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A B S T R A C T   

The preservation of heritage structures and buildings is a major concern to guarantee access of the cultural and 
architectural values to current and future generations. It also contributes significantly to the society in terms of 
identity, economy, education, and tourism. Due to their ancient nature, combined with the human activity (in 
and/or around these structures) and the environmental conditions, these structures are particularly susceptible to 
material deterioration and damage, that can compromise their integrity and the human safety. Therefore, it is 
crucial the implementation of an adequate monitoring system to analyse the static and dynamic responses of 
structures. In this paper, we discuss the development and installation of a sensing system for long-term moni-
toring of crack and joint movements, comprising eight displacement sensing devices and two temperature sen-
sors, in the Monastery of Batalha, Portugal. The displacement sensing devices are formed by transparent small 
dimension holders and fiber Bragg gratings, with minimal intrusion and very low visual impact. They are 
relatively easy to fabricate, reproduce, and install, being a viable, efficient, and cost-effective alternative for 
Structural Health Monitoring sensing applications. Furthermore, they present simple design and principle of 
operation, which contributes to a straightforward installation and operation, and great versatility, as the alter-
native pre-strain mechanism of these devices allows to easily adjust the distance between the optical fiber 
holders. The operational performance of the sensing devices was analysed, and the monitoring results obtained 
during the following months after their installation are presented and discussed. The long-term data gathered by 
this sensing system can in the future be used to evaluate possible interventions.   

1. Introduction 

Structural Health Monitoring (SHM) is a management tool in the 
civil engineering community that comprises different phases and pro-
cesses, including sensing, data acquisition, data processing, and anal-
ysis. The sensing component is typically composed by a network of 
sensors that measure relevant parameters, where the data information 
can be used to evaluate the behavior of existing structures, calibrate 
numerical models, detect anomalies, and assess structural integrity. The 
detection of damage or anomalies and their continuous monitoring is 
fundamental to avoid possible catastrophic events, which may comprise 
material, economic and life losses. Therefore, SHM can be seen as an 
important procedure of the infrastructure’s maintenance. Nowadays, it 
has become increasingly essential not only to monitor the structures 

located in extreme environments, but all the weakened structures sus-
ceptible to damage. The above is especially true considering the 
increasingly common severe weather events due to the climate change 
effects. In this wide range of structures, the heritage and historical 
building are a major concern, as old and new anomalies must be 
monitored to be able to perform the adequate interventions to preserve 
these monuments. Currently, there are various sensing techniques and 
sensors for SHM applications, and as the information transmission and 
data acquisition and management evolves, more complex network 
sensing configurations can be used, and the dissemination and large- 
scale implementation of SHM systems can become more and more 
common in today’s society [1,2]. 

In the optical fiber sensing technology, distributed optical fiber 
sensors (DOFSs) play an important role in SHM applications, especially 
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in monitoring large structures [3–5]. This type of sensor uses the entire 
fiber as sensing element, being capable of performing distributed mea-
surements along several kilometers where temperature and strain-based 
parameters can be measured with good spatial resolution. However, 
nowadays, the main drawback of the DOFSs is the high costs of the 
interrogation systems. Another sensing technique with great potential 
for SHM applications is the fiber Bragg gratings (FBGs), and the devel-
opment of sensing configurations and sensor prototypes using these 
gratings has been the main purpose of several research groups world-
wide [6–8]. The use of this optical fiber sensing technology is boosted by 
its well-known advantages, such as the immunity to electromagnetic 
interference, independence to optical power fluctuations, absence of 
electricity at the measuring point, small size, lightweight, multiplexing 
capabilities, possibility to work in reflection, resistance to harsh envi-
ronments, easy and well-established fabrication methods, etc. 

FBG-based extensometers and displacement sensors are in constant 
development due to the countless usages and applications for this type of 
sensing device, notably in SHM. These sensors use the strain sensitivity 
of the gratings to operate and nowadays they can compete with the 
electrical and mechanical counterparts due to their distinguished fea-
tures, namely the non-intrusive and multiplexing capabilities. Several 
prototypes have been developed for multiple applications, either 
focusing on a higher sensitivity [9,10] or on a higher operational range 
[11–13]. Also, FBG-based sensors are not restricted to wavelength 
demodulation since spectral bandwidth and intensity demodulation 
sensors have also been developed with the capability to be temperature 
insensitive [14–17]. In addition, various strain and displacement sensors 
are commercially available [18,19], with multiple sensing solutions 
suitable for SHM. Despite the immense possibilities related to the exis-
tence of sensor devices and prototypes [20,21], in certain circumstances, 
customized sensing devices and configurations are still needed for spe-
cific environments and applications. Most of these sensors are designed 
for certain applications and sometimes their sensing specifications are 
not suitable for different measurement requirements, or the custom-
ization of the proposed prototype is difficult due to the complexity of the 
sensing structure design. Another issue is the fact that several 
displacement sensors are not developed to take advantage of the FBG 
multiplexing capabilities or are limited to the number of additional 
sensors which can be monitored with a single fiber, especially the ones 
based on spectral bandwidth and intensity demodulation. 

