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Abstract

Concrete strength monitoring plays an important role in ensuring the safety and performance of civil engineering structures.
Conventional methods used for determining compressive strength are generally destructive in nature and do not allow continuous
monitoring of concrete behavior during the curing period. In the present study, an Internet of Things (Io0T)-enabled monitoring
system using piezoelectric sensors was developed to assess the strength development of M40 grade concrete. Two sensor
configurations, namely direct transmission mode and indirect transmission mode, were considered for monitoring the
propagation of stress waves through concrete cube specimens. Standard concrete cube specimens measuring 150 mm <150 mm
%150 mm were prepared and tested at curing ages of 7, 14, and 28 days. A function generator operating at a frequency of 10
kHz was used to excite the actuator sensor, while the received signal was processed through an electronic signal-conditioning
circuit consisting of an LM324 operational amplifier and supporting components. The amplitude response obtained from the
sensors was transmitted using a NodeMCU ESP8266 module and visualized through the ThingSpeak cloud platform. The
compressive strength of the concrete specimens was determined using a Compression Testing Machine (CTM) following
completion of the monitoring process. The experimental observations indicated that the amplitude values increased with the gain
in concrete strength for both transmission modes. Correlation analysis showed a strong relationship between amplitude response
and compressive strength, demonstrating the suitability of the developed loT-enabled piezoelectric monitoring system for non-
destructive concrete strength evaluation.
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1. Introduction

Concrete is one of the most crucial and extensively used engineering infrastructure, concerns regarding construction
materials in civil engineering and has a wide range of struc-  quality have attracted significant attention. Although concrete

tural applications. The durability, performance, and overall possesses several advantages and desirable properties, its per-
stability of a structure are closely related to the quality of con-  formance during construction is influenced by multiple factors.
crete construction practices. With the rapid expansion of civil Improper control of construction parameters may adversely
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affect the quality and mechanical performance of concrete.
Common challenges in concrete construction include im-
proper material selection, inaccurate mix proportions, and in-
adequate control during mixing, placement, and curing. These
factors may lead to defects if not managed properly and can
significantly influence the mechanical performance of con-
crete [1]. According to (Huang et al.), effective quality control
plays an important role in concrete construction, as it directly
influences workability, structural performance, and long-term
durability. To improve existing construction practices, the re-
searchers proposed an advanced approach for real-time moni-
toring of concrete quality during the mixing stage. A twin-
shaft concrete mixer was developed to continuously monitor
important operational parameters such as rotational speed,
power consumption, and torque. These parameters provide
valuable information regarding the quality and consistency of
the cement mortar being produced. By collecting data in real
time, the system enables more efficient and data-driven deci-
sion-making during the mixing process. The study further in-
tegrates loT technology to establish a connected monitoring
system capable of collecting, transmitting, and analysing data
throughout the construction process [2].

Traditionally, concrete strength is determined using de-
structive methods such as compression tests, which are time-
consuming and labor-intensive. Even commonly used non-de-
structive tests require extensive calibration and expert han-
dling, which limits their practical efficiency. To address these
limitations, a system was developed that uses piezoelectric
sensors in concrete to capture electromechanical impedance
(EMI) signals [3]. (Evangelista et al.) focused on the effec-
tiveness of non-destructive testing methods in estimating the
properties and strength of concrete. The study highlights that
even though NDT techniques are widely used, their accuracy
often depends on the operator’s expertise and the correlation
models used to interpret the results. To improve prediction ac-
curacy, the study demonstrates the use of multiple regression
analysis by combining data from different NDT methods [4].
(Pajalic¢ et al.) studied the effect of chemical admixtures on the
surface properties of concrete using the Schmidt rebound
hammer test. Concrete cubes were cast under controlled labor-
atory conditions, with some concrete mixes containing admix-
tures such as plasticizers, while other mixes were prepared
without admixtures. After curing, the cubes underwent re-
bound hammer testing at multiple locations on each specimen
to determine surface hardness. The results showed that con-
crete mixes containing chemical admixtures produced higher
rebound numbers compared to concrete mixes without admix-
tures. Overall, the research demonstrated the use of the re-
bound hammer test as a practical non-destructive method for
determining the surface quality of concrete [5].

