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The efficiency of the traditional concrete curing process on site is low, due to the difficulties in providing continuous supervision
and control of the curing environment, leading to considerable variation in the curing regimes experienced by different concrete
pours. To enhance concrete curing practice, technologies have been harnessed which eliminate human involvement enabling
more rigorous control of the environmental conditions affecting curing, but the potential for Internet of Things (IoT) technologies
had yet to be explored in this context. This research study examined an IoT-based concrete curing control system based on sensor
technologies invented for monitoring and controlling the moisture content of hardening concrete to the levels appropriate for
good quality hardened concrete. Based on on-site experiments, the performance of this IoT-based method was compared with the
performance of traditional curing methods. The results indicate that the system invented outperforms the traditional approach

both in terms of concrete curing quality and time spent on supervision.

1. Introduction

Concrete is widely used in construction because of its ver-
satility, strength, durability, and flexibility. To reach its best
performance, proper concrete curing is required during the
concrete hardening process, as the hydration reaction be-
tween water and cement takes place [1]. Both the moisture
content within the concrete and the temperature, during
hardening, are critical parameters determining the quality of
the concrete [2, 3]. The moisture content correlates to the
degree to which all the cement particles are actually hydrated
in the setting process, and the temperature determines the
speed of the reaction. As such, to maintain suitable levels of
hardening concrete moisture content and temperature, it is
essential that the moisture content and temperature of the
external air surrounding the hardening concrete, the sur-
rounding environmental conditions, are continuously con-
trolled. Any water loss by evaporation, which relates directly
to wind speed, temperature, and humidity, must be avoided.

Concrete curing is the process by which the moisture
content and temperature of fresh concrete is maintained
[4, 5]. The moisture content in fresh concrete is potentially
reduced by evaporation. The critical factors, which govern
the evaporation of water from fresh concrete [6], are am-
bient air temperature and relative humidity, concrete’s
temperature and moisture content, and wind velocity [7-10].
The rate of water loss by evaporation can be estimated using
the ACI monograph (Figurel). The ACI monograph has
been developed to enable estimating of the evaporation rate
of the bleed water lying on fresh concrete surfaces [11]. The
evaporation rate estimate is valid regardless of where the
evaporation takes place and is applicable to the evaporation
of bleed water and to evaporation from a moist/wet hard-
ening concrete surface.

The rate of hydration reaction depends on temperature
[12]. The higher the temperature, the faster the hydration
process. Although the hydration process can be accelerated
by high temperature, the early ultimate strength of concrete
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Figure 1: ACI monograph [6]. To use this chart, (1) enter with air temperature, and move up to relative humidity. (2) Move right to concrete
temperature. (3) Move down to wind velocity. (4) Move left; read the approx. rate of evaporation.

is low due to incomplete development of the hydration
process [13]. There are existing concrete curing methods
which maintain the concrete moisture content and tem-
perature at ideal levels consisting, among others, of im-
mersion, ponding, sprinkling, and wet cloth covering
[14, 15]. However, the limitations of these traditional curing
methods are the difficulties in supervising and controlling
the required environmental moisture and temperature
conditions [16-18].

Traditionally, environmental information is recorded
daily by the construction team as well as the steps actually
taken to cure newly placed concrete [19]. Obtaining an
accurate master dataset, manually, in this fashion can be
challenging and demanding because so much activity and
record keeping is continually required on the typical con-
struction site. Getting all this information to be both on time
and accurate is very difficult to achieve [20]. A scandal on the
Hong Kong Section of the Hong Kong-Zhuhai-Macao
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Bridge project revealed that manual record can be inaccu-
rate, incomprehensive, and even fake [21]. Given the
complex environment and conditions on site, monitoring
work is always difficult to “fit in,” requiring significant in-
vestment in time and human resources.

Because these problems remain unresolved, we were
motivated to overcome the limitations of the traditional
approach to concrete curing by inventing an IoT device, to
automatically maintain the moisture and temperature of
fresh concrete. The IoT device enables data recording and
concrete curing operations to occur automatically, saving
time and effort. Through the adoption and combination of
three sensors, the devices can be used to monitor air tem-
perature, humidity, wind speed, concrete moisture content,
and concrete temperature. A water pump is also installed
within the device for the spraying of curing water when
required.