For crack and joint monitoring, FBG-based displacement sensors can 
provide important information about the evolution of these structural 
elements, and consequently about the structure conditions. This is 
particularly relevant for fatigue cracks, as their growth can result in 
catastrophic failure. On one hand, the monitoring of crack detection and 
growth has been done by embedding the FBG strain sensors in the ma-
terials before the crack formation, such as in composite materials [22, 
23], aluminium samples [24–26], stainless steel samples [27,28] and 
concrete [29–34]. On the other hand, in existing structures, FBG-based 
displacement sensors are usually employed in strategic locations 
where cracks are expected to occur or following the formation of the 
crack, as an analytical method to correlate the expansion and contrac-
tion movements with the influence of mechanical forces and tempera-
ture, and as a preventive method to provide an early warning about 
possible structural failure. There are several examples regarding the 
application of these sensors in different heritage structures and build-
ings, for joint and/or crack monitoring and sensor performance assess-
ment. Arêde et al. installed multiple linear position and displacement 
sensors based on FBGs in several joints of a masonry arch bridge in Vila 
Fria, Portugal, to measure transverse expansion movements of the 
arches, joint opening and displacements between opposite spandrel 
walls [35]. Lima et al. designed and installed a monitoring system with 
reduced visual impact in the church of Santa Casa da Misericórdia of 
Aveiro, comprising 19 FBG-based displacement sensors and 5 FBG-based 
temperature sensors, distributed in key points of the building where 
important deformations were found or/and would be expected [36]. 

Felli et al. investigated a crack on the equestrian statue of Bartolomeo 
Colleoni in Venice, using an array of FBG sensors with the aim of 
monitoring it during the monument restoration [37]. Coricciati et al. 
developed smart patches with FBGs embedded and smart rebars with 
optical time-domain reflectometer-based sensors embedded for SHM of 
the Monastery in Sant́Angelo d́Ocre, to evaluate the stress/strain state of 
the renovated structures and their response to seismic events [38]. 
Verstrynge et al. analysed and compared the performance of 
semi-distributed FBG-based sensors with other monitoring techniques 
for crack measurements in a masonry wall [39]. The results proved that 
the FBGs were effective in monitoring these damages and, in addition, 
they presented the highest sensitivity and robustness. Alexakis et al. 
installed an FBG-based sensor network on the March Lane viaduct in 
Leeds, to monitor surface strains after repair work was conducted in this 
XIX century structure [40]. The obtained results from the sensors were 
in agreement with the observed damages, namely the formation of new 
micro-cracks in the bricks. Bellagamba et al. applied FBG-based sensors 
to evaluate the long-term crack propagation and the damage evolution 
at selected locations on the Aurelian Walls in Rome, and to calibrate the 
parameters used in numerical models [41]. Gupta et al. studied the 
variations of strain of a brick masonry semi-circular arch which was 
subjected to settlement at one of its abutments [42]. The FBG-based 
sensors were mounted on the exterior face of the arch, on adjacent 
bricks with joints in between considering it tend to crack first. 

In this work, we developed and installed a simple and low visual 
impact sensing layout to monitor crack and joint movements in the 
historical Monastery of Batalha. The pre-strain mechanism of the 
displacement sensing devices allows to easily adjust the distance be-
tween the optical fiber holders (gauge length), before fixing the fiber to 
them, permitting the correlation between the displacement sensitivity 
and the operational range. In addition, these ready-to-install devices 
allow a simple and effective application on flat surfaces, and since the 
fiber supports are made of polycarbonate, they are almost transparent 
and unnoticeable. With this sensing system, we performed sporadic 
discrete measurements and continuous monitoring over specific time 
spans in order to evaluate the structural movements. Future long-term 
monitoring with these sensing devices can be conducted to assess the 
structural health of those locations of the monument. 

2. Monastery of Batalha: background and damage detection 

The Monastery of Batalha is a UNESCO World Heritage Site of his-
torical and architectural value, as it is the most representative Gothic 
building in the country (see Fig. 1(a)), built after the Portuguese victory 
over the Spanish in the Battle of Aljubarrota, in 1385, which guaranteed 
Portugal’s independence. The monastery is made up of religious (church 
and chapels) and functional (cloisters and galleries) parts, and its main 
building material is limestone [43]. The construction of the monastery 
lasted more than two centuries, and, throughout its time, it experienced 
some damage, losses and changes caused by earthquakes (1755 and 
1969) and the French invasions [44]. 

Recently, during the inspection of the King Afonso V cloister, it was 
possible to identify some critical points in the structure, which have 
been referred for monitoring. The King Afonso V cloister is an element of 
the Monastery of Batalha that was built in the second half of the XV 
century. It has two floors, four galleries and is vaulted over a crossing 
with two ogives. Its single-slope roof was made of tiles and wood, but 
more recently concrete beams were introduced. The selected critical 
points were cracks and joint openings where relatively large movements 
had occurred in the structure at some point (see Fig. 1(b)), and which 
needed to be monitored in order to understand the stability of these 
movements prior to the conservation and reparation works:  

1. The first critical point is a crack in the masonry wall on the second 
floor of the cloister, which goes from the top to the floor below. 
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2. The second critical point is a pillar on the second floor, which has 
experienced cracks in the connection points between elements (arch 
vs pilar) and some joint openings. 

