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Abstract: The effectiveness of monitoring and early-warning systems for ground deformation 
phenomena, such as sinkholes, depends on their ability to accurately resolve the ongoing ground 
displacement and detect the subtle deformation preceding catastrophic failures. Sagging sinkholes 
with a slow subsidence rate and diffuse edges pose a significant challenge for subsidence monitoring 
due to the low deformation rates and limited lateral strain gradients. In this work, we satisfactorily 
illustrate the practicality of the Brillouin optical time domain analysis (BOTDA) to measure the 
spatial-temporal patterns of the vertical displacement in such challenging slow-moving sagging 
sinkholes. To assess the performance of the approach, we compare the strain recorded by the 
distributed optical fiber sensor with the vertical displacement measured by high-precision leveling. 
The results show a good spatial correlation with the ability to identify the maximum subsidence point. 
There is also a good temporal correlation with the detection of an acceleration phase in the 
subsidence associated with a flood event. 
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1. Introduction 

Distributed optical fiber sensors (DOFSs) have 

been proved to be a useful tool for measuring spatial 

and temporal variations in strain and temperature 

along man-made structures, such as dams, bridges, 

and tunnels [1–4]. The analysis of the scattered light 

that travels along the fiber can reveal mechanical 

and thermal perturbations in the region, where the 

fiber has been deployed. The sensing optical fiber is 

often deployed in natural hostile environments 

capturing external information that is conveyed into 

the optical domain. The interrogator together with 

the electronics required for collecting the data is 

placed at the end of the fiber within a more stable 

and secure environment. The range, resolution, and 
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bandwidth are the key parameters that determine the 

applicability of the different optical fiber sensor 

technologies. 

Among the DOFSs, those based on the Brillouin 
scattering make use of a highly coherent laser to 
generate non-linear scattering and analyze its 

spatial-temporal changes. In these systems, a 
fraction of the incident light is backscattered 
towards the emitter with a characteristic frequency 

shift, named the Brillouin frequency shift (BFS) [5]. 
Initially, the analysis of the distributed Brillouin 
scattering was proposed as an alternative technology 
for characterizing fiber parameters, such as the 

attenuation coefficient [6]. However, soon it was 
demonstrated that this method also allows the 
measurement of other parameters. In the Brillouin 

time domain analysis (BOTDA) scheme, two 
counter-propagating waves are coupled into the 
system, stimulating the scattering and producing the 

so-called stimulated Brillouin scattering (SBS). The 
local BFS is strongly dependent on the mechanical 
and thermal conditions of the fiber. Consequently, 

by resolving the distributed frequency shift of the 
scattering process, we can monitor variations in 
strain and temperature along the fiber. The use of 

BOTDA for monitoring the linear infrastructure has 
been widely reported because of its practicality for 
accurately measuring temperature and static strain 

along long distances. In its most common set-up, the 
technology allows collecting measurements along 
tens of kilometers with a meter-scale resolution and 

a sensitivity of tens of με [7]. The possibility of 
using the conventional single-mode fiber, including 
those already deployed in communication links or 

other common configurations, has positioned this 
technique as a very appealing option for monitoring 
deformations related to multiple processes in the 

critical civil infrastructure [8]. 
Ground subsidence can cause severe damage to 

any human structure. Moreover, catastrophic 

subsidence involving the sudden occurrence of 
collapse sinkholes can also result in human life 
losses [9]. For instance, unforeseen subsidence 

impinging on a high-speed railway can lead to 
disastrous consequences. Subsidence phenomena 
dominated by the vertical ground displacement can 
be related to multiple natural and anthropogenic 

processes, such as the dissolution of soluble rocks, 
thawing of ground ice in permafrost regions, the 
collapse of lava tubes, internal erosion of fine- 

grained sediments (piping), aquitard consolidation 
induced by groundwater withdrawal, or the 
foundering of mine roofs. Critical data for 

mitigating the economic and societal risk related to 
subsidence impacting on human structures include: 
1) identifying and delimiting the areas affected by 

active deformation; 2) measuring subsidence rates 
and characterizing their spatial-temporal patterns;  
3) detecting deformation preceding catastrophic 

collapse (precursory subsidence) for the 
implementation of early-warning systems. The 
development of new monitoring techniques that 

