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Abstract. The way in which the maturity sensors are placed determines their number required for a particular
monolithic building skeleton. Previous studies scarcely address this aspect, providing only logical assumptions.
Therefore, this study proposes an alternative placement strategy for maturity sensors based on transitional
boundaries of concrete curing temperature distribution. The transitional boundaries may be determined using the
heat map representation of temperature distribution, where the unknown values are computed by the Inverse
Distance Weighting method. Based on the experimentally poured concrete slab and randomly embedded
maturity sensors revealed that the transitional boundaries form elliptical shapes. The temperature distributions
along the largest diameter of ellipses were plot on a single graph, which created regular and reverse parabolas.
As aresult, the distance between the closest opposite intersections of the parabolas is assumed as the maximum
acceptable step to set the maturity sensors. The proposed placement strategy may be applicable for the sensors
that measure various continuous phenomena, for example the relative humidity.

1. Introduction

There are many methods to control the concrete compressive strength. Some of them are clustered as
destructive, some as nondestructive [1]. The traditional destructive control of concrete strength is based on the tests
of standard concrete specimens by compression using the press machines. In the field conditions the standard
specimens are prepared from the freshly arrived concrete mixture in parallel with the pour of concrete structure.
Usually for each batch of the concrete mixture, at least 9 specimens are prepared. Itis supposed that the specimens
cure at the same ambient conditions as the concrete structure. At the curing ages of 3, 7 and 28 the specimens are
tested. Three specimens are tested at each testing day. The load of squeezing corresponding to the moment when
the specimen starts breaking, or the cracks appear on it, is fixed as the value of the strength. The average of
strengths of the three specimens is taken as a value of concrete compressive strength at a certain day of curing
[2]. This method of strength control is widely accepted worldwide as the more robust method. However, due to
several circumstances and human factor the testing procedure is not always precisely followed in the constructing
sites. These circumstances may include wrong sequence and timing of the preparation of specimens (e.g. the
structure is poured too late after the specimens are prepared), confusing the batch of concrete mixture, and the
difference of curing conditions (e.g. after preparation the specimens are hold at the laboratory). Moreover, it is worth
noting the difference of sizes between the specimens and a real structure. Massive structures cure slower than the
smaller ones. All of this makes the test results more unreliable. Nevertheless, the method is still extensively used,
since it is regulated by the actual construction standards of almost each country all over the world [1, 2]. The
traditional nondestructive concrete-control mostly refers to the shock-impulse method implemented in a special
equipment. The mechanism of shock-impulse method is based on the energy appearing at the hit of hammer of
the corresponding equipment. According to the preliminary calibrations, the obtained energy is converted into the
value of compressive strength. The shock-impulse method is also regulated by the construction standards in many
countries. Its main advantage is that it gives the result immediately. The equipment is mostly portable and easy to
handle [3]. Although it has certain advantages, the method has its own disadvantages. The method enables
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obtaining the compressive strength at a certain point where the hammer hits. Therefore, referring the obtained value
of compressive strength to the whole structure would be a wrong decision. Since in reality, every part of the structure
cures differently. This is why the several points of the structure must be tested. In general, both traditional methods
imply the human involvement, labor-intensive, cost-inefficient, and disable real time measurements [4].

The concrete curing refers to the exothermal process [5], where the cement hydration releases heat. This
is why at early ages of concrete curing the internal temperature of concrete intensively increases and slowly
decreases afterwards [6]. The continuous strength gain of the concrete throughout many years indicates that the
chemical reaction in it is long-lasting. Measuring the internal temperature over time opens great opportunities
during concrete works. It helps making proper decisions on unmolding the formwork and loading the structures,
and influences the pace of construction [7]. This feature of concrete is studied in many previous works [6, 8-11].
It is proven that the combined effect of time and temperature enables estimating the actual compressive strength
of the concrete. To refer to this effect, [12] introduced the terms «maturity index» or «temperature-time factor».
There are two maturity functions, enabling concrete strength estimation: Nurse-Saul and Arrhenius functions.
The Nurse-Saul function assumes that there is a linear relationship between the maturity and hydration
temperature history. The Arrhenius function assumes that there is an exponential relationship between the
compressive strength and hydration temperature [12]. The maturity method is effective by means of embedded
temperature sensors that can be either wired or wireless in terms of control [13, 14]. The sensors enable
continuous monitoring of internal parameters of concrete (not only the temperature) as long as they are powered
by electricity [15-17]. The manufacturers of such sensors are the Canadian company «Giatec» [18, 19],
American company «ConcreteSensors» [20] and some others are widely discussed in [5]. The advantages and
disadvantages of these sensors are thoroughly discussed by [21], who proposed the less expensive sensor
prototype with improved features (Figure 1).