The need to monitor the movements of these points, as the monastery 
is a classified heritage site, led to the implementation of a system that 
could provide these answers without causing visual impact or damage to 
the elements and, at the same time offer accurate data that could assist in 
the diagnostical process. The aim was to understand whether the crack 
and the joints had stabilised or whether they were experiencing move-
ment, and if they were experiencing movement, whether it was a 
structural cause or whether it was due to thermal variations. 

3. Sensing system description 

3.1. FBG inscription 

FBG is a periodic (or quasi-periodic) modulation of the refractive 
index along the core of the optical fiber and a passive wavelength 
reflecting optical component, which reflects a specific spectral band 
centered at the Bragg wavelength (λB). When a broadband signal is 
guided through the fiber, the FBG will selectively reflect the wavelength 
that meets the Bragg condition [45]: 

λB = 2neff Λ, (1)  

where neff represents the effective refractive index of the core and Λ the 
period of the refractive index modulation. For sensing applications, the 
FBGs demonstrate great potential and have been widely used as sensors 
during the last decades. Any strain or temperature variations applied to 
the fiber changes both neff and Λ of the grating leading to a shift in the λB. 
Since the FBG is sensitive both to strain and temperature changes, the λB 
shifts according to: 

ΔλB = 2
(

Λ
∂neff

∂z
+ neff

∂Λ
∂z

)

Δε+ 2
(

Λ
∂neff

∂T
+ neff

∂Λ
∂T

)

ΔT (2)  

where Δε and ΔT are strain and temperature variations, respectively. 
The FBGs were produced in GF1AA optical fiber (Thorlabs) with the 

266 nm wavelength radiation from a pulsed Q-switched Nd:YAG laser 
system (LOTIS TII LS-2137 U Laser). More information about the 
inscription setup can be found in [46,47]. The inscription of each grating 
was performed through the phase mask technique, using 25 J of pump 
energy for 5 min, with a pulse repetition rate of 10 Hz. The 8 mm laser 
beam diameter allowed to inscribe FBGs with 8 mm in length, and the 
signal from the gratings was monitored in reflection by a Luna HYPE-
RION si155 optical fiber interrogator (during the inscription and later 

Fig. 1. (a) Monastery of Batalha (archive image); (b) Critical points referenced for monitoring and their location in the cloister of King Afonso V.  
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during the calibration and structural monitoring). In two different fi-
bers, an array of five FBGs were produced in each one, with the proxi-
mate λB of 1526, 1532, 1541, 1547 and 1555 nm, as Fig. 2 shows. The 
reason to produce the FBG-based sensors in two different fibers is related 
to the fact that each sensor array would be installed in separate locations 
and at different times (and due to the capability of the interrogator to 
provide measurements in four parallel channels). Each fiber is composed 
by four displacement sensing devices, F1D1, F1D2, F1D3 and F1D4 in 
optical fiber 1 (F1) and F2D1, F2D2, F2D3 and F2D4 in optical fiber 2 
(F2), and one FBG-based temperature sensor, F1T in optical fiber 1 and 
F2T in optical fiber 2, for both temperature compensation and readings. 

3.2. Sensing device design and deployment 

Each displacement sensing device is composed by 2 small fiber 
holders, designed to hold the fiber strained with the aid of stainless-steel 
rod with 3 mm in diameter. In order to cause the minimal visual impact 
and intrusion, the fiber holders, which act as anchorage points for the 
FBG sensor, are made entirely of polycarbonate material. Although it 
presents limited chemical resistance to several substances, the poly-
carbonate is a lightweight and durable material with good mechanical 
toughness, high impact strength and high glass transition temperature 
when compared to other thermoplastics [48–50]. In addition, the 
amorphous polycarbonate has excellent transparency in the visible 
spectral range [49,51]. Details of the polycarbonate fiber holder is 
presented in Fig. 3(a). Each holder is 10 mm in length, 10 mm in width 
and 5 mm in height. A hole with 3 mm in diameter goes through the 
holder (to insert a stainless-steel rod), parallel with the fiber groove on 
the top and perpendicular to another hole machined with a female 
thread to incorporate a M3 hex socket plain end cup screw. In each 
displacement sensing device, the stainless-steel rod goes through two 
holders, allowing their alignment, to apply the optical fiber, and control 
over the sensing length, at which point the M3 screws fix the holders in 
the desired position on the rod and all parts of the device become united 
and steady (see Fig. 3(b)). The acrylate coating of the optical fiber 
containing the FBG is removed along the fiber sensing length (distance 
between the two holders) and an additional 5 mm corresponding to half 
the length of the groove in each holder, to guarantee that the fiber does 
not slip once it is glued to the holder. Then, the optical fiber is placed in 
the grooves, strained and glued to the holders with Araldite epoxy, ac-
cording to Fig. 3(c). In the final stage, after the sensing device has been 
applied to the area to be monitored (and the holders have been attached 
to the surface), the M3 screws are loosened, and the stainless-steel rod is 
removed. The result, depicted in Fig. 3(d), is an FBG-based sensor 
strained, able to measure increase or decrease displacement movements, 

composed only by the optical fiber and the polycarbonate holders at the 
anchorage points, making this transparent sensing configuration almost 
unnoticeable and unintrusive. 

