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Abstract. Smart materials with sensors can monitor the structure's performance under external
loading circumstances. They may also monitor internal deformations or damages caused by
environmental factors such as temperature, humidity, etc. As a result, the sensors are linked to
structural health monitoring to create automated systems for structural monitoring, inspection, and
damage identification. The formulation of this review article was prompted by a growing interest
in structural health monitoring and the need to ensure structure safety to detect problems early and
avert collapse. The structure, measurement methods, and potential of sensors such as fiber optic,
piezoelectric, corrosion, ceramic, and self-sensing cement composite utilized in the health
monitoring of concrete structures are discussed in this review paper. This review also includes a
brief and comparative analysis of various sensors, as well as the optimal number and location of
sensors. The study exposed that choosing a suitable sensor is critical for accurate sensing and long-
term structure monitoring. The sensor can detect physical (stress, strain) and chemical (corrosion)
variables that affect the structure's endurance. Despite significant advances in damage monitoring
approaches utilizing sensors, the study suggests that efficient sensor deployment remains
problematic. The review revealed that the type of parameter to be monitored (stress, strain,
humidity, etc.) and the structural and climatic conditions in which the sensor will be used
determine the sensor's selection. As a result, a self-sensing cement composite based on carbon
nanofiber (CNF) has been developed, which has good durability and compatibility with concrete
structures. However, increasing the amount of CNF lowers the composite's compressive and
flexural strength due to particle agglomeration. As a result, the review covers several sensors used
in structural health monitoring with their measurements, applications, benefits, and limitations.

Introduction

Concrete is the most extensively used building material because of its manufacturing, availability,
and strength simplicity. Concrete is widely used to construct buildings, pavements, dams, and other
structures. Despite its many advantages, concrete lacks significant strength and durability, which
leads to damages [1,2]. To withstand external stresses, several advancements have been made in
structural design [3,4] and bracings [5]. Despite significant advancements in structures' ability to
endure external loads, assuring the structure's safety remains difficult. As a result, numerous
advancements in concrete have been made by altering the materials [6—9] in the same way bricks
[10] and soil [8,11] have been changed. Conductive materials like carbon nanofiber [12], carbon
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nanotube [13], carbon fiber [14,15], and carbon black [16,17] are used to enhance the strength and
durability of concrete. As a result, various concrete types, such as high-strength concrete [18,19],
lightweight concrete, and ultra-high-performance concrete, have been developed. Cracking,
deformation, and deterioration are inevitable, despite several material advances to enhance
concrete's strength capabilities. As a result, concrete performance is monitored during the
structure's maintenance and service life.

Structural health monitoring is a technique for monitoring the state of a structure's safety during
its service life [20,21]. They are used to monitor the condition of bridges, buildings, and pipelines
that are failing due to earthquakes, aging, and other risks. Accelerometers [22], acoustic emission
sensors [23], ceramic sensors [24], corrosion sensors [25], electrochemical sensors [26], fiber optic
sensors [27], shape memory alloys [28], and strain gauges [29] are among the sensors used to
analyze and monitor the structure. These sensors are used for preventative maintenance, which
helps to improve living conditions while preventing financial losses. The two kinds of sensors
accessible are wired and wireless sensors. Wired sensors, such as fiber optic, piezoelectric, and
ultrasonic sensors, are expensive and have a high chance of intrusion failure. The wireless sensor,
which includes an acoustic sensor, can detect flaws across vast distances with the assistance of
humans. The requirements for structural health monitoring, which include dependability,
robustness, and cost-effectiveness, limit the use of sensors.

The study's main objective is to explore the need for health monitoring of structural components
and the method for monitoring structural health using sensors. The following part compares the
use of a wireless strain sensor, a ceramic sensor, and a corrosion sensor in structural health
monitoring.

