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Evaluation of the Nurse-Saul method using maturity sensors
for concrete strength control

The article presents the results of experimental studies on the strength of concrete grade B25 brand M350 by
direct and indirect methods of control. To conduct tests, 17 cylindrical, 15 small, and 2 large cubic specimens
were manufactured. 15 cylindrical specimens by 3 pieces were tested for compression in a hydraulic press on
1, 3,7, 14, and 28 days of curing, and in the remaining.two for 28 days the curing temperature was measured
in order to obtain the strength-maturity relationship by the:method of Nurse-Saul. The curing temperatures of
the larger specimens were measured similarly, from which the concrete maturity and strength values on days
1, 3,7, 14, and 28 were estimated. On the same days, compression tests were carried out on small specimens
and by the shock pulse method on large specimens. As a result, the strength gain curves were obtained and
calibration dependencies were plotted. The calibration dependencies showed a sufficiently close convergence
of the results of the direct method of control (i.e., compression of small specimens) and the Nurse-Saul meth-
od of maturity, in contrast to those of the shock pulse method. The determination coefficients of these de-
pendencies amounted to 0.9357 and 0.8965, respectively.

Keywords: maturity method, concrete strength, embedded sensors, compression test, curing temperature,
shock-pulse method, calibration dependence.

Introduction

Inspection methods in modern construction increasingly overlap with information technology. Various
methods and tools are used to figure out the compliance of the material with the design requirements [1, 2].
One of the frequently used and tested materials is concrete. There are many ways to determine its strength.
The methods are regulated by various standards that contain a defined procedure for laboratory tests [3]. Dif-
ferent tools and devices can be used to identify the current and limited properties of concrete [4].

Nowadays, indirect methods of non-destructive concrete strength gain control are more popular than lo-
cal destructive methods [5]. These methods give quick results and require minimal costs, with the result be-
ing made by the laboratory, but the curing time of the concrete requires intermediate solutions to complete
the construction in a specified time or sooner than required by the customer [6]. Interim solutions can be
formwork removal, structural loading, test scheduling, etc. The methods are based on parameters occurring
during the concrete curing process, such as temperature, pressure, current conductivity, shock pulse impact,
elastic rebound, plastic deformation, etc. [5].

Many standards of the CIS countries, regulating non-destructive control methods, are based on external
influence. While in foreign countries, they practice such standards to determine the strength of internal pa-
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rameters, which consider the temperature and curing time of concrete [7]. The method of temperature-
strength control is widely used in the USA, Canada, South Africa, and European countries (Table 1).

Table 1
Foreign standards for methods of temperature-strength control of concrete [4]
No. Standard indication Name of the standard Region
1 ASTM C1074 Standard Practice for Estimating Concrete Strength by Maturity Method
2 ASTM C918 Standarq Tgst Method for Measuring Early-Age Compressive Strength
and Projecting Later-Age Strength
3 ACI 318-6.2 Building Code Requirement for Structural Concrete and Commentary USA
4 ACI 228.1R In-place Methods to Estimate Concrete Strength
5 ACI 306R Guide to Cold Weather Concreting
Standard Method of Test for Estimating the Strength of Concrete in
6 AASHTO T 325 Transportation Construction by Maturity Tests
7 CSA A23.1/A23.2 Concrete Materlals_and Methods of Concrete Construction/Test Methods Canada
and Standard Practice for Concrete
8 NCH 170 Hormigon-Requisitos generals (Concrete- General requirements) i?rl:g;
9 EN 206-1:2002 goncrete — Part 1: Specification, performance; production and conformi-
10 BS EN 13670 Execution of concrete structures Europe
11 NEN 5970 Detgrmmatlon of Strength of Fresh Concrete with the Method of
Weighted Maturity
ST-NP SRO SSK-04— | Temperature and strength control of concrete during the construction of .
12 s I Russia
2013 monolithic structures in winter

The study of temperature and strength control dates back to the 1970s by the American National Bureau
of Standards. It was caused by the gradual collapse of a building under construction in Fairfax County, Vir-
ginia, which was not without casualties. According to the final inspection report, the problem was early re-
moval of the formwork. The decision tosremove the formwork was made 4 days after the concrete was
poured, which was based on the average temperature readings [9]. Such cases prompted the American Occu-
pational Safety and Health Administration to develop a standard for monitoring the curing rate over the en-
tire 28-day period. Thus, this method has found use in several other countries, considering the specifics of
the construction area and raw materials for concrete.