3.3. Sensors characterization 

3.3.1. Strain/displacement 
The design of this sensing device allows to freely control the rela-

tionship between the displacement sensitivity (SD) and the operational 
limit (OL). Here, the OL is considered the operational range of the 
displacement sensing devices, that is, comprises displacement values 
that correspond to the amount of applied strain in the optical fiber, from 
0 με up to the average strain limit (breakage point). An increase in one of 
previous parameters implies a decrease in the other, and consequently 
they can be adjusted according to the necessary requirements set for a 
specific application. In order to obtain a viable characterization of the 
displacement sensing devices, the strain responses and limits of the 
GF1AA fiber samples containing FBGs were studied. The setup employed 
in these tests is illustrated in Fig. 4. 

First, the acrylate coating of the optical fibers, along the sensing 
length, was stripped (according to the description of the displacement 
sensing device in Section 3.2) and the fibers were attached between a 
fixed stage and a three-axis manual translation stage, with 10 µm reso-
lution. Twelve identical optical fiber samples with FBGs inscribed, with 
a λB around 1555 nm (see Fig. 4), were used in this strain test, and with 
steps of 500 με and a stabilization time of one minute, each fiber was 
stretched until breakage. Fig. 5(a) shows the strain sensitivity of each 
sample, where the values varied between 1.14 pm/με and 1.20 pm/με 
and the obtained average strain sensitivity was 1.17 pm/με. On the other 
hand, Fig. 5(b) presents the corresponding strain limit for each fiber 
sample, showing that the minimum strain value at which the fiber broke 
was 5000 με and the maximum value was 10000 με, with an average 
strain limit of 6942 με. 

With the previous results, the sensitivity and the approximate 
operational range of the displacement sensing device can be obtained 
according to the effective sensing length or distance between the poly-
carbonate fiber holders (L), as Fig. 6 shows. The approximate OL was 
obtained using the average strain limit from Fig. 5(b), and can be 
described by the following expression: 

OL(mm) = 0.006942 × L(mm), (3)  

while the SD was achieved through the average strain sensitivity from 
Fig. 5(a), and represented by: 

SD(pm/μm) =
1170

L(mm)
(4) 

The previous equations and Fig. 6 demonstrate that the L will 
determinate both SD and OL, as the L approaches the shorter values, the 
higher is the SD and more limited is the working range of the sensing 
device. Therefore, for applications where high sensitivity is required in 
relatively small displacement environments, small L values are recom-
mended, while in applications where it is expected to occur large 
displacement movements, higher L values are needed to avoid a possible 
failure of sensing device. 

3.3.2. Temperature 
Each FBG array contains a grating to monitor temperature variations 

in that area. The purposes of these sensors are to address the strain/ 
temperature cross sensitivity of the displacement sensing devices and to 
simultaneously obtain temperature readings. Therefore, the thermal 
response of these gratings was studied by placing them in a climate 
chamber (model L C/64/70/3, Weiss Technik LabEvent). Three thermal 
cycles were performed, where in each cycle the temperature was 
increased from 5 ◦C to 40 ◦C, and then decreased back to 5 ◦C, using 
steps of 5 ◦C and a stabilization time of 30 min. Figs. 7(a) and 7(c) show 

Fig. 2. Reflection spectra of the inscribed FBGs in two different optical fibers 
and their identification in the upcoming sensing configuration. 
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the λB variation during the first cycle for F1T and F2T, respectively. After 
linearization, the temperature sensitivities (ST) were 8.56 ± 0.06 pm/◦C 
(increase) and 8.67 ± 0.03 pm/◦C (decrease) for F1T, 8.75 ± 0.05 pm/ 
◦C (increase) and 8.89 ± 0.03 pm/◦C (decrease) for F2T. With the ob-
tained data, these temperature sensors can be calibrated for temperature 
measurements through the following linear equation: 

T(◦C) = a × λB + b, (5)  

Where a and b are the slope and yy intercept, respectively. Figs. 7(b) and 
7(d) show the linearization when temperature varies in function of the 
λB, for F1T and F2T respectively, in the first thermal cycle. The ST, a, and 

b results for the three thermal cycles are summarized in Table 1. The ST 
varied between 8.56 and 8.81 pm/◦C (0.25 pm/◦C difference) and be-
tween 8.70 and 8.97 pm/◦C (0.27 pm/◦C difference), for F1T and F2T 
respectively. Concerning the temperature readings, the average of the a 
and b values from the three cycles was obtained for both F1T and F2T 
and used in the temperature measurements by employing Eq. 5. 

3.4. Sensors production and installation 

The production of the displacement sensing devices was carried out 
according to the description in Section 3.2. From the previous results, it 
was first decided to use in this application displacement sensing devices 
with an L value of 100 mm, which have an SD of 11.7 pm/μm and an 
approximate OL of 0.694 mm, demonstrating a balanced performance 
between both parameters since it was not expected to register major 
movements in the cracks and joints. The distance between the poly-
carbonate holders (see Fig. 8(a)) was initially adjusted and later they 
were secured to the steel rod by the M3 screws. The following step was 
fixing this device in a setup between two manual translating stages, 
which allowed to strain the fibers containing the FBG sensors before 
attaching them to the polycarbonate holders. This process was repeated 
eight times, since the sensing network is composed by two FBG arrays, 
each compressing four displacement sensing devices and one bare FBG- 
based temperature sensor at the end of the optical fiber (see Fig. 8(b)). 
The result, depicted in Figs. 8(c) and 8(d), is the production of eight 
ready-to-install displacement sensing devices. 