Sensors for Structural Health Monitoring

Structural health monitoring is becoming more significant because of the time-consuming and
costly manual evaluations performed at predetermined intervals. Sensor and sensing technology
has advanced to the point that they can now be integrated into concrete structures, overcoming
these constraints. Many studies have been conducted in the field of structural health monitoring
utilizing a variety of sensors, including fiber optic sensors [30], accelerometers [31], acoustic
emission sensors [23], electrochemical sensors [32], wireless sensors [33], and self-sensing cement
composite [34]. The choice of sensor is determined by the structural and environmental conditions
in which the sensor will be used and the type of parameter to be monitored (stress, strain, humidity,
etc.). [35]. Fig. 1 depicts the numerous sensors, structural specifications, and potential in
measuring external parameters.
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Fig. 1. Demonstration of sensors used in the health monitoring of concrete structures [36]

Self-sensing cement composite

Because of the evolution of interdisciplinary research and the application of nanomaterials in
concrete, many new studies have been developed in cement composite. Researchers are quite
interested in the field of intelligent concrete with self-sensing capabilities [ 13]. Nanomaterials such
as steel fiber [37], graphite powder [38], carbon black [16], carbon nanofiber [12], carbon nanotube
[13], and others are used to create self-sensing capacity in cement composites. The composite will
develop piezoresistive properties by incorporating these nanoparticles, transforming them from a
traditional cement composite into a self-sensing cement composite. When nanoparticles are
included in a composite, they form a conductive network that modifies the composite's
resistivity/conductivity as stress/strain varies [13]. Before being placed in the compression testing
equipment, the composite is connected to a power supply (LCR meter) and a multimeter to analyze
compressive strength and conductivity simultaneously, as shown in Fig. 2 [12]. When the load is
applied, the area changes along with the voltage, which may be measured using a multimeter. The
fractional change in resistance and sensitivity of the composite is evaluated, as illustrated in Fig.
2. The property that changes resistivity with change in stress is piezoresistivity of the composite,
and many researchers have investigated piezoresistivity of the composite with various implanted
conductive materials [12,13,39,40]. Scanning electron microscopy (SEM), and X-ray diffraction
spectroscopy (XRD) examinations are used to understand better the internal changes in the
composite caused by the embedment of conductive components.
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Fig. 2. Schematic diagram depicts methods for analyzing CBS qualities [12]

According to previous studies, the addition of conductive material to a composite greatly
impacts the mechanical strength of cement composite. The inclusion of CNF reduces the
composite's compressive and flexural strength as the proportion of CNF increases due to particle
agglomeration, as seen in fig. 3 [41,42]. When CNF is increased to 1%, the tensile strength of the

cement composite is improved to 50 MPa (approx.) due to the high tensile strength (=3800 MPa)
of CNF [43].
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Fig. 3. Compressive, split tensile, and flexural properties of cement composites containing 0.5
%, 1%, and 2% CNF [12]

The electrical conductivity of a composite comprising carbon nanotubes with different
electrical characteristics is examined in an analytical study [44]. The effect of aspect ratio (L/D
ratio) and its influence on percolation threshold and electrical conductivity is investigated. They
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identified that the larger the aspect ratio smaller would be the percolation threshold in the
composite. Suppose the quantity of conductive materials incorporated in the composite is less than
the threshold volume fraction. In such instances, they have the slightest effect on the electrical
conductivity of the composite, as indicated by the spherical model's lower bound. CNT is used to
develop self-sensing cement composites in similar analytical models [45,46]. Multiwalled carbon
nanotubes (MWCNT) of electrical conductivity > 1250 s/cm are used to prepare epoxy matrix
composite for strain monitoring in pavements [47]. They identified that epoxy composite
developed with CNT is a suitable cement-based sensor with a gauge factor of 26.04, which is far
higher than the gauge factor of conventional metal strain sensors with a gauge factor of 2. Those
CNT embedded composites can also measure strain ranging within 1000 pe. Similarly, many
investigations are done on self-sensing cement composite using CNT [48—51]. Few researches are
also focused on the hybrid combination of nanomaterials, including CF/CNT and CF/CB [52,53].
These findings imply that hybrid CNT combinations, rather than individual CNTs, can efficiently
improve the flexural strength and electrical conductivity of cement mortars [52]

Ultrasonic sensor

Ultrasonic sensors are used to examine or identify propagating cracks in concrete [6]. The stressed
state is used to assess deformation to spot cracks quickly. Fig. 4 (a) shows the DIC values at a
tensile stress of 3.2 N/mm?. Under this load, the correlation factor between the signals sent and
received by the embedded ultrasonic sensor is less than 0.8. The dashed lines in Fig 4 (a) show the
placement of embedded sensors. The growing surface fracture impacts the signal even if it is not
in the wave's direct path. As a result, Fig. 4 (a) depicts the absence of crack formation. The cross-
correlation factor fell further in fig. 4 (b) as the tensile stress increased to 3.4 N/mm?. In the wave
path, a crack with a width of 160 um and a length of 20 mm can be seen. The ultrasonic wave is
depicted in Fig. 4 (c) with a tensile strength of 3.8 N/mm?. The crack development and surface
deformation show the spread of the fracture into the direct path of the wave traveling between the
implanted sensors. As a result, the study finds that ultrasonic sensors can detect crack propagation
in a structure before visible cracks appear on the surface of the concrete.

