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even countries. Moreover, they are also employed to cre-
ate offices or homes, or to construct water reserving places, 
just to enumerate some of their applications. Even when 
they are designed to operate into severe ambiental condi-
tions, the unpredictable occurrence of natural phenomena, 
i.e., tornadoes, strong winds, small seismic waves, as well 
as their natural aging, can cause an important concern to 
their physical integrity, making the continuous measure-
ment of some physical properties an imperative task, since 
any significant change may be detected and thus, allowing 
taking remedial actions in a timely fashion to restore the 
functionality required by the structure.

Structural Health Monitoring (SHM) is a procedure 
that aims to estimate the structure condition by means 
of the evaluation of some measured physical features. 
According to Amezquita-Sanchez and Adeli [1], a dam-
age-based SHM involves three stages: signal monitoring, 
processing, and its interpretation (Fig. 1a). The first stage 
uses a wide range of sensors to measure physical proper-
ties of structure, which can be classified in three groups 
[2]: kinematical (displacements, velocity, and accel-
eration), mechanical (forces, deformations, stress), and 
ambient (wind and temperature). Also, the signal moni-
toring stage requires an instrumentation or signal con-
ditioning circuitry and a data acquisition system (DAS) 
for storing and later processing them (see Fig. 1b). Evi-
dently, the sensor output determines the instrumentation 
required; further, it also influence the quality of the meas-
ured signal. A poor instrumentation might lead to have 
two undesirable consequences: a potential loss of infor-
mation and the need of a more complicated signal pro-
cessing technique in order to compensate the lost infor-
mation, thus avoiding a misinterpretation of them. Hence, 
knowing the main characteristics of sensors used in SHM 
is a highly desirable feature, as this knowledge will help 

Abstract  In the last years, the occurrence of natural haz-
ards around the world has evinced the necessity of having 
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continuous assessment of the structural integrity of the 
civil structures or infrastructures, in order to avoid potential 
economic or human loses; further, it also allows the appli-
cation of new sensing technologies and signal processing 
algorithms. An important step in a structural health moni-
toring strategy is the appropriate selection of the sensor 
used to measure the required physical variable. Although 
several reviews have been published, they focus on present-
ing and/or explaining the methodologies and signal pro-
cessing techniques used in structural health monitoring. 
This article presents a state-of-the-art review of the sensing 
technologies used in structural health monitoring. Further, 
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1  Introduction

The modern lifestyle of the society would not be the same 
without the existence of the civil infrastructures, as they 
are used to transport people or products between cities or 
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to make the best-suited decision for the sensor selection 
and its deployment in the in-test structure.

Recently, different articles have reviewed the main sig-
nal processing and interpretation algorithms used in SHM 
[1–6], lasts steps in a damage-based approach (Fig. 1a). 
In this regard, and despite of previous works that superfi-
cially deal with the sensors features [2, 6], to the best of 
the authors knowledge, an article that describes the main 
sensors used in SHM for civil engineering is still miss-
ing. This article presents a state-of-the-art review of the 
sensor technologies used on journal articles for SHM in 
civil engineering. The focus is on civil structures includ-
ing buildings and bridges, which are by far the most used 
structures for satisfying the abovementioned necessities. 
The rest of this paper is organized as follows: in Sect. 2, 
the used sensors for obtaining the kinematic variables 
(acceleration, velocity, and displacement) as well as 
their operating principle are presented; then, in Sect.  3, 
the measurement of the most representative mechani-
cal features, fatigue, strain, and force measurement, is 
explained; further, the sensors used to detect the most 
frequently mechanical failures, corrosion and crack, 
which are important into the SHM of civil infrastructure, 
are also presented. On the other hand, Sect.  4 discusses 
both the way that the main environmental variables are 
sensed and the used devices to this purpose. The main 
features of the sensors used in SHM applications are 
resumed in Sect. 5. Next, Sects. 6 and 7 present some rec-
ommendations to ensure an adequate instrumentation and 
some candidate sensors to be used in SHM applications, 
respectively; finally, the article ends with some conclud-
ing remarks.

2 � Kinematic Sensors

Broadly speaking, the term kinematic refers to the study 
of the motion of particles or bodies without regarding the 
cause that induced the movement. In this regard, a kin-
ematic sensor, for SHM applications, measures the motion 
induced by an external force which can be, for instance, 
moderate or strong winds, seismic waves, traffic and 
human-induced vibrations, among others. This motion can 
be captured by measuring the displacement, velocity or 
acceleration of the in-test structure. This section presents 
the most common kinematic sensors used in SHM along 
with the structures and the applications where they are 
deployed.

2.1 � Acceleration

An accelerometer is a device that measures an oscillatory 
movement due to the presence of induced vibrations, which 
cause changing accelerations in the in-study structure. 
In general, there are four types of accelerometers that are 
used in SHM: capacitive, piezoelectric, force balance, and 
microelectromechanical (MEMS) devices [2].

Conceptually, a capacitive accelerometer (shown in 
Fig. 2a) measures the capacitance between two plates, one 
that can be moved by an inertial mass and the other fixed to 
the internal case of the sensor. Evidently, when the sensor 
is subjected to vibrations, the inertial mass and its attached 
plate will move, thus varying the distance to the fixed plate, 
causing that the capacitance value changes as well. This 
type of sensor has the advantage of being able to detect 
subtle movements that other technologies cannot [2].

Fig. 1   A SHM scheme: a a damage-based approach, b steps required in the signal acquisition stage
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A piezoelectric accelerometer replaces the two plates 
by a piezoelectric material (usually a crystal) (depicted in 
Fig. 2b) that produces an electrical current, which is pro-
portional to the pressure applied to the material. In this 
regard, the higher the pressure, the higher the output sig-
nal will be. Compared with the capacitive approach, this 
kind of accelerometers has a slightly reduced sensibil-
ity making them less suitable to measure low frequency 
vibrations [2].