allow gathering automatically distributed stain data 
with the high accuracy and along long distances is 
opening new possibilities for subsidence risk 

management. One of such techniques is the DOFS 
that features a number of strengths, including its 
non-destructive nature, capability for long-distance 

monitoring, electromagnetic immunity, water and 
corrosion resistance, and durability. In particular,  
the performance of the BOTDA technique for 

subsidence monitoring has been tested in recent 
years either in laboratory conditions or in artificially 
created sinkholes. In those artificial scenarios where 

the BOTDA has been tested, specially designed 
fibers are deployed to measure large vertical 
displacements of the order of tens of centimeters, 

without assessing its sensitivity and capability for 
detecting slow ground movements that could 
anticipate the catastrophic collapse. 

In this work, we present the results of a BOTDA 
measurement system installed in a damaging 
sinkhole related to the salt dissolution that affects a 

flood-control embankment at Alcalá de Ebro village 
[Alcalá de Ebro, north east (NE) Spain], creating a 
high-risk and uncertain situation. This sinkhole, 
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characterized by very slow sagging subsidence, 
shows temporal variations in the subsidence rate 
controlled by the flood regime and the associated 
changes in the position of the water table. The strain 

data obtained with an enhanced BOTDA sensor 
interrogating off-the-shelf optical fiber cables are 
compared with the subsidence data measured by 

high-precision leveling (HPL) at the same site. The 
comparison between the spatial and temporal 
patterns of the displacement measured by both 

methods allows assessing independently, 
quantitatively, and for the first time the performance 
of the BOTDA technique for the sinkhole 

subsidence measurement using a real sinkhole under 
natural conditions. 

2. Case of Study 

2.1 High-risk Alcalá sinkhole 

The Alcalá de Ebro village is located in the 

floodplain of the Ebro River in NE Spain, adjoining 

the outer side of a meander (Fig. 1). Here, the 

6 m–7 m thick alluvium is underlain in descending 

order by a dissolution residue up to 20 m thick made 

up of the dark clay and marl with the residual 

gypsum, and a subhorizontally-lying Miocene 

evaporitic bedrock including halite and glauberite 

beds (equilibrium solubilities of 356 g/L and 118 g/L, 

respectively). Data from boreholes drilled at the 

sinkhole site indicate a high frequency of 

meter-sized cavities at depths between 13 m and 

19 m. The Alcalá sinkhole is a diffuse-edged sagging 

sinkhole around 100 m across that has been affected 

by multiple nested catastrophic collapses since 2007, 

creating high-risk situations because of the potential 

for a dike failure during a flood [Fig. 1(c)]. Previous 

monitoring data collected by the high-precision 

leveling and terrestrial laser scanner reveal phases of 

accelerated subsidence associated with flood events 

that have an immediate response on the position of 

the water table. Further information on the geology, 

subsidence history, and remediation measures 

applied can be found in [10]. 
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Fig. 1 Location of the Alcalá de Ebro sinkhole and monitoring layout: (a) nested collapse occurred in July 2007 in the street, 
undermining a house which was subsequently demolished, (b) oblique aerial view of Alcalá de Ebro village on the outer side of a 
meander and protected by a flood-control dike (the sinkhole, situated between the two manholes, affects the dike and an adjacent 
portion of the village; the image was taken during the December 2021 Ebro River flood), (c) location of Alcalá de Ebro village in NE 
Spain, and (d) sketch illustrating the distribution of the leveling lines and the different types of fiber cables installed in the four 
trenches excavated along the crest of the dike. S: south; W: west. 
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2.2 Fiber deployment and reference monitoring 

The fiber cables are installed in four parallel 

trenches excavated along a 136 m long section of the 

dike crest [Fig. 1(d)]. The 0.4 m wide and 0.6 m deep 

backhoe trenches have a lateral separation of around 

1.2 m and their traces at both extremes bend 

eastward and merge into a single trench connected to 

Manholes N and S in the north and south, 

respectively. From west (river side) to east (village 

side), the trenches are designated as A, B, C, and D. 

Two cables are deployed in each trench: one of them 

is referred to its commercial name BRU and the 

other one is referred to CSB. Both cables present a 

tight-buffer structure that ensures the mechanical 

transmission of the stress from the outer layer of the 

cable to the inner fiber, while preventing the damage 

potentially caused by the surrounding environment. 