(Miller et al). studied the importance of monitoring early-
age compressive strength in concrete, which plays a crucial
role in ensuring quality control, safety, and project efficiency.
Traditional testing methods often rely on manual data collec-
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tion, making continuous monitoring in field conditions im-
practical. To tackle this limitation, the researchers developed
an Internet of Things (l1oT)-enabled monitoring system capa-
ble of monitoring concrete strength development in real time.
The system uses temperature-based sensors connected
through a long-range wireless communication network, allow-
ing data to be transmitted automatically to a cloud-based plat-
form for storage and analysis. The predicted strength values
showed good agreement with laboratory-tested compressive
strength results. The study emphasized the potential of 10T-
based sensing technologies to automate concrete monitoring
and provide continuous strength estimation, which can sup-
port rapid decision-making on construction sites by improving
accuracy and reducing dependency on manual testing proce-
dures [6]. (Duddi et al.) study explains the application of pie-
zoelectric sensors for in-situ vibroacoustic monitoring of con-
crete structures to improve early damage detection and pre-
vent structural failures. Embedded piezoelectric sensors were
developed that are capable of simultaneously measuring both
vibration and acoustic emission signals in concrete. This inte-
grated system allows continuous real-time monitoring of
structural behavior from within the material itself. The sensors’
performance was evaluated by comparing their measurements
with those obtained from standard acoustic emission sensors
and accelerometers. A three-point bending test was conducted
on a concrete beam to study crack initiation and propagation.
The embedded sensors' results were correlated with crack pat-
terns and strain fields obtained using digital image correlation
(DIC). The results demonstrated that the piezoelectric sensors
can serve as a reliable and efficient tool for continuous struc-
tural health monitoring [7]. (Quah et al.) study explains the
use of the electro-mechanical impedance (EMI) technique
with embedded piezoelectric sensors for structural health
monitoring in 3D-printed concrete elements. The study fo-
cuses on observing and tracking changes in electrical imped-
ance, where the variations reflect the mechanical behavior of
the structure caused by bending, cracking, or damage. Exper-
imental work on 3D-printed specimens subjected to flexural
loading until failure was carried out. The study also investi-
gated how different sensor housing materials and thicknesses
affect the performance of the embedded piezoelectric sensors.
The study revealed that while protective coatings and housing
improve durability, they can also contribute slightly to struc-
tural reinforcement. However, protective coatings and hous-
ing materials also affect the sensitivity of the sensor, and
thicker coatings tend to reduce the sensor's ability to detect
damage. Overall, the study demonstrated that despite these
limitations, the embedded PZT sensors, in integration with the
EMI technique, can effectively identify crack formation and
structural changes [8]. (Pham et al.) study investigates the fea-
sibility of using PZT sensors for impedance-based damage
monitoring in prestressed concrete anchorage systems. The re-
searchers developed a system in which piezoelectric sensors
are integrated within structural components, forming a system
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referred to as the “smart rebar aggregate” system. This ar-
rangement enables the sensors to directly capture variations in
the internal conditions of the concrete, specifically in regions
that are difficult to monitor. Both experimental investigations
and numerical simulations were carried out on concrete spec-
imens subjected to axial load to evaluate the effectiveness of
the proposed method. The variations in electrical impedance
responses were analyzed to identify changes related to applied
stress and potential damage. Based on these observations, em-
pirical relationships were developed to link impedance with
compressive stress levels. The proposed method was further
validated through testing on prestressed concrete anchorage at
full scale, with embedded sensors placed at different locations.
According to the study, the sensors were capable of detecting
variations in structural response [9]. (Narayanan and Subra-
maniam) work emphasizes the application of PZT sensors for
continuous monitoring of damage in concrete structures. The
researchers adopted a method that involves bonding piezoe-
lectric sensors onto the surface of concrete elements, where
the PZT sensors respond to changes in structural condition
through variations in their electromechanical behavior. The
study focuses on how damage within the concrete, specifically
in the form of microcracks, influences the electrical conduct-
ance signature of the piezoelectric sensors. According to the
observations of the study, as damage progresses, noticeable
shifts occur in the resonant peaks of the conductance response.
The capability of the method to identify early-stage deteriora-
tion is indicated by the changes that can be detected even be-
fore visible cracks appear on the surface. The study employs
statistical measures such as root mean square deviation
(RMSD) to quantify the extent of damage. This parameter cor-
relates well with the level of damage, providing a reliable
means of assessment [10]. (Kumar et al.) illustrate an experi-
mental method for evaluating retrofitting effectiveness and
detecting damage in reinforced concrete beams using piezoe-
lectric sensors. The study also adopts sustainability by par-
tially replacing cement with refuse-derived fuel (RDF) fly ash,
emphasizing the potential of integrating eco-friendly con-
struction materials with structural health monitoring. The
monitoring technique adopts the electromechanical imped-
ance method, where changes in the sensor's electrical response
are used to identify structural deterioration. The concrete
beam specimens were subjected to progressive levels of dam-
age, including concrete chipping, 50% steel bar cutting (par-
tial), and 100% steel bar cutting (complete). The sensor signal
changes were analyzed using RMSD analysis and conduct-
ance variations to quantify the extent of damage [11]. (Go-
vindaraju and Basha) introduce an loT-based system devel-
oped for real-time monitoring of strength in structural frame-
works. The study emphasizes the limitations of conventional
testing methods, which are periodic and require destructive
sampling, making them less effective for providing timely
data on strength progression. To overcome these limitations,
the researchers introduced a framework that enables continu-