A good example of a country where the method of temperature-strength control regarding GOST has
been developed is Russia. The standard was developed by the nonprofit partnership “Self-regulated Organi-
zation of the Union of Construction Companies of the Urals and Siberia”, owned by the Urban Building
Code of the Russian Federation [10]. This standard has been in use since 2013. As stated earlier, the specifics
of the territory of construction require increased attention. If we compare countries with predominantly hot
climates, it is only one temperature range that affects the strength gain, while countries with sharply conti-
nental-climates also.-take into account negative temperatures. This point is considered in [11]. The basis for
the creation of the standard [10] was the thermal stress state during curing or heat treatment of concrete. The
standard has only recently been introduced and not all issues have yet been covered.

The maturity method regulated by the American standard is increasingly being used in the CIS coun-
tries as well. The applicability of this approach is already being tested on domestic construction sites
[12, 13]. Thus, the authors of this study have developed a measuring complex for wireless temperature moni-
toring and estimation of the current strength of concrete “BDM-1" [14, 15], which implements the Nurse-
Saul method [16]. An important principle of BDM-1 operation is automation of temperature data acquisition
since the calculation method requires particular measurements, as well as individual calculation of number
and location of maturity sensors, which are reflected in construction feasibility study. To test its performance
and to assess the applicability of the standard [16], many tests were carried out in this work, applying differ-
ent methods.

Based on the aforementioned, this study is aimed at assessing the applicability of the Nurse-Saul ma-
turity method for Kazakhstan construction sites in conjunction with the BDM-1 measuring complex. Thus,
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the object of study is the curing temperature and strength of M350 B25 marketable concrete, produced by
local manufacturers.

Experimental

The test program in this work was developed to study the process of concrete strength gain in the natural
conditions using foreign [16, 17] and domestic standards [18, 19], applying different instrumentation (Table 2).

Table 2
Certified equipment used in the test program
No. Equipment No. of the certlflgate_of type ap- Equipment name
proval of measuring instruments
1 IPS-MG4.03 12148 Strength meter of building materials
2 HP-Testing 9885 Hydraulic press
3 BMD-1 3575 Wireless complex for concrete_strength monitoring

Ready-mix concrete of grade B25 and brand M350 was tested (Table 3). Concrete of this grade and
brand was chosen because of its wide use in the construction market [20].

Table 3
Composition of the tested concrete
No. Component name Consumption, kg/m®
1 Portland cement 390
2 Washed sand 810
3 Crushed stone, fraction 5-20 mm 1080
4 Water 140
5 Chemical additive based on polycarboxylate esters HPS-3 2,73

The selected concrete mixture was used throughout the experiment. The data obtained in laboratory
tests can only be used for a given concrete with the same consumable components [17, 21].

17 cylindrical specimens with a diameter and height of 15 cm each were prepared for testing by the
method [16] (Fig. 1), of which 15 were tested in compression with a hydraulic press in the laboratory, by 3
specimens at 1, 3, 7, 14, and 28 days [17]. Sensors [22] were immersed in the remaining 2 specimens to
measure the curing temperature of the concrete in the specimens at a frequency of 0.5 hours up to 28 days.
The purpose of these tests was to derive the “strength-maturity” relationship of the concrete, where maturity
is an index of temperature and time, according to the Nurse-Saul method [16, 23, 24]. This ratio was derived
as a logarithmic function. It was used to calculate the current strength of concrete in a real structure, assum-
ing the same compaosition was used.

Figure 1. Cylindrical specimens

The temperature-time factor was determined by the following equation [15]:
TTF = Y(Ta — To)At; 1)
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where TTF — the time-temperature factor at age t (degree-days, degree-hours); Az — time interval (days,
hours); T, _average concrete temperature during time interval (°C); T, datum temperature, —10 °C.