2. Literature Review

Gokhale et al. [22] wrote that the “Internet of Things (IoT) is
a network of physical objects, such as devices, instruments,
vehicles, buildings, and other items, with embedded elec-
tronics, circuits, software, sensors, and network connectivity
that enable these objects to collect and exchange data.” The
IoT is generally defined as “dynamic global network infra-
structure with self-configuring capabilities based on stan-
dards and communication protocols.” The IoT is able to
sense and control the physical world remotely through the
integration of computer-based systems to increase the ef-
ficiency and accuracy of the activities concerned.

Arslan et al. [23] summarised 12 IoT application studies
in construction. They concluded that IoT benefits the
construction industry in decision-making, BIM integration,
health and safety issues, progress tracking, and real-time
monitoring. Safety due to accurate and efficient commu-
nication required strong progress tracking and real-time
monitoring. One real-life application is to use an IoT
wearable device which detects the health (heartbeat and
body temperature) of construction workers. Any abnormal
body conditions caused by construction accidents, say fever,
will trigger the IoT device to alert of any unhealthy body
condition.

A limited number of researchers have applied IoT
technology to concrete structures monitoring. Taffese et al.
[24] indicated the possibility of adopting IoT for structural
condition assessment. An automatic system for monitoring
concrete temperate, air temperature, and humidity ranges
should enable the maturity of concrete and its strength to be
predicted. Thus, a user-friendly Internet/mobile IoT system
was invented for the purposes of monitoring the early stages
of concrete hydration and hardening formation [24]. This
paper reports on the subsequent study made of its perfor-
mance in practice.

Scholars have already studied the possibility of
adopting the IoT for digital concrete quality control.
Ghosh et al. [25] first indicated the concreting process
problems of (1) large amounts of waste [26]; (2) low
productivity of concreting activities due to the high

demands made on resources and management [27]; (3)
insufficiency of concrete structures’ durability and
strength; (4) environment disruption affecting all the
factors that associated the concreting. To tackle such
problems, Ghosh et al. [25] established an IoT conceptual
framework to automatically monitor the lifecycle of
concrete, which requires the real-time monitoring of
parameters such as temperature, moisture content vi-
bration levels, and crack occurrences. These papers
demonstrate the possibilities for the Internet of Things
(IoT) to provide a digital concrete quality control capa-
bility (DCQC).

The most currently relevant research by Yang et al. [28]
concerned his own invented IoT-based concrete curing
system. The system applied the hydration heat release law to
calculate theoretical water loss and to replenish that loss
using a programmed fogging sprayer. The sprayer is con-
trolled by a logic controller governed by an equation derived
from Physics:

At - a1 - ty) M
" exp{E,/R[(1/(20 +273)) — (1/(T; + 273))]}’

where 1 is the equivalent instantaneous heat rate at the
equivalent age, T} is the average temperature of the interval
time (t; —t;_;), t; is the final age of time step i, t;_; is the
initial age of time step i, E, is the activation energy, E, =
(33.5kj/mol) when T>20°C and E, = (33.5kj+ 1.47 x
(20 = T)kj/mol) when T <20°C, R is the universal gas
constant, R = 8.3144]/mol/K, t, is the spray time in ad-
vance, (TAt;) is the average concrete temperature during the
time interval At;, and At; is the chronological time interval.

To verify the curing function of the sprayer, Yang et al.
[28] prepared two types of sample (Samples M and A) and a
total number of 20 samples. Samples M represent manual-
based cured concrete. Samples A are those controlled and
cured by the IoT-based curing system. The result shows that
the IoT-based curing system maintains a constant level of
concrete moisture content. In contrast, Samples M indicate
fluctuating humidity levels since the necessary curing ac-
tivity is not always on time in responding to changes in
concrete temperature.

Also to be noted is that the IoT-based curing system of
Yang et al. [28] showed a better control of curing tem-
perature than manual-based curing system. The fluctuations
of surface temperature of Samples A and Samples M are 3°C
and 8°C, respectively. The rapid changes of surface tem-
perature led to temperature differences between inner
concrete and near-surface concrete, causing potential
cracking due to the differential strains set up by the different
expansions and contractions of adjacent layers of inner and
outer concrete [29].