215

ous in-situ monitoring. The framework combines electro-
chemical and fiber optic sensors to capture parameters influ-
encing concrete behavior. Electrochemical sensors track vari-
ations in the chemical environment of concrete related to
strength development, while fiber optic sensors provide in-
sights into structural response under different conditions by
measuring strain and temperature variations. The data col-
lected by these sensors are analyzed using analytical tech-
niques such as the Plowman method and regression curve
analysis to detect early-age strength and predict its progres-
sion over time. Additionally, the system incorporates wireless
communication to transmit data to a cloud-based platform for
storage, processing, and visualization. Overall, the study
demonstrates that such loT-enabled monitoring systems can
significantly improve quality control and support long-term
structural health monitoring [12]. (Narwade and Jadhav) dis-
cuss the use of an loT-based monitoring system integrated
with piezoelectric sensors for determining early-age concrete
strength and damage detection. Conventional methods for de-
termining strength are often time-consuming and require de-
structive sampling. The study incorporates piezoelectric sen-
sors attached to the concrete surface using a surface bonding
technique. Concrete specimens were tested at 7, 14, and 28
days to track strength development. The sensor data was trans-
mitted through a wireless monitoring system, where the re-
ceiver sensor transmits output data to a microcontroller, which
further transfers the data to the ThingSpeak platform. The
ThingSpeak platform ensures smooth data transfer between
the sensors and the microcontroller, such as NodeMCU. The
sensor responses were compared with compressive strength
results to verify the reliability of the experimental method.
Correlation analysis was performed, which showed a strong
relationship between compressive strength and amplitude [13].
(Andi et al.) focus on the UPV test as a simple non-destructive
method for determining concrete quality. The study compares
the direct, semi-direct, and indirect UPV methods to evaluate
variations in test results obtained from identical concrete spec-
imens. Reinforced concrete beam specimens of different
grades were tested. According to the results obtained from the
study, the pulse velocity values of the direct method were in-
variably lower than those from the indirect and semi-direct
methods. These variations in pulse velocity emphasize the in-
fluence of the testing method and wave transmission path on
UPV measurements. The study developed a regression-based
relationship that converts results between different testing
methods. The developed equations assist in improving con-
sistency and make interpretation of ultrasonic pulse velocity
data easier across different testing methods [14]. The study
highlights that the use of correlation and correction factors can
improve the accuracy of UPV testing methods. Figure 1 illus-
trates the transmission modes used in the study.

