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Abstract: Landslides in reservoir contexts are a well-recognised hazard that may lead to dangerous
situations regarding infrastructures and people’s safety. Satellite-based radar interferometry is
proving to be a reliable method to monitor the activity of landslides in such contexts. Here, we
present a DInSAR (Differential Interferometric Synthetic Aperture Radar) analysis of Sentinel-1
images that exemplifies the usefulness of the technique to recognize and monitor landslides in
the Rules Reservoir (Southern Spain). The integration of DINSAR results with a comprehensive
geomorphological study allowed us to understand the typology, evolution and triggering factors
of three active landslides: Lorenzo-1, Rules Viaduct and El Arrecife. We could distinguish between
rotational and translational landslides and, thus, we evaluated the potential hazards related to these
typologies, i.e., retrogression (Lorenzo-1 and Rules Viaduct landslides) or catastrophic slope failure
(El Arrecife Landslide), respectively. We also observed how changes in the water level of the reservoir
influence the landslide’s behaviour. Additionally, we were able to monitor the stability of the Rules
Dam as well as detect the deformation of a highway viaduct that crosses a branch of the reservoir.
Overall, we consider that other techniques must be applied to continue monitoring the movements,
especially in the El Arrecife Landslide, in order to avoid future structural damages and fatalities.

Keywords: DINSAR; Sentinel-1; reservoir safety; landslides; geomorphological mapping

1. Introduction

Slope instability is a major problem in the planning, design, construction and maintenance of dams
and reservoirs [1]. Until the well-known 1963 Vajont Reservoir slide in Italy, with 2000 fatalities [2],
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experts did not fully realise the potential risk represented by unstable slopes within reservoir basins [3].
After the Vajont case, examples worldwide remind us of this problem: Grand Coulee Reservoir in
USA [4], Tabachaca Reservoir in Peru [5], Geheyar Reservoir [6] and Three Gorges Reservoir [7] in China,
Nechranice Reservoir in Czech Republic [8], Orava Reservoir in Slovakia [9], Wloclawek Reservoir in
Poland [9] and Cortes [10] and Yesa Reservoirs [11] in Spain. These are well-documented cases, worth
mentioning, in which ground instabilities within reservoirs produced threatening situations.

There are several phenomena that may produce ground instabilities and dangerous situations
in reservoirs. First, the water level changes play a central role in triggering landslides in reservoir
slopes [12]. Second, if dam abutments rest on moving slopes, progressive deformation of the dam
could lead to its collapse and generate a subsequent catastrophic flood [13]. Rapid large landslides in
subaerial or submerged portions of reservoir basin slopes can also generate catastrophic floods due
to the creation of impulse waves of great destructive power (see Gutiérrez et al., 2011 [11]). These
impulse waves or landslide-related tsunamis can have devastating consequences. As in the Vajont
case [2], the wave can overtop or destroy the dam and create a massive flash flood downstream.

Monitoring dams and reservoir unstable slopes is crucial to avoid or minimise the mentioned
disasters. In recent years, the use of remote sensing techniques to monitor the activity of slopes
that interact with human infrastructures has significