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Abstract: The use of advanced sensing devices for concrete and reinforced concrete structures (RCS)
is considered a rational approach for the assessment of repair options and scheduling of inspection
and maintenance strategies. The immediate benefits are cost reduction and a reliable prevention
of unpredictable events. The use of optical fiber sensors (OFS) for such purposes has increased
considerably in the last few years due to their intrinsic advantages. In most of the OFS, the chemical
transducer consists of immobilized chemical reagents placed in the sensing region of the optical
sensor by direct deposition or by encapsulation in a polymeric matrix. The choice of the support
matrix impacts directly on the performance of the OFS. In the last two decades, the development of
OFS functionalized with organic-inorganic hybrid (OIH) sol-gel membranes have been reported.
Sol-gel route is considered a simple method that offers several advantages when compared to
traditional synthesis processes, allowing to obtain versatile materials with unique chemical and
physical properties, and is particularly valuable in the design of OIH materials. This review will
provide an update of the current state-of-the-art of the OFS based on OIH sol-gel materials for concrete
and RCS since 2016 until mid-2021. The main achievements in the synthesis of OIH membranes for
deposition on OFS will be discussed. The challenges and future directions in this field will also be
considered, as well as the main limitations of OFS for RCS monitoring.

Keywords: optical fiber sensors; sol-gel; hybrids; sensing membranes; OIH; concrete structures

1. Introduction

Concrete degradation is a complex process that results from physical and chemical
reactions between concrete components and their surrounding environment. The corrosion
of steel in reinforced concrete structures (RCS) has been widely studied and reported by
several authors [1-7], since its premature degradation often results in expensive costs of
repair, maintenance, and rehabilitation. To mitigate corrosion in RCS and improve their
service life, different approaches—destructive and non-destructive methods—have been
developed with the aim of monitoring both existing and new structures. Destructive meth-
ods provide information about the corrosion process [3,8]. Nevertheless, some constraints
exist due to the heterogeneity of RCS and to the fact that the structures are limited to
sampling [3]. On the other hand, the non-destructive methods (NDM) provide fast and
real-time information about the entire structure. NDM enable the detection of the corrosion
state of steel in concrete and the main causes of the reinforcement corrosion [3] as they
allow to check active cracks, determine moisture ingress [9], the strength gain [10], as well
as the chloride ions (C1™) ingress [11].

The steel reinforcement in concrete is naturally protected by the high alkalinity of the
concrete (pH > 12.5) that promotes the formation of a passive film on its surface during
the curing process. This oxide layer can be influenced by the steel substrate, as well as
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the external environment [12]. In 2016, Alhozaimy et al. [13] studied the consequences
of changing the oxygen concentrations on the quality of the passive films formed on the
surface of steel rebars in RCS. It was shown that to develop a strong and stable passivation
layer, which in turn would lead to low corrosion rates, a suitable amount of oxygen in
the surrounding environment of the rebar and the concrete specimen must be present
during the initial curing period. To prove that the authors left the specimens unsealed
in the laboratory under ambient conditions, with free oxygen supply, completely sealed
concrete specimens with no oxygen available were considered for comparison purposes
and developed a weak passive layer, exhibiting higher corrosion rates [13].

Generally, in aggressive environments such as marine and industrial, a decrease in
structural durability occurs. Concrete carbonation and aggressive species, such as Cl~,
induce the corrosion process by destroying the passive layer on the steel surface [14]. The
carbonation process results from the reactions between atmospheric CO; and alkaline
components of concrete. During concrete carbonation, the initial pH values may decrease
to values between 6-9. The pH of concrete is influenced by the CO, and depends on
the humidity and the temperature that, in specific conditions, may accelerate the entire
process. CI™ can penetrate the passive layer and when they exceed the chloride threshold
value (CTV), the steel depassivation process begins, leading to the corrosion of reinforcing
bars [4,14]. In 2007, Song et al. [14] determined this critical value to be equal to 1.2 kg m?.
Additionally, they also assumed that by the time the C1™ content reached 2.4 kg m—3, the
passive film no longer existed.

The products resulting from the corrosion of reinforcement in concrete—expansive
oxides—occupy a higher volume than the initial uncorroded rebar, as shown in Figure 1.
These oxides promote the formation of expansive forces in concrete and, as a consequence,
induce cracking and with time to concrete detachment [3]. The evolution of the corrosion
process associated with a decrease in strength and ductility of reinforcement, in extreme
cases, may lead to the collapse of the structures.
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Figure 1. Electrochemical corrosion process on the concrete surface [7].

Concrete corrosion is an electrochemical process on the steel surface, based on two
reactions—anodic (Equation (1)) and cathodic (Equation (2))—that take place in different
locals of the rebar.

2Fe — 2Fe?* + 4e~ Anodic Reaction 1)
O, + 2H,0 + 4e™ — 4OH™ Cathodic Reaction 2)
2Fe + 2H,0O + O, — 2Fe (OH), Global Reaction 3)

To minimize or avoid corrosion of the concrete reinforcement, a suitable monitoring
system is required. Optical fiber sensors (OFS) have proven to be an interesting and
promising alternative in comparison with the conventional electrochemical ones. The main
advantages of OFS are the robustness, small size, immunity to electromagnetic interference,
high sensitivity, and resistivity to corrosion [15,16]. The development of functionalized
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OFS coupled to organic-inorganic hybrid materials (OIH) has shown promising and very
interesting properties [17,18].