(Artiyasa et al.) study emphasizes the rapidly developing
role of the Internet of Things in enabling smart systems capa-
ble of automating everyday tasks. The study particularly fo-
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cuses on smart home applications, where room lighting is con-
trolled using the ESP8266-based NodeMCU microcontroller.
NodeMCU is a compact device that integrates built-in Wi-Fi
with processing capability, making it suitable for systems that
can be operated through smartphones or laptops [15]. (Nasu-
tion and Nusa) studied the application of the Internet of Things
for lamp control and monitoring systems to improve energy
efficiency, as lamps may remain switched on unnecessarily,
leading to energy wastage. To address this problem, the re-
searchers proposed a web-based lighting control system. The
system incorporates the NodeMCU ESP8266 microcontroller,
which acts as a communication medium between the lighting
device and the online monitoring platform. The NodeMCU
acquires data and transmits it through Wi-Fi. For visualization
and data handling, the researchers integrated ThingSpeak as
the cloud-based platform. The ThingSpeak platform receives
data from the NodeMCU microcontroller, stores it, and visu-
alizes it through an internet-based dashboard that can be ac-

cessed via a website. The smooth interaction between Thing-
Speak and NodeMCU enables real-time communication,
where sensor information and control commands are continu-
ously exchanged through the Internet [16].

The correlation coefficient (r or R) is a statistical measure
used to describe the relationship between two variables by
quantifying the degree of linear association between them.
These variables are typically obtained from observed sample
data. The coefficient can vary between —1 and +1, where val-
ues closer to +1 indicate a strong positive relationship, values
closer to —1 represent a strong negative relationship, and a
value of 0 suggests that no linear relationship exists between
the variables. (Schober et al.) emphasize that among the vari-
ous types of correlation coefficients, the Pearson correlation
coefficient is one of the most commonly used. It is used to
evaluate the linear relationship between two continuous vari-
ables. Table 1 illustrates the degree to which the variables are
related, whether the association is strong or weak [17].

Indirect Transmission

Transmission modes

Actuator

Direct Transmission

Figure 1. Transmission modes of PZT sensors.

Table 1. Correlation coefficient ranges and their interpretation.

Correlation Coefficient Range (R) Degree of Relationship

1.00to 0.90 Very Strong
0.891t00.70 Strong

0.69 to 0.40 Moderate
0.39t00.10 Weak

0.10 to 0.00 Negligible

216

Earlier studies primarily focused on integrating Internet of
Things (10T) systems with piezoelectric (PZT) sensors for
real-time monitoring of concrete behavior and strength devel-
opment. Previous investigations, including the study by (Nar-
wade and Jadhav), demonstrated the feasibility of 10T-PZT-
based monitoring and established a correlation between am-
plitude response and compressive strength for conventional
concrete grades. However, these studies did not comprehen-
sively examine the influence of different sensor transmission
configurations on stress wave propagation and signal response
behavior. In contrast, the present study investigates both indi-
rect and direct transmission modes of piezoelectric (PZT) sen-
sors under identical experimental conditions and evaluates
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their influence on amplitude response characteristics. In addi-
tion, correlation analysis between amplitude response and
compressive strength was carried out separately for both trans-
mission modes under M40 grade concrete conditions, repre-
senting comparatively denser and higher-strength concrete be-
havior. The use of higher-grade M40 concrete enables the
evaluation of stress wave propagation and amplitude response
under relatively compact concrete conditions, thereby extend-
ing the applicability of loT-PZT-based monitoring techniques
for higher-strength concrete applications. The comparative
evaluation of two transmission configurations, along with
higher-grade concrete conditions, contributes toward improv-
ing the understanding and reliability of loT-enabled real-time
concrete strength monitoring systems.