Figure 1. Sensor prototype [21].

In [21] it is argued that the economic impact for construction sites may be reached due to the timely
knowledge about the concrete strength, which saves overhead expenses. However, using too many sensors
is quite costly [5]. Because the expenses to purchase many sensors may leave no savings at all. Therefore, it
is important to define a necessary number of sensors to be used for a certain monolithic building skeleton in
advance. The number of sensors needed depend on the location where the sensors must be installed.
Currently, the optimal location of the concrete maturity sensors has not been well studied, but there are studies
on optimal placement strategies of other types of sensors [22—24], mainly used for modal tests [25] proposed
the sensor placement strategy based on the finite element simulations, where the case of heat transfer
problem in the concrete slab was considered. Due to the specificity of the internal temperature behavior of
concrete curing, nhone of the considered above strategies seems appropriate for maturity sensor placement.
However, some techniques proposed by [25], such as representing the heat transfer in a colored heat map,
may be helpful [26] suggests to consider three aspects when selecting the installation locations of the concrete
maturity sensors, such as critical weather locations on the structural element, concrete mixture pour schedule,
and the structurally critical locations. The environmental phenomena, such as wind, rain, and shadow may
influence the internal temperature of concrete to some extent, which eventually affects its strength gain [21]
proposed a cross-correlation matrix that shows how the concrete parameters influence each other at
laboratory and field conditions. According to this matrix for the studied mixture, in the ambient conditions the
effect of internal temperature on the strength gain is only 14 %. The rest of 86 % goes to the ambient
temperature (33 %), internal relative humidity (25 %) and ambient relative humidity (29 %). The pour schedule
is also important. Since one huge structure may require several pours until it is filled completely, and the
interval between the pours may fluctuate up to several hours. In this case [26] proposes a mandatory
installation of the sensor in the location of the last pour. Due to the concrete at this location will most likely
gain the necessary strength later than the concrete at the previously poured locations. Probably the most
important locations to install the sensors are the critical locations, where the highest negative and positive
design moments are observed. Commonly, in the monolithic building skeleton the maximum positive moment
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is located at a mid-span, and a maximum negative moment is located at a slab-column boundary. These
locations are considered the most responsible when conducting the design of spatial skeleton of the building
[26]. Other aspects that need to be considered are the power of the network (if the sensor is wireless) and the
safety from accidental damage. The existing analogs of maturity sensors [18, 20] use Bluetooth data transfer
protocol. Because of the short operating distance of Bluetooth, it is important to install the sensors at easy-
accessible locations, to ease the future data retrieval. To eliminate this shortcoming, [21] proposed to change
the Bluetooth into the Narrow Band loT network. The safe locations to install the sensors would be those with
low workers traffic. The concrete pouring may also damage the sensors. Therefore, it is necessary to install
them in a distance from the pouring location [26].