OIH are a new generation of multifunctional materials with a broad spectrum of
useful properties and a diversity of applications [19]. They have several advantages, since
they are chemically inert and resistant to thermal, photochemical, and biodegradation [20].
Moreover, OIH materials enable the incorporation of different components that introduce
complementary functions to the material such as UV protection [21], anti-reflection [22],
moisture resistance [23,24], corrosion inhibition [25], and adhesion protection [26]. Sol-gel
is one of the most effective synthetic methods to produce OIH materials using organic
solvents at mild temperatures [19,27]. It is also recognized as green, low-cost, and a
versatile route [28]. Therefore, it is the main technology implemented for the synthesis
of OIHs. The precursors and the synthesis conditions can be tuned, allowing to obtain a
product with suitable physicochemical properties according to the required application.
Additionally, sol-gel method is a versatile process that enables to adjust the porosity of
the OIH matrix allowing the incorporation of sensitive species, such as chemosensors,
into the OIH matrix [29]. The versatility of the sol-gel method [28,30,31] allows adjusting
and controlling several parameters such as precursors, matrix porosity, curing time, and
temperature of the OIH, making them a supporting membrane with suitable and interesting
properties and the ability to host species for a given analyte [18,19,29].

Chemosensors are organic receptor molecules that selectively interact with a specific
analyte, providing chemical information through the generation of detectable signals.
Chemosensors use molecular recognition mechanism for recognition of an analyte, allowing
the occurrence of the signal transduction. The signal produced may be based on the
principles of fluorescence [32] or absorbance [33]. These types of molecules add to the OIH
membrane’s extra optical and electrical properties. In this context, it is easy to comprehend
that these new OIH materials show auspicious properties for application as supporting
films in optical sensors area, such as fiber sensor devices. OFS based on OIH materials
doped with chemosensors are a promising alternative due to the high selectivity of these
molecules combined with the accuracy of the optical sensors [18]. These molecules may
be introduced within the OIH matrices after polymerization, allowing obtaining OIH
membranes with tuned functions.

This review is focused on the main achievements in the synthesis of OIH membranes
for deposition on OFS. The OFS based on OIH sol-gel membranes for pH, C1~, and moisture
monitoring in concrete developed in the last years i.e., since 2016 until mid-2021, will be
reviewed. The challenges and future directions in this field will also be debated, as well as
the main limitations of OFS for RCS monitoring.

2. Optical Fiber Sensors (OFS)
2.1. Fundamentals

The first patents focused on the preparation and application of OFS appeared in
the 1960s [1]. Since then, the developments in this particular area have been quite note-
worthy [2-6]. The progress achieved is mainly related to the use of optical fibers by the
telecommunications companies whose investigation and development made it possible
to manufacture high quality fibers with a low production cost [1]. The widespread use
of these type of sensors is also due their advantages, namely, the low installation costs,
robustness, immunity to electromagnetic interferences, chemical inertia, thermal resistance,
and wide bandwidth [1].

Generically, a device based on an OFS has a source, a modulator, a detector, and an
electronic processing unit that makes the conversion of an optical signal in an electric
one [7]. Figure 2 shows a schematic layout of an OFS.
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Figure 2. Layout of an OFS. Right side shows microscopic cross-section images of the double-coated
optical fibers. (a) in the passive fiber the transition from the inner to the outer cladding occurs at a
lower RI; (b) octagonal cross section of the second cladding of the active doped fiber [8,9].

Generically, OFS may be classified in two main classes, namely the intrinsic and
extrinsic ones. In an extrinsic sensor, the fiber itself is used as a mean of transportation
of light from the source to the detector and the modulation of the signal occurs outside
the fiber (Figure 3) [10]. In an intrinsic one, the light is also transported from the source
to the detector through the fiber, however the modulation of the signal occurs inside the
fiber (Figure 3) [10]. The conditions of the surrounding environment will cause changes
in the physical properties of the fiber which will induce changes in the properties of the
transmitted signal, such as reflection and refraction [11,12].
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Figure 3. Typical configurations of chemical OFS. Extrinsic sensors, in which fiber is used to direct
light and intrinsic sensors, in which the sensor phase modifies the transmission characteristics of the
fiber. The sensor membrane can be placed on the tip of the fiber or to the side; part of the coating can
be removed and leave the fiber core exposed to the chemical interaction medium [13-16].
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The development of OFS has expanded in recent years, favoring advances in dif-
ferent areas such as telecommunications [17,18], materials chemistry [19,20], microelec-
tronics [21-23], and nanotechnology [24-26]. Focusing on the area of chemistry, most
of the existing OFS are based on transduction principles such as fluorescence [27-30] or
absorbance [31,32]. In the mentioned cases, the analytical response is achieved by changing
the optical properties of a fixed recognition agent on a solid support due to the interaction
with the species to be determined.

Chemical sensors are generically defined as devices that convert chemical information,
in real time, into a measurable analytical signal [33,34]. They contain two basic functional
units: a recognition element (receiver) and a transduction mechanism. The receptor can be
based on three principles: physical, chemical, or biochemical. The transduction mechanism
may be classified as optical, electrochemical, piezoelectric, and thermal [33]. Figure 4
schematizes examples of the aforementioned mechanisms.

o* O —

Buffer
solution

if

Receptor (Enzyme, carbon nanotube, graphene...)

%Q

pH=125 P : Transducer J»»
*' (Electrode, thermistor... »
I

Analyte (H20,, glucose, urea, ethanol..) Electrochemical signals

Figure 4. Chemical sensors and respective mechanisms. Right side show the fluorescence of the samples irradiated under
365 nm. Left side show the signal obtained [35,36].

Optical sensors, or optrodes, are chemical sensors where electromagnetic radiation is
used to generate analytical signals in the transducer element. They can be based on optical
principles such as absorbance, reflectivity, luminosity, and fluorescence (Figure 4), covering
different regions of the spectrum (ultraviolet (UV), visible, infrared (IR), near infrared
(NIR)), not only to measure light intensity, but also other intensity-related properties such
as RI, scattering, diffraction, and polarization. In this type of sensor, an optical fiber is
usually incorporated to transmit the electromagnetic radiation to a sensitive area in direct
contact with the sample, or directly from the sample [34]. Distal type sensors are the most
common ones, where the indicator is fixed at the tip of a simple or forked optical fiber.
Alternatively, the chemical sensor can be immobilized along a portion of the optical fiber
core, creating an evanescent field sensor. Figure 5 shows the light-matter interaction on
the surface of a biosensor. The biosensor consists of a metallic nanostructure supporting
a plasmonic resonant mode integrated into the optical fiber [37]. The analyte-receptor
molecule binding induces the shift of the maximum reflectance peak to longer wavelengths
(right), with no change in intensity.

Bragg network sensors are characterized by the periodic modification of the RI of
the optical fiber core due to exposure to an intensity pattern produced by ultraviolet (UV)
radiation interference [38—41]. The incident radiation is transmitted and reflected. Fiber
Bragg gratings (FBGs) selectively reflect radiation with a certain wavelength, determined by
the Bragg condition (Equation (4)) [38,42-45]. All signals with different Bragg wavelengths
are transmitted unchanged [40].

A = Mg\ 4)

Ap is the Bragg wavelength, 1. is the effective refractive index of FBGs, and A is the
grating period. The Bragg wavelength is sensitive to external disturbances such as tempera-
ture and voltage variations [39,46]. When the network is subjected to external disturbances,
the period of the network changes and the Bragg wavelength changes linearly [38,39,45].
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Therefore, monitoring the deviation of the Bragg allows the determination of parameters
of interest such as voltage, temperature, and flux.
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Figure 5. Distal type sensors. Adapted with permission from [37] Copyright 2015 © Royal Society
of Chemistry.

FBGs show highly promising alternatives for structural health monitoring (SHM) since
it allows to combine intrinsic and OFS features. FBGs have small dimensions, immunity
to electromagnetic interference, as well as high linearity, sensitivity, and multiplexing
capacity, and may be incorporated into several types of structures including existing and
new ones [38,42,47]. Figure 6 shows the layout of FBGs sensor.

Commonly, in an optical sensor, the chemical transducer consists of immobilizing
chemical reagents placed in the optical sensor zone by direct deposition or encapsulation
in a polymer or OIH sol-gel matrix. The choice of polymer support can influence sensor
performance, i.e., its selectivity and response time (RT), and is controlled by parameters
such as mechanical stability, analyte permeability, and reagent immobilization capacity [34].

Due to its simplicity and versatility, sol-gel technology is widely used in the develop-
ment of OFS [19,48-52]. In this process, porous thin films doped with different chemical
and biochemical species with sensory abilities, for a given analyte, are easily obtained at
room temperature, allowing final structures with mechanical and thermal stability and
suitable optical properties [34]. The use of OFS was reported in the measurement of sev-
eral properties such as pressure [53], temperature [54], strain [55], chemical changes [56],
humidity [57], pH [58], and others [59].



Coatings 2021, 11, 1245

7 of 26

It
t_) A Ag = 2ngA
Incident spectrum FBG
Broadband S@D g p—
light source Dt A

Coupler E
P Transmitted spectrum

Detect
z —IA— Cladding

Ir
Ap A —)
M rs
| vi i |
A Fiber Bragg grating (FBG) Core

'
08, J 08
2 06! £086
\ 3 be— o8 m
5 ﬁ e 047om 3
02 [ 02
|
[FPPRTIDN | T WMLt
o5 st 1515 1520 1528 510 1515 20 1529
Wavelength (nm) Wavelength (om)
@ ®)
08 08 |
|
2 06 £06
I\ g
—> le—060nm
o —> ﬂ— 0.43nm g o
(| (|
02 02
f |
M W i (SEUTIT), LI N i
o5 ds10 1515 1 1525 %515 515 1520 1529
Wavelength (nm) ngt m)
= = - =

Figure 6. Layout of FBGs sensor. Left: Reflection spectra obtained using Bragg gratings on ridge waveguides (a,b) ridge

grating, (c,d) slab grating.Adapted with permission from [39] Copyright 2015 © Royal Society of Chemistry. Right: The two

configurations show similar performance but with a slight difference in bandwidth. SEM images of each of the FBG sensor

components with emphasis on the top view ones of Bragg gratings (a) grating on ridge and (b) grating on slab [60].

2.2. Applications

In the past 25 years [59], the development of OFS has been increasing due to the need
to implement techniques that allow an evaluation and monitoring in real time several
parameters. This need is interesting in a wide range of fields and construction is not an
exception, aiming to ensure the integrity of RCS. The use of OFS has proved to be an
remarkable alternative due to its intrinsic properties, high sensitivity, and resistance to
corrosion [61].

The application of OIH materials in OFS is promising due to the high stability of the
matrix, the wide flexibility in sensor specificity, and the control of porosity and surface
properties (hydrophilic/hydrophobic balance). The development of OFS functionalized
with OIH materials has already been reported for application in several fields, including
biomedical [52], civil engineering [28,62-64], and environment [48,56,65].

Bhardwaj et al. [66] reported the development of an OFS for pH detection with
different indicators, namely bromophenol blue, cresol red, and chlorophenol red, achieving
a pH range between 2 and 13. A shift in resonance wavelength towards blue in alkaline
solutions (—0.93 nm/pH) and a shift in resonance wavelength towards red in acidic
solutions (1.02 nm/pH) were found. Pathak and Singh [67] reported another type of
OFS for pH monitoring with three indicators, namely bromothymol blue, cresol red, and
chlorophenol red. A pH range between 4 and 13 and a sensitivity of 0.49 dBm/pH was
reported. In another field of application, Liu et al. [68], developed a fiber optic pH sensor
aiming to detect ammonia in water. The sensor with the thicker silica coating showed
higher sensitivity compared to the sensor with the thinner silica coating (0.131 nm/ppm
and 0.069 nm/ppm, respectively). However, further refinement of the experimental results
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allowed the sensor to achieve a sensitivity of 2.47 nm/ppm. Kant et al. [69] reported the
development of an OFS for the detection of caffeine integrating reduced graphene oxide
nanohybrid membranes on chitosan modified silica membrane. The sensor features a
detection limit of 1.994 nM and operates over a concentration range between 0 and 500 nM
with a RT of 16 s. Despite the wide spectrum of applications and publications reported, the
development of OFS functionalized with OIH materials is still at an early stage.