An ultrasonic sensor based on an autoregressive model (AR) is used to detect structural changes
in concrete [7]. This study uses a model to employ an ultrasonic sensor to localize operational
changes in massive concrete buildings. When a static force is applied to the top of the sensor, the
residual error increases to its maximum value (t=75 minutes). The nonlinearities in the operational
change in the structure determine the amplitude of the parameters. The damage-sensitive feature
in this system is AR residual error. The level of change in the structure is precisely proportional to
the changes in AR parameters. However, the association level appears to vanish if the damage is
present with operational and environmental fluctuations. In this study, ultrasonic sensors perform
both static and dynamic load tests on reinforced concrete structures. The localized operational
changes in the reinforced concrete structures are quantified using an autoregressive model.
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Fig. 4. Tensile stress-causing surface deformation (a) 3.2 N/mm’ (b) 3.4 N/mm? and (c) 3.8
N/mm? respectively.

The influence of composite age on ultrasonic wave transmission and reflection coefficients in
the concrete-steel-concrete contact is investigated [8]. The structure in question is a multilayer
structure with two elastic and isotropic layers with different physical properties. In sand concrete
(= 40.65 MPa), conventional concrete (= 45.89 MPa), and high-performance concrete (= 81.02
MPa), the wave propagation velocity is determined. Aging generates a substantial variability in
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the longitudinal coefficient (TL) in high-performance concrete, as shown in Fig. 5 (a), and sand
concrete, as shown in Fig. 5 (¢). The evolution of the transverse transmission (TT) coefficient is
depicted in Figures 5 (b) and (c). The TT coefficient drops initially, then climbs dramatically
before stabilizing at a specific angle. When comparing the effect of concrete age on sand concrete
from the fifteenth day to high-performance concrete and regular concrete, the sand concrete
exhibits a more substantial influence. Fig. 5 (d) depicts the behavior of ultrasonic waves that
characterize the interface's longitudinal reflection coefficient RL. The curve has a falling and then
climbing shape. There is a noticeable drop in the coefficient RL during the measuring interval of
0 to 15 days, which is minimal compared to conventional and high-performance concrete.
According to both computational and experimental research, the age of concrete and the inner
concrete structure directly impact the acoustic properties and angle of incidence.

W . )

- () HI ok ®

coefMcient TL

Transmissien cosMclent TT
a e - =

Transmission

[
= 15 duys |
e Ndap

-5 du |

sl
]

n coefficient RL

Transmission coefficient TT

Refectior

n o « o o E] ] ]

[ E]
incidence angle incidence angle

Fig. 5. (a) Variation of the TL coefficient with concrete age (high-performance concrete—steel
contact) (b) Variation of the TT coefficient with concrete age (steel-high-performance concrete
interface) (c) Variation of the TT coefficient with concrete age (sand concrete—steel contact) and

(d) Variation of the RL coefficient with concrete age (steel-sand concrete interface).

Strain gauge

Due to the time-consuming and challenging sample surface preparation and strain gauge adhesion,
traditional strain gauges such as electric resistance strain gauges, demec mechanical strain gauges,
and compressometers have limited applications in SHM. As a result, the automatic digital image
correlation (ADIC) optical strain gauge was developed as practical and cost-effective monitoring
of concrete parameters [9]. The ADIC significantly broadens the convergence range and can
accurately measure the concrete strain caused by an autonomous searching approach. After
obtaining the strain, the concrete stress-strain curve is drawn using the load to determine the elastic
modulus of the concrete. According to the research, the produced optic strain gauge has good
accuracy, convenience, and reliability when compared to the electronic strain gauge,
compressometer, and demec mechanical strain gauge. For C20, C40, and C60 concrete cubes and
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cylinders, the optic strain gauge has a standard deviation of 0.37, 0.44, and 0.58, which is lower
than the electronic strain gauge (0.42, 0.34, and 0.94), compressometer (0.64, 0.43, and 0.71), and
Demec mechanical strain gauge (1.96, 1.41, and 1.33).