Previous studies propose only logically assumed locations to install the sensors without providing
justifications. Considering the importance of the sensor positioning, current study proposes an alternative approach
for allocation of the embedded sensors. As per [27], the temperature is a continuous phenomenon. This means its
values change smoothly throughout the surface until the border (hereinafter — transitional boundary) where the
influence of other phenomena begins to prevail. If considering the internal temperature during the concrete curing
process, the same behavior may be observed. This study anticipates that such behavior of the internal temperature
of concrete gives understanding of at which step the maturity sensors must be set. Hypothesized that the transitional
boundaries most likely occur around the reference points, where the values of the temperature are known, and
creates elliptical shapes. Therefore, it is assumed that the maximum setting step of maturity sensors must be less
than the largest diameter of each elliptical shape of transitional boundary. The suitable approach to define and
measure the transitional boundaries could be the colored heat map representation of temperature distribution as
used in [25], which enables visualizing the change over the surface somewhat clearly. In the light of the
aforementioned assumptions, this study aims to develop and justify an alternative strategy of concrete maturity
sensor placement. Thus, the concrete curing temperature distribution is considered as the object of study and the
transitional boundaries of temperature values — as the subject of study. Further chapters enclose the proposed
hypothesis more in detail based on the experimental studies conducted.

2. Methods

To create the heat maps of temperature distribution and determine the transitional boundaries, at least
the values of temperature at the reference points must be predefined. The rest of temperature values
throughout the whole surface can be determined using the interpolation technique. Laying out all the
temperature values at the corresponding positions in the 2D plane and assigning scaled colors to them
generates a heat map. Moreover, the more reference points involved, the more precisely the interpolation
calculates the temperatures at each position in the plane. To avoid unrealism, the reference points must be
randomly distributed across the plane. The heat map may give a proper justification of the maximum setting
step of maturity sensors. To investigate the hypothesis, a reinforced concrete slab experimentally taken as the
2D plane. The slab had the rectangular shape with the dimensions of 12x6x0.2 m and poured outdoor.
Conducted the following sequence of operations:

1) Before the pour of the slab by the concrete, 5 maturity sensors developed by [21] were mounted on
the rebar of the slab in random locations in the plane, as shown in the Figure 2 below. The sensors were
located in the center of the slab thickness.
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Figure 2. Locations of the maturity sensors.
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2) The slap was poured by the concrete B25 M350 in 6 approaches of a skip by around 14 m? of
concrete mixture from one batch. Total time spent for the pouring process was less than an hour. The ambient
temperature was between 10+12 °C. The slab had no thermal insulation. The particleboard was used as a
formwork of the slab. The thermos-physical properties of the formwork were not considered, since it was
expected that its effect would be insignificant due to the similarity of the ambient temperature and the initial
temperature of the concrete mixture.

3) Immediately after the pour, with the interval of one hour the sensors measured the internal
temperature of concrete for 28 days (i.e. each sensor had 672 readings).

4) The readings of each sensor were transferred to the computer and converted into Excel format.

5) In the Excel document, 672 sheets were created, each containing the readings of corresponding
hour of measurements.

6) In each sheet, 2D planes were created with the size of 1200x600 cells (i.e. the size of each cell was
equivalent to 10x10 cm in regard to the size of the concrete slab). The values of temperature at reference
points (existing readings) were laid in the corresponding cells of each of the planes (Figure 2).

7) The unknown values of temperature in the 2D planes were interpolated using the Inverse Distance
Weighting (IDW) method. IDW is a spatial interpolation method that enables estimating the unknown values
based on the weighted average of the known values [28, 29]. Thus, each cell on the 2D plane was assigned
by the equation, where the weights represented the distances from each cell to the locations of reference
points. The equation is as followed:
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where t¢ is unknown value of temperature in the cell;
I is number of reference point;
ti is known value of temperature at the reference point i;
di is search distance from the cell to the reference point i;
p is power of IDW (p = 2) [29].

8) To generate the hourly heat maps, the cells on the 2D plane were color-scaled using the Excel
conditional formatting feature based on the values of temperature that the cells contained. The choice of
Excel to create heat maps is justified by its flexibility in the implementation of custom method for estimating
unknown values of temperature based on existing ones. Existing software to estimate temperature field are
adapted to solve specific tasks such as thermal design. They are based on certain methods, which cannot
be customized and do not cover the needs of this study. Thereby, they considered the influence of ambient
temperature on a particular object, which temperature is initially stable. In case of concrete mixture, its
temperature is instable and fluctuating over time. Moreover, there is no need to consider the ambient
temperature when the sensors measure the actual internal temperature of concrete.