2. Methodology

This study was carried out to monitor concrete strength us-
ing piezoelectric sensors. The system was developed around a
single signal processing circuit, as shown in Figure 2: PZT
signal-conditioning and data acquisition circuit. The circuit
consists of components such as the LM324 operational ampli-
fier, capacitors, resistors, and a Schottky diode for signal rec-
tification and conditioning. The experimental apparatus,
shown in Figure 3, consists of a function generator operating
at a 10 kHz frequency, the signal processing circuit, a
NodeMCU (ESP8266) microcontroller, and a laptop for data
acquisition and data monitoring. The selected excitation fre-
quency of 10 kHz was chosen based on preliminary experi-
mental observations, as it provided a stable amplitude re-
sponse and consistent signal transmission through the con-
crete specimens without excessive signal attenuation or noise
interference. A pair of commercially available Shokitech lead
zirconate titanate (PZT) patch sensors, 35 mm in diameter and

approximately 0.4 mm in thickness, were used in the study.
One sensor acted as an actuator for transmitting the input sig-
nal generated from the function generator, while the other sen-
sor acted as a receiver for collecting the output response and
transmitting it to the NodeMCU for processing. The sensors
were surface-mounted on the concrete specimens using epoxy
adhesive to maintain proper contact between the sensor sur-
face and concrete during signal transmission and reception. A
uniform manual contact pressure was maintained during sen-
sor attachment to ensure consistent bonding conditions
throughout the experimental program. Shielded connecting
wires with clip connections were used to minimize external
electrical interference and cable-induced noise during data ac-
quisition. Prior to testing, preliminary trial measurements and
calibration checks were performed under identical experi-
mental conditions to verify stable signal response and repeat-
ability of the acquired amplitude measurements. Two trans-
mission configurations, as shown in Figure 4, were adopted:
direct transmission, where the actuator and receiver were
mounted at the center of the concrete specimen on opposite
faces, and indirect transmission, where both sensors were
placed on the same face of the concrete specimen with a cen-
ter-to-center spacing of 115 mm. The received signals were
processed through the circuit and transmitted to the
NodeMCU microcontroller. The ESP8266 board was config-
ured in the development environment, and a communication
port was assigned for real-time data acquisition. The pro-
cessed data was then transmitted wirelessly to the ThingSpeak
platform, enabling continuous monitoring, visualization, and
analysis of the amplitude response. The developed loT-ena-
bled framework allowed continuous real-time acquisition and
storage of amplitude response data, enabling correlation-
based evaluation of concrete strength development during dif-
ferent curing stages without repeated manual measurements.
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Figure 2. PZT Signal conditioning and data acquisition circuit.
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Figure 4. Experimental setup showing indirect and direct transmission configurations of PZT sensors.

In this study, M40 grade concrete was used for preparing
concrete specimens. The materials used for casting cube spec-
imens were selected carefully to maintain consistency in ex-
perimental results. The mix consisted of coarse aggregates of
10 mm and 20 mm sizes, crushed sand as fine aggregate, Or-
dinary Portland Cement (OPC 53 grade), fly ash, water, and a
chemical admixture (plasticizer) to achieve the desired work-
ability and strength characteristics. The coarse aggregates
used in the study were clean and free from visible impurities,
while the crushed sand was used to ensure proper particle
packing within the concrete matrix. Fly ash was incorporated
as a supplementary cementitious material to improve the
workability and densification characteristics of concrete. The
adopted concrete mix possessed a water-to-binder ratio of
0.38. The detailed mix proportions adopted for the M40 grade
concrete are shown in Table 2.