Regarding the force-based or servo accelerometer 
(Fig. 2c), it is composed by three different parts: a sensor 
to measure the displacement of a seismic mass, an actua-
tor that calculates the aforementioned force to maintain 
the mass in its position, and a servo amplifier that decodes 
the signals created by the actuator to produce the required 
electrical signals in order to have the necessary force. In 
general terms, its operating principle can be described as 
follows: since any slightly perturbation (force) can move 
the seismic mass, the actuator (magnet) estimates the nec-
essary counter force to try to keep the mass in its initial 
position, which is produced by the amplifier by injecting 
current to the coil attached to the magnet according to the 
sensed position by the displacement sensor. It should be 
pointed out that the output signal is the measured position, 

which is equivalent to the mass displacements produced by 
the external acceleration.

On the other hand, a MEMS-based accelerometer is usu-
ally made of several capacitors that are micro-fabricated, 
thus allowing a reduction in the capacitor size. As the 
MEMS-based accelerometer share the same sensing tech-
nology, its functioning principle is similar to the capaci-
tive accelerometer. The development of new techniques 
for micro-fabricating technologies has led to a consider-
able price reduction, making them more accessible to the 
researchers and engineers, thus they have become in one 
of the most used accelerometers sensors in SHM applica-
tions [2]. Figure  2d illustrates the mechanical model of a 
MEMS-based accelerometer.

In recent years, several real-life structures have been 
equipped with accelerometers in order to measure vibra-
tions to implement SHM schemes. For instance, the Green 
Building, a reinforced concrete (RC) building of 21 stories, 
located at the MIT, is instrumented to update a finite ele-
ment model (FEM) [7]. They record the responses when 
the structure is subjected to ambient vibrations using uni-
axial servo accelerometers, with a range of ±4  g. They 
extract the impulse response functions (IRFs), using seis-
mic interferometry, to estimate the parameter (stiffness) 

Fig. 2   Accelerometer types: a capacitive, b piezoelectric, c force-based, and d MEMS-based
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that connects the IFRs with the FEM model. The update is 
performed by using a probabilistic approach. The obtained 
results show that their proposal can accurately update the 
FEM model, as the estimated IRFs are very similar to their 
experimental counterparts. Other RC buildings that have 
been instrumented with tri-axial MEMS-based, servo, and 
piezoelectric accelerometers are a hospital [8], bridges 
[9–12], scholar offices [13], among others.

Civil infrastructure including bridges for both pedestrian 
and traffic [14–17], working offices [18], frame structures 
[19], 3D truss structures [20, 21] have also been instru-
mented using either piezoelectric, servo, or MEMS-based 
sensors. It should be pointed out that the piezoelectric or 
the servo accelerometers are uniaxial, whereas the MEMS 
are often tri-axial. Uniaxial accelerometers are usually cho-
sen for monitoring real-life structures due to some direc-
tions are not properly excited because of the direction in 
which excitation force is applied; thus, even the most sensi-
tive sensor could only acquire noise.

On the other hand, historical buildings [22–25] have also 
installed accelerometers, especially servo and piezoelectric 
ones, to assess their dynamic performance under ambiental 
conditions. Some of these works perform the modal param-
eters identification to update FEM models, while others 
make damage detection once a natural hazard has occurred. 
One feature they share is that the modal parameters have a 
closely relationship with the ambiental conditions (mainly 
temperature), concluding that a method to decouple them is 
highly recommended if they are going to be used for dam-
age detection.

A major trend that has taken impulse is the instrumenta-
tion of super tall buildings in order to assess its behavior 
among different scenarios. In this regard, the measurements 
of the Lotte World Tower [26] (acquired with piezoelectric 
accelerometers), the Taipei 101 Tower [27], and Canton 
Tower [28] (which are obtained with servo accelerometers), 
have been analyzed to find their modal parameters. The 

authors of the aforementioned works make use of well-
known techniques such as peak-picking (PP) and frequency 
domain decomposition (FDD) methods or proposes the uti-
lization new methods, like the Synchrosqueezing Wavelet 
Transform (SQWT). The papers show a good correlation 
between the experimental values and the predicted ones 
using a FEM-based model.

2.2 � Velocity

Another form to capture the movements induced by the 
abovementioned sources is through the velocity sensors. In 
general terms, there have been used two different types of 
velocity sensors in SHM: those based on the Doppler effect 
and its electromechanical counterparts [2].

An electromechanical-based velocity sensor is com-
posed by a permanent magnet and two coils suspended 
around it. This concept is illustrated in Fig. 3a. According 
to the Faraday law, when the wires of a coil interact with a 
permanent magnet, it will be produced an electrical current 
whose intensity depends on the velocity which the coils 
cut the magnetic field of the permanent magnet, that is, the 
more the coils move, the higher the produced current will 
be; thus, the output of this sensor is obtained by subtracting 
the signals created by the two coils.

A laser Doppler-based vibrometer (LDV) is a device 
that is formed by a photo detector and a signal processor, as 
seen in Fig. 3b. The LDV operates as follows: a frequency-
modulated laser beam is reflected in the in-test structure, 
causing a frequency shift (Doppler shift) in the bounced 
beam. This shift is compared with the reference frequency, 
where the difference is demodulated and processed by 
the signal processor to estimate the velocity of the in-test 
object.

Over the past years, the use of velocity sensors has been 
expanded in the SHM field. For instance, an 11-story RC 
building is instrumented using a LIDAR (Light Detection 

Fig. 3   Velocity sensor types: a electromechanical and b LDV
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and Ranging)-based vibrometer and the Lennartz 3D 5 
velocimeters [29]. The authors processed the obtained 
samples from both sensors by estimating the natural fre-
quencies and mode shapes using the FDD method. They 
conclude that the LIDAR-based vibrometer results are 
very similar to those obtained by the velocimeters, with 
the advantage that the vibrometer can be used for remote 
monitoring, as no physical contact is required between the 
sensor and the in-test structure. On the other hand, electro-
mechanical-based velocimeters (or geophones) have been 
used to damage detection of a five-girder, three-span bridge 
[30]. The velocimeters were used to measure the vertical 
vibration of the bridge. A damage detection algorithm is 
proposed using an autoregressive with exogenous inputs 
(ARX) model. They are able to detect multiple damages 
with their proposal; yet, the noise in the measurement affect 
their proposal, as the proposed algorithm cannot detect the 
damage in an external girder.