3. OFS for Durability Monitoring of Concrete and Reinforced Structures

The premature degradation of civil engineering structures such as bridges, tunnels,
and dams, in contrast to the estimated lifetime and the high maintenance costs, has led
to the need to develop and implement a set of methods to assess the current state of the
structures in real time. SHM in concrete has been widely reported by several authors since
allows monitoring several structural and environmental parameters by implementing a
set of strategies for diagnosis, prevention and early identification of possible factors that
induce concrete corrosion namely cracks, deformations, pH, temperature, moisture, and
CI~ content [39,70-73]. Additionally, SHM enables optimizing decision-making to avoid
catastrophic failures in civil structures [72].

Monitoring of structures is mainly carried out by piezoelectric [74-76], strain [77,78],
and OFS sensors [79-82]. The OFS are based on interferometric principles (Fabry-Perot and
MZI) and optical (Bragg Fibers) or stimulated (Brillouin) dispersion principles [83,84].

OFS are promising in new, existing, or repaired concrete structures as they can detect a
decrease in performance or the appearance of failures and pathologies [61]. However, they
have not yet achieved all the desirable properties. The monitoring and identification of
concrete pathologies are a complex process as structures are exposed to a variety of physical
(temperature), chemical (pH and C1™ content), and mechanical (cracking and deformation)
degradation processes. On the other hand, the heterogeneity of concrete structures makes
it necessary to obtain essential information, i.e., the exact location of cracks [70,85,86]. Rossi
and Le Maou [87] demonstrated how a crack can cause the breakage of an optical fiber
and therefore total elimination of the transmitted signal. Moreover, the incorporation of
OFS into concrete structures may result in small cracks (<1 um), inducing the ingress of
moisture or CI™ [72]. The cracks compromise the integrity, permeability, and corrosion
resistance of concrete structures [72,88].

OFS have a dual sensitivity to temperature and strain, requiring the separation of
the respective parameters. The coating polymer used in optical fibers also absorbs some
strain, which may lead to inaccurate structural strain readings [89]. In recent decades,
the development of OFS functionalized with OIH sol-gel membranes has proven to be
a promising alternative for SHM as it allows the assessment of different parameters, i.e.,
pH, moisture, and C1~. However, leaching of the doped species and resistance reduction
was observed when applied to fresh concrete [34,50]. Therefore, this type of OFS requires
suitable coatings with resistance to the adverse conditions and to the fresh concrete pH [72].
Moreover, the long-term stability of the OFS is conditional, since chemical and mechanical
changes in concrete modify the properties of the optical fiber [86].

3.1. OFS for pH Monitoring of Concrete Structures

pH measurement is essential in fields of science, such as chemistry [90], environ-
ment [91-93], and biomedical [94-98]. The pH of a solution can be determined quickly by
using indicator paper or glass electrodes. Both have advantages and disadvantages. The
indicator paper only provides an approximate value on the Sorenson scale and not the
exact numerical value, while glass electrodes have numerical and accurate values [99,100].
Despite this, glass electrodes may suffer from poor performance with low ionic strength
solutions. Advances in modern electrochemical sensor technologies have reached high de-
velopment in the field of environmental pollution control, and in biological and industrial
applications. In such fields, conventional glass electrodes have been widely used, however
there are still some limitations in specific applications. For example, it is difficult to use
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the configuration of glass sensors in the biomedical area in vivo, clinical, or food moni-
toring due to glass damage, size, and deformability limitations [94,101]. To overcome the
disadvantages of the glass bar, other alternatives were explored, such as the incorporation
of structures with metal oxide as an active component and promising materials for new
pH sensors. A pH response was considered for certain types of electrically conductive
and semiconductor oxides [102-105] i.e., platinum, iridium, ruthenium, osmium dioxide,
titanium, palladium, tin, zirconium, lead, rthodium oxides [106-111]. Iridium, ruthenium,
and titanium oxides have been widely used in several applications, particularly in pH
detection due to their fast response, chemical stability, high durability, and conductivity.
Moreover, they can be used at high temperatures and pressures, and in aggressive environ-
ments [112-115]. Nevertheless, besides their cost, iridium oxide have other disadvantages,
such as the appearance of a different oxide states leading to deviations and hysteresis
in measurements [101]. In comparison with other metal oxides, ruthenium oxide has
unique properties such as including thermal stability, excellent corrosion resistance, high
sensitivity, and low hysteresis and resistivity [116].

In order to advance the current state of the art, new OIH have been synthesized
and doped with imidazole derivatives since they are a promising alternative for pH
monitoring [35,117,118]. These compounds were widely disseminated about 20 decades
ago, but the first synthesis was performed by Heinrich Debus in 1858 [119]. Imidazole is an
organic, polar, and amphoteric compound with an aromatic heterocyclic structure. Thereby,
they are grouped into a class of heterocyclic compounds since they have a similar ring
structure with different substitutes and are the constituents of some substances, namely
histamine, histidine, biotin, nuclei acid, and alkaloids [120-122]. Imidazole derivatives are
promising probes for pH detection due to the amphoteric nature of their heterocyclic ring,
since they can function as selective anions or cations, allowing for the recognition of several
analytes [35,123]. Imidazole derivatives can be protonated or deprotonated depending on
the pH [35].

Among the several types of sensor technologies available, the use of smart sensors
and the industrialization of wireless sensor networks have attracted considerable attention
in this research field [124-126]. Table 1 shows the most relevant optical sensors used for
pH monitoring in different conditions and environments. It indicates the type of sensor,
i.e., colorimetic or fluorimetric, the precursors and reagents used, the detection range, the
sensitivity, and the RT. Table 1 includes the information reported in the last few years, i.e.,
from 2016 to mid-2021, focused on the study of OFS for pH monitoring based on sol-gel
materials applied on concrete or highly alkaline environments (pH > 12). Knowing that the
pH value of the healthy concrete pore solution is above 12.5 (and may fall down to values
between 6 and 9 when carbonated) [50,127], it is possible to assess the application of the
studies reported in Table 1.