Yang et al. [28] also indicated that concrete could reach a
high compressive strength under conditions of a rigorously
controlled relative humidity and temperature. They high-
lighted that the manual-based curing limitation, particularly
pointing out that the difficulty in ensuring constant and
stable curing intervals between manual sprays, will result in a
reduced quality of concrete. Since the IoT-based curing



system helps to maintain stable concrete temperature, the
risk of crack occurrence can be reduced leading to a higher
quality concrete.

Kholia et al. [30] concluded that traditional water curing
is generally more effective than membrane curing and
accelerated curing in terms of water retention. Sprinkling
and wet covering are more commonly used water curing
methods on site with fewer limitations. However, sprinkling
and wet covering are less efficient than ponding and im-
mersion due to the strict concrete surface wetting and drying
requirements and the considerable amount of labour
needed. Thus, an IoT-based concrete curing device will be
beneficial in improving the efficiency and quality of concrete
curing and in replacing the complicated manual operations.

The IoT-based concrete curing system proposed by Yang
et al. [28] applied the hydration heat release law as its working
principle. Temperature and relative humidity sensors are
used, and a track is kept on whether the humidity at the
concrete surface is greater than 80%. However, relative hu-
midity is highly governed by wind, and curing concrete will
often have a low relative humidity (RH) in windy environ-
ments such as coastal sites. Sprinkling, of course, will keep the
concrete wet but not contribute much the surrounding RH,
necessitating near-continuous ongoing sprinkling.

The past studies of use of IoT in concreting have included
but were not limited to DCQC and auto-devices for concrete
curing. However, the studies did not consider the effects of
on-site wind speed on concrete curing. Thus, there is a
research gap in that; the parameter, wind speed, has not been
taken into account as a factor affecting curing performance.
As a result, this research study involves a new IoT device
which, with the aid of the AGI monograph above, auto-
matically replaces any water lost from the concrete surface
due to wind-induced evaporation.

3. Methodology

3.1. Invention of IoT Concrete Curing Device. The proposed
IoT-based device is based on the ACI monograph variables.
The parameters, concrete temperature, moisture content, air
temperature, humidity, and wind speed, are considered in
this research. To monitor those factors, the proposed IoT-
based device is composed of 3 sensors, 1 programmable
microcontroller, and 1 water pump. The working principle is
to maintain the required moisture content by spraying water
on the concrete surface at defined time intervals, so as to
automatically maintain concrete surface dampness and
temperature. The amount of spray water is calculated to fit
the evaporation from the concrete surface according to the
ACI monograph. This effectiveness of this system was then
validated experimentally, making comparisons with differ-
ent curing methods.

The four essential parameters affecting the evaporation
rate consisted of air relative humidity (RH), air temperature,
concrete temperature, and wind speed. The values of these
parameters were detected using sensors. The sensors first
send signals to the microcontroller which then performs
calculations and analysis. The microcontroller then sends
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signals to the water spray and controls the supply of curing
water by adjusting spraying time.

All sensor data detected are shown on a connected
computer for real-time monitoring purposes and decision-
making throughout the process. The data can be further
shared to distant connections through the IoT platform.
Table 1 and Figure 2 show the model of sensors and devices
used in the prototype [31-43].

3.2. Experimental Settings. The IoT-based sprinkling device
aims to enhance the efficiency and accuracy of the traditional
manual approaches and to provide real-time tracking of the
process. Yang et al. [28] mentioned that sprinkling curing
keeps the concrete surface moist. Also, the effectiveness of
water curing is positively related to the total time spent with
moist concrete. Therefore, the performance of sprinkling
curing can be measured by comparing the efficiency of the
maintenance of the surface dampness of the concrete.

There are three types of concrete curing (1) air-based
curing; (2) manual-based curing; (3) IoT-based curing. The
curing before and after the times of “final set” were tested
using a manual-based method approach. Manual-based
curing is not applied prior to the time of final set to avoid
damage to vulnerable cement paste caused by the force
exerted by any uncontrolled flow of water. Therefore, a
plastic film was used in the case of manual-based curing
before concrete final set. Theoretically, IoT-based controlled
sprinkling can be applied before final set. The newly pro-
posed IoT-based curing device sprays water at 10-minute
(maximum) intervals to ensure a consistent concrete surface
dampness. It is expected that the IoT-based curing re-
plenishes bleed water evaporation loss before the final set
and replenishes evaporated wet surface water loss following
the final set.