Another application of the velocity measurements 
is the modal parameters identification. An eight-storey 
steel frame is excited with broadband signals to analyze 
its response [31]. They propose a wavelet packet-based 
approach to deal with the inherent noise of the measured 
responses. The obtained results show that the proposal is 
robust against the noise, as the identified modal parameters 
(natural frequency and damping ratio) have an absolute 
error within 2% and 20%, respectively. Further applications 
of the velocimeters are also found in bridges [32–36], RC 
buildings [37], masonry structures [38], among others.

Recently, it has been proposed the use of the angular 
velocity as a form to detect if a civil structure has a dam-
age or not. Liao et  al. [39] also use MEMS-based gyro-
scopes to perform damage detection in a three-story single 
bay steel frame. They propose a damage indicator based on 
the difference on the coefficients of an ARX model. They 
conclude than the gyroscope has an increased sensibility 
compared with the accelerometer to detect damages near of 
their location. Sung et al. [40, 41] have explored the poten-
tial use of the MEMS-based gyroscopes as a substitute of 
accelerometers to detect and locate where a damage has 
occurred in a supported beam. They propose a damage indi-
cator based on the modal flexibility matrix. The obtained 
results show that the gyroscope measurements have an 
enhanced sensibility for detecting the damage; further, the 
damage indicator proposed has a greater noise-robustness 

with the gyroscope measurements than with the accelerom-
eters ones. They also note that a hybrid scheme, where both 
accelerometers and gyroscopes are used, can lead to have a 
SHM system that potentially can outperform other sensors.

2.3 � Displacement

Some applications might require the use of the displace-
ment measures to detect additional features than can be 
used for the damage or structural identification algorithm 
enhancement, such as the interstory drift ratio (IDR) [42]. 
In this regard, SHM schemes have made use of a resistive-
based transducer, linear variable differential transformer 
(LVDT) or global positioning satellites (GPS) to measure 
the displacement of a civil structure.

A resistance-based transducer is formed by a variable 
resistor, either a linear or rotational one, which has three 
physical pins, denoted by the numbers 1, 2, and 3, respec-
tively in Fig. 4a. The adjust pin is directly connected to the 
in-test structure, as the variation of this pin will change the 
total resistance value (R1 + R2); consequently, the voltage 
value will also change [43]. For practical reasons, it is con-
venient to treat this transducer as a potentiometer, to elimi-
nate the resistance changes produced by temperature. Fig-
ure 4a shows the graphical description of this transducer.

The LVDT schematic representation is depicted in 
Fig.  4b. It is composed of a nickel-iron-based core sur-
rounded by a primary winding and two secondary ones, 
which are connected in a series way. When a voltage is 
applied to the primary winding, it is induced a voltage to 
the secondary windings; thus, when the core moves over 
the windings, it will create two different voltages (V1 and 
V2) depending of its position to the secondary windings. In 
this regard, the output signal of the sensor (Vs) will be the 
difference between V1 and V2 [43].

Regarding the GPS-based displacement measure, its 
operating principle can be described as follows: once 
located a GPS-receiver, it connects with four satellites, each 
one sending its position. By estimating the time that require 
the information send by the satellite to be received in the 
receptor, its absolute position can be found; thus, by using 
basic triangulation schemes, the position of the receiver is 
estimated. It should be pointed out that it is necessary to 
use high-precision receptors, to achieve a reasonable sensi-
bility for measuring the displacements [44].

Fig. 4   Displacement sensor 
types: a potentiometer and b 
LDVT
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The modal parameters (natural frequencies, damping 
ratios, and mode shapes) of an eight-storey steel frame 
using displacement measurements, obtained by poten-
tiometers, are calculated in [45]. This article proposes a 
novel scheme that combines a time-variant ARX model 
and the use of the wavelet transform to perform the 
abovementioned task. The obtained results show that this 
proposal can identify accurately the modal parameters, 
as the maximum errors for the natural frequencies and 
damping ratios are below of 2% and 20%, respectively, 
even in the presence of a high-level of noise. They also 
can identify the stories that have a damage by using the 
identified natural frequency and the stiffness of the floor. 
Further applications of potentiometers can be found in 
Saisi et al. [46], McGetrick et al. [47], and He et al. [48].

LVDTs have been used as a part of damage identi-
fication, location, and quantification of a three-story 
steel structure [49]. The authors propose a novel hybrid 
scheme that combines the use of an AR model, second 
order blind source separation (SOBI), and principal com-
ponent analysis (PCA) to perform the abovementioned 
task. The obtained results show that the proposal can suc-
cessfully perform this task; but, they note that an appro-
priate choice of the AR model order yields to influence 
the accurateness of the damage quantification. LVDTs 
are also used to instrument Elevated Viaducts [50], a 
masonry building [51], a three-story, one-bay, 1/5-scaled 
RC building [52], and road bridges [53], among others. 
The obtained results in these works show that LVDT 
can be used to detect low-frequency modes, as there is 
an inherent limitation in terms of the measurement range 
they can capture.

Im et  al. [44] presented a review of applications of 
GPS in SHM. They conclude that GPS can be used to 
measure static or quasi-static displacement with a reason-
able accuracy, allowing the detection of low-frequency 
modes. These findings are confirmed by determining the 
modal parameters of a cable-stayed bridge [54] and sus-
pension bridge [55].

An emerging technique to measure displacements is 
the utilization of optical-based instruments. Unlike the 
abovementioned sensors, an optical instrument can be 
easily installed in the in-test structure; further, its cost 
is greatly reduced compared with the utilization of GPS 
receptors. In this regard, the article presented by Chatzis 
et al. [56] point out that higher order modes can be suc-
cessfully detected using this kind of sensor, which is an 
improvement compared with the other sensors; but, it is 
necessary to perform further studies to overcome a trou-
blesome issue, which is the presence of low order spuri-
ous modes. Additional applications of this type of sensor 
can be found in [57, 58].