To simulate a real structure made of the same concrete composition, two large cubic specimens sized
50x50x50 cm were prepared, in which temperature sensors were also immersed (Fig. 2 (a)). From the tem-
perature history measured at a frequency of 0.5 hours, using the same Eqg. 1, concrete maturity values (TTF)
were calculated. Then, by applying these values to the derived logarithmic function, the strength values of
the concrete in the structure on days 1, 3, 7, 14, and 28 of curing were estimated. On the same days, large
specimens were subjected to non-destructive shock pulse testing [18] using the IPS-MG4 measuring device
(Fig. 2 (b)).

In parallel with the previous tests there were molded 15 small cubic specimens of 10x10x10 cm in Size,
which were tested in compression by destructive method [19] on a hydraulic press, by 3 specimenson 1, 3, 7,
14, and 28 days of curing (Fig. 2 (c)).

Then, using the average strength values obtained by the three different methods, the diagrams of con-
crete strength gain and calibration dependencies were plotted.

Figure 2. Cubic specimens: a — large specimens, b — large specimens shock pulse testing, ¢ — small specimens

Results and Discussion
Figure 3 illustrates the results of testing eylindrical concrete specimens using the maturity method.
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Figure 3. Results of tests of cylindrical concrete specimens: a — temperature mode of curing,
b — concrete strength gain diagram, ¢ — strength-maturity relationship

Using the Nurse-Saul method, the temperature of the two cylindrical specimens was monitored for 28
days. In Fig. 3 (a), one can notice the presence of the highest curing temperature in the first 3 days (21 °C),
then, there is a sharp decline with a slight increase in temperature on the 7" day. Thus, the temperature on the
28th day is about 8 °C. Fig. 3 (b) shows a diagram of the strength gain in the cylinders. The trend increases
sharply in the first 3 days, after showing a gradual rise. From the cylinder curing temperature history using
the equation (1), concrete maturity values at days 1, 3, 7, 14, and 28 were calculated. By plotting these values
against the strength values on the same days of curing, a strength-maturity relationship was plotted (Fig. 3
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(c)). It can be seen from the Figure 3 that the obtained dependence has a fairly high coefficient of determina-
tion equal to 0.9793, which indicates its further applicability in estimating the strength of the real structure
(i.e. large cubic specimens) from the same composition of concrete. The test results of the large specimens
are shown in Figure 4.
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Figure 4. Results of tests of large cubic concrete specimens: a — temperature mode:of curing,
b — Nurse-Saul strength gain curve, ¢ — shock-pulse strength:gain curve

The curing temperatures (Fig. 4 (a)) of the two large cubes for 28 days provide the average value for the
Nurse-Saul strength gain curve (Fig. 4 (b)). As shown in Fig. 4 (a), compared to the curing regime of the cyl-
inders, the temperature increase on the first day of curing of large specimens are more intense. In the first 2
days, the temperature rose to 32 °C and then decreased smoothly t0.8 °C. This can be explained by the mas-
siveness of large specimens compared to small ones. Concrete maturity values on 1, 3, 7, 14, and 28 days
were calculated in a similar manner for large specimens. By applying these values to the strength-maturity
relationship obtained above, the strength values for the same days were estimated, from which the strength
gain diagram was plotted (Fig. 4 (b)). According to the results of tests of large specimens by shock-pulse
method (Fig. 4 (c)), during the first 7 days, the strength of concrete intensively increased, after that, it
smoothly passed to stabilization.

To compare the results of the indirect.methods obtained above with the direct ones, a diagram of the
strength gain from the tests of small cubic specimens in compression in a hydraulic press was plotted as
shown in Figure 5.
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Figure 5. Results of tests of small cubic specimens by compression

The strength gain curve of small cubic specimens has a similar outline to the one obtained by the ma-
turity method. However, the strength value at 28 days is higher. For visual comparison of the results of indi-
rect (maturity method, shock pulse method) and direct (compression of cubic specimens) methods, their
strength gain curves were combined into one diagram and calibration dependencies between these methods
were derived (Fig. (6)).
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Figure 6. Comparative analysis of the results: a — strength gain curves, b — calibration dependencies,
N-S, S-P, and C — Nurse-Saul, Shock pulse methods and Compression test, respectively

According to Fig. 6 (a), on the first day, there is no difference between thestrength.gains, however:

— ondays 3, 7, and 14, the shock pulse method values are higher than.those of the compression tests by
an average of 13.5 %, while on 28 day, they are lower by 8.4 %.