Table 1. pH sensors applied to concrete.

Type of Sensor Precursors/Reagents Detection Range Sensitivity RT Year Ref.
. . TEOS, cresol red, chlorophenol red and 1.02 nm/pH
Colorimetric bromophenol blue 2-13 ~0.93 nm/pH NR 2017 [66]
. . D4 hydrogel, EtOH, Thymol blue, CdSe and
Ratiometric ZnCdSe /ZnS QDs and toluene >12.5 NR 2 days 2020 [128]
Naphth-AlkyneOMe, PVA, DMSO,
Fluorimetric Poly(vinyl alcohol) and H,O 10257135 NR 100s 2021 [129]
. 10.08 % T/pH 3 min
TEOS, Si0,, EtOH, HCl, 8-12.5 19.90 % T/pH 16s 2021 [27]

HAuCly and Au-SiO,

13.40 % T/pH 195
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Table 1 shows that most of the sensors reported were fluorimetric. The one with the
shortest R-T—16 s—was an optical fluorimetric sensor reported by the authors Lu et al. in
2021, with a pH detection range between 8 and 12.5. A sensor for pH values above 12.5
was reported and was a ratiometric optical one.

As mentioned above, the pH value in considered healthy concrete structures is above
12.5. Analyzing the articles reported in Table 1, it can be highlighted that the detection limit
is not reported, so it can only be predicted based on the detection interval. Thus, all methods
used in pH monitoring, except for membrane sensors and fluorescent dyes for analytes,
show a detection interval within the values of interest. Overall, any method mentioned in
the Table 1 is suitable for pH monitoring in concrete structures. It should be noted that pH
values below 9 in concrete and RCS are worrisome, and the cause of such variation should
be investigated and mitigated to avoid further pathologies and deterioration.

3.2. OFS for Chloride lons Detection

The detection and monitoring of chloride ion (C1™) concentration plays an important
role in several aspects, including human health [130-132], industrial process control [133],
wasted water management [134], drinking water quality control [135,136], and corrosion
forecasting of RCS [137-139]. There are several available methods for measuring C1™ con-
centration, including electrochemical sensors, OFS [28,140], and Bragg’s grating [141,142].

Cl~ is one of the most important indicators for the deterioration of RCS [140,143-146].
In the presence of a critical amount of C1~, also known as critical chloride content, rein-
forcement steel suffers quick localized corrosion, forming pits — pitting corrosion. Pitting
corrosion is one of the most common corrosive process in RCS structures in the presence of
CI™. This corrosion process begins in places where the passivation layer is damaged due
to the penetration of aggressive species, i.e., C1~ [147-149]. Although it does not have a
direct and significant impact on the daily operation of a concrete structure, it can affect its
structural performance in the medium-long term [150,151]. Corrosion drastically reduces
the tensile strength of steel, compromising the load capacity of the structure [50,61,152].
During this process, the passivation layer, i.e., the passive iron oxide film, initially formed
on the surface of the steel, is destroyed. In the case of chloride-induced corrosion, the
passive film is broken locally. This process comes from the formation of oxides with Fe;O3
as the main component and results in the formation of bulky corrosion products, which
leads to the early formation of cracks, causing volume expansion and tensile stress in the
reinforcement which in turn leads to deformations [140,153,154].

Additionally, structures in the marine environment or exposed to ice/thaw salts are
more prone to pitting corrosion. This is particularly true for the ones in the splash zone near
the seawater, which is the area close to the air/water interface that suffers from accelerated
deterioration due to atmospheric oxygen, water, and Cl1™ availability [155-157].

Figure 7 shows the corrosive process in concrete structures in marine environment.
The air/water interface induces pitting corrosion by causing the local degradation of the
passivation layer. At this site, a small area appears allowing the penetration of Oy, H* or
of aggressive species i.e., Cl~. Throughout the corrosive process, iron oxides are formed.
At an early stage, pitting corrosion is difficult to detect since it does not cause significant
impacts on the concrete surface.
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Chloride ions threshold value (CTV) refers to chloride ions content that causes vis-
ible deterioration in RCS. This may be expressed as the total chloride content as a mass
percentage of cement/concrete, or as the molar ratio between [Cl1™] and [OH™]. The ratio
[C17]/[OH™] reflects the aggressive ions rate for inhibitory ions that lead to the onset of
corrosion. Given the risk of chloride pitting corrosion and the inhibitory effect of cement
hydration products, this is the reason [C1~]/[OH™] has the great advantage of being easy
to measure [161].

Table 2 shows some most representative examples of sensors reported for detection
of C17. It indicates the type of sensor, i.e., colorimetric, fluorescence, the transducer, the
detection limit, the concentration range, and the sensitivity.

Table 2. Some sensors for chloride ion monitoring reported since 2016.
Type of Sensor Transducer Detection Limit Concentration Range Sensitivity Year Ref.
15.407 nm/RIU
FBG NR NR NR 125.92 nm /RIU 2017 [162]
Fluorescence Lucigenin 0.02M NR NR 2018 [163]
Chloride-sensitive fluorophore
Fluorescence immobilized in a calcium NR 0.045 M-0.45M NR 2019 [164]
alginate sol-gel

Fluorescence Lucigenin NR 0.02 M-0.06 M NR 2019 [165]
LPG NR NR NR 9.8 ug/cm? 2020 [166]

Table 2 shows that most of the sensors reported were based on fluorescence. The sensor
reported by Dhouib et al. showed higher concentration range between 0.045 M and
0.45 M using chloride-sensitive fluorophore immobilized in a calcium alginate sol-gel as
a transducer. Xiao et al. reported the sensor, which showed smaller concentration range
between 0.02 M and 0.06 M using lucigenin as a transducer.

3.3. OFS for Moisture Monitoring

Monitoring humidity is critical in several areas such as civil engineering [167], soils [168],
and food packaging [169]. There is a variety of studied, developed, and commercialized
electrochemical humidity sensors (HS) that are based on conductivity measures [170-172],
humidity sensitive polymers in which the material properties change work as sensors [173,174]
and OFS [62,175].