The experimental hypotheses are as follows: there is no
energy loss to the surroundings, no energy gain from ra-
diation, no delay in recording times among the three
concrete groups, and no additional water (including vapour)
added; site temperatures and humidifies experienced are
consistently identical for all three sets of concrete samples.

The mix materials used in the experimental samples are
tabulated in Table 2. The information was retrieved from a
typical concrete test report. An overview of the experiment is
given in Figure 3. Details of Experiments A and B are given
in Tables 3 and 4, respectively.

4. Experimental Results

Table 5 gives the concrete surface temperatures and
dampness percentages according to the experimental pro-
cedures of Experiment A. Table 6 gives the concrete surface
temperatures and dampness percentages according to the
experimental procedures of Experiment B. Table 7 shows the
time at which the manual-based method was applied in
Experiment B. Table 8 shows the amount of water used by
proposed IoT and manual approaches. The results trend is
analysed in the “discussion” below.
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TABLE 1: Sensors and devices.

Sensor type(s)/devices

Sensor name

Temperature and humidity sensor
Waterproof temperature sensor
Anemometer (wind speed meter)
Microcontroller

Water pump

DHTI11
DS18B20
Anemometer wind speed sensor w/analog voltage output
Arduino UNO Rev3
5v DC mini water pump

Humidity and temperature sensor (air)

1

[}
s o |

External power 1

Water pump

” To water sprayer

T~

To computer E®J '

Anemometer

Arduino UNO rev 3

Temperature sensor (concrete)

External power 2

fritzing

FIGURE 2: Devices assembly design.

TABLE 2: Materials of the sample mixture.

Materials Types

Concrete Ordinary Portland cement
Admixture Pulverized fuel ash
Aggregate 20mm/10 mm

W/C ratio 0.45

5. Discussions on Experimental Results

5.1. Experiment A. Figures 4 and 5 show the appearance of 3
sets of concrete samples at Time 225 minutes when the
concrete had reached the designed final setting time. It is
observed that bleed water has been completely lost for the
manual-based cured sample, but the surface was smooth
without any cracks (Figure 4). Cracks were observed on the
surface of the air-cured sample (Figure 5) because the loss of
bleed water caused drying out, plastic shrinkage, and
cracking. The concrete surface, to which the IoT-based
curing method was applied (Figure 6), was as smooth as that
of the manual-based curing method without any cracks. It is
concluded that the proposed IoT device successtfully cured
the concrete before final set.

Figure 7 shows the surface temperature of 3 sets of
concrete samples. Firstly, it is observed that the surface
temperature of manual-based curing is approximately 5°C
higher than that for air curing and IoT-based curing, at 25°C.
This is due to the application of the plastic film for manual-
based curing before final set. The heat released by the hy-
dration process is trapped in the concrete. Secondly, the
temperature was consistently kept at 20°C in the air-cured and
IoT-based cured sample cases that the temperature remained
steady means that the heat gain due to hydration was balanced
by the heat loss to the environment. As shown in Figure 7, the
surface temperatures of the air-cured and IoT-based cured
samples were very similar such that the temperatures of both
sample’s temperature did not vary with the exothermic re-
action. This is caused by the small concrete sample sizes and
the limited time for the exothermic reaction.

Figure 8 shows the measured surface dampness of 3 sets
of concrete samples. The initial surface dampness is almost
the same for the 3 samples. However, the manual-based
curing sample surface dampness rapidly increased from 40%
to 50% between Time 10 (minutes) and 30 minutes. The
reason is the bleeding of water on to concrete surface and the
lower evaporation rate due to the plastic film. Afterwards,
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Experimental flowchart

v

v

v

. . Concrete by manual-based Concrete by IoT-based
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10 Temperature and dampness 10 Temperature and dampness 10 Temperature and dampness
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Every 5 Temperature and dampness Every 5 Temperature and dampness Every 5 Temperature and dampness
. measurement . measurement . measurement
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|
A
Measure the water used for
IoT-based method and
manual-based method
(for 120 minutes)

v

Result discuss
(for 120 minutes)

FIGURE 3: Overview of the experiment.