9) Allthe hourly heat maps were combined into one average in order to define the averaged transitional
boundaries and the shaded elliptical shapes that they surround. Then there were drawn the cross-section lines
passing through the reference points and coinciding in the orientation of the largest diameters of elliptical
shadings.

10) Temperature distribution graphs were created in the cross-sections, and the distance between the
opposite intersections of the graphs enabled determining the acceptable setting step of sensors.

3. Results and Discussion

As planned, the measurement of temperature in the body of reinforced concrete slab was carried out
by the embedded sensors for 28 days with the interval of 1-hour. The sensors collected 672 readings each.
When displaying all the obtained readings onto the chart, observed the following behavior of the concrete
curing temperature presented in Figure 3 below.
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Figure 3. Temperature mode of concrete curing.

From the figure above it is seen that although the initial temperature of concrete mixture when pouring
was uniform (around 10 °C), at further concrete curing observed the difference between the values of
temperature at all reference points (i.e. sensor locations). This indicates that the concrete gained its strength
unevenly throughout the whole period. Some parts of the slab gained strength faster than other parts. There
could be many reasons of this consequence, such as poor quality of concrete mixture and its rheological
structure, influence of environmental phenomena or simply human error while taking care of the concrete.
However, it is impossible to achieve a perfectly even curing of concrete, especially when it comes to the
extended and flat structures. In general, it is shown that at the second and third days the internal
temperature reached its peak. This is due to the exothermal reaction during the cement hydration. Thus,
the highest temperature of 50 °C reached on the third day at the location of sensor Nomber 5. Little earlier,
on the second day the temperature at the location of sensor No. 3 reached its peak at 47 °C. The
temperature peak at other sensor locations fluctuated between 45—49 °C. The notable variation of the
temperature between 24-33 °C is observed on the 7" day, which is probably most like is caused by the
influence of external phenomena. Furthermore, the temperatures at the sensor locations smoothly
decreased up to the 28" day and reached the ambient temperature of around 14—15 °C. The small variation
of temperature at the 28" day may indicate that the strength of concrete at all the reference points became
more or less uniform.

To enable smooth transition of scaled colors in the heat maps, the 2D plane was split into the grid of
cells with the size of 10 cm. A smaller cell size, such as 1 cm, would make the transition even smoother. Thus,
672 heat maps were obtained for each hour within 28 days. The heat maps of the most important ages of 1,
2, 3,7, 14 and 28 days of the concrete curing are presented in Figure 4 a), b), ¢), d), e) and f) respectively.

The figures above demonstrate how the temperature changed during the 28 days of concrete curing.
The heat maps were generated based on the values of temperature at each cell of 2D planes. Here some
values were known (at reference points), some were unknown and interpolated using IDW method, as
planned. The heat maps used three scaled colors to demonstrate the change of the temperature values on
the plane: blue, white and red. The cells colored in blue and red represents the lower and the higher values of
temperature respectively. The white color is selected to indicate the transitional boundaries between the lower
and higher values of temperature and vice versa. It should be noted that the scale of the colors at each heat
map of a certain period is assigned between the lowest and the highest values of temperature within the
corresponding heat map. For note, if scaling the colors between the lowest and highest values of temperature
within the whole period of 28 days of concrete curing (e.g. between 10-50 °C), the change of the temperature
values in majority of heat maps would be indistinguishable. The obtained heat maps colorfully emphasize the
dynamics of changes in the internal temperature of concrete, which can eventually provoke a variation in the
strength gain in different parts of the concrete structure. In this regard, it helps better understanding the
hydration reaction in the concrete structure to make proper decisions on preventive measures.

To gain a general picture on the reasonable setting step of the sensors, the average heat map were
generated based on the values of temperature at all the cells of all 672 hourly heat maps. The resulting heat
map is shown in Figure 5 below.
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Figure 4. Heat maps of temperature distribution.
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Figure 5. Heat map of average temperature distribution.