The installation of the sensing devices occurred on the 13th (F1) and 
20th of October (F2), 2022. First, at the sensoŕs location, the surface of 
the stones was clean and afterwards the pre-strained displacement 
sensing devices were attached by employing a beige epoxy (to camou-
flage even further the presence of these devices). The transparent optical 
fiber, that links the sensing devices and connects them to the location of 

Fig. 3. (a) Details of the polycarbonate fiber holder; (b) Apparatus of the displacement sensing device without the FBG sensor; (c) Ready-to-install displacement 
sensing device with a pre-stained FBG glued to the polycarbonate holders; (d) Final result of the sensor after the installation. 

GF1AA 
optical fiber

Fixed stage

Manual XYZ 
translation 

stage

Luna Hyperion
si155

Glue

FBG

Fig. 4. Scheme of the setup to characterize the strain performance of the 
GF1AA samples containing FBGs. The inserted reflection spectrum is from the 
first sample. 
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the monitoring equipment, was also attached to the stone walls by the 
same epoxy. Several hours later, when the epoxy was cured, the pre- 
strain mechanism was loosened and the steel rod was removed in each 

device, at which moment the measurement of the displacement began.  
Figs. 9(a) and 9(b) show an attached sensing device over a crack of in-
terest, right after fixing it to the stone and after the removal of the steel 
rod, respectively. 

The viability of the pre-strain mechanism, and consequently of this 
ready-to-install displacement sensing device, was analysed by 
measuring the wavelength variation of the FBG sensors, since their 
inscription until their installation. Figs. 10(a) and 10(b) present the ΔλB 
of the gratings from F1 and F2, respectively, at different moments until 
their installation, at which point the pre-strain mechanism was loosened 
and the steel rod removed. After their inscription, the FBGs, that will act 
as displacement sensors, were randomly stretched up to strain values 
between approximately 600 and 800 με and then fixed to the poly-
carbonate holders. From the day these displacement sensing devices 
were produced (strained and fixed to the holders) to the day they were 
installed (before installation), the strain decreased in all sensors, to 
values between 480 (F2D1) and 630 με (F1D4). This can be explained by 
the fact that the holders (together with the steel rod) were fixed while 
the strained optical fibers (containing the FBGs) were glued to them, and 
therefore, they were subjected to additional stress during this process, 
which was reduced after the removal of these devices from the setup. It 
should also be noted that these displacement sensing devices were 
produced three months before their installation, and during that time 
the pre-strain mechanism maintained the fibers stretched. The ΔλB, and 
consequently the strain variation after attaching the devices to the walls, 
is affected by the characteristics of the stone surface, namely if it is 
smooth or irregular and rough. In this case, these characteristics were 
dependent on the sensors’ locations, as the strain variation during this 
process was not uniform, since it increased in two sensing devices (F1D3 
and F2D4) and decreased in the others. In the final step, after loosening 
the pre-strain mechanism and removing the steel rod, the strain level 
decreased slightly in all devices. Nevertheless, the FBGs of all 
displacement sensing devices were under strain after the installation, 
between 320 με (F2D1 and F2D2) and 600 με (F2D4), demonstrating the 
viability of this pre-strain mechanism and showing that this ready-to- 
install displacement sensing device has great potential to be employed 
in SHM applications. The FBG-based temperature sensors, F1T and F2T, 
were unstrained and only subjected to temperature variations. Conse-
quently, their ΔλB is much more reduced when compared with the 
strained displacement sensing devices. 

Later, after several weeks since the installation of this sensing sys-
tem, new displacement sensing devices with an L value of 250 mm were 
produced and installed to substitute the ones damaged by the large 
displacement movements. According to Eqs. 3 and 4, devices with L 
= 250 mm have an SD of 4.7 pm/μm and an OL of approximately 
1.736 mm. 

The disposition and location of the installed displacement sensing 
devices from F1 and F2 are presented in Figs. 11 and 12, respectively. 
The devices from F1 are positioned in a vertical crack, that travels along 
the stone blocks and joints, located at consecutive stone block layers. 
Sensing devices F1D1 and F2D2 cover the crack in two consecutive stone 
blocks, while F1D3 monitors the joint above them and lastly, F1D4 
monitors both the crack and the joint in an upper position. The tem-
perature sensor F1T is located in the middle of the stone wall, next to 
F1D1. On the other hand, the sensing devices from F2 are located and 
dispersed on both sides of a corner (see Fig. 12), where they are moni-
toring different points of interest, in which the cement had previously 
deteriorated and fallen due to possible movements and tension between 
the stone blocks. 

4. Results and discussion 

The monitoring of both temperature and displacement movements 
was conducted at different periods, by both discrete and continuous 
measurements. The discrete measurements did not follow a scheduled 
pattern, but an attempt was made to have one reading per month. The 

Fig. 5. (a) Strain sensitivities obtained from twelve FBG samples; (b) Corre-
sponding strain limits of the optical fiber samples. 