3 � Mechanical Sensors

Measuring mechanical features, such as fatigue, force, 
strain, corrosion, cracks, among others, has become a very 
important task in civil infrastructure, especially in bridges, 
as they are closely related to their safe operation: a sudden 
failure might cause important consequences in terms of 
the potential loss of human lives and economic distortions. 
Moreover, the early detection of the failure will require, 
potentially, a lower budget, which also is a desirable item 
nowadays. In this regard, over the last years, novel schemes 
that make use of well-known and new sensor technologies 
have been proposed. In this section, the most common ones 
are reviewed.

3.1 � Fatigue Detection

Fatigue detection is one of the most common failure found 
in civil infrastructure, especially bridges [59]. In general 
terms, this failure begins in the zones that experiment sig-
nificant stress that have microscopic imperfections that lead 
to the appearance of fine cracks whose length and depth 
evolve negatively until they no longer have the integrity 
required.

Over the past years, several approaches to measure 
the fatigue level supported by the civil structure have 
been developed. Gokanakonda et  al. [59] develop a sen-
sor for fatigue detection based on the utilization of slots 
and stripes, named by the authors as ligaments, that are 
impressed in a metal plate (Fig. 5). These ligaments have 
a different strain magnification, as they have different strain 
magnification factors when compared with a nominal refer-
ence. The used ligaments fail in a sequentially order, where 
the first one that breaks is the one that received the greatest 
amount of stress and so on. They note that the ligaments 
failure occurs before the complete collapse of the in-test 
part. They propose that the fatigue can be detected by meas-
uring the plate resistance, where increments in this property 
will indicate the severity of the fatigue level. This concept 
is further explored in [60], where they test a specimen that 
has two stripes and one slot in a steel beam. They note that 
slot separation must be optimized in order to have a better 
estimation of the fatigue value. Other approaches such as 

Fig. 5   Fatigue sensor composed by lots and stripes
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eddy currents [61], acoustic emission (AE) [62, 63], ultra-
sonic waves [64] and strain-based methods [65], among 
others have been used for fatigue detection. These sensors 
have been used to monitor RC beams and steel bridges. 
The obtained results show that although good results are 
obtained, as all the used sensors can detect and quantify the 
amount of fatigue, it is still necessary to develop long-term 
monitoring to test them in real-life conditions.

3.2 � Force Measurement

The measure of the applied force in critical parts of a civil 
structure is sometimes required, as these parts are designed 
to deal with up to a maximum value; if the applied force 
exceeds this value, it is likely to generate unnecessary 
cycles of stress, which in consequences will lead to an 
accelerated deterioration. To this purpose, cell loads have 
been used. They are a transducer device that converts the 
applied force into an electrical signal; although different 
types of load cell can be used, the most common one is a 
cell composed of strain gauges (Fig.  6a), where the elec-
trical signal is obtained using an instrumentation circuit 
known as the Wheatstone Bridge (Fig. 6b). The operating 
principle can be resumed as follows: the higher the applied 
force, the greater the resistance; thus, the resulting voltage 
will decrease its value. This type of load cells is preferred 
as they can perform dynamic and static measures.

Rajan et al. [66] designed a system of load cells to meas-
ure how section of bridge decks behave under heavy windy 
conditions. They measure the forces that impact critical 
points in the bridge, to estimate all the three properties that 
occur in the bridge: lift, drag, and moment. They show that 
the proposed system can successfully estimate the above-
mentioned properties; further, they also note that their sys-
tem behaves in a linear way. On the other hand, the measure 
of the span deflection in a bridge deck is done using a load 
cell [67]. Their proposal consists of steel cable fixed to the 

deck, the load cell, a coil spring, and a weight that keeps 
the cable connected with the ground (Fig. 7c). As the load 
cell is subjected to a fixed force (given by the spring), any 
weight that passes through the deck will change the fixed 
force, thus by using the equations provided by the authors, 
the deflection can be estimated. They test their proposal 
in a steel bridge, obtaining noticeable results, as their sen-
sor can estimate deflections with an accuracy of 0.05 mm. 
They note that their proposal behaves in a linear way and 
can be used in places where the access to the ground down 
the deck are troublesome; but, low wind conditions and 
low water level are required to not affect the fixed force. 
Additional applications using strain-based load cells are 
reported by Sideris et al. [68], Okazaki et al. [69], Lin et al. 
[70], Abdullah et al. [71], and Astroza et al. [72].

3.3 � Strain

One of the most common consequences of applying a 
force in any solid object is its deformation. The meas-
urement of the strain is one of the possible forms to 
measure the deformation of an object, and is usually 
sensed by using strain gauges, piezoelectric transducers, 
and vibrating wire strain gauges [73]. A strain gauge, 

Fig. 6   Strain gauge load cell: a schematic overview, b wheatstone bridge

Fig. 7   Overall description of the vibrating wire strain gage
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as abovementioned, changes its resistance value once 
it is subjected to an external force that deforms the in-
test object. Regarding the piezoelectric transducer, also 
abovementioned, it is produced an electrical signal that 
is proportional to the deformation of the object. On the 
other hand, the vibrating wire strain gauge (Fig. 7a) uses 
the resonant frequency of the wire to estimate the strain. 
This device consists of two plates that have a tensioned 
wire between them; by applying an external force, the 
plates move causing a change in the tension of the wire, 
and thus, changing its resonant frequency. An electronic 
circuit, which could be a coil and a lock-in amplifier, can 
be used to both activate and measure the frequency.