The obtained heat map depicted distinct shadings with ellipsis shapes around three reference points.
Here the lowest temperature values in the cells colored in blue are observed around the sensor No. 4 and the
highest — around the sensors No. 2 and 3 in the cells colored in red. Other sensor locations fell on to the mean
values of the temperature distribution. Such a picture is a consequence of higher instability of the values of
internal temperature at the reference points No. 2, 3 and 4, than at the reference points No. 1 and 4, based
on the readings during 28 days of concrete curing. However, it is this picture that gives basis for further
reasoning and justification of the acceptable sensor setting step. Thereby, according to the last operation of
this study, the temperature distribution graphs were created at the cross-sections A-A, B-B and C-C that pass
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through the reference points. For the location of sensor No. 2, 3 and 4, the cross-sections were selected at
the angles of 45, 110 and O degrees to the horizontal axis respectively, and the graphs of temperature
distribution were draw, as presented in Figure 6 below.
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B-B

Temperature distribution, °C

------- B-B (forecast)
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Figure 6. Distribution of temperature at cross-sections.

From the figure above it is seen that the values of temperature at cross-sections fell within the range of
28.2-31.2 °C. The graphs took a parabolic shape with the peaks on the vertical axis. The higher peaks are
observed at the reverse parabolic graphs A-A and B-B, where the highest values of temperature was identified
(Figure 5). Conversely, the lower peak is observed at the regular parabolic graph C-C. Since the lower part of
the cross-section B-B rests close on the border of the 2D plane, its temperature distribution graph was
prolonged through the forecast of its trend (marked with dotted line), in order to enable its intersection with the
graph C-C having the lower peak. If considering the graphs A-A and B-B, it may be noticed that their transitional
boundaries start in an average distance of 3.5 m from their reference points. In case of the graph C-C, from
one side (left) the transitional boundary starts in a distance of 4 m, while from the other side (right), it starts in
a distance of 3 m from the reference point. To retrieve the combined effect of all the temperature distribution
graphs, suggested to pay attention onto the intersection of the graphs on both sides. Such intersections may
create several new asymmetrical shapes, depending on the number of cross-sections taken. Proposed that
the distance between the closest opposite intersections of the temperature distribution graphs represented by
regular and reverse parabolas may be considered as the maximum acceptable setting step of maturity
sensors. In addition, to ease the selection of the intersections, proposed to consider the asymmetrical shape
with the smallest area that lays more inward compared to other asymmetrical shapes. This study revealed the
distance of 5.75 m between the two opposite intersections of the temperature distribution graphs, based on
three considered cross-sections. Thus, the setting step of maturity sensors suggested to be set less than this
distance.

Similar results may be obtained if using a thermal imaging camera instead of the maturity sensor.
However, it should be noted that the thermal imaging camera enable reading the temperature only on the
surface of concrete structure, and therefore this equipment is not appropriate to replicate this study. It is
important to have the readings of internal temperature of concrete structure. Current study involved the
wireless maturity sensors. However, to replicate the study one may use wired temperature sensors as well.

4. Conclusion

1. Previous studies proved the effectiveness of the embedded maturity sensors for monitoring the
reinforced concrete structures compared to the traditional destructive and nondestructive methods in terms of
labor-intensity, portability and comfortableness, as well as ability of real time measurements. However, the
cost-efficiency of the embedded sensors depends on their number used for a certain volume of concrete
structure or the whole building skeleton due to their relatively high purchase price. Therefore, it is worth paying
particular attention to the way the sensors are placed in the concrete structure when using them. Since the
more efficient the positioning of the sensors, the less they can be used.

2. ltisrevealed that the existing methods to establish locations of concrete maturity sensors are weakly
substantiated and based solely on logical assumptions, not considering the possible variation of curing
intensity at different parts of the concrete structure. Therefore, in this study proposed the alternative method
to position the maturity sensors underpinned by the dynamics of transitional boundaries of temperature
distribution during the whole concrete curing period.