Fig. 6. Relationship between the displacement sensitivity and the sensing 
length (red) and relationship between the approximate operational limit and 
the sensing length (blue). 
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displacement and temperature values obtained from the discrete mea-
surements are presented in Figs. 13(a) and 13(b), for F1 and F2 arrays, 
respectively. Due to the unexpected large displacement movements of 
the crack, where the F1 array was monitoring, the OL of the displace-
ment sensing devices was possibly surpassed, resulting in their failure at 
different points in time. Therefore, multiple interventions were made to 
continue the monitoring of this crack, which included the installation of 
new devices (with L = 250 mm) with the capability to withstand higher 
displacements. The first one to fail was F1D1, before the third mea-
surement (25 days after installation), when the other active sensing 
devices registered a rapid displacement increase up to 0.131 mm. The 

second one to fail was F1D4, when the displacement measured by the 
remaining devices continued to increase up to 0.221 mm. F1D3 failed on 
the following measurement and lastly F1D2 failed after more than 81 
days since its installation. Since the registered displacement movements 
were inferior to the OL of these displacement sensing devices, it can be 
confirmed that the expansion of the crack during the time span between 
measurements was far superior to the measured values. Additionally, 
after installing the new displacement sensing devices to replace the ones 
that had failed (while F1D2 was still active), an increase in displacement 
up to 0.130 mm was later registered by these sensors (54 days after their 
installation). Since the monitored displacement behaviour is almost 
similar along the crack (see Fig. 13(a)), if F1D2 had endured until that 
moment, it would show an estimated displacement value of approxi-
mately 0.320 mm. Also, note that the measurements after this moment 
show a continuous displacement decrease from the contraction of the 
crack, until the FBGs of the new displacement sensing devices became 
unstrained (after 3rd of April 2023), suggesting that the displacement 
was much higher when F1D2 failed. 

The analysis of the obtained results, from both displacement and 
temperature sensing devices, suggests that the major crack movements 
follow wide cycles (several months) and are possibly dependent on the 
average temperature of the seasons. During November, the displacement 
increased drastically, when the temperature dropped, and it continued 
until February, when the displacement started to decrease. Hence, the 
crack expands as the temperature decreases and reaches its higher 
expansion during the winter months, possibly due to the shrinkage of the 
surrounding stone blocks. 

On the other hand, the devices from F2 array measured lower 
displacement movements compared to the previous sensing devices, 
showing different displacement behaviour of the different monitored 

Fig. 7. (a) F1T λB variation with the increasing/decreasing temperature; (b) Corresponding temperature readings in function of λB; (c) F2T λB variation with the 
increasing/decreasing temperature; (d) Corresponding temperature readings in function of λB. 

Table 1 
Results of the calibration parameters, obtained from the 3 thermal cycles, for 
F1T and F2T.  

Thermal 
Cycle 

a (◦C/ 
nm) 

Average (◦C/ 
nm) 

b (103 

◦C) 
Average (103 

◦C) 
ST (pm/ 
◦C) 

F1T 

1 (increase) 116.8  115.1 –178.3 –175.7  8.56 
1 (decrease) 115.3 –176.0  8.67 
2 (increase) 113.4 –173.1  8.81 
2 (decrease) 113.7 –173.6  8.79 
3 (increase) 116.5 –177.7  8.58 
3 (decrease) 115.1 –175.6  8.69  

F2T 
1 (increase) 114.3  113.1 –174.4 –172.6  8.75 
1 (decrease) 112.4 –171.6  8.89 
2 (increase) 111.4 –170.0  8.97 
2 (decrease) 111.8 –170.6  8.94 
3 (increase) 114.8 –175.2  8.70 
3 (decrease) 113.9 –173.8  8.77  
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joints (see Fig. 13(b)). Here, F2D1 and F2D2 presented similar behav-
iour, especially during the initial measurements, in which the 
displacement decreased just after the installation of these devices. In the 
case of F2D1, the displacement measurements were negative during the 
entire monitoring period. Despite measuring negative displacements for 
most of the monitoring period, F2D2 began to present higher displace-
ments with the increase of the temperature. Regarding F2D3 and F2D4 
sensors, the displacement increased after the installation, and in the case 
of F2D4 it remained relatively high during the later stage of the moni-
toring period (after February). 

The displacement and temperature information obtained from the 
continuous measurements are presented in Figs. 14(a) and 14(b), for F1 
and F2 arrays, respectively. The continuous measurements occurred 
between the following days:  

1. 23rd of December 2022 and 2nd of January 2023;  
2. 15th of February 2023 and 22nd of February 2023;  
3. 3rd of April 2023 and 11th of April 2023. 

Regarding the F1 sensing devices (see Fig. 14(a)), during the first 
continuous monitoring period (23 Dec – 2 Jan), the first F1D2 device 
was still active and consequently, the displacement values were much 
higher when compared to the remaining displacement sensing devices, 
which were installed on the 23rd of December to replace the failed ones. 
Despite the displacement difference between F1D2 and the other devices 

(around 0.180 mm), all of them registered a similar displacement 
behaviour and variation during this monitoring period. Between the first 
and the second (15 Feb – 22 Feb) monitoring periods, F1D2 failed as the 
newly installed sensing devices registered a significant displacement 
increase. Due to the profile of the displacement variation during the 
second monitoring period, which decreases continuously at all sensor 
locations, F1D1 (from 0.116 to 0.045 mm), F1D3 (from 0.121 to 
0.046 mm) and F1D4 (from 0.130 to 0.054 mm), it is most likely that the 
displacements were much higher before 15th of February. 