The cables are distinguished solely by the outer 

armor, which for the BRU cable is made of 

fiberglass braid, while the armor in the CSB is made 

of the corrugated steel. Having comparable 

constituents within their inner structure, they exhibit 

analogous mechanical and thermal responsiveness. 

The inner structure of both cables is depicted in 

Fig.  2, where the material of the layers is indicated. 

Each cable has 4 separated single-mode fibers 

evenly spaced around the center. 

CSB cable BRU cable 

LSZH thermoplastic Corrugated 
steel armor 

Fiberglass 
braid 

Thermoplastic 

Tight buffer fiber 

Reinforced 
fiberglass yarns  

Fig. 2 Internal structure and elements of the deployed cables 
named BRU and CSB. LSZH stands for low smoke zero 
halogen. 

The cables are laid at different depths. The 
bottom cables are embedded within a 20 cm thick fill 

of the well-graded sand. The upper cables are placed 
within a gravelly fill derived from the excavation of 
the trenches. The BRU cable is placed at the bottom 

of Trenches A, B, and C, and the CSB cable at the 
bottom of Trenches C and D and the upper level of 

all the trenches. Note that the bottom of Trench C 
has both BRU and CSB connected with a splice due 
to the insufficient supply of the former cable (Fig. 3). 
The upper-level CSB cables in Trenches A and D are 

placed within a pipe to prevent strain effects and 
isolate the temperature signal. The layout of the 
fiber cables with respect to the trenches and 

manholes is shown in Fig. 3. The figure shows the 
optical path of the pulse along the system for one 
round. For each round, the fiber end is spliced to the 

starting end of the next round in Manhole N, then 
creating a 4-round loop following the layout 
depicted in Fig. 3. 
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Fig. 3 Layout of the fiber cables buried at two depths 

denoted as upper cables and bottom cables. The arrows indicate 
the direction of the pulse travelling along the fiber. 

Two leveling lines 136 m long with the 8 m 
spacing between benchmarks are installed at the 
edges of the dike crest, coinciding with the section 

of the dike monitored with the optical fiber. 
Leveling Line W adjoins Trench A on the river side 
and leveling Line E lies next to Trench D on the 

village side (Fig. 1). The nine leveling campaigns 
cover a time period of 736 days, spanning from   
19 May 2020 to 25 May 2022, with measurements 

taken around every three months. This measurement 
period includes an ordinary flood that peaked on  
14 December 2021. 

Despite the investigated section of the dike being 

restricted to traffic, some benchmarks were found 

damaged in the campaigns of 22 September 2021 
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and 20 December 2021. The benchmarks were 

replaced to re-establish measurements in the 

following campaigns. The vertical ground 

displacement was measured by high-precision 

leveling using a digital level (Leica DNA03) 

mounted on a tripod with fixed-length legs, and a 

2 m long bar-coded invar staff (Leica GPCL2). The 

utmost accuracy with a standard deviation of 0.3 mm 

per kilometer in double-run leveling could be 

achieved with this equipment. The measured values 

were considered invalid when the difference 

between the forward and backward measurements 

was higher than 0.3 mm. Profiles of the cumulative 

vertical displacement were plotted using the first 

profile as the datum and assuming that the 

benchmark situated at the initial edge of the line 

remains stable (see [10]) for additional details. 

3. Measurement methodology 

BOTDA techniques measure the BFS at every 

point of the fiber providing information on its 

physical status (i.e., strain and temperature). In its 

most fundamental implementation, the pump is 

pulsed and coupled into one end of the fiber, while 

the continuous probe is injected from the other end. 

The local interaction between the pump pulse and 

the counter-propagating probe wave induces a 

localized SBS amplification (from the pump over 

the probe). The temporal analysis of the amplified 

probe and its relationship with the propagation time 

of the pulse allows resolving the position of the 

measurements of the Brillouin gain along the fiber. 