— values from the maturity method beginning from day 3 up to day 28 were lagging the compression
test by an average of 10.7 %.

Figure 6 (b) demonstrates the calibration dependencies between the direct and indirect methods used in
this study. The power functions and their coefficients of determination were derived for each of the depend-
encies. One can notice from Figure 6 that the coefficient of determination of the dependence between the
compression test and the maturity method, equal to 0.9357,.is slightly higher than those between the com-
pression test and the shock pulse method, equal to 0.8965. This indicates that the convergence of the first two
methods is greater than that of the second.

Conclusions

In this work, the authors conducted several strength tests of concrete B25 M350 by direct and indirect
methods and measurements of curing.temperature with specialized instrumentation and equipment. Accord-
ing to the results of tests and measurements, the diagrams of strength gain and temperature curing for small
(10x10x10 cm) and large specimens (50x50x50 cm) were obtained, strength-maturity relationships, as well
as calibration dependencies between direct and indirect methods, were plotted. The following conclusions
can be drawn from the analysis of the obtained results:

- The final compressive strength of the small specimens at 28 days was higher (34 MPa) than that ob-
tained by the maturity and shock pulse methods on large specimens, although all the specimens were kept at
the same temperature and humidity conditions. This is due to their lower massiveness.

- The shock pulse method, according to the strength gain curve, looks rather idealized and does not im-
press sufficient confidence. There are no drops; strength gain is smooth and stable.

- The strength-gain curve obtained by the Nurse-Saul maturity method has a fairly realistic outline.
There are small steps and unstable gains of strength. The strength values from the Nurse-Saul method were
lower than. those of the others. In this regard, it can be assumed that it is more reliable and has a potential
margin of safety when controlling the strength by this method.

- Comparison of the direct and indirect methods by plotting the calibration dependencies revealed a
greater convergence of the maturity method with the compression test in comparison with the shock pulse
method; the determination coefficients of the obtained dependencies were 0.9357 and 0.8965, respectively.
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E.b. Ytenos, A. Auuckun, A.C. Tyne6ekosa, C.b. Axaxanos, I11.)K. Xapacos

BeronHbIH 0epiKTIriH 0aKplIay YIIiH KeMeJIIeHy JaTYHKTepiH
Kosiany apkbLibl Nurse-Saul amicin 6aranay

Maxkananga M350 mapkainbl xkoHe B25 kimactel GETOHHBIH OCpIKTIriH Tikenel >oHe jkaHama Oakpuiay
S/licTepiMEH IKCIEPUMEHTTIK 3epTTeyepaiH HoTHKenepi kenripinreH. ChIHAK XKYprizy yuriH 17 QUIMHIPIIK,
15 mareH KoHE 2 YIKEH TeKIIe YITinep JaWblHIanFaH. OpKaichIChl 3 maHamaH TYpaThlH 15 IMUIMHIPIIK
CBIHAMAa THIPABIHMKAJBIK TPECTe CBHIFBIMOANyY YHIH KartatymeiH 1, 3, 7, 14 xoHe 28-mi KyHAepiHIe
CBIHAIFaH, an KaiFaH 2-yi Nurse-Saul omici GoifbIHIIa «OEpIKTIK-KEMENICHY» TOYESIIIITIH ally MaKcaTbIHIa
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KaTaio Temmneparypachl 28 KyH OOHbl eJIIeHreH. YJKeH YIriJepAiH KaTai TeMIepaTypachbHbIH yKcac
ToCUIAEpl TipKenai, OFaH colikec OETOHHBIH KTy JeHreinepi sxoHe 1, 3, 7, 14 nen 28-mmi kyHzaeri OepikTik
MoHJepi ecenTenai. COHbIMEH KaTap, KOPCETUITeH TOYNIKTE IAFbIH YATUIEpAl ChIFyFa jKOHE YJIKEH YITiaepai
COKKBI-MMITYJIBCTIK OJICIIeH cBhIHAy Kypri3inmi. HormkeciHne OepikTiK KHCBHIKTaphl albIHABI JKOHE
rpaxyupiey ToyelAauTikTepi Kypsuinbl. ['pamympiey Toyenmimikrepi Tikened Oaxpuiay ofici (SFHM IIarblH
YJTinepai ChIFy) HOTIKeNepiHiH jkoHe Nurse-Saul KeMenmeHy omiCiHIH COKKBI-MMITYJIBCTIK 9iciMeH
CaJbICTHIPFAaH/la ©T€ JKAaKbIH YKCACTHIFBIH KepcerTi. OCBl ToyenmimiKTepAi aHbIKTay Kod(duimenTTepi
coiikecinmre 0,9357 xone 0,8965 GOJILII IIBIKTEL.