As mentioned before, the major crack movements follow wide cycles 
and this second monitoring period occurs during a phase transition, 
where the crack is continuously contracting. The daily effect of the 
temperature variation results in minor crack movements (temperature 
increase leads to the contraction of the crack), which become more 
significant as the daily thermal variation increases. In the third contin-
uous monitoring period (3 Apr – 11 Apr), due to the significant reduction 
of the gaps from the crack (because of the higher daily temperatures in 
this period), all FBGs of the displacement sensing devices were un-
strained and consequently unable to monitor any movements during this 
period. Considering the global analysis of the F1 measurement data, in 
terms of structural integrity, the crack experienced considerable diver-
gent movements during the cold months, unlike the warm months where 
the crack almost closed. 

The continuous monitoring of the F2 sensing devices occurred in the 
same periods, and this information is depicted in Fig. 14(b). During the 

Fig. 8. (a) Picture of the polycarbonate fiber holder; (b) Scheme of the multiplexed sensing configuration and monitoring; (c) Side view of the displacement sensing 
devices; (d) View from above of the displacement sensing devices. 
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first monitoring period, all devices measured relatively minor daily 
displacement movements, in which F2D1 and F2D2 registered negative 
displacements while F2D3 and F2D4 registered positive displacements. 
As the daily temperature variation increases in the following monitoring 
periods, the displacements become more significant, especially in the 
third monitoring period. The F2D1 measured negative displacements 
during the entire monitoring time, where the values varied between 
–0.007 and –0.016 mm in both the second and third monitoring periods. 
The displacement registered by F2D2 show a gradual increase as the 
daily temperature oscillations increase, which is most noticeable during 
the third monitoring period. The minimum daily displacements 
measured by this device are located between –0.010 and –0.0014 mm 
during the entire monitoring time, while the maximum daily displace-
ments, achieved during the second and third monitoring periods, are 
0.003 and 0.013 mm, respectively. The displacement registered by F2D3 
has a similar profile as F2D2, once the daily displacement variations 
measured by these sensing devices follow the daily thermal cycles. 
About the F2D4, the displacement varied between –0.002 and 0.015 mm 
during the first monitoring period, but in the second and third moni-
toring periods the displacement increased to values between 0.020 and 
0.046 mm. Unlike the other monitored joints, in the F2D4 location, the 
joint contracts with the increasing temperature. 

The major movements observed in F2 sensing devices during these 
continuous monitoring periods were influenced by the daily tempera-
ture variations, and after analysing both thermal and displacement daily 
cycles, it was noted an approximately two hours delay of the joints 
movement cycle regarding the air temperature cycle. The amplitude of 
both the daily displacement and temperature variations measured by the 
F2 array are presented in Figs. 15(a), 15(b) and 15(c) for the first, second 
and third monitoring periods, respectively. The displacement variation 
is determined by the amplitude of the daily temperature variation on 

most days. For the F2D1, F2D2, and F2D3 devices the displacement 
variation is positive with the increasing temperature, in which F2D3 
presents higher variation during the first monitoring time, while during 
the remaining monitoring periods F2D2 and F2D3 show a similar 
dependence on the temperature variation. About the F2D4, the 
measured displacement variation is negative for a positive temperature 
variation, as this joint contracts with the increasing temperature. 
Regarding the structural integrity of the column, after performing the 
global analysis to the F2 measurement data, is possible to state that the 
joints suffered small movements that do not compromise the structure. 

5. Conclusions 

In conclusion, this paper reports the development, characterization, 
and installation of a simple and low visual impact FBG-based sensing 
system in the historical Monastery of Batalha, whose purpose is the long- 
term monitoring of cracks and joints of interest. The developed 
displacement sensing devices have the capability to adjust, during the 
production, the gauge length to obtain an adequate OL and SD for the 
application. Since their final setup includes only optical fiber and pol-
ycarbonate holders at the anchorage points, they are almost unnotice-
able, which is an important characteristic for SHM applications in 

Fig. 9. (a) Displacement sensing device after attaching it to the stone; (b) Same 
device after the installation. 

Fig. 10. Wavelength variation of the FBG-based sensors since their inscription 
until their installation in the Monastery of Batalha: (a) F1 array; (b) F2 array. 
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heritage structures. When comparing these sensors’ capabilities to other 
existing sensing strategies, they offer a unique combination of sensi-
tivity, reliability, and flexibility. Furthermore, these devices present 
simple and straightforward operation, are easy to fabricate, reproduce, 
and install, and are a cost-effective solution for this type of applications. 
Also, it is important to note that these sensors do not require electrical 
connections within the structure, unlike traditional electrical sensors, 
and do not suffer from electrical interference. Also, their multiplexing 
capabilities provide efficient and cost-effective monitoring of different 
structural elements. 