In accordance with the provisions of IS 456:2000 and IS
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516:1959, a total of nine cube specimens were cast, each hav-
ing standard dimensions of 150 mm %150 mm <150 mm [18,
19]. For each curing age of 7, 14, and 28 days, three specimens
were tested to evaluate the strength development of concrete.
After casting, the specimens were demoulded after 24 hours
and cured under normal water-curing conditions until the re-
spective testing age. Before carrying out compressive strength
testing, the same set of specimens was used for piezoelectric
sensor-based measurements under both transmission modes.
The loT-enabled monitoring framework allowed automated
acquisition and wireless transmission of sensor response data
during different stages of concrete curing. Once the non-de-
structive readings were recorded, the cubes were tested using
a Compressive Testing Machine (CTM). This procedure ena-
bled a direct comparison between the sensor-based measure-
ments and the actual strength values, thereby facilitating cor-
relation analysis.


http://www.sciencepg.com/journal/ajce

American Journal of Civil Engineering

http://www.sciencepg.com/journal/ajce

Table 2. Mix proportion of M40 grade concrete.

Sr. No Material

Cement (OPC 53 Grade)

Fly Ash

Fine Aggregate (Crushed Sand)
Coarse Aggregate (20 mm)
Coarse Aggregate (10 mm)
Water

~N o o A W N

Admixture (Plasticizer)

3. Results & Discussions

The experimental results obtained from the proposed 10T-
enabled monitoring system were examined for both transmis-
sion modes at different concrete curing ages, specifically on
the 7th, 14th, and 28th days. The acquired response signals
were represented graphically by plotting amplitude (V)
against time (sec) for each testing condition. Prior to conduct-
ing the compressive strength test using the CTM machine,
continuous monitoring of each concrete specimen was carried
out, and 100 sequential amplitude readings were recorded for
each specimen through the same experimental setup. These

kg/m? By Weight Volumetric Equivalent
430 50 kg 1 bag

115 13.4 kg 8.5 liter

77 90.3 kg 58.0 liter

571 66.3 kg 445 liter

397 46.1 kg 30.8 liter

207 24.0 liter 24.0 liter

6 0.70 liter 0.70 liter

time-dependent readings were used to study the variation in
sensor response with respect to concrete strength gain. The
amplitude values presented in Table 3 for the indirect trans-
mission mode represent the mean amplitude obtained from
100 sequential readings recorded for each concrete specimen
during the monitoring period. For the indirect transmission
mode, comparatively higher amplitude values were observed
throughout the testing period. As shown in Figure 5, the read-
ings recorded on the 7th day are mainly within the range of
1.15 to 1.25 V. Similarly, as shown in Figure 6, the readings
recorded on the 14th day fall within the range of 1.26 to 1.33
V. A noticeable rise is observed on the 28th day, as shown in
Figure 7, where the values vary from 1.40to 1.48 V.

Table 3. Amplitude values obtained from loT-enabled testing using indirect transmission mode.

Amplitude (V) Indirect mode

Days Cube 1 Cube 2 Cube 3 Average
7 1.18 1.2 1.22 1.2
14 1.27 1.32 1.29 1.29
28 1.44 141 1.47 1.44
Amplitude vs. Time (7th Day)
1.215
s
%1.205
S 12
£ 1195
o
g 119
< 1.185
1.18
£88388388888888333888888383833888888888
35S0 S82 L8 HARSEREERRACIEERETALRRERS
SSEEE8E8E8E88E5585858888Addadddaddddddddd
Time (Sec)

Figure 5. Amplitude vs. time graph for 7# day specimens using indirect transmission mode.
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Amplitude (V)

Amplitude (V)

Amplitude vs. Time (14th Day)
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Figure 6. Amplitude vs. time graph for 14" day concrete specimens using indirect transmission mode.

Amplitude vs. Time (28th Day)
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Figure 7. Amplitude vs. time graph for 28" day concrete specimens using indirect transmission mode.

1:37:00
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In the direct transmission mode, the amplitude values were
relatively lower compared to those observed in the indirect
transmission mode. The amplitudes measured on the 7th day
were generally within the range of 0.87-0.93 V, as shown in
Figure 8. Similarly, as shown in Figure 9, the values recorded
on the 14th day increased slightly and were mostly within the
range of 0.94 V to 0.98 V. The 28th day readings showed a

further increase, with amplitudes varying approximately from
1.09 Vto 1.12 V, as shown in Figure 10. The amplitude values
presented in Table 4 for the direct transmission mode repre-
sent the mean amplitude obtained from 100 sequential read-
ings recorded for each concrete specimen during the monitor-
ing period.