Using the refractive index of the fiber and thus the 

velocity of the pulse, the recorded amplification of 

the probe can be correlated with the location of the 

pulse. The acquisition rate of the probe power 

determines the sampling spatial resolution of the 

system. In our case, with a rate of 100 MS/s, the 

sampling is set to 1 m. By recording the power level 

of the probe continuously, the system is able to 

sense variations of its value as the pump pulse 

travels through the fiber and interacts with the 

counter-propagating continuous probe. The gauge 

length of the pump-probe interaction is essentially 

limited to the segment of the fiber covered by the 

pulse, which is directly related to the temporal width 

of the pulse. In our case, the pump width is set to 

20 ns, which corresponds to a resolution of 2 m. 

Sweeping the emission wavelength of the probe, the 

system characterizes the narrowband gain profile 

induced by the SBS at every point. The result is a 

distributed 3-dimentional (3D) map of the gain 

along the fiber. The enhanced accuracy in the 

determination of the central frequency of the gain 

profile (i.e., BFS) is usually obtained by fitting a 

Voight curve and interpolating its maximum gain 

frequency. Spatial and temporal changes in the BFS 

are a function of the strain and temperature 

variations experienced by the fiber and their 

corresponding dependence coefficients: 

B TC C Tεν εΔ = Δ + Δ .           (1) 

The temperature coefficient for the single-mode 

fiber is CT = 1 MHz/℃, while the strain coefficient, 

for the employed cables, has been evaluated in the 

lab within the range 0–40  and is in the order of ℃

the common value for the standard single-mode 

fiber, Cε = 0.05 MHz/με [11–13]. In this scenario, we 

address the temperature-induced variations by using 

the BFS data obtained from the cables within the 

corrugated tubes. This compensation technique 

consists of subtracting the BFS value obtained in 

these strain-isolated cables from the BFS obtained in 

the directly buried cables, considering analogous 

temperature coefficients [14]. The presence of local 

hot spots in the terrain that could induce a 

temperature increase/decrease in specific locations is 

ruled out by analyzing the evolution of the BFS 

across the tubed fibers for different campaigns. It 

was found that the maximum difference in the BFS 

for the CSB-D tube occurred between the two 

extreme temperatures, i.e., December 2020 and June 

2021 where it reached 0.6 MHz, corresponding to 

values below 1 . This practically negligible ℃

temperature variation profile across the sinkhole is 
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reasonable due to the limited extent of the layout 

and its homogeneity. This temperature compensation 

technique is widely used for isolating temperature 

and strain contributions to the BFS [15]. Based on 

these premises and data, the mean temperature 

variations between campaigns are compensated by 

assessing the average BFS variation along the cables 

positioned in the corrugated tubes and subtracting it 

from the BFS obtained in the cables directly buried 

in the terrain. Figure 4 shows, in the red line, the 

average BFS obtained from the section of the cables 

deployed within the corrugated tubes, while the blue 

line shows the average ambient temperature 

registered by a public domain weather station 

located 20 km apart from the site during the 

measurement lapse. Both lines exhibit a similar 

trend along the campaigns. This indicates that    

the measurements obtained in this section of     

the cable placed at the same depth of the other 

cables, can be used to discount the effect of 

surrounding temperature variations along different 

campaigns. 
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Fig. 4 Average BFS obtained in the section of the cable placed within the corrugated tubes (red) and average temperature during the 

measurement period (blue). 

Nonetheless, resolving the relationship between 

elongation and potential changes in the position of 

the fiber related to ground instability phenomena  

is not straightforward. Some papers explore 

geometrical models for estimating the fiber/ground 

displacement related to landslides and sinkholes on 

the basis of the measured strain [16, 17]. An 

additional important factor for the displacement 

estimation is the coupling between the fiber cable 

and ground [18]. In situations in which the ground is 

affected by the substantial displacement, the position 

of the embedded cable will mimic the deformation 

experienced by the ground, serving as a reliable 

deformation marker [19]. However, in settings with 

low deformation rates as the one considered in this 

work, the fiber can exhibit the lower displacement 

than the surrounding material as it has been 

demonstrated in several works [18]. In situations 

with slow-moving sinkholes dominated by 

subsidence deformation, it can be assumed that the 

displacement of the fiber mainly has a vertical 

component for all points and measurement 

campaigns [20, 21]. In this case study, due to the 

slow subsidence rate and the unknown degree of 

coupling between the deployed fiber and the ground, 

we will consider the deformation of the fiber (ΔL) at 

each point x of the system as 

( ) ( )
0

d
x

L x l lεΔ =               (2) 

where ε(l) is the measured strain along the fiber [22]. 