This sensing system is composed by 10 FBGs multiplexed in two 
optical fibers, each containing four displacement sensing devices and 
one FBG-based temperature sensor. After their installation, both discrete 
and continuous measurements were conducted. The displacement 
sensing devices from F1 (with a L = 100 mm) failed at different moments 
during the monitoring, due to the unexpected large movements from the 
crack they were located. They were later substituted by new devices, 
with L = 250 mm to be capable of withstand this kind of movements. 
During this crack monitoring, the measured displacement reached 
values up to 0.221 mm, but presumably the displacement was much 

higher in certain periods between measurements. On the other hand, the 
sensing devices from F2 were installed in different joints, where the 
movement behaviour was studied and correlated with the temperature 
data. These devices registered different movement behaviours from the 
monitored joints, which were highly affected by the thermal conditions 
and the daily temperature variations. 

It should be highlighted that these displacement sensing devices, 
particularly the polycarbonate holders design, were produced with 
reduced dimensions for these specific locations, with flat surfaces. 
Therefore, these holders can be produced and machined to adapt this 
device to non-uniform surfaces and/or locations with specific features. 

With this application case, it was possible to implement a monitoring 
system with no visual impact for the building structure and capable of 
providing precise data of the movements that the structure is experi-
encing. The approach was to develop a sensing device that would 
withstand movements in a certain range of values. In this case it was 
assumed that the movements would be smaller than 0.1 mm, and since 
this silica optical fiber can withstand strain up to approximately 6942 με 
of its fixed distance, the initial devices had an OL of 0.694 mm (L =
100 mm). However, when these sensing devices are used, they are pre- 

Fig. 11. Displacement sensing devices from F1 after the installation.  
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strained, and this affects the amount of additional strain the optical fiber 
can resist. It must be highlighted that the OL of the sensing device also 
comprises the pre-strain applied to the FBG, during the production. In 
the case of the F1 sensing devices, the OL (which also includes the pre- 
strain) was insufficient, causing the fibers to break, and it was neces-
sary to implement new devices with an OL capable of withstanding 
higher displacements. For the viability of the displacement sensing de-
vices, it is critical that the OL is one order of magnitude higher than the 
measured displacement variations. Besides the sensor failure, it is also 
important to consider the opposite behaviour, when the displacement 
decreases below the operational range (when the optical fiber becomes 
unstrained) and the device is unable to detect any displacement. To 
avoid these situations, a crackmeter could have been installed before-
hand to know the magnitude of the movements experienced by the 
structure and then, devices with the appropriate L (and OL) could be 

produced. Alternatively, FBGs in polymer optical fiber (POF) could also 
be employed for the initial analysis about the movements and/or long- 
term monitoring. These fibers present better stretching performance 
and higher strain limits (the displacement sensing devices would present 
higher OL and be able to withstand larger movements). However, since 
most of the polymer materials present high losses in the 1550 nm 
spectral region, arrays with multiplexed sensing devices would be very 
difficult to achieve. Thus, only single POF-based devices could be 
implemented in this application. Nevertheless, the obtained results 
demonstrate the capability of these non-intrusive displacement sensing 
devices for long-term monitoring in heritage structures, and the 
employment of other optical fibers in these devices could be a case of 
study in the future. Also, since the removal of the acrylate coating of the 
optical fibers is necessary to inscribe the FBGs (via UV lasers) and fix the 
fiber to the holders, the recoating of the optical fibers through the 

Fig. 12. Displacement sensing devices from F2 after the installation.  
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deposition of elastic and protective polymer materials could be a case of 
study in the future, to improve the robustness of the fiber and possibly 
increase the OL of the sensing devices. On the other hand, gratings could 

also be inscribed with femtosecond laser systems to avoid the removal of 
the coating in that section. 

In terms of data analysis, it has been shown that: (1) the crack 

Fig. 13. Displacement and temperature discrete monitoring of: (a) F1 array; (b) F2 array.  

Fig. 14. Displacement and temperature continuous monitoring (between 23 Dec 2022 – 2 Jan 2023 (dates on the bottom), 15 Feb 2023 – 23 Feb 2023 (dates on the 
top) and 3 Apr 2023 – 11 Apr 2023 (dates on the bottom)) of: (a) F1 array; (b) F2 array. 
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experiences divergent movements in the cold months and closes in the 
warm months. This phenomenon can be related to the groundwater level 
(combined with the fact that this wall is protected from the sunlight), 
but more data on the cold months will be needed to understand if the 
crack behaves in the same way; (2) the joints of the column have 
experienced small order movements, suggesting that there has been a 
stabilisation of the movements that had previously caused the joint 
material to fall. 

Nowadays, for preservation purposes, the cracks and joints moni-
toring is necessary to analyse the structural stress level and is an 
important tool to assess their evolution through time and evaluate 
possible interventions to avoid catastrophic damages and failures. 
Therefore, the use of this sensing system is not only essential to study the 
behaviour of historic buildings and structures, but also to monitor 

strategic, faulty and/or damaged structural features for long periods of 
time. With this in mind, future long-term monitoring with these sensors 
will continue to be conducted to assess the structural heath in those 
locations of the monument. Furthermore, new displacement sensing 
devices, with the same design and characteristics, will be installed in 
other critical locations of this national monument, which will help even 
further the preservation of this heritage building. 
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