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The conventional direct and indirect methods to study the mechanical characteristics of concrete are mainly
performing discrete measurements, omitting the continuous internal and external phenomena occurring in the
concrete body that may significantly affect its strength and quality. This study presents a multisensory device and
a method that simultaneously measures and assesses the impact of curing temperature, ambient temperature and
relative humidity on the concrete strength. The device was assembled on the basis of Arduino Pro Mini
microcontroller connected with various sensors, as well as clock reading and memory modules. The method
proposed to assess the impact of different factors on concrete strength is based on strength tests and their
confidence curve, monitoring of concrete curing conditions, correlation and weighting techniques. The
performance of proposed device and its method was justified experimentally using the concrete cubic specimens of
different size. To visualize the specimens monitoring results the color gradations, petal and bar chart
representations were used, and taken into account for the future implementation of a software interface for the
multisensory device.
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Introduction

There exist many methods to control the concrete strength both in the laboratory and
construction site, depending on the structure and the applied load. A distinction is made between
direct and indirect methods. Often construction crews use indirect methods in the initial stages of
concrete curing to save on laboratory costs. Direct methods are mostly used during the scheduled
curing periods (i.e., 3, 7, and 28 days) of concrete to obtain test reports allowing further loading of
the structure [1]. The strength control methods by which structural loading decisions made are
based on standards or regulatory documentation on a national, regional or organizational scale. The
importance of this documentation is justified by international design standards, because through
these documents, one community is in contact with another under predetermined regulations. There
are different categories of this documentation: standards, codes, specifications, and other national
regulations. Abroad, in such countries as the United States, Great Britain, Germany, Australia, and
Japan, there are entire communities to control and improvement of regulations in this direction [2].
It is worth noting that independent institutions also make adjustments in the application of
standards; their number is not great, but cooperation is at a high level.

All standards take into account the influence of various external and internal factors on the
concrete strength gain. [3] identified about 20 influencing factors. It is not easy to judge the degree
of influence of one or another factor at the time of concrete strength gain as it is a complex process,
but summarizing it is possible to classify them into 3 groups: 1) Factors affecting the strength
before concrete batching; 2) Factors affecting the strength at the time of batching the concrete; 3)
Factors affecting the strength after concrete batching. The predominance of one of the groups in
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case of non-compliance with the technology of production of concrete is revealed only at the stage
of its strength gain, which is fraught with financial and time losses [2].

Most of the errors that reduce the design strength of the structure is associated with the 3™
group of factors, in the period of care of the concrete. This is justified by the fact that factors 1 and
2 are formed in the laboratory or factory conditions, where the probability of making an error in the
technology of concrete batching is negligible, which is not possible to state about the field
temperature and humidity conditions. As much depends on the process of paving and care of the
concrete. It should be noted that the paving process, depending on the volume can take several
hours or even a whole day. While care, regardless of the volume lasts all 28 days without exception.
During this time, the concrete is exposed to many internal and external factors and their study
provides an opportunity to properly examine their impact on the structure to avoid risks that can
lead to dire consequences. Conventional methods [4,5] do not provide a detailed picture on the
processes taking place in the concrete body, since they are based on mechanical reactions when
being applied. Also, they examine characteristics on certain points or parts of structure, but not a
whole, and reveal discrete values. As is known, the most influencing factors for concrete strength
are curing temperature, ambient temperature and relative humidity. All three are continuous
phenomena [6]. Therefore, to monitor their impact and make timely and preventive decisions,
corresponding techniques and equipment should be used. One of promising techniques is
application of maturity sensors [7-9] that enable estimation of concrete strength using a predefined
maturity-strength relationship. However, these sensors may register mostly only curing temperature;
but those for several parameters — disable simultaneous measurements. Therefore, to take into
account external factors, these sensors need to be substantially redesigned. Moreover, the Maturity
methods [10] that they apply do not consider joint effect of internal and external factors on concrete
strength. The literature lacks sensor-based solutions on real-time monitoring of concrete curing
conditions taking into account several factors at a time. In addition, the proper method to examine
the patterns between the concrete strength and influencing factors are poorly addressed in previous
studies [11-15]. These patterns appear to be important to assess the degrees of impact of the factors
on concrete strength.

In view of the above, this work is aimed at the development of a multisensory device for
monitoring and a method for assessing concrete curing conditions. The device is assembled from
sensors for concrete curing temperature, ambient temperature and relative humidity on the basis of
Arduino microcontroller. The assessing method is based on strength tests, monitoring of
parameters, correlation analysis to recognize patterns of interdependency of parameters with
concrete strength [16], calculation of parameter weights, as well as visual representation of the
patterns. The calculation of weights is assumed to be a proper technique to demonstrate the degree
of influence of the parameters.