Deformation is defined as the change in the length 
of the fiber and can be calculated with a space 
integration of the distributed strain as it is expressed 

in (2). Furthermore, where tensile extension is low, 
the non-negligible rigidity of the cable may play a 
role in the strain profile when the system is under 

tension. Those scenarios have been modeled by [23] 
and verified in subsequent works by [4]. Under these 
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conditions, it can be considered that the relation 
between the strain and the vertical displacement is 
as follows: 

2

2

1 y

d x
ε ∂∝ −

∂
             (3) 

where y is the vertical displacement at any point x of 

the fiber and d is the radius of the cable. Figure 5 

displays how the magnitudes of displacement, 

deformation, and strain correlate for the local 

subsidence with a Gaussian shape. It shows that the 

maximum values of the displacement and strain are 

located in the same position, while it corresponds to 
 

an inflection point in the deformation graph. 

Additionally, the strain profile shows negative 

values in the central sector of the subsidence zone 

and positive values at the margins. 

This behavior has been reproduced in the lab by 

[24], recording the strain profile for small vertical 

displacements. Consequently, the strain measured in 

the fiber can be considered as a proxy for the 

sinkhole-related subsidence, which can be compared 

with the measurements of the vertical ground 

displacement obtained by geodetic methods, such as 

high-precision leveling. 
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Fig. 5 Theoretical distribution of the strain, deformation, and displacement magnitudes associated with the Gaussian-shaped 

subsidence. 

3.1 Repetitiveness 

The BFS corresponds to the frequency difference 

between the pump and the probe when the 

amplification of the latter is the maximum. The 

frequency sweep range constrains the maximum 

absolute strain that the system is able to measure. 

The time needed for each measurement is strongly 

dependent on the frequency sweep configuration, 

and this trade-off must be considered when 

measuring rapid strain-related phenomena. The 

uncertainty of the measurements is related to the 

frequency sweep step and the curve fitting. There 

are several methods to reduce and assess the 

uncertainty of the measurements. In our case, the 

timescale of the strain variations is much greater 

than the measurement time and thus the uncertainty 

is reduced by averaging the BFS over several 

measurements for each campaign. Besides, the 

subsidence in the analyzed sinkhole is continuous 

rather than episodic [10, 25], reducing the 

uncertainty attributable to short-lasting changes in 

the strain. The capability of the system to measure 

strain and/or temperature in this application relies on 

its ability to measure variations of the spatially- 

resolved BFS between different measurement 

campaigns. 

The characteristics of the sinkhole environment 

determine that the interrogator could not be 

permanently deployed on-site. Instead, it has to be 

installed and uninstalled in every measurement 

campaign. The device is designed and mounted in a 

solid box by the company Aragon Photonics Labs, 

which also programs the interface and measurement 

software, based on the architecture detailed in [26]. 

Measurements are taken by placing the system close 

to Manhole A (Fig. 1) to interrogate the fiber from 
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this end. In each campaign, a set of 10 measurements 

are systematically taken between dawn and noon. A 

repeatability analysis of the data allows discarding 

those with higher noise and uncertainty. 
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Fig. 6 Distributed BFS and its standard deviation of the four passing of the pulse through the systems measured in the July 2020 

campaign. 
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Fig. 7 Standard deviation of the BFS along the optical path for the measurements taken in each campaign. 
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Figure 6 shows the BFS measured along     

the fiber in the four rounds and averaged for the   

10 measurements collected in each of the campaigns 

(date 2020-06-18). Each trace exhibits sharp 

changes at certain locations, revealing the presence 

of discontinuities in the optical path, mainly related 

to splices, while showing a continuous record along 

the distance for all the fiber spans. The bottom graph 

depicts the standard deviation (STD) of this dataset. 