The strength and durability of concrete depends on several factors including temper-
ature and dynamics of moisture transport [176,177]. The properties of concrete material
change over time, and these properties (resistance, modulus of elasticity, creep, and shrink-
age) are significantly influenced by the hydration heat and moisture content of concrete
at an early age [178]. Self-drying due to the temperature of hydrated cement paste causes
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an additional decrease in moisture content, at an early age, which influences the prop-
erties of young concrete, as well as its medium-long-term behavior [179]. Temperature
and high moisture content can also promote deterioration processes. The mechanisms of
deterioration of concrete structures (bridges, dams, and buildings), as time goes by, are
often related to the moisture and temperature properties of the structures. The moisture
present in concrete resulting from seawater, rain, soil, snow, and floods leads to the transfer
of high chloride concentrations, resulting in corrosion of reinforced steel bars (Figure 1).
This moisture also promotes deterioration and damage resulting from chemical processes,
such as carbonation and alkaline aggregate reactions [179]. For example, concrete damage
due to ice/defrost is related to moisture transfer.

In these cases, volume changes occur, leading to cracks that may later lead to structural
failures [180]. Recent studies have determined that extensive failures in concrete compo-
nents are related to thermal and humidity variations [181]. These changes and degradation
processes are initiated when the relative humidity (RH) level of concrete reaches critical
values between 50% and 70% [182].

Therefore, a sensor for continuous monitoring of internal RH and temperature is
extremely important during and after construction. When incorporated into concrete, the
sensor system can provide key information about its curing process by monitoring indoor
temperature and humidity. After being detected, this data can also be integrated into the
maturity methods available to predict the resistivity of young concrete [183].

Knowing the strength of concrete at early ages brings great benefits, such as increasing
productivity and accelerating construction process by reducing the curing period and con-
sequently removing the formwork. When a concrete structure is put into use, continuous
monitoring of internal temperature and humidity will provide information on the process
of structural damage due to environmental effects such as ice/defrost cycles, chloride ion
diffusion, alkalis-silica reaction, carbonation, and temperature changes.

Current methods for assessing temperature and relative internal humidity, which
rely on destructive testing systems, are expensive and slow. In addition, these techniques
require special equipment and hard work so that remotes sites gain access to them [182].

Humidity is generally associated with the presence of water in a gaseous state. There-
fore, most HS are based on absorption and desorption processes. For OFS, changes in the
evanescence field whose RI which are influenced by the absorption or desorption of water
molecules are used to determine the RH [184].

Conventional HS (gravimetric, capacitive, and resistive) present some limitations in
certain environments that may be in the presence of strong magnetic fields or high temper-
atures and in which humidity monitoring is vital [185]. When compared to traditional HS,
OFS-based HS show several advantages that allow them to operate in harsher conditions.

In the last few years, multiple HS based on optical fibers were reported, mainly
FBG [186,187], Fabry-Perot interferometer [188-190] and whispering gallery modes
(WGM) [191,192]. FBG based sensors are obtained by coating the surface of the opti-
cal fiber with a humidity sensitive material that can change the wavelength of the signal
exposed to it. This type of sensor has two major disadvantages i.e., their low sensibility
and the fact that its behavior is highly dependent on the temperature, which may lead to
measurement mistakes. Regarding Fabry-Perot interferometers, the humidity sensitive
coating must be used as an optical cavity. However, the production of this kind of sensors
is very complex.

Figure 8 illustrates the typical structure of a Fabry-Perot interferometer which is based
on the reflection of light through two reflecting mirrors—fixed and moving—arranged
parallel to each other at a small distance. Part of the incident radiation is reflected, and the
other part is transmitted into the lens. Interference occurs between the radiation reflected
by the mirrors. The black, blue and red arrows (left side) correspond to incident, reflected
and transmitted radiation, respectively [193]. Figure 8 right side show the spectra obtained
from the scanning Fabry-Perot interferometer traces of the Raman laser emission [194].
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resonance peaks [193-195].

Finally, whispering gallery modes-based sensors are very delicate regarding their
structure, which means that their transportation and application must be performed very
cautiously to prevent any damage.

Figure 9 shows the phenomenon of total internal reflection of radiation in WGM along
the entire closed concave surface. In successive wave descriptions, radiation losses occur
due to absorption and material scattering across the surface. The results illustrate that
the blue (before) and red (after) lines represent the WGM transmission line of a resonance
shift and associated broadening (left side). The transmission lines before (blue) and after
the mode splitting induced by a single (green) or multiple (red) disturbing particles (right

side) [196].
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Figure 9. Whispering gallery modes-based sensors. Adapted with permission from [196] Copyright 2015 © The Optical Society.
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In 2006, Yeo et al. [197] developed an OFS to measure humidity in concrete. The sensor
was developed using a FBG coated with a polyimide. To increase the adhesion between the
coating layer and the silica surface, the FBG was treated with 3-aminopropyltriethoxysilane
(3-APTS). The coating was achieved through multiple dipping of the FBG in the polyimide,
resulting in a total deposition of 20 layers. The sensor was able to detect changes in the
moisture content in different samples [197]. Recently, HS based on MZI (Mach-Zehnder
interferometer) have also been developed (vide Figure 10).

Sensing arm with a sensitive window

Output
« Waveguide Optical
» detection
unit

v

Input
waveguide

Laser >

_~ Reference arm N

Figure 10. The typical configuration of the MZI structure consists of two waveguides (input and
output), a beam splitter (the left Y-function), and a beam combiner (the right Y-function), as well as
two straight waveguides between the two Y-functions as the sensor and the reference arms [198].
SEM images illustrate (a) a set of MZI ridge interferometer structures and (b) a set of ridge coupler
structures. Adapted with permission from [199].Copyright 2014 © AIP Publishing.