1. Development of multisensory device

The multisensory device (MSD) development was carried out in steps. The first step was to
design the IT-architecture that consisted of microcontroller Arduino Pro Mini (1), four waterproof
temperature sensors DS18B20 (2), ambient temperature and relative humidity module DHT11 (3),
real time clock module DS3231 (4), micro-SD card module (5) with the card (6), and two Li-ion
batteries INR18650-20S 3.7V connected in parallel (7) as shown in Fig. 1.
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Fig. 1. MSD IT-architecture

The next step was to solder the components together according to the connections indicated in
the IT-architecture, for which an electric soldering iron was used. Further steps were to program the
microcontroller in “C” language using an open-source Arduino integrated development
environment (or Arduino IDE), to conduct test measurements and validate the measurement
interval, saving to the SD card, as well as structure and content of the measurement data. Final step
was to envelop the electronic components into a safe housing, for which a standard plastic case with
dimensions of 15x10x5 cm was chosen (Fig. 2).

Fig. 2. Programming the microcontroller of MSD

It should be noted that the developed MSD has not the same design and functionality as its
analogues [7-9,14,15]; it has certain differences that makes it more convenient to use: 1)
Reusability (only wired temperature sensors are replaced), since the analogues are mostly
embedded fully in the concrete body forever and each time new device should be purchased; 2)
Storage of monitoring data in a single SD card that is easy to extract and use in PCs; 3) Central
control of sensors via a single microcontroller, which makes synchronic and accurate measurements
without the risk of data loss; 4) Longer service life due to energy-efficient components, powerful
battery and efficient electronic circuit (analogues are mostly based on energy-intensive 10T
concepts). Therefore, this makes MSD a fairly affordable alternative for construction companies of
all sizes.

2. Materials and methods

The experimental studies were carried out using a commercial concrete with grade of B25
M350 produced by LLP "Temirbeton-1" (Almaty, Kazakhstan). Freshly mixed concrete was used to
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prepare 15 small cubic specimens with rib size of 10 cm and 2 large cubic specimens with rib size
of 50 cm for the testing procedures. Testing equipment composed of a newly developed MSD with
measurement accuracy of +0.1°C for temperature and 1% for relative humidity, hydraulic press
from NIISTROMPROJECT, LLP (Almaty, Kazakhstan) with accuracy of +1% and sclerometer
IPS-MGA4.03 from CSI Research&Lab, LLP (Nur-Sultan, Kazakhstan) with accuracy of £8%.

Compression testing of small cubic specimens was carried out using the hydraulic press in
series of 3 cubes on 1, 3, 7, 14 and 28 days of curing according to [4] (Fig. 3a). On the same curing
ages, the large specimens were tested for strength on the side surfaces using the sclerometer
according to shock pulse method [5], for which the average values from the two specimens were
deduced (Fig. 3b). It was the average strength values that were used for further analysis. The curing
temperature of large specimens, as well as ambient temperature and relative humidity on their
curing conditions were measured each 0.5 hours [17] (Fig. 3c). The strength values at 1, 3, 7, 14, 28
days of curing were obtained in the course of testing of small and large specimens (Table 1) and
strength curves were plotted according to them later.

Further the received curves have been superimposed on the single diagram and on their
crossings the confidence curve (i.e., containing the least of values received by methods of
compression and a shock pulse) was detected. In order to accurately determine the values of the
confidence curve for both strength gain curves (for compression and for shock pulse), the trend
lines were constructed, their equations and approximation reliabilities (coefficients of
determination) were extracted. The equations made it possible to calculate the strength values for
every 0.5 hours.

Fig. 3. Testing setup: a) compression test; b) shock pulse test; c) temperature and humidity monitoring.

Table 1 — Strength test results

Age, Compressive strength of Surface strength of large cubes, MPa
day | small cubes (average of 3 No. 1 No. 2 Average in cubes
per day)
1 14.2 10.15 10.35 10.25
3 20.45 24.25 21.65 22.95
7 25.25 27.75 28.45 28.1
14 28.75 30.3 29.95 30.13
28 33.2 31.3 31.35 31.33

Confidence curve values were determined for each 0.5 hour by selecting the lowest of the
curve values (i.e., from compression and shock pulse tests) with an accuracy of 99.9%. Table 2
below was prepared to better structure the estimated values and monitoring readings for further
analysis and assessment of curing conditions of considered B25 M350 concrete.
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Table 2 — Hourly estimates and readings