It shows a steady value along the continuous fiber 

sections, which does not increase with the distance, 

indicating that the signal-to-noise ratio does not 

decrease with the distance. Discontinuities in the 

fiber can be easily detected by the greater standard 

deviation values than the average. This is due to the 

enhanced sensitivity of the fiber in splices and tight 

bends. When any of these two phenomena appears, 

there is a higher uncertainty in the calculations of 

the BFS. The latter graph is used to: 1) assess the 

repeatability of the measurement set, indicating 

whether there is any statically abnormal trace that 

has to be discarded; 2) set the strain resolution of the 

measurements. The average STD for the reference 

set taken in June 2020 was 0.77 MHz. Figure 7 

shows the standard deviation for each campaign and 

their average values along the fiber. Conversion 

from BFS variation to the strain depends on the 

strain sensitivity of standard single-mode fibers, 

which is widely established at 0.05 MHz/με [12]. 

With this response coefficient, it can be determined 

that the system is operating with a maximum 

uncertainty of 18 με. 

3.2 Spatial calibration 

The accuracy of the location of the 

measurements is directly related to uncertainties in 

the refractive index of the fiber. Location errors 

propagate with a cumulative effect throughout the 

spatial-positioning calculations of the pulse based on 

its flight time. Nonetheless, an accurate 

characterization of the refractive index allows the 

precise positioning of the data along the fiber, rather 

than those in the monitored ground or infrastructure. 

This is because the length of the deployed fiber 

cable is greater than the linear distance covered by 

the cable in the ground or infrastructure. This 

difference can be related to multiple factors, such as 

the excess of the fiber cable to allow for re-splicing 

in case repairs are needed, sinuous traces and bends 

associated with multiple connected trenches, or the 

manholes hosting splices where spools of fibers are 

reserved. The most practical approach to resolve this 

positioning problem is to generate recordable stimuli 

at precisely determined positions that will serve as 

tie points for determining the spatial distribution of 

the data by linear interpolation. 

Corrugated cables 

Temperature stimulus 

Fiber cables 

 
Fig. 8 Ice bags placed in a manhole to induce temperature 

variations in the cable. 

In our case, we apply a thermal stimulus at 

specific and accessible points along the fiber. In 

particular, we place several ice bags (Fig. 8) in 

contact with cable spools inside the manholes, 

inducing a strong local drop in the temperature of 

the cable and the fiber. Once the bags are placed, the 

interrogator is set to acquire data until an obvious 
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thermal change is detected. The exact location of the 

points where the cable is stimulated is easily 

determined by comparing the data recorded at the 

beginning and at the end of the experiment. Figure 9 

depicts the variation of the BFS profile along the 

fiber between the first and the last measurements. 

The total time lapse between the measurements is  

3 hours. Shaded areas in Fig. 9 delimit the section 

where the variation of the BFS is greater than the 

STD value determined in the absence of stimulus. 

Considering that, when placing the ice bags, this 

spot is the only section of the fiber affected by a 

significant stimulus, during the measurement period, 

these shaded areas represent the optical path within 

the manholes and thus will be excluded from the 

strain calculations. Note that this procedure makes it 

possible to remove the influence of the excessive 

fiber or splices in the manholes as it provides the 

exact position of the fiber at the exit of the manhole. 

This information enables the alignment of the 

different rounds of the pulse trip. By doing this, we 

get the strain of each cable four times and thus we 

can reduce the uncertainty in the displacement 

measurement. 
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Fig. 9 BFS difference recorded throughout the spatial calibration campaign, showing the thermally-stimulated points at Manholes S 

and N. 

4. Results and discussion 

4.1 Measurement results 

The first set of data was recorded in June 2020, 

which was established as the reference or initial 

condition of the fiber and thus of the terrain. Since 

then, 7 additional measurement campaigns were 

performed every 3 months covering a total time 

lapse of 21 months. Each measurement was obtained 

from the four rounds of the fiber path folded 

according to the spatial calibration detailed in the 

previous section. For the sake of brevity, we 

illustrate the results obtained in the cables deployed 

in Trenches C and B. It can be reasonably assumed 

that these cable sections are affected by a vertical 

displacement similar to that measured along the 

leveling lines. 

Figure 10 shows the strain profiles of all the 

campaigns for the cable CSB-C installed in the 

upper level of Trench C [Fig. 1(d)]. The graph shows 

consistent strain profiles for all the campaigns with 

slight variations between them related to the 

continuous slow subsidence in the sinkhole. Positive 

and negative values record the limited axial strain of 

the sensor cable induced by local extension and 

contraction in the fiber affected by the sagging 

sinkhole, respectively. This strain pattern has been 

previously reported in laboratory calibration tests 

[24] and is consistent with deformation features 

observed in sagging sinkholes [27]. 