TaBLE 3: Experiment A procedures.

Steps

N G AW

Compare and discuss the results

Prepare 3 sets of horizontal fresh concrete (0.4 m width x 0.3 m height x 0.1 m depth)
Cure 3 sets of concrete by air, IoT device, and hand, respectively
Measure and record initial concrete temperature and surface dampness
Observe and record the initial appearance of concrete surface
Observe and record the concrete surface bleed water every 10 minutes; at the same time, measure the temperature and surface
dampness until it reaches final set (225 minutes after placing)
Measure the surface dampness and temperature of 3 sets of samples as they just reach final set

TaBLE 4: Experiment B procedures.

Steps

Starts once 3 sets of samples in Experiment A reach the final set (225 minutes after placing)

QN Ul W W N~

Record the readings

Measure and record concrete temperature and surface dampness just after water added both manually and automatically
Measure the surface dampness and temperature of the 3 sets of concrete at 5 minute intervals

Repeat Step 3 until 24 sets of readings have been recorded (2 hours)
Measure the water used for IoT-based curing and manual-based curing
Compare and discuss the results in Step 5 and Step 6
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TaBLE 5: Record of concrete surface temperature and dampness in Experiment A.
Surface temperature Surface dampness
Sample/time Air-based IoT-based Manual-based Air-based IoT-based Manual-based
curing (“C) curing ("C) curing (“C) curing (%) curing (%) curing (%)

0 minutes 20.1 21.6 24.8 42.6 42.5 41

10 minutes 19.9 20.6 24.7 40.2 45.3 50

20 minutes 19.8 20.6 24.8 41.3 45.6 50

30 minutes 19.9 20.6 24.5 41.0 43.6 50

40 minutes 19.8 19.9 24.5 39.3 46.6 45.9

50 minutes 19.7 20.0 24.5 19.8 41.1 45.0

60 minutes 19.3 19.3 24.5 19.8 41.9 41.5

70 minutes 19.3 19.3 24.3 19.9 41.7 41.4

80 minutes 19.3 19.5 24.5 11.3 41.9 37.6

90 minutes 19.6 19.6 24.3 10.2 41.1 38.5
100 minutes 19.4 19.5 24.2 10.7 41.4 37.1
110 minutes 19.4 19.4 24.6 11.6 43.0 355
120 minutes 19.3 19.4 24.7 11.3 39.4 35.3
130 minutes 19.3 19.6 24.5 11.3 41.1 33.2
140 minutes 19.4 19.5 25.0 11.4 44.0 355
150 minutes 19.9 20.0 25.0 11.7 43.6 33.8
160 minutes 19.9 19.8 25.3 11.3 41.8 33.3
170 minutes 19.8 19.9 25.3 11.4 45.0 32.7
180 minutes 19.5 19.6 25.5 11.2 41.3 334
190 minutes 20.0 19.6 25.0 11.6 44.1 32.6
200 minutes 19.5 19.5 25.5 11.5 42.0 33.8
210 minutes 19.4 19.4 24.7 10.6 44.6 33.6
220 minutes 19.6 19.3 25.1 11.1 45.0 32.9
225 minutes 20.0 20.0 24.6 11.7 35.5 33.7

TABLE 6: Record of concrete surface temperature and dampness in Experiment B.

Surface temperature

sed

Surface dampness
(1) Air-based
curing (%)

(3) Manual-based

(2) IoT-based curing (%) curing (%)