Strain gauges are also embedded in concrete members to measure the prestressing force in
concrete beams and slabs [10]. Vibrating beam strain gauges (VBSG) are similar to vibrating wire
strain gauges in that they work on the same principles. The VBSG test frame setup is shown in
Fig. 6. The steel bar is extended at both ends and tightened with a circular plate, as shown in Fig.
6 (a), to guarantee that the strain in the VBSG steel bar matches the strain in the concrete at the
steel bar level. The strain gauge is positioned in the center of the steel bar, as shown in Fig. 6 (b).
Beeswax is applied to the strain gauge to make it water-resistant, as shown in Fig. 6 (c). A PVC
pipe with water sealant is installed above the strain gauge, as shown in Fig. 6 (d), to prevent water
from entering into the pipes from the cement paste. The current strain in the VBSG can be
calculated by comparing the frequency data of the stretched part with static strain measured with
electrical strain gauges. The average inaccuracy in calculating the prestressing force is 1.9% from
frequency measurements and 1.4% from static strain data. Because both strain and frequency yield
precise results, the prestressing force in the structure may be calculated by anyone. The error
associated with using a vibrating wire strain gauge is 1.4% to 1.9%, which is slightly higher than
the error associated with using a VBSG (around 0.5%). VBSG, on the other hand, can analyze the
state of prestressed concrete buildings with pinpoint accuracy.
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Fig. 6. Vibrating beam strain gauge [54]
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At the start of corrosion, the concrete behavior is studied using strain gauges, SEM, and EDS
[11]. They were particularly interested in the penetration of rust agents into pores and the
measurement of stresses and strains in the concrete around the rebars when corrosion first began.
An analytical model is also proposed to calculate the crack width at the time of cracking. The
method is applied to two concretes with different porosity networks and corrosion current densities
to analyze the reinforcement corrosion process and discover cracks in the surrounding concrete.
SEM and EDS are used to investigate the corrosion advancement and rust layer growth on
prismatic samples with a base of 50 X 50mm? that includes rebar, as shown in Fig. 7. The
researchers discovered that placing the strain gauge close to the rebar provided more information
on the circumferential strain in the concrete.

SECTION CUT FOR IDENTIFICATION
OF CORROSION PRODUCT

Fig. 7. The cutting technique for the specimens for SEM observations [55]

Conclusions

Thus, the article reviews the different sensors, working, and monitoring vital infrastructure status.
Monitoring criteria such as sensor sensing capabilities in detecting mechanical (displacement,
strain, vibration, fractures) and durability (corrosion, chloride ion concentration) features of the
concrete structure are also carefully examined. Through this review, the following conclusions are
revealed

1. The type of parameter to be monitored (stress, strain, humidity, etc.) and the structural and
climatic circumstances in which the sensor will be utilized decide the selection of the
Sensor.

2. In self-sensing cement composite, because of particle agglomeration, increasing the
proportion of CNF reduces the compressive and flexural strength of the composite.

3. Researches identified that the higher the aspect ratio, the lower the percolation threshold
of the composite. They found that an epoxy composite containing CNT is an excellent
cement-based sensor, with a gauge factor of 26.04, which is much greater than the gauge
factor of typical metal strain sensors, which is 2.

4. In conventional sensors, the research finds that ultrasonic sensors may detect fracture
propagation in a structure before visible cracks appear on the surface of the concrete. The
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localized operational changes in the reinforced concrete structures are quantified using an
ultrasonic sensor with an autoregressive model.

5. According to both computational and experimental research, the age of concrete and the
inner concrete structure directly influence the acoustic properties and angle of incidence.

6. The standard deviation of the optic strain gauge is 0.37, 0.44, and 0.58, which is lower than
the electronic strain gauge (0.42, 0.34, and 0.94), compressometer (0.64, 0.43, and 0.71),
and Demec mechanical strain gauge (0.42, 0.34, and 0.94). (1.96, 1.41, and 1.33). VBSG,
on the other hand, can analyze the state of prestressed concrete buildings with good
accuracy.

7. The researchers discovered that placing the strain gauge close to the rebar provided more
information on the circumferential strain in the concrete.

Thus, the study demonstrates that self-sensing cement composites, ultrasonic sensors, and

strain gauges have promising concrete structure health monitoring applications.
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