Kinm cesodep: xemenneny omuici, 6eTOHHBIH OEpIKTIri, KipiKTipUIreH NAaTYUKTEP, ChIFBIMAAY CHIHAFBI, KaTalo
TEMIIePaTypachl, IMIYIbCTIK—COKKBI 91iCi, TpaaAyHupiey TOyeIIiTiri.

E.b. YTenos, A. Aauckun, A.C. Tyneoekona, C.b. Axaxanos, I11.)K. XKapacos

Ouenka meroaa Nurse-Saul ¢ npuMeHeHneM TATYMKOB
3PeJIOCTH JJIsl KOHTPOJISI IPOYHOCTH OeTOHA

B cratee mpezacraBiieHBl pe3yNbTaThl AKCIIEPUMEHTANBHBIX HCCIEJOBAaHUN MPOYHOCTH OETOHA kiiacca B25
Mapkd M350 mpsiMBIM ¥ KOCBEHHBIM METOAAaMH KOHTPOJIAL. ISl MpOBENCHUS UCTIBITAaHHK OBIIO M3TOTOBJIEHO
17 munmuHgpuYecKux, 15 Manbix u 2 6oipmMX KyOmdeckux oOpasma. 15 mummHapudeckux o0pasmoB mo 3
IITYKH HCTIBITHIBAIIICE HA CXKATHE B THIPABINYECKOM mpecce Ha 1, 3, 7, 14 u 28-e cyTKU TBepAEHHS, a B 2-X
OCTAJBbHBIX Ha MPOTSKEHHH 28-M CYTOK M3MepsUIach TeMIIepaTypa TBEPACHHUS C LEHbIO MOTYyUCHUs 3aBUCH-
MOCTH «IIPOYHOCTb—3PENOCThy 1o MeTony Nurse-Saul. AHajmoru4HbIM criocobom GhHUKCHpoBaIach TeMIepa-
Typa TBepJeHHs OOJIBIINX 00pa3IOB, IO KOTOPOH BEIYUCICHB! YPOBHH 3pEJIOCTH OCTOHA U 3HAUYEHHMS IIPOYHO-
cruHa l, 3,7, 14 u 28-e cyrku. Kpome Toro, B ykazaHHbIE CYTKHIIPOBOWINCH UCIIBITAHUS HA CKATHE MaJIbIX
00pas3sIoB U yIapHO-UMITYJIbCHBIM METOJOM O0JbIINX 00pa3IoB. B.pe3ynbraTe ObUIM HOJTydeHB! KPUBBIE Ha-
6opa MPOYHOCTH M HOCTPOEHHI I'PaJyHpPOBOYHBIC 3aBHCHMOCTH. | pagyHpOBOYHBIC 3aBUCHMOCTH IHOKa3aiH
JOCTATOYHO OJIM3KYIO CXOANMOCTh PE3yJIbTAaTOB IIPSIMOT0 METOa KOHTPOIIA (T.€. CoKaTHe MalbIX 00pasloB) 1
Mertona 3penoctu Nurse-Saul, B CpaBHEHUH C yIapHO-UMHAYIbCHBIM MeTonoM. Koadduuuentsr nerepmuna-
LMK JaHHBIX 3aBrcuMocTeit coctaBuin 0,9357 u 0,8965.€00TBETCTBEHHO.

Kniouesvie cnosa. METON 3penocTH, MPOYHOCTH OETOHA, BCTpaWBaeMbIC TAaTYMKH, MCIBITAHHE HA CXKaTHe,
TeMIeparypa TBepACHHUS, yAapHO-UMITYIbCHBIH METOJ, IPafyHPOBOYHAS 3aBUCUMOCTb.
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