3. Experimentally identified that the transitional boundaries surround the patterns with more or less
similar (or clustered) values of temperature. Moreover, these patterns most likely have the elliptical shapes.
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The temperature distribution throughout the whole dimension of concrete structure may be obtained using the
Inverse Distance Weighting interpolation method, using the known values from the sensor measurements and
their locations. Thereby, in current study defined the convenience of heat map representation to clearly
demonstrate the transitional boundaries and the pattern of temperature distribution. The heat map enables
expressing the patterns by the color-scaled shadings of each point at the concrete structure, where the
intensity of the colors are dependent of the values of temperature at the points. It was established that the
suitable color scheme of the heat maps may consist of three different colors, that correspond to the values of
low, medium and high temperatures on a certain heat map. In this study selected the color scheme that
consists of blue, white and red colors. In this study 672 hourly heat maps were created that give clear visual
interpretation of the dynamics of temperature distribution throughout the 28-day period. To enable defining
their combined effect, it is proposed to create the consolidated heat map, based on the sum of values of all
the heat maps at each respective points.

4. The study identified that the combined plotting of temperature distribution along the lines that
coincide with the direction of the largest diameter of formed in the consolidated heat map elliptical shadings
creates the asymmetrical shapes. These shapes are composed of the regular and reverse parabolas.
Depending on the number of shadings selected to the plot, there may occur several asymmetrical shapes. It
is suggested to consider the distance between the intersection of regular and reverse parabolas that create
the asymmetrical shape with the smallest area as the maximum acceptable setting step of the maturity
sensors. As a result of the experiments conducted, it is not recommended to exceed the setting step of the
maturity sensor above 5.75 m.
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AHHoTauua. OT cnocoba pasmeLleHnss 4aTYMKOB 3PENIOCTU 3aBUCUT MX KONMYECTBO, Heobxoaumoe ans
onpefeneHHOro kKapkaca MOHOMMTHOTO 3aaHust. MNpexHne uccrnefoBaHusi cnabo OCBsIWAT AaHHbIN aCMekT,
NpUBOAS NUWb JOTMYECcKUe npearnonoxeHus. [MoaToMy B AaHHOM WCClie4oBaHWM npeasiaraetcs
anbTepHaTUBHasa cTpaTerMss pasMelleHuss [aTYMKoB, OCHOBaHHas Ha nepexodHbiXx rpaHuuax
pacnpeferneHnss TemnepaTypbl TBepAeHust 6eToHa. [NepexodHble rpaHuubl MOryT GbiTb OnpeaerneHsbl ¢
MOMOLLbIO TMOCTPOEHWs1 TEMIOBOW KapTbl pacrnpenerieHns TemnepaTypbl, rde HEeW3BeCTHble 3HayeHus
paccunTbIBaTCA METOAOM 06paTHOro B3BELUNBAHUS PacCTOSHUA. Ha ocHOBe aKcnepuMeHTanbHO 3anuToi
GETOHHON MMUTbI C MPOWU3BONBHO BCTPOEHHLIMU AaTYMKaMKu 3PEniocTV YCTaHOBMEHO, YTO MepexodHble
rpaHuubl obpasytoT annuntuyeckne copMbl. PacnpeneneHve temnepaTyp No HavGosblieMy AuamMeTpy
3NNMNCoB BbINO HAHEeCeHO Ha rpaduk, YTO NMPMBENO K CO3[4aHMI0 MpaBUNbHbIX M 06paTHbIX napabon. B
pesynbTate, paccTosiHMe Mexay O6nvxanwyvMu NPOTUBOMONOXHBIMU TOYKaMU MNepecedyeHuss napadon
MPUHATO B Ka4YeCTBe MaKCMMaribHO JOMYCTUMOrO Wara Ans YCTaHOBKU AaTyuKoB 3penocTu. Mpeanaraemas
cTpaTerMss pasMelleHUss MoXeT GbiTb NpuMMeHMMa K [OaTyvMkaMm, KOTopble W3MepsitoT pasfuyHble
HenpepbIBHbIE ABMNEHNUS, Hanpumep, OTHOCUTESbHYIO BMaXXHOCTb.
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