For instance, Zhang et al. [200] in 2013 developed a sensor capable of measuring RH
and temperature at the same time by cascading a photonic crystal fiber-based MZI and a
FBG. The sensor was coated with a layer of polyvinyl alcohol that is moisture sensitive.
The FBG sensor itself is not sensitive to humidity, however when coated with a sensitive
material it becomes one. The coating may absorb the moisture present in the air and
therefore dilatate, resulting in some tension on the FBG and the optical fiber that hosts
it [201]. The influence of the humidity depends on the type and thickness of the coating
and on how tough is the fiber [201]. The production process of the described system must
be highly precise so that the simultaneous measurement of temperature and humidity is
a reality. The sensor reported presented a range between 30% and 95% of RH [200]. In
2016, Wang et al. [202] developed a HS based on MZI coated with graphite oxide which
operation principle is based on light polarization and respective changes in its RI. Graphite
oxide was selected because of its RI, which changes accordingly to the RH of surrounding
environment. The research team concluded that the sensor showed a maximum sensibility
of 0.349 dB/%RH and a detection range between 60% and 77% and a good stability [202].
In 2020, Bian et al. [203] reported a HS composed of calcium alginate hydrogel and a
MZI structure. The hydrogel was selected due to its response towards humidity. The
authors combined a solution of sodium alginate and calcium chloride to obtain the calcium
alginate hydrogel. The sensibility obtained was 0.48346 dB/%RH. The main advantages
reported were the simple preparation, non-toxic, and low cost showing good repeatability,
stability, and a fast response time [203]. In the last few years, there has been a significant
growth in both the technology and uses of HS, since many different industries seek for
this type of product [175]. There is a particular interest in sensors based on OF due to the
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advantages that they show when compared to electrochemical ones, namely their immunity
to electromagnetic interferences and associated cost/benefit relation [204].

Table 3 compiles information from articles focused on the study of resistivity sensors
applied to concrete.

Table 3. Resistivity sensors reported since 2016.

Type of Sensor Precursors/Reagents Detection Limit Detection Range RT Year Ref.
17.00 O-m 15-75 min
Vipulanandan models NR NR 25.26 Q-m 15-75 min 2018 [205]
61.24 O-m 30-60 min
Screen-graphed 0.82 'm 0.82-9.80 O-m
sensor NR 0.61 Q'm 0.38-9.80 -m 5-7 days 2018 [206]
Copper tracks,
. 5.8-484.6 O-m
PCB glass-reinforced epoxy NR ) NR 2019 [207]
laminate 5.7-448.3 (3'm
Four electrodes
arrangement probe NR NR 10-160 KQ-cm NR 2019 [208]
(Wenner type)
The results obtained from the experiences of the articles mentioned in Table 3 are
expressed in different units ((2-m and %). For that reason, it is not possible to establish
a reference value. Another reason for the lack of a reference value is the fact that there
are several types of concrete, i.e., concrete with different constituents that, uniquely, in-
fluence resistivity. Table 3 also shows that the number of manuscripts focused on the
development of resistivity sensors through the sol-gel method published since 2015 is
significantly reduced.
Analyzing Table 3, the most suitable and promising method for resistivity sensor seems
to be the screen-graphed sensor, since it is the only manuscript reported that presented a
detection limit.
Table 4 shows some examples of optical sensors reported for moisture monitoring. It
indicates the precursors and reagents, the RH, the sensitivity, and the response time (RT).
Table 4. Some sensors for moisture monitoring reported in recent years.
Type of Sensor Precursors/Reagents RH/% Sensitivity RT Year Ref.
Di-ureasil, THF, ICPTES,
FBG diamine (Jeffamine 600%) 5.0-95.0% 22.2 pm/%RH NR 2012 [209]
EtOH and HCl
o 6h (50% RH)
POF PMMA 30-90 % NR 31h (90% RH) 2017 [210]
NMP, ODA, PMDA and o 3.38-29.35 70-110s
FBG PAA 25.0-95.0% pm/%RH 265-436 s 2018 [211]

Table 4 shows that most of the sensors reported were FBG and the one with the shortest RT
was the FBG sensor with a RH between 25% and 95% and a sensitivity of 3.38-29.35 pm/%RH.
Liehr et al. reported a POF sensor with the shortest RH range.

3.4. Multifunctional OFS for SHM

The development of OFS in civil engineering has increased mainly due to the early
degradation of structures such as bridges and dams [61,70,212-215], resulting in an expen-
sive cost of repair and maintenance [49,216-218]. Therefore, OFS enable to monitor and
evaluate structural integrity with more accuracy and selectivity, mitigating or preventing
structural degradation [61,71,79]. Commonly, OFS are designed to individually monitor pa-
rameters such as temperature [64], strain [219,220], pH [66,128,129], moisture [63,197,221],
and chloride ion content [28,140]. Variations of those parameters are then transmitted
through changes in intensity, frequency, polarization, phase of light, or wavelength. Never-
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theless, in recent years, multifunctional OFS have been developed to provide simultaneous
information on a set of parameters, which is particularly advantageous to monitor civil
structures, considering the number of parameters to be monitored due to the heterogeneity
of concrete [200,222,223]. In this case, the application of Bragg gratings in multifunctional
OFS is fruitful, mainly because they can monitor several parameters simultaneously, such
as temperature, strain, and pH [38,42,47]. Thus, the determination of any change in the
respective parameters leads to a change in the wavelength which consequently causes a
change in the optical properties i.e., RI and mechanical properties of the materials [224].
Additionally, Bragg gratings provide an absolute, linear, and high-information transmission
capacity [225].

The main aim of multifunctional OFS is to monitor, in situ, by a non-destructive
method, the corrosion of reinforced concrete structures, the pH, the moisture, and the CI~
content [226,227]. It is emphasized that C1~ content and pH are the most important factors
in the corrosion of reinforced concrete structures since, at the steel /concrete interface, they
can determine the stability or degradation of the passivation film [228]. Besides that, OFS
able to determine the C1~ content tend to be extrinsic [61,229]. To increase the service life
of concrete structures, it is desirable to monitor several parameters simultaneously such as
pH, humidity, and Cl~ content. Therefore, the development of multifunctional OFS which
enable continuous, in situ, and real-time monitoring of mentioned parameters is required.