Sample/time (1) Air-based (2) TIoT-based (3) Manual-ba;
curing (°C) curing (°C) curing (°C)
5 minutes 20.0 20.0 23.9
10 minutes 20.0 20.0 232
15 minutes 20.0 20.0 234
20 minutes 20.1 20.0 232
25 minutes 20.1 20.1 23.2
30 minutes 20.2 20.2 23.1
35 minutes 20.1 20.1 22.5
40 minutes 20.0 20.0 23.1
45 minutes 20.3 20.0 22.7
50 minutes 20.1 20.1 22.4
55 minutes 20.0 20.0 22.3
60 minutes 20.5 19.9 22.3
65 minutes 20.5 20.0 22.1
70 minutes 20.5 20.3 22.0
75 minutes 20.5 19.7 22.0
80 minutes 20.5 20.4 21.9
85 minutes 20.0 20.3 21.1
90 minutes 20.4 20.0 21.0
95 minutes 20.4 20.3 21.0
100 minutes 20.1 20.2 21.0
105 minutes 20.9 20.2 21.0
110 minutes 20.5 21.0 21.0
115 minutes 21.0 20.3 21.0
120 minutes 20.9 20.4 21.0

11.6 47.5 44.1
11.6 42.3 37.6
10.3 46.8 33.6
11.5 42.7 354
11.5 44.8 33.0
10.9 40.9 32.9
10.5 47.6 46.6
11.7 44.1 38.4
9.6 43.8 352
11.8 43.3 358
11.5 43.3 31.6
114 452 451
11.5 47.6 41.2
114 42.5 33.3
11.2 44.3 46.2
11.3 421 36.1
13.5 45.2 32.2
7.9 40.0 35.4
9.2 44.0 38.7
11.4 38.5 37.6
11.6 40.0 33.2
10.6 40.3 359
11.6 432 36.9
11.7 41.4 34.1

the surface dampness for the manual-based curing sample
dropped gradually from Time 30 (minutes) onwards and
reached 33.7% by the end of Experiment A. This is due to the
gradual, evaporative, loss of moisture. The surface dampness

of air-cured concrete dropped quickly from 42.6% to 10%. It
is observed that the water evaporation rate was high in the
case of no curing, especially under continuously windy
conditions. The reason for keeping at 10% dampness is that
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TABLE 7: Manual-based method time.

Manual-based method times

Manual-based method time at

U W N~

05 minutes
35 minutes
57 minutes
72 minutes
93 minutes

TaBLE 8: Amount of water used by the proposed IoT-based method and manual-based method.

Sample/water used

2 ToT-based curing
3 manual-based curing

Formula L
Y (sprayed time in seconds) x 100 L/hr/3600s 0.266
mr? x h+1000 (r=3.5cm and h=11cm) 0.423

FIGURE 5: Air-cured sample at 225 minutes.

the water evaporation rate on the concrete surface will equal
the flow of capillary water from the centre of the concrete to
the surface until all free water within the concrete is lost. The
surface dampness of IoT-based concrete remained at 43%
with little fluctuation. According to Figure 8, the initial
surface dampness was about 42%. Therefore, a 40% surface
dampness is defined as the minimum dampness for effective
curing. While the manual-based curing (plastic film) and air
curing could only maintain a surface dampness above 40%

FIGURE 6: IoT-based cured sample at 225 minutes.

for 31% (~70 minutes) and 18% (~40 minutes) of the curing
time (minutes), IoT-based curing maintained a surface
dampness above 40% for more than 90% (~210 minutes) of
the curing time. This comparison indicates that manual-
based curing (plastic film), compared to air curing, is able to
decrease the water evaporation rate and slow down concrete
drying. On the contrary, although IoT-based curing cannot
slow down the water evaporation rate, it replaces evaporated
water continuously to maintain the surface dampness. The
surface dampness is almost at a constant level, neither too
wet nor too dry.

5.2. Experiment B. Figure 9 shows the temperatures of 3 sets
of samples after final set (Experiment B). The temperature of
the manual-based curing sample dropped in accordance
with the time of removal of the plastic film and the start of
sprinkling curing. The temperature for air-cured and IoT-
based cured samples remains the same as in Experiment A.

Figure 10 shows the measured surface dampness of 3 sets
of concrete samples in Experiment B. For air curing, the
surface dampness remained the same as for Experiment A.

For manual-based curing and IoT-based curing, both
methods were able to maintain the surface dampness of
concrete within certain range. However, it is observed
that the fluctuation of surface dampness (SSD) is less for
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Surface temperature variation of samples
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FIGURE 7: Manually measured surface temperature of 3 sets of
concrete.

Surface dampness variation of samples
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FIGUre 8: Manually measured surface dampness of 3 sets of
concrete.

the IoT-based cured sample than for the manual-based
curing sample.