Moreu et al. [74] installed a wireless monitoring sys-
tem capable of measuring vibrations and strain using 
accelerometers and strain gauges, among other sensors. 
They use the obtained measurements to calibrate a FEM-
based model of a double-track steel truss bridge located 
in Chicago, USA. They also compare the measurements 
of a magnetic strain gauge (the strain is measured as a 
change in the friction) and the reference ones, to verify 
if the former ones can be used as an alternative of the 
traditional ones. The obtained results show promising 
advances; but, it is required further test to verify the 
obtained values in variable ambiental conditions. San-
tini Bell et  al. [75] also used the measurements of the 
strain to calibrate the FEM model of The Powder Mill 
Pond Bridge, a three-span continuous composite steel-
girder bridge with a RC deck. Fu and Zhang [76] use the 
strain measurements of the Millard E. Tydings Memo-
rial Bridge (a truss one) to investigate the causes of the 
bridge expansion joint failure. They found that higher 
values of stress, due to unexpected slide movements in 
the joint, that the expected ones caused the failure.

Since excessive strain can produce cracks and thus 
fatigue, it has been also used for this purpose [77–79] as 
well as performance evaluation and prediction [80–83] 
of bridges, among others applications.

3.4 � Corrosion

Corrosion is one of the most important parameters that 
affect the performance and serviceability life of modern 
civil infrastructure, in particular of bridges. It can pass 
unnoticed for years or even decades, until severe failures 
that affect the structural integrity of the structure occur. 
Hence, it is necessary to develop sensors and methodolo-
gies that can be capable of a continuous monitoring of this 
property in order to be able to detect it in its earliest state, 
so the remedial actions required do not consume excessive 
amount of time and money.

According to Modares and Waksmanski [73], the objec-
tive of corrosion sensors is to detect its initiation and the 
rate of change. To this purpose, several technologies have 
been proposed. For instance, an electrochemical imped-
ance-based sensor is used in [84]. It basically consists of a 
two-electrode cell (depicted in Fig. 8a), which are fed using 
a fixed-frequency sine wave. The corrosion is measured by 
calculating the difference of the impedance generated when 
two sine waves with different frequencies (10  mHz and 
10 kHz) are applied to the sensor. Once obtained the result-
ing impedance, its reciprocal is related to the current that 
flows through the structure, and thus, the rate of corrosion 
can be estimated. This sensor is used to estimate the corro-
sion rate of two steel bridges in Japan. Another type of sen-
sor technology is the utilization of radio-frequency identi-
fication (RFID) waves to detect how the corrosion affects 
the structure [85]. They use a circuit (tag), composed by 
a coil, capacitors, and resistances (Fig.  8b) to generate a 
magnetic wave with a specific frequency (above 10 MHz); 
then, a reader (who is another coil), by means of the induc-
tion principle, produces an electrical current that is pro-
portional to the signal intensity. In this way, by positioning 
the tag under the surface to be analyzed, the signal strength 
will change, thus the induced current will also change. The 
corrosion is measured by analyzing the real and imaginary 
parts of the impedance. Although interesting results are 
obtained, sometimes the initial stage cannot be detected; 

Fig. 8   Corrosion sensor tech-
nologies: a electrode cell and b 
RFID-based sensor
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in this regard, the use of a varactor diode into the reader 
has been proposed [86], allowing the early detection of the 
damage in steel and reinforced concrete sections.

Further technologies that include the utilization of eddy 
currents [87], acoustic emission [88], and magnetic waves 
[89], among others, have been employed for monitoring 
and quantifying the corrosion in steel and concrete bridges.

3.5 � Crack Detection and Quantification

Over the past decades, the crack detection and its quanti-
fication are an attractive area for experimentation. Cracks 
are provoked by corrosion, parts of the structure have been 
consumed, or due to excessive forces that cause fatigue in 
the structural parts, among other reasons. The most used 
sensors for detecting crack are AE, strain measure, and 
thermography [90, 91]. AE can be defined as the utiliza-
tion of high-frequency sound waves, whose range varies 
from 100  kHz to 1  MHz to detect and create a graphical 
representation of the in-test surface and its cracks. In par-
ticular, both active and passive types of AE have proposed. 
An active AE-based sensor uses a piezoelectric transducer 
whose signal intensity depends on if the structure has 
cracks or not. In contrast, the passive sensor applies a sound 
wave to the in-test structure, and measures the rebounded 
wave to quantify its strength; in theory, the lower the signal 
is, the deeper the crack, the weaker the signal.

Yapar et  al. [92] used an AE-based active sensors to 
detect and locate cracks in prestressed concrete bridges. 
They point out that is necessary to filter the acquired sig-
nals, as the noise contained in them causes potential mis-
calculations of the crack localization; hence, they make use 
of the discrete wavelet transform and the symlet wavelet 
(8th order) to denoise the signal. The crack localization in 
the in-test structure is done by means of a neural network, 
fed by some features such as the arrival time, frequency, 
among others. The obtained results show that their proposal 
is accurate, as it can locate the crack in concrete bridges 
within a maximum error of 5.5%. On the other hand, Zárate 
et  al. [89] propose the utilization of a two-stage scheme 
for quantifying the crack length and its prognosis in RC 
bridges, that is, how many stress cycles does the structure 
have. They construct the probabilistic function with the 
acquired data; then, using a multivariate analysis (with all 
the acquired sensors), they perform the prognosis task by 
predicting a stress intensity factor. They test their proposal 
using samples of RC bridges, showing that it can quantify 
the crack length and its prognosis with an accuracy of 99%. 
An application that makes use of ultrasonic wave can be 
found in [93]. Further sensing technologies to detect cracks 
include the utilization of ground penetrating radar [94], 
piezoelectric transductors [95], vibrations [96], Hall-effect 
movement sensor [97].

4 � Ambiental Sensors

The influence of ambiental variables, such as the tempera-
ture and wind, plays an important role in the estimation of 
the physical properties in civil structures cannot, in most 
cases, be neglected. For instance, it is well known that an 
increase of the temperature will produce an increase into 
the materials length; thus, modifying the stiffness and, in 
consequence, changing the value of the modal parameters 
[3]. On the other hand, the measurement of the wind speed 
in very important in civil infrastructure, as it can impose an 
excessive force that could, potentially, generate zones with 
a greater concentration of stress that the originally planned, 
among other effects. In this regard, the continuous moni-
toring of these ambiental variables can lead to have better 
algorithms to estimate the desired mechanical properties. 
In this section, the used sensors for measuring temperature 
and wind are presented; also, some applications that make 
use of theses variables are discussed.

