological factors, and therefore the importance of concrete strength control systems
cannot be overestimated.
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Conclusion

Based on the research, the processes regulated by the American standard are mostly included in
the unified approach to TSCC. In process 1, however, the use of cubic specimens for laboratory tests is
singled out for aggregation, and in order not to disturb the consistency of the ASTM C 1074 algorithm, it
will be accepted that the use of at least 15 specimens is sufficient. The requirements for processes 3 and
4 are quite clearly described in the ST-NP SRO SSK-04-2013 standard and will be adopted in a uniform
approach. The number of temperatures measuring points has been shown to play an important role as
best practice. The concrete must gain sufficient strength at some critical points before the project
proceeds to the next stage. Critical points may vary depending on the type of structural element being
monitored. In single-sided or double-sided slab systems, structurally important zones are in negative
and positive design moments. As a rule, the maximum positive moment is in the middle of the span and
the maximum negative moment is located at the slab-column junction. The standard ST-NP SRO SSK-
04-2013, which gives detailed recommendations and an algorithm of actions, also deals with the control
of temperature stresses in concrete in a scrupulous manner. Changing temperature conditions have a
great influence on deformations and stresses in concrete. During the construction period, temperature
stresses arise during the development and dissipation of exothermic heat, often accompanied by
cracking. Measurement of the concrete temperature is therefore mandatory when monitoring concrete
stresses. This monitoring is especially important in winter when additional concrete heat treatment may
be necessary.

The results of this study are important for builders as they will eliminate existing gaps in the
current approaches used in temperature-strength control of the concrete.
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beToHHBIH TeMIIepaTypachkl MeH OepiKTiria 60akbLaayAarbl OipbIHFal TICiA

Anpaarna. Cananel Oakblaay cadachIHAAFbI TEOPUAABIK JKoHe DKCIIePUMEHTTIK 3epTTeyaepaiH
AaMybl OeTOHHBIH OepikTirin OarasayAblH KeIITeTeH d4icTepiHiH Iaiiga OoaybiHa okeaai. Kaabimrarst
OeTOHHBIH OepiKTiriH >keaea aHbIKTay YILiH epTe ycTay caThIChIHAA O@TOHHBIH TeMIlepaTypackl MeH OHBI
yCTay yaKBITBIHBIH ©3apa OalidaHbIChIHA HeTidgeAreH TeMIlepaTypaablK—OepikTik Oakblaay (BTBB) Taciai
HeFypAbIM  OeltiMgeareH ©Ooaplll  TaOblaagbl. beroHHblH OepikTirin 3epTrey cTaHAapTTapAbIH
TaJaIlTapblHa CaliKec >KYprisiayi kepek. HopmarusTik Ky>kaTtTama OOIBIHIIIA HEFYPABIM OeifiMAeAreH
craHgaptrap ASTM C1074 (AKII) 6oapim Taderaaasr); NEN 5970 (Huaepaanasr); CT-HIT CPO CCK-
04-2013 (Peceit). Aaaiiaa, BTED apbip aaictiy OapAbIK apTHIKIIBLABIKTapbIH eckepred BTBD -ra kaTbicTh
Kasipri Taciadepi >KOK. ABTOpAap >KYHITBIK CaAbICTBIPY 84iciH KoagaHa oTbIpbin, BTBD eaaicrepi men
MiHAeTTepiHiH op KpuUTepuili MaHbI3AbIABIFBIHBIH CaAMarblH aHbIKTaAbl. AABIHFaH HoTVKeAep HeTisiHge
OeTOHHBIH KOAJaHBLAYBIH OaradayAbl eckepe OTBIPBIN, OHBIH TeMIlepaTypaAblK-OepikTik OaKblaayblHa
OipbIHFail Toacia KYpbLaAbL Bya Tacia Gakplaay KeseHAepiHiH ecellTepiH IIellyAe eH KaKChl agicTepre ue
KOIITeTeH oJicTepaAi KOAJAaHyABl IIIeKTey MaceleciH Iemesi. BeToOHHBIH TeMmepaTypaAablK-OepikTik
OakblaayblHa OipisgeHAipiareH Tacia OeTOH >KoHe TeMipOeTOH KOHCTPYKIMsAAapbIHbIH JKOFaphl carachl
MeH Y3aK Mep3iMJailiriHe K04 >KeTKidyre MyMKiHAiIK Oepeai.