4. Future and Research Challenges on OIH Sol-Gel Materials for OFS

Corrosion is one of the main problems of modern society that is always linked to high
costs, and in extreme situations human lives losses. The development of multifunctional
materials may be one interesting alternative and potentially the key to prevent and mitigate
the corrosion processes in concrete and RCS. The sol-gel method allows obtaining OIH
materials with distinctive properties, since they combine the different characteristics of the
organic and inorganic components within the same matrix. Moreover, OIH membranes
are innovative materials that allow the incorporation of complementary functions (i.e., UV
protection, anti-corrosion, anti-reflection, and anti-fouling).

In the last few decades, the emergence of OFS has overcome most of the shortcomings
existing in the conventional sensors due to their intrinsic properties such as small size,
corrosion resistance, immunity to electromagnetic interference, and multiplexing capability.
The OFS are designed to provide properties not achievable in existing equipment, allowing
the acquisition of vital information in real time, ensuring the structural integrity of concrete
and RCS.

Regarding all the literature reviewed and discussed through this manuscript, it was
shown that the development of OFS functionalized with OIH sol-gel membranes has
revealed to be a promising alternative to increase the service life of civil engineering
structures. The OFS incorporated in structures, such as concrete exposed to extremely
aggressive environments, allow to monitor accurately several physical parameters of the
structure’s health. Other potential parameters that should be considered are pH, moisture,
and CI~ content to mitigate and/or delay the initiation and development of the corrosion
process of concrete and RCS.

The literature shows that the development of OFS functionalized with OIH materials
for monitoring the concrete properties is still at an early stage, since most of the reported
information is related to the monitoring of physical parameters such as torsion, temperature,
displacement, and expansion. From this context emerges the need to develop new OIH sol-
gel films/membranes for incorporation in optical fiber systems which can allow monitoring
chemical parameters.

In a world that is globally connected, the future of monitoring civil engineering struc-
tures is intimately interconnected to smart and automatized systems. OFS are considered
a convergence medium between different technologies enabling the production of au-
tomatized systems with alarms allowing interventions before real damage occurs. It is
undeniable that the monitoring devices that are being developed and reach high projection
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will be created based on machine learning, artificial intelligence together with the internet
of things (IoT). This will surely lead to the development of extremely smart systems and
new concepts. The reflection of this is the well-known concepts of Lab-on-a-Chip and
Lab-in-a-fiber [48].

A suitable automatic, multiplexed, and interesting device would be able to monitor
important parameters simultaneously for concrete and RCS and at the same time have
alarms in case of certain parameters reach threshold values, allowing intervention and
repair of the structure to avoid accidents or catastrophes. This mitigates the risk of accidents,
victims, as well as the costs involved.

5. Conclusions

The main reasons for early degradation of concrete and RCS are inadequate mainte-
nance, incorrect construction, and failure in continuous monitoring. Exposure to extremely
aggressive environments promotes ageing and premature degradation of concrete struc-
tures, resulting in high maintenance and repair costs. Preventive and mitigation actions
are imperative since the continuous monitoring of structures allow the identification at
an early stage of pathologies, favoring the ability to choose among the most suitable and
economically feasible methods for each situation. Additionally, monitoring can ensure
the projected lifetime, since early identification of the beginning of the corrosion process
enables fast intervention, making the whole process more efficient and more cost-effective.

Sol-gel method is a simple, versatile, and environmentally friendly process as it
allows obtaining multifunctional OIH materials with unique properties. The application of
OIH films/membranes on OFS is promising due different properties such as high matrix
stability, wide configuration flexibility in sensor specificity, control of porosity, and surface
properties (hydrophilic/hydrophobic balance).

OFS based on OIH materials have a wide applicability in different fields, and civil
engineering structures just as attractive as they allow monitoring the relevant parameters
such as pH, moisture, and CI™ content. According to the literature reported through
the manuscript, the development of resistivity OFS is still at a very early stage. Besides,
pH sensors are the most developed ones as they have a wide field of applications since
besides civil engineering field, they are vital in several physiological processes. The most
representative pH sensor reported so far is colorimetric, with the smallest pH detection
range (i.e., between 2 and 13) and a sensitivity of 1.02 and —0.93 nm/pH for acid and
alkaline solutions, respectively. For CI™ monitoring, the most relevant optical sensors
reported were based on fluorescence principle. The sensor that showed the smallest
concentration ranged between 0.02 and 0.06 M used lucigenin as a transducer.

OIH materials coupled with optical fiber systems show promising and interesting
properties to monitor different parameters in concrete and RCS such as cracks, deforma-
tions, strain, temperature, moisture, pH, and Cl~ content. However, further studies are
required to minimize and improve the limitations involved, such as the dual sensitivity
to temperature and strain and absorption of some strain through the polymeric coating
of the optical fiber. Moreover, essential information about the exact local of corrosion is
required, as well as the development of suitable coatings to reduce the changes that occur
in the properties of the optical fiber due to the aggressive environment.
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3-APTS  3-aminopropyltriethoxysilane
CTV Chloride threshold value

DI Deionized water

EtOH Ethanol

FBGs Fiber Bragg Gratings

HS Humidity Sensors

IR Infrared

LPG Long Period Grating

MetOH  Methanol

MZI Mach-Zehnder interferometer
NDM Non-destructive methods
NIR Near Infrared

OFS Optical fiber sensors

OIH Organic—inorganic hybrid

PCB Printed Circuit Board

POF Polymer Optical Fiber

RCS Reinforced concrete structures
RH Relative Humidity

RI Refraction Index

RIU Refractive Index Unit

RT Response Time

SHM Structural health monitoring
TEOS Tetraethyl orthosilicate

uv Ultraviolet

WGM  Whispering Gallery Modes
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