Amplitude vs. Time (7th Day)
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o
o
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Figure 8. Amplitude vs. time graph for 7t day concrete specimens using direct transmission mode.
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Amplitude vs. Time (14th Day)

0.97
2 0.965
@
T 096
2
= 0.955
E
0.95
<
0.945
2888888883888883838888888888888888888838
- M~ O m W g ™ w00 = M~ O o Wwomo~ow o) M~ O m WO G ™ W0 s M~ O
2382223 d8RARSEFILNRE38232TNAARARET
O 0O 0000000000 OoOCOoO0 00000 ™ o ™ ™ ™ ™« ™™ = = =~ ~ ~
Time (Sec)
Figure 9. Amplitude vs. time graph for 14™ day concrete specimens using direct transmission mode.
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Figure 10. Amplitude vs. time graph for 28t day concrete specimens using direct transmission mode.

Table 4. Amplitude values obtained from loT-enabled testing using direct transmission mode.

http://www.sciencepg.com/journal/ajce

Amplitude (V) Direct mode

Days Cube 1 Cube 2 Cube 3 Average
7 0.88 0.9 0.92 0.9

14 0.95 0.95 0.98 0.96

28 1.11 11 112 111

In addition to the loT-enabled monitoring system, compres-
sive strength testing was carried out using a Compression
Testing Machine (CTM) to evaluate the strength development
of M40 grade concrete at 7, 14, and 28 days of curing. Three
cube specimens of size 150 mm > 150 mm > 150 mm were
tested for each curing period, and the average compressive
strength values were determined. Prior to testing, the speci-
men surfaces were cleaned to ensure proper contact between
the cube surface and the loading plates of the CTM machine.
The compressive strength tests were conducted in accordance
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with the provisions of IS 516:1959 under a gradual and con-
tinuous loading condition until specimen failure [18]. Prelim-
inary calibration checks of the CTM machine were performed
before the testing program to ensure reliable load measure-
ments. The CTM results were further compared with the am-
plitude responses obtained from both transmission modes of
the PZT sensors.

According to IS 456:2000, the target mean compressive
strength of concrete can be calculated using Equation (1).
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fck’=f0k+l.658 (1)

where f;, is the target mean compressive strength, f.is the
characteristic compressive strength, and s is the standard de-
viation value recommended in IS 456:2000, taken as 5 N/mm=
for M40 grade concrete [19].

The calculated target mean compressive strength for M40

grade concrete was found to be 48.25 N/mm=2The CTM test
results are presented in Table 5 and graphically illustrated in
Figure 11. A steady increase in compressive strength was ob-
served with curing age, and the average 28th-day compressive
strength was found to be 48.3 N/mm=satisfying the required
strength criteria for M40 grade concrete.

Table 5. CTM test results of concrete cubes at different curing ages.

Compressive strength (CTM)

Days Cube 1 Cube 2 Cube 3 Average
7 30.6 313 325 315
14 405 39.6 41.2 404
28 49.1 48.5 47.2 48.3
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Figure 11. CTM test compressive strength results.

To examine the relationship between sensor amplitude and
compressive strength of concrete cubes, regression analysis
was carried out using the average values obtained from CTM
testing and loT-enabled monitoring. The graphical plots for
both indirect and direct transmission modes are presented in
Figure 12 and Figure 13, respectively. In the plots, the solid
line represents the experimental observations, whereas the
dotted line indicates the regression trendline.