Figure 11 shows the strain for the cables CSB-B 

and BRU-B installed in Trench B: one above the 

other. Both cables exhibit analogous strain profiles, 

indicating the similar vertical displacement at 

different depths within the same trench. The slight 

difference between both cables can be related to 

different coupling of the fiber with the surrounding 

ground. The lower cable buried by thicker soil is 

expected to have better coupling with the 
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surrounding ground. 

In both figures, the strain data show similar 

spatial patterns and temporal evolution. It is worth 

noting a substantial increase in the negative strain 
 

occurred around 80 m–90 m between the campaigns 

2021-09-29 and 2021-12-30. The timing of this local 

strain enhancement coincides with the Ebro River 

flood that peaked on 2021-12-14. 

St
ra

in
 (

με
) 

 

Distance (m) 

–300 

0 20 40 1008060 120

2022-03-25 

110 130 140 907050 30 10 

Trench C (CSB cable) 

–250 

–200 

–150 

–100 

–50 

0 

50 

100 

150 

200 

250 

2021-12-30 
2021-09-29 
2021-06-25 
2021-03-29 
2020-12-21 

2020-06-18 
2020-10-21 

 
Fig. 10 Strain profiles recorded in all the campaigns along the cable CSB-C, installed in the upper level of Trench C. 
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Fig. 11 Strain profiles recorded in all the campaigns along the cables CSB-B and BRU-B installed in Trench B. 
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4.2. Comparison to reference measurement 

The performance of the BOTDA system can be 

assessed by comparing the strain and deformation 

profiles recorded by the fiber cables with the vertical 

displacement measured along the adjacent 

high-precision leveling lines. 

Figure 12(a) shows the vertical displacement 

profiles obtained after applying (3) to the strain data 

measured in the cable BRU-B, while Fig. 12(b) 

depicts the same magnitude measured by 

high-precision leveling in the leveling line west. The 

BOTDA displacement profiles are aligned with the 

displacement profiles of the adjacent leveling line 

for comparison. The profiles derived from the 

BOTDA measurements show a good spatial 

correlation with the HPL data. Although the section 

corresponding to distance of 0 m–70 m indicates 

displacement values higher than those recorded  

with the leveling method, the data show the maximum 

 

displacement at 80 m–90 m, coinciding with the 

location where the leveling line records the 

maximum subsidence (Benchmark 12). At that 

position, the calculated displacement shows a 

maximum negative peak, which corresponds to 

negative strain values in the same region depicted in 

Fig. 11. This excessive displacement obtained with 

the BOTDA in the initial meters, 0 m to 70 m, can be 

originated from an incorrect evaluation of the 

displacement in the points close to the manhole. 

This would explain an overestimation in this region 

that does not affect the spatial profile of the 

recovered data, as it can be seen in the good 

correlation in the rest of the cable. This 

displacement profile across the cable is consistent 

with a sagging subsidence mechanism characterized 

by contraction in the inner part of the sinkholes and 

extension at the margins, as illustrated in Fig. 5. 

Terminal points of the cable correspond to the 

location of the manhole and thus present no vertical 
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Fig. 12 Vertical displacement profiles: (a) obtained from the strain data measured in Trench B with the BRU cable throughout the 

different campaigns and (b) measured by high-precision leveling along the west line. 
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displacement. In the central region with the highest 

subsidence and contraction, the negative strain 

values show a substantial increase between 

September 2021 and December 2021, returning to 

the previous pattern between December 2021 and 

March 2022. This significant increase could be 

attributed to the Ebro River flood of December 2021, 

during which subsidence experienced a significant 

acceleration as indicated by the high-precision 

leveling data [Fig. 12(b)]. 