The fluctuation rate is defined as the percentage dif-
ference between the variation of automatic curing and
manual sprinkling (equation (2)). The fluctuation range
for IoT-based curing was 9.1% (equation (3)). The fluc-
tuation range for the manual-based method was 15%
(equation (4)). The fluctuation range for the manual-based
method is larger by 64.8% than for IoT-based curing case
(equation (5)):

9
SDD e curi
Fluctuation = SDDBetween automatic curing — SDDBEW"ECH e
Between automatic curing
(2)
47.6% — 38.5% = 9.1%,
(3)
46.6% — 31.6% = 15.0%,
(4)
15% - 9.1%
200 - 64.8% (5)

9.1%

On the contrary, IoT-based curing maintained concrete
surface dampness above 40% for 96% of the Time (~115
minutes), while manual-based method could only maintain
concrete surface dampness above 40% for 25% of the Time
(~30 minutes) after the addition of water. The efficiency of
curing is defined by equation (6). The efficiency of curing for
IoT-based curing is 95.8% (equation (7)). The efficiency of
curing for manual-based curing is 25% (equation (8)):

time above 40% dampness

Curing efficiency = 6
& ¥ total curing time 6)
115
—— = 95.8%, 7
o % (7)
30
—— =25.0%. (8)
120

Therefore, IoT-based curing is 70.8% more efficient than
manual-based curing according to the experiments. A sig-
nificant difference is due to the continuous wind flow curing
condition as well as an inappropriate planning of sprinkler
intervals. As a result, the manual-based method water added
evaporated rapidly with no further supply of water within a
reasonable period. According to equation (9), the water used
by manual-based curing was 59.0% greater than for IoT-
based curing:

0.423 - 0.266

x 100% = 59.0%. 9)
0.266

6. Discussions on Potential Usage of the
Invented IoT Device

6.1. Comparisons of Concrete Curing Technologies in Market.
Currently, only a very limited number of technologies fa-
cilitate concrete curing. Not for site construction, but for the
curing of small concrete items, such as strength test spec-
imens (cylinders and cubes), cast for quality control pur-
poses. They are concrete curing boxes and water tanks [44].
Table 9 contrasts the usage, advantages, and disadvantages
using these concrete curing boxes and tanks technologies
against the use of the IoT-based concrete curing device for
small concrete items cured for long time period.
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FIGURE 9: Manually measured surface temperature of 3 sets of concrete (after final set).

Surface dampness variation of samples (after final set)

Surface dampness (%)
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—— 3 Manual-based curing (%)

FIGURE 10: Manually measured surface dampness of 3 sets of concrete.

6.2. Potential of Adopting this Technology in Industrialisation.
The technology provides a high accuracy and an efficient way
method of concrete curing for structures cast on site. As the
sensors and components adopted in this device are of low
cost, there is a huge opportunity for its cost-effective
industrialised production. This economic and informa-
tional-based curing technology can be applied to Enhanced
Precast Concrete Components and Modular Integrated
Construction (MiC) units. Since both applications employ
the factory to produce concrete components, IoT devices

might help to cheapen the curing processes in the factory
environment by eliminating manual efforts.

There are also difficulties for monitoring and recording
the status of prefabricated components, especially for the
construction project that with the factory and construction
site across countries. The IoT-based concrete curing device
can help monitoring and tracking the shipped prefabricated
components. The information can be sent automatically to
the head office from the prefabricated factories. This may
enhance the communications between the stakeholders.
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TaBLE 9: Curing technologies comparison.

Methods Concrete curing boxes Concrete curing tanks ToT-based concrete spraying devices
Provides continuous storage for long Provides continuous immersion in Spraying water as necessary to
Usage periods in an environment kept at constant water for long periods; the water provide a constant concrete water
temperature and high humidity temperature is kept constant content over time
Adaptable, cost-effective alternative
. Cost-effective alternative to specimen to full-scale on-site concrete
Reliable all-round control of concrete test . . .
Advantages specimen’s environment environmental control; a set water Combined monitoring and
p temp. 100% RH analysing function to decide the
amount of water spray
Only used for small-sized concrete  Specimens monitored should not be
Disadvantages ~ Only applied for small-sized concrete pieces; usually quality control test in direct sunlight, as radiation

specimens effects are not allowed for

Human errors and bias when recording the concrete
qualities can be avoided.