4.1 � Wind

An anemometer is a device that measures the wind speed 
in a reliable and simple form. There are four common tech-
nologies that are commercially available. A mechanical 
anemometer is usually constructed with several coups, that 
are attached to the horizontal arms, which are connected to 
a vertical rod. Thus, the stronger the wind blows, the faster 
the rod moves. This movement is translated to an electri-
cal signal using a generator, which is then converted into 
the instant value of the speed. Other mechanical anemom-
eters count how many rotations occur during a specific 
interval and then apply a relationship to estimate the veloc-
ity. An ultrasound-based anemometer has several pairs of 
sound transmitters and receivers that are mounted form-
ing 90-degree angles. As the wind, will affect some of the 
sound beams, that is, will cause a deviation of their path, 
they will arrive slightly before or after that the others; thus, 
the speed difference can be used to detect the wind speed. 
The laser technology has also used to construct anemom-
eters. One of them is the laser interferometer-based one, 
which measures the speed as follows: by using a laser beam 
and dividing it in two using a mirror, it can be generated 
two beams, one of them is used as the reference and will 
not be subjected to the wind, whereas the other (measure-
ment beam) is affected; then, by recombing the two beams, 
a reference pattern can be obtained. Every time the meas-
urement beam is affected by the wind, a slightly alteration 
of the pattern is produced, which is known as a set of inter-
ferences fringes. The wind speed is estimated by measuring 
the spaces of the aforementioned fringes.

In civil structures, wind has been used as an excitation 
force in real-life buildings, especially tall and super-tall 
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ones, and bridges, as it is cheap and can excite properly 
these kind of structures [3]. Hong et al. [98] realize a study 
to a suspension bridge to estimate its modal parameters, 
natural frequencies, damping ratios, and mode shapes, and 
to calibrate a FEM-based model, using as excitation force 
the measured wind (obtained using a NRG Systems 40H 
mechanical anemometer). They obtain a good agreement 
between the estimated and measured responses (using a 
MEMS-based accelerometers). Kim et al. [99] analyze the 
structural responses of two parallel cable-stayed bridges, 
subjected to winds that create vortex-induced vibrations. 
The bridges’ responses are measured with MEMS-based 
accelerometers, whereas the wind’s speed is obtained using 
an ultrasonic anemometer. It is worth noticing that the 
bridges are equipped with tuned mass dampers (TMDs) to 
control the displacement of the bridge. They find out that 
the TMDs degrade its performance with low-speed winds 
as the damping ratio of the first mode does not increase 
enough its value to mitigate the displacements. They con-
clude that for the TMD can work ideally with wind speed 
above 10 m/s. The wind speed is also used to analyze the 
multimode coupled buffeting response of long-span bridges 
[100], to perform the preliminary design of tall buildings 
[101], to also analyze wind-induced pressure processes on 
tall buildings [102], and to assist the design of long-span 
bridges [103].

4.2 � Temperature

The temperature can provide information regarding the 
inner conditions of the structure, such as fatigue, cracking, 
and yielding. Further, since some sensors are affected by 
the temperature, its measuring becomes an important con-
cern in order to apply the appropriate corrections in order 
to have reliable measurements. To this purpose, several 
sensors including thermocouples, resistance temperature 
detector (RTD), and thermography, among other technolo-
gies are used. Thermocouples use the seebeck effect to 
measure the temperature. This effect describes that when 
two different metals are jointed at their ends and are sub-
jected to a difference of temperature (T1), a voltage will 
be produced (Fig.  9a). The magnitude of the voltage will 
depend on the metals used (T2 y T3). The resulting current 
needs to be conditioned as it has a very low amplitude. In 

general, it is required to know the temperatures T2 and T3 
in order to estimate T1; besides that, it is usually employed 
a specific operational amplifier-based circuit to instrument 
this transducer. The RTDs are sensors that are composed by 
a length of fine wire (usually a platinum one) surrounded 
by a ceramic or glass shell (Fig.  9b). These sensors are 
one of the most accurate as they have a linear relationship 
between resistance and temperature. Its conditioning circuit 
uses a voltage-fixed source, and because of the abovemen-
tioned relationship, any change in the voltage will indicate 
a variation of the temperature. Finally, the infrared energy 
can be considered as a measure of the temperature of an 
object. To measure this energy, thermographic cameras are 
used. They can be made of charge-coupled devices (CCD) 
that capture the emitted photons in the range of wavelength 
desired (9–14  µm). The obtained images are known as 
thermograms.

Wang et  al. [104] study the effects that temperature 
causes in curved steel box girder bridges. They place dis-
placement and temperature sensors all along a three-span 
continuous curved steel box girder bridge, where they note 
that non-linear temperature gradients cause self-restrained 
stresses in steel girders, thus stressing the whole struc-
ture and modifying the curvature of the bridge. They note 
that an exponential relationship can describe the tempera-
ture field, which can be used for similar bridges. Farreras-
Alcover et  al. [105] propose regression models that make 
use of temperature, strain, and traffic patterns to perform 
the structural health monitoring of welded bridge joints. 
They instrument the Great Belt Bridge, a suspension 
bridge, with strain gauges and temperature sensors, and 
generate a regression model using a weighed least-square 
approach to estimate the missing variables (a strain-based 
stress indicator that also depends on the temperature). The 
obtained results show that the proposal can be also used as 
a prognosis tool, in order to estimate the remaining fatigue 
life and also as performance assessment tool. Yarnold et al. 
[106] propose a temperature-based model for structural 
identification of long-span bridges. They use displacement 
sensors, vibrating wire strain gauges, and thermistors to 
acquire the required data. They find that the relationship 
between the abovementioned variables follows a bilinear 
response. Bearing this in mind, they propose the optimi-
zation of a FEM-based model using an iterative approach. 