Age, | Curing temperature of large Relative Ambient Compressive Surface Strength

hour cubes, °C humidity, temperature, | strength, MPa strength values of

No.1 | No.2 | Average * c (average), ;‘jr“j;f"ijgz

0.5 21.44 | 205 20.97 29.7 23.9 0.29583333 0.21354167 | 0.21354167

1 21.63 | 20.75 21.19 30.6 234 0.59166666 0.42708333 | 0.42708333

15 22 2119 | 21.595 338 23.3 0.8875 0.640625 0.640625

2 225 | 21.69 | 22.095 313 23.2 1.18333333 0.85416667 | 0.85416667

2.5 23.13 | 2231 22.72 30.9 23.5 1.47916667 1.06770833 | 1.06770833
etc.*

24 | 325 | 3288 | 3269 33.1 22.6 14.198 10.25 10.25

etc.*

671 8.13 7.44 7.785 43.7 12.9 32.9875642 31.3221343 | 31.3221343

6715 | 8.31 7.69 8 43.1 13.2 32.9917663 31.3234239 | 31.3234239

672 8.63 7.88 8.255 40.9 13.8 32.9959653 31.3247124 | 31.3247124

* Since the table contains 1344 lines of data, majority of them were omitted.

Subsequently, these values were used to determine the daily correlation coefficients [16] (EQ.
1) with the values of the parameters of curing temperature, ambient temperature and relative
humidity, as well as to determine the degree of influence (Eq. 2) of these parameters on the concrete

strength gain.

Z:%(P;-—E)-(S—S“}
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where: i — parameter that affects the strength gain of concrete (there are three considered parameters
in this study: curing temperature, ambient temperature, and relative humidity); t — curing time of
concrete, which can range from 1/48 to 28 within this study, days; P; and B, — i parameter and its
average value for time t (day), respectively, in units of one or another parameter; S and S— strength

and its average value for time t (day) respectively, MPa.

Yie = Z?EI:J:I’ (2)
Here it should be noted that the sum of the degrees of influence must be equal to one (Eq. 3).
E?:l?’i.t =1 3)

The obtained values of correlation coefficients and degrees of influence were visualized using
color gradations, petal diagram and bar chart, as potential representation of monitoring results that
may be further integrated into a software interface of multisensory device. The accuracy of
proposed assessment method mainly depends on the equipment used for compressive and shock
pulse tests, which were 1% and +8% respectively in current study, since the uncertainty of MSD
and its sensors is negligible. Therefore, the confidence curve is assumed a suitable and less risky
approach to reduce potential losses of assessment accuracy.

3. Results and Discussion

The strength gain results of the two large specimens obtained with the shock pulse method are
shown below in Fig. 4a. It can be seen from the strength gain curves that their difference is
insignificant. Nevertheless, the curve of their average values at 1, 3, 7, 14, 28 days was used for
further analysis. In Fig. 4b, the cubic marker shows the strength gain curve obtained by the
compression testing of small specimens, which was compared with the average curve obtained by
the shock pulse method, denoted by the triangular marker. The bold line indicates the confidence
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curve of the strength values. This curve is made up of the lowest strength values between the
compression test and the shock pulse method for each curing age of concrete, to provide some
redundancy. It shows that for the first 2 days and the last 10 days, it coincides with the curve of
average values of strength obtained by the shock-pulse method, and from day 2 to day 18 with the
curve of strength values obtained by the compression testing of small specimens.
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Fig. 4. Strength gain charts: a) shock pulse method; b) comparison and derivation of the confidence curve.

Figs. 5a and 5b show the trend lines, their equations and the coefficients of determination of
the strength gain curves of the compression and shock impulse methods, respectively. According to
the figures above, the trend lines were constructed in such a way that they converged to their
strength gain curves as much as possible. For this purpose, sections were created with intervals of 0-
1 and 1-28 days for the compression method curve, and 0-1, 1-3, 3-7, 7-14, and 14-28 days for the
shock pulse method curve, respectively. For each of the sections, different equations and
coefficients of determination (R?) were derived. According to the values of these coefficients one
can assert a high degree of approximation reliability. Thus, almost all R? of the obtained linear and
logarithmic equations are equal to 1, with the exception of the one in the segment 1-28 days of the
compression method curve. Given these coefficients as a percentage, their average value is 99.9%.
Using the equations by section, the accurate strength values for every 0.5 hours up to and including
28 days were estimated for both methods.
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Fig. 5. Trend lines: a) compression method; b) shock pulse method.