Figure 13(a) represents, for comparison: 1) the 

difference of the displacement calculated with the 

strain measured in the cable BRU-B in September 

2021 and December 2021 (red line); 2) the average 

of the displacement difference between successive 

campaigns (blue line), excluding the interval 

indicated above. Figure 13(b) shows an equivalent 

pattern for the leveling line west. Both techniques 

show a substantial displacement increment centered 

around Benchmark 12 and the distance of 80 m in 

the cable section, contrasting with the limited 

variation observed along the cable during the rest of 

the campaigns. This indicates that the BOTDA 

measurements replicate the spatial and temporal 

subsidence patterns measured by high-precision 

leveling. 
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Fig. 13 Difference of the vertical displacement obtained from the strain in the cable BRU-B (a) and the HPL data in the west line (b) 
in the campaigns before and after the flood occurred in December 2021 (red), and the average difference from the rest of the intervals 
(blue). 

Figure 14(a) shows the vertical displacement 

calculated with the BOTDA data recorded by the 

cable CSB-C, and Fig. 14(b) shows the vertical 

displacement profiles measured with the HPL 

technique along the leveling line east. Again, the 

BOTDA data show a good spatial and temporal 



                                                                                             Photonic Sensors 

 

Page 14 of 17

correlation with the leveling data, with the 

maximum displacement around 80 m (aligned with 

Benchmark 12) and a displacement acceleration 

during the interval that includes the December 2021 

flood. The profiles in the BOTDA display a ridge in 

the initial portion of the cable that can also be 

observed in the HPL data. Similar apparent uplift 

areas detected in the margins of active sinkholes by 

high-precision leveling have been attributed to 

flexural bulging [28]. This ridge seems to indicate 

the beginning of the subsidence area that in this case 

is wider than the one observed in Figs. 13(a) and 

13(b). The lack of another ridge at the opposite 

margin of the subsidence area is related to the fact 

that the cable section does not cover completely the 

sinkhole, as the leveling data reveal, where the 

displacement profiles do not rise to null values on 

the right side of the graph [Fig. 14(b)]. 
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Fig. 14 Vertical displacement profiles: (a) obtained from the strain data measured in the cable CSB-C throughout the different 
campaigns and (b) measured in the leveling line east. 

The differences in the displacement data 

obtained in the cable CSB-C and in the leveling 

line east between the campaigns before and after 

the flood, as well as the average of the difference 

in the rest of the time intervals is represented    

in Fig. 15. The BOTDA data show a clear 

displacement acceleration associated with the 

flood [Fig. 14(a)] similar to the leveling data   

[Fig. 14(b)]. Although both measuring techniques 

detect the maximum displacement at the same 

location, the section affected by the displacement 

in the BOTDA data is significantly wider. This 

deviation may be related to the non-ideal coupling 

between the fiber cable and the soil, resulting in 

some kind of lateral propagation of the strain 

effect. 
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Fig. 15 Difference of the vertical displacement: (a) obtained from the strain recorded in the cable CSB-C and (b) measured by HPL 

data in the leveling line east between the campaigns before and after the flood occurred in December 2021 (red), and the average 
difference of the rest of the measurement intervals (blue). 

5. Conclusions 

In this paper, we have presented vertical 

displacement values calculated from strain 

measurements obtained with an enhanced BOTDA 

system in an active sinkhole. Compared to other 

scenarios, in which the technique has been tested, 

the monitored sinkhole is characterized by a large 

diffuse-edged subsidence area affected by very slow 

progressive subsidence (i.e., sagging sinkhole) that 

experiences phases of acceleration induced by flood 

events. This is a challenging scenario for the 

application of the BOTDA technique, not only 

because of the slowness of the ground deformation 

process, but also because of the very limited lateral 

displacement gradients. Nonetheless, with the 

deployed layout including several parallel fiber 

cables at different depths and precisely located by 

performing an on-site spatial calibration procedure, 

we have been able to reduce the uncertainties     

of the measurements. The cumulative vertical 

displacement of each point can be estimated through 

the integration of the strain values captured by the 

BOTDA. Despite the difficult scenario, the BOTDA 

data show a good spatial and temporal correlation 

with the subsidence values measured by the 

high-precision leveling. Although it is not possible 

to precisely delimit the edges of the subsidence area 

solely with the BOTDA data, there is a good 

coincidence in the position of the maximum 

subsidence zones and the phases of the enhanced 

deformation induced by flooding. The results of this 

study demonstrate that the BOTDA is a promising 

technique for the sinkhole subsidence measurement 

and for the developing early-warning systems with 

the ability to anticipate and prevent catastrophic 

collapses. 
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