Fig. 9   Temperature sensors: a 
thermocouple, b RTD
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The obtained results show that the response of the proposed 
model (displacement) is very similar to the obtained meas-
urements. Further applications of temperature in SHM can 
be found in [107–111].

5 � Main Features of the Sensors Used in SHM

The sensors presented in this article mostly measure pri-
mary physical properties, which in most SHM schemes, 
can be used to assess the actual condition of the structure; 
however, some mechanical properties require the measure-
ment of secondary properties. Table  1 resumes some of 
the most widely used sensors in SHM schemes; further, it 
is also presented the type of application in which they are 
used.

6 � Instrumentation Strategies for the Most 
Common Used Sensors in SHM

Another important feature of the sensors used in SHM is 
described by the type of output that the sensor has, that is, 
if the sensor produces current or voltage as its output. In 
any case, the following steps can be employed in order to 
secure a correct communication with the DAS:

1.	 If the sensor used produces a current output signal, a 
current-to-voltage operational amplifier-based scheme 
should be employed, so the produced current can be 
converted to a proportional voltage which can be fur-
ther processed by additional stages.

2.	 An additional amplifier could be employed so the input 
range of the analog-to-digital converter (ADC) can be 
fully used. This avoids the loose of information of the 
sensor due to an improper input voltage range to the 
ADC.

3.	 The knowledge of the impedance levels between the 
different conditioning stages is important, so the volt-
age levels do not change their value due to different 
impedance levels. Thus, if the voltage output sensor 
has a lower impedance value compared with the next 
processing stage, a buffer must be used in order to 
avoid the loose of amplitude or inducing distortions to 
the measured signal.

4.	 The use of an antialiasing filter is required so the fre-
quency range that is measured cannot be distorted.

Whereas the abovementioned recommendations can be 
used for all type of analog sensors, some of them might 
require special configurations in order to be used. For 
instance, to utilize strain gages, the Wheatstone bridge must 
be used as an instrumentation circuit. On the other hand, 

if a digital output sensor is used, then the communication 
protocols used to interface with it must be explored. The 
most popular are the serial peripheral interface (SPI) and 
inter-integrated circuit (I2C), which are available in modern 
digital signal processors.

7 � Novel Sensor Technologies Trends in SHM

The continuous development of new materials, which in 
most cases are smaller than the existing ones, has allow 
introducing novel sensors that in preliminary tests have 
been demonstrated to be potential solutions for SHM appli-
cations. This sections presents some of these technologies 
as well as potential applications where they can be used.

7.1 � Vision‑Based Sensors

Most of the presented sensors in previous sections require 
to have physical contact with the in-test structure in order 
to be capable of measuring the desired responses. Further, 
wired-based sensor systems must consider how distant will 
the data acquisition be placed, so the space, transportation, 
and length of cables have to be considered. Even when the 
utilization of wireless systems can avoid this calculation, 
the power consuming remains as issue. In this regard, the 
utilization of vision-based sensors does not impose the uti-
lization of wires nor require physical contact between the 
sensor and the structure.

In the last years, applications of vision-based sensors 
have been proposed for system identification [112–114]. 
Although they present a significant step of innovation, 
some features remain as an interesting opportunity area 
to further investigate them. For instance, the amount of 
light present in the workspace can limit the accuracy of 
the measurements, as the tracked object can be wrongly 
located. This effect can have undesired consequences, as 
the mapping to the adequate reference system cannot be 
done properly, inducing an error in the estimated modal 
parameters. For this reason, these works have been used 
for academic structures. Further investigation of algorithms 
that can isolate the tacking point regardless of the luminos-
ity of the picture will allow the utilization of these type of 
sensors in real-life structures. In this way, some interesting 
results are presented for crack detection [115, 116].

7.2 � Fiber‑Optic‑Based Sensors

Another emerging technology is the utilization of fiber-
optic-based sensors (FOS). Broadly speaking, FOS sen-
sors operate according the amount of light that passes 
thorough the fiber optic, which is affected by either 
modifying the core reflection index, or generating 
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Table 1   Features of the presented sensor technologies

Type of sensor Variable Sensor technology Relevant features Main applications Ease of installation

Kinematical Acceleration Capacitive Can detect low-frequency oscillations
Not affected by external conditions

Damage detection
System identification

Easy

Piezoelectric Ideal to detect oscillations above 0.5 Hz
Requires temperature compensation

MEMS Reasonable compromise to detect low and high-
frequency oscillations

Inexpensive
Servo Can detect ultra-low-frequency oscillations

Excellent sensibility
Velocity Doppler effect High sensitivity

Contactless
Damage detection
System identification

Complex

Electromechanical Used primary to measure high-frequency vibrations
Low-noise floor

Gyroscope Can enhance algorithms to detect the site where 
damage occurred

Drift

Damage detection Easy

Displacement Resistive High linearity
Good resolution

Crack length detection
System identification

Easy

LVDT Not affected by external conditions Damage detection
System identification

GPS Poor resolution
Low-frequency modes are only detected

System identification Medium

Optical Enhanced resolution compared with GPS-based 
instruments

Spurious modes can be induced
Mechanical Fatigue detection Strain Sensor fails before the collapse of the part

Further studies to determine the best compromise in 
the stripes length is required

Damage detection Easy

 Eddy currents Can detect the initial state of the crack
Can measure subtle changes in the crack length

 AE Can detect the initial state of the resulting crack
The crack length estimation is more complex, as the 

sensor does not follow a linear relationship
 Ultrasonic waves

 Force measurement Load cells Require temperature compensation
Output is proportional to the load applied

Lift
Drag moment
Deflection

Medium

 Strain Strain gage Deformation is proportional to the deformation
Usually used for static applications

Deformation
Performance evaluation and 

prediction

Medium

 Piezoelectric Improved sensitivity
Mostly used in dynamic applications

 Vibrating wire strain 
gauge

Offers noise isolation
Samples can be read several kilometers far from the 

instrumented structure
 Corrosion Impedance Uses two different frequencies to measure the cor-

rosion rate
Can detect the initial stages

Damage detection Medium

 RFID The original version cannot detect the early stages
A varactor diode-based sensor is used for perform-

ing the abovementioned detection
 Eddy current Cannot detect the initial stages of the damage