To install the Enhanced Precast Concrete Components
on site, the semi-prefabricated components (slabs, walls,
staircases, and facades) require in situ concrete sealing at
component connections. By adopting the invented IoT
device, a more accurate and time-saving curing process can
be performed. Thus, these innovative IoT-based concrete
curing methods can lead to better and more economical
curing on site than the traditional one.

6.3. Limitations of Using the Proposed IoT Device for Curing
Concrete. As the current IoT device takes no account of the
effect of radiation, curing accuracy is affected by direct
sunlight. It is suggested that a radiation sensor should be
added to allow for calculating its effect on water evaporation
based on the combination formula shown below [6, 45].
However, the formula derived by Penman requires that the
water temperature is equal to air temperature:

Q,xA+yXxE,

where E = total evaporation, A = slope of the saturation curve =
4098 x e,/ (237.3 + T)?, where e, = 0.61e(1731/(237:3+D) 1,
psychrometric constant, = 0.066 kPa/C, Q, = solar radiation,
and E,=evaporation from aerodynamic formulas (water
loss calculation embedded into the current proposed device).

Total evaporation = (

7. Conclusions

Currently, concrete curing on site involves labour intensive
and time-consuming procedures. Since the curing process
required workers to use much water and time in maintaining
good environmental conditions to protect newly cast con-
crete, the process is regarded as nonsustainable, wasteful,
and of low productivity. It also puts additional burden on the
contractor which the use of IoT instead might relieve
somewhat. Even if the traditional process is carried out by
workers of experience and determination, it is difficult to
ensure that curing is precise and accurate enough. The
amount of water to spray on concrete is a subjective
judgement and inevitably differs from person to person.

This research study indicated the potential for IoT
devices to improve the accuracy and efficiency of concrete
curing. The proposed IoT device studied here monitors the
environmental conditions and the water lost from the
curing concrete in real time. As the amount of replace-
ment water sprayed on the concrete surface is calculated in
accordance with ambient environmental conditions, the
already hydrated, and vulnerably weak cement paste
matrix, will no longer be at risk of an excessive water load
inflow. The water spent during the process and the en-
vironmental condition can be recorded automatically for
further analysis. Information will be sent to a computer
platform for data sharing without any human interven-
tion, for intercommunication purposes. Hence, the head
office can collect the data effectively through the computer
platform, and the decision makers are alerted only if some
changes anomaly in the call for water by the curing
concrete emerges. The device eliminates the large quan-
tities of water and manpower required by the traditional
manual-based curing method. The experiments per-
formed showed that the IoT device reduced construction
workload and enhanced work productivity, indicating that
the device is a viable alternative to traditional curing on
that account.

At the more detailed level—is the curing performance
achieved by the IoT device up to the standards achieved by
the traditional methods? The results for manual-based
curing and IoT-based curing showed similar effects in
maintaining the surface moisture (42%) initially in Ex-
periment A. However, IoT-based curing was able to
maintain the surface moisture at a more constant level
than manual-based curing for a longer period. The surface
moisture content of the manual-based curing sample
would drop slightly by 5% (to 35%). By observation,
comparing the surface appearances of three sets of
samples, it is proven that IoT-based curing more suc-
cessfully avoids plastic shrinkage cracking before the final
concrete set.

The experiment results validated that the new IoT-based
concrete curing method keeps the concrete surface damp-
ness more constant and predictable compared to the
manual-based method since the alternate drying-wetting
effect was minimized in Experiment B (fluctuation range
improved by 64.8% with >90% efficiency rate). Furthermore,



12

the quantity of water used for IoT-based concrete curing was
less than for manual-based concrete curing with better
accuracy and efficiency (59% water saving).

However, the current IoT concrete curing device does
not allow for the effect of radiation, so curing accuracy is
affected by direct sunlight. Future research will enhance
the IoT device with a radiation sensor linked to Penman’s
combination formula as a factor governing the evapora-
tion rate. Determining the optimal formulas for other
types of concrete mixture when using the IoT-based
concrete curing device is also recommended for further
research.
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