Figs. 6a and 6b show the results of monitoring the curing temperature of the large specimens
(average of two) and the air temperature and relative humidity in the specimens' storage area with
intervals of 0.5 hours over a period of 28 days. Fig. 6a demonstrates a sharp jump in temperature to
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36.7 °C on the first and second day of curing due to the beginning of concrete setting, after which a
gradual decline with fluctuations during the day and night. Over 28 days, the minimum curing
temperature decreased to 2.65 °C. A similar trend can be observed in the ambient temperature curve
(Fig. 6b), indicating its certain influence on the concrete strength gain process, as well as on the
exothermic process itself occurring in its body. The air temperature varied between 2.2 and 24.8 °C.
As can be seen in Fig. 6b, there is an inverse relationship between relative humidity and ambient
temperature: as the temperature increases, the humidity decreases, and vice versa. The humidity
varied between 24.9 and 100%, with an average value of 53.2%.
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Fig. 6. Results of monitoring: a) curing temperature (T); b) ambient temperature (AT) and relative humidity (RH).

The next step, using Eq. 1, the correlation coefficients between the values of the 3 parameters
considered and the strength of the confidence curve for each of the 28 days of concrete curing were
estimated. The results of these estimates are shown in Fig. 7 as two-color gradations (white-green),
with each cell assigned a shade depending on the modulus value of the correlation coefficients for
all 3 parameters. In other words, the cells with the lowest values among all 84 (28x3) were tinted
close to white, and the cells with the highest values were tinted green.
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Fig. 7. Color gradation of correlation coefficients.

From the figure above, one can observe a markedly high correlation between curing
temperature and concrete strength gain, especially on days 2, 4, 10, and 21, since the correlation
coefficients at those days were within the range of 0.9 + 1. Relative humidity and ambient
temperature correlate well with strength on days 2, 9, 11, 20 and 23, with the correlation
coefficients laying in the range of 0.4 = 0.9. The cumulative correlation of the considered
parameters with the strength, plotted red as an average between the three parameters for each day,
vividly expressed cells on days 2, 7, 9, 11, and 20. This pattern can be further used in expressing the
dependence (function) of the strength from the considered parameters, for which it would be logical
to make a selection of parameter values exactly on 2, 7, 9, 11 and 20 days as the initial data. The
degrees of influence of the considered parameters on the concrete strength gain, calculated

according to Egs. 2 and 3, are represented by a similar color gradation (Fig. 8) on the basis of white
and blue.
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Fig. 8. Color gradation of the influence degrees of parameters.

The results of the calculation of the degrees of influence for each of the 28 days show a fairly
logical pattern. Thus, the figure above shows that the effect of curing temperature on the strength of
the concrete noticeably prevails (yrmax = 0.9) in comparison with those of the other two parameters
(yrHmax = 0.4, and yatmax = 0.6). However, at 6, 9, 15, 20, 22 and 23 days, the external temperature
and relative humidity influenced more. Referring to Fig. 6a and 6b, it can be understood that it was
on these days that the temperature and humidity conditions were quite critical for the concrete in the
large specimens.

R——
—YAT yT vRH AT

Fig. 9. Spatiotemporal representation of monitoring results as petal diagram (left) and bar chart (right).

An alternative representation of the results of calculating the degrees of influence is presented
in Fig. 9a as a three-color petal diagram, where blue, orange, and gray colors correspond to the
degrees of influence of curing temperature, relative humidity, and ambient temperature. The
percentage ratio of the area of these petals is shown in Fig. 9b. The pattern can be seen that this
ratio is equivalent to the ratio obtained by averaging the degrees of influence for all 28 days for
each parameter separately. And their sum is always equal to 100%.

Conclusion

As a result of this work, a reusable multisensory device was developed that allows monitoring
of concrete curing temperature, ambient temperature and relative humidity simultaneously, which
indicates the advantage of the solution compared to previous works. Moreover, its electronic circuit
administered by Arduino Pro Mini microcontroller ensure its longer service life due to energy-
efficient components and powerful battery used, as well as a long-term economic benefit.

A method of assessing the influence of the main internal and external factors on the concrete
strength gain, based on correlation analysis and weighting of parameters, has been proposed.

The proposed method for determining the concrete strength confidence curve, or in other
words, the Least Risk values, may allow engineers and contractors to optimize construction phases,
contribute to a reasonable reduction in project delivery time and reduce risks in the loading of
concrete structures.

The color gradation and petal diagram offered to demonstrate the correlation and the degree of
influence of one or another parameter by means of spatial-temporal visualization have potential to
present the current picture of processes taking place in the concrete body quite qualitatively and
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promptly and to communicate its nature to concrete engineers. These representation techniques will
form the basis of the interface of the software, which is in the plans for future work.
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