Follows a linear relationship
 AE Need of filtering schemes to avoid miscalculations 

in the rate of corrosion
 Magnetic waves Further tests are required to determine the best fre-

quency to detect the corrosion in its earliest stage
 Crack AE Need of filtering schemes to avoid miscalculations

Complex algorithms are required to locate the site 
of the crack if weak signals are acquired

Medium

 Strain It is necessary to use various sensors to have an 
adequate coverage of all the structure surface

Medium

 Thermography A laser should be used to enhance the detectability 
of the crack

Contactless

Complex

 Ultrasonic waves Surface treatment is required
Complex algorithms are needed
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interference patterns, among others, being the most used 
the interferometric, the Fiber Bragg Grating (FBG), and 
the Fabry–Perot interferometers [117]. One of the most 
important advantage of FOS over other sensing technolo-
gies is that they can be used for both sensing and trans-
mission purposes simultaneously. They have been widely 
used for strain estimation [117], although deflection 
measurements, acceleration, angular velocity, corrosion, 
and displacement applications have been also reported 
[118–122]. FOS have been also used to create distributed 
sensors, which also have used for strain and crack detec-
tion [117, 123].

It should be pointed out that most of FOS sensors are 
not affected by environmental factors [117]; however, 
FBG in the majority of the cases requires temperature 
compensation. A possible solution is the utilization of 
the Long Period Fiber Grating (LPFG) [124], as they 
share the sensing principle without requiring the afore-
mentioned compensation. Evidently, further studies are 
required in order to find out the if LPFG has the same 
sensibility and frequency range measurement than FBG.

7.3 � Piezoceramic‑Based Sensors

This type of sensor is a human-made version of the tradi-
tional piezoelectric materials, e.g. quartz. They are con-
structed by using one of two components: Barium Titan-
ate and Lead Zirconate Titanates or PZTs [125, 126]. In 
their natural form, these compounds do not have the pie-
zoelectric effect; but, by applying an electrical field with 
a significant amplitude, they acquire the aforementioned 

effect, which is stronger than the natural one [127]. 
Applications of this type of sensor have been reported 
for detecting cracks [128, 129], bolt inspection [130], and 
acceleration and force measurement [129], among others. 
Since they can be embedded into the material, allowing 
the creation of a type of “self-sensing” structure. The pre-
sented applications report promising results in academic 
structures; thus, it is necessary to perform further tests 
in real-life structures in variable ambiental conditions to 
examine their efficacy on real-life environments.

8 � Concluding Remarks

Modern civil structures require a continuous assessment of 
their structural integrity in order to avoid catastrophic fail-
ures that can lead to economic and potential human loses. 
In this regard, the knowledge of SHM schemes, in particu-
lar of sensors and signal processing algorithms, has become 
a necessity for civil and structural engineers. This article 
presents a state-of-the-art review of articles focused on sen-
sors used to measure key properties to determine the actual 
state of the structures. While other review articles barley 
mention the sensors used in SHM, as their focus is other, 
to the best of the authors’ knowledge, this is the first article 
that presents an overview of the sensors used in SHM.

In general, three types of physical variables are meas-
ured: kinematical, mechanical, and environmental. Kine-
matical variables are widely used to determining the global 
state of health of the structure, where the use of angular 
velocity sensors is becoming popular to perform dam-
age localization in specific localizations of the structure. 

Table 1   (continued)

Type of sensor Variable Sensor technology Relevant features Main applications Ease of installation

 Ground penetrating 
radar

Excellent spatial resolution
Requires a powerful implementation platform as it 

uses a great amount of memory

Medium

 Piezoelectric transduc-
tors

It is necessary to use various sensors to have an 
adequate coverage of all the structure surface

Work better in metal structures

Easy

 Vibrations Fusion of complex algorithms are required to detect, 
locate, and quantify the cracks

It is necessary to use various sensors to have an 
adequate coverage of all the structure surface

 Hall-effect movement 
sensor

It is necessary to use various sensors to have an 
adequate coverage of all the structure surface

Medium

Ambiental Wind Anemometer Used to measure the excitation forces for system 
identification algorithms

Design
System identification
Vibration control

Easy

Temperature Thermocouples They are only linear in a certain operation range
Require compensation circuits to mitigate the envi-

ronmental temperature

System identification
Vibration control
Prognosis

Easy

RTD Linear range of operation
ExpensiveThermography Medium
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Regarding the mechanical variables, they are mostly used 
in SHM for civil infrastructure, as it is measured some 
material properties such as fatigue, strain, and the applied 
force, which are important to assess the material integrity 
and operation limits. Further, as the materials degrade 
due to the applied force or the environmental conditions, 
the measure of corrosion and cracks is also performed. In 
combination, these properties can be used to estimate the 
remaining serviceable life of the critical parts of the struc-
ture, and thus, of the structure. On the other hand, envi-
ronmental variables, in particular temperature and wind, 
are used to compensate the deviations that some properties 
have under changing conditions.

While some the newer sensor technologies have been 
used for SHM in civil engineering applications, they must 
be further explored in real-life environments, in order to 
fully assess the potential benefits and challenges that they 
have. In this regard, for vision-based sensors, the amount of 
light in the working space has a fundamental role in some 
of the segmentation algorithms used; hence, the exploration 
of other algorithms that do not depend on this condition is 
an opportunity for further development. Fiber-optic and 
piezoceramic sensors can be embedded into the vital parts 
of the structure in order to develop self-sensing materials.

In spite of the vast work done in developing new sen-
sor technologies, there is still a great potential for improve-
ment. New sensor technologies must be as eco-friendly 
as possible, consume as lower power as possible, have an 
improved noise immunity, and be capable of being inte-
grated into the materials to develop the new generation of 
smart materials. These features will allow to construct the 
next generation of smart structures.
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