For the indirect transmission mode, a very strong correla-
tion was observed between amplitude and compressive
strength, with a coefficient of determination of R=2= 0.9688,
which was comparatively stronger than that of the direct trans-
mission mode. The regression equation for the indirect trans-
mission mode is expressed in Equation (2).
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y=68.2313 - x + (-49.316) )

Similarly, the direct transmission mode also showed a very
strong correlation between amplitude and compressive
strength. The obtained regression coefficient was R==0.9253,
indicating a very strong relationship between the sensor re-
sponse and CTM results, although comparatively weaker than
the indirect transmission mode. The regression equation for
the direct transmission mode is expressed in Equation (3).

y = 74.7436 - x + (-33.929) 3)
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Figure 12. Correlation between amplitude and compressive strength using indirect transmission mode.
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Figure 13. Correlation between amplitude and compressive strength using direct transmission mode.
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Figure 14. Comparison of amplitude values between direct and indirect transmission modes.
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For comparison, the average amplitude values obtained
from direct and indirect transmission modes for concrete
strength monitoring are presented in Figure 14 using the data
summarized in Tables 3 and 4. The results indicate that the
indirect transmission mode consistently produced higher am-
plitude values than the direct transmission mode for the 7th,
14th, and 28th day specimens. The difference between the two
transmission configurations was found to vary approximately
between 0.30 and 0.33 V.

4. Conclusion

The present study evaluated the feasibility of using piezoe-
lectric (PZT) sensors integrated with an loT-enabled monitor-
ing system for assessing the strength development of M40
grade concrete. Two different sensor configurations, namely
indirect and direct transmission modes, were studied and com-
pared using amplitude response data collected at 7, 14, and 28
days of curing. The experimental observations obtained from
the monitoring system were further validated through conven-
tional compressive strength testing using a CTM machine.
The average 28th-day compressive strength was found to be
48.3 N/mm= which closely satisfied the calculated target
mean compressive strength of 48.25 N/mm=for M40 grade
concrete. The developed 10T framework enabled automated
real-time acquisition, storage, and remote visualization of am-
plitude response data during different curing stages, thereby
reducing repeated manual monitoring and improving the con-
tinuity of strength assessment.

The results obtained from both transmission modes
showed a gradual increase in amplitude with the increase in
curing age and compressive strength of concrete. This be-
havior indicates that the propagation characteristics of stress
waves are influenced by the internal hardening and densifi-
cation of concrete. Among the two configurations, the indi-
rect transmission mode produced comparatively higher am-
plitude values because the actuator and receiver were posi-
tioned on the same face of the specimen, resulting in lower
signal attenuation. In contrast, the direct transmission mode
showed slightly lower amplitude values due to the longer
wave travel path through the concrete.

Regression analysis carried out between amplitude and
compressive strength demonstrated a very strong positive cor-
relation for both transmission modes. The direct transmission
mode yielded an R=value of 0.9253, while the indirect trans-
mission mode exhibited a comparatively stronger correlation
with an R=value of 0.9688. The obtained results confirm that
both methods are capable of monitoring concrete strength de-
velopment effectively, although the indirect transmission
mode showed better consistency with the CTM results in the
present study. The study further demonstrates that loT-as-
sisted monitoring combined with PZT sensor response can be
effectively utilized for continuous non-destructive strength as-
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sessment and real-time observation of concrete behavior dur-
ing the curing period.

Future studies may investigate the applicability of the pro-
posed loT-enabled PZT monitoring system to different con-
crete grades and larger structural members under practical
field conditions. Further research may also focus on increas-
ing the number of test specimens and monitoring conditions
to improve the reliability of the relationship between ampli-
tude response and compressive strength, thereby enhancing
the effectiveness of real-time concrete strength assessment.

Abbreviations

PZT Lead Zirconate Titanate

EMI Electromechanical Impedance
NDT Non-Destructive Test

loT Internet of Things

DIC Digital Image Correlation
MCU Microcontroller Unit

kHz Kilohertz

CTM Compression Testing Machine
N/mm?  Newton Per Square Millimetre
OPC Ordinary Portland Cement
Wi-Fi Wireless Fidelity

Kg Kilograms

m3 Cubic Metre

IS Indian Standard

UPVv Ultrasonic Pulse Velocity
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