Tyiin ce3aep: craHagapT, OeTOHHBIH KaTalO TeMmIlepaTypachkl, OeTOHABI Oy30ail ChIHAY,
eHJipiareH ceHcop.
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YHN$mimpoBaHHbIN II04X04 K TeMIIepaTypHO-ITPOYHOCTHOMY KOHTPOAIO OeTOHa

Annoranms. Passutye TeopeTMYecKMX M 9KCIepUMeHTaAbHBIX MCCAeJO0BaHMII B 00AacTu
KOHTPOAs KauecTBa IIpUBEeAO K MOSIBAHMIO 3HAaYMTeAbHOIO KOAMYeCTBa MeTOAOB OIIeHKM ITPOYHOCTU
OeroHa. /451 olepaTUBHOIO OIlpejeAeHNs IIPOYHOCTY OeTOHa, HaXOASAIIerocs B ornaayOke, Ha paHHel
CTaAMM BBIAep>KMBaHU: HamboJee ajallTMPOBAHHBIM SBASETCs CIIOCOD TeMIlepaTypHO—-IIPOYHOCTHOTO
koutpoas (TIIKB), Oasmpyromierocss Ha B3aMMOCBSA3M TeMIlepaTyphl OeTOHa I BpeMeHM ero
BBIAEP>KMBAHNSL.

VccaeaoBanus mpodHocTy OeTOHa JOAXKHBI BBIIIOAHATHCA II0 TpeOOBaHMUAM CTaHAAPTOB.
Hanboaee agantupoBaHHBIMM 10 HOPMaTUBHON JOKYMEHTaIuM sBASIOTCA craHAaptel ASTM C1074
(CIITA); NEN 5970 (Humaepaanasr); CT-HII CPO CCK-04-2013 (Poccus). OgHako cyllecTByIoLye
noaxoapl K TTIKB, xoToprle yunThiBaau Obl BCe HpeMMyIecTBa Ka’KAO0rO M3 MeTOAO0B, OTCYTCTBYIOT.
ABTOpBI, UCIIOAB3Ysl METO/ HapHOIO CpaBHEHN:, OIpeleAnAM BeC 3HauMMOCTM Ka’KAOTO KpUTepus
MerodoB u 3agad K TIIKb. Ha ocHOBaHMM T10Ay4eHHBIX pe3yAbpTaTOB Obla cPopMUPOBaH
YHU(PUIMPOBAHHBIN 1104X0/ K TeMIlepaTypHO-IIPOYHOCTHOMY KOHTPOAIO OeTOHa C y4eTOM OIeHKM ero
IpUMeHMMOCTH. /laHHBII TI0AXO4 IIO3BOAUT PeIIuTh Ipo0JAeMy OrpaHUYeHNUs IIPUMeHeHMs
0OABIIMHCTBA METOAOB, KOTOpPhIe B CBO€Il OCHOBe MMEIOT Aydlllie IIpMeMbl B pellleHnM 3ajad DTarioB
KOHTPOAs. YHUPUIIMPOBAHHBIN IT0AXO0/ K TeMIlepaTypHO-IIPOYHOCTHOMY KOHTPOAIO OeTOHa ITO3BOANUT
AOCTUTHYTb BLICOKOTO Ka4eCTBa M 40ATOBEYHOCTY OETOHHBIX I Ke1e300€TOHHBIX KOHCTPYKITHIA.

KaroueBbie caoBa: cTraHaapT, TeMIlepaTypa TBepAeHus OeTOHa, Hepa3pyIIaiomNii KOHTPOAb
OeToHa, BCTpaMBaeMBblil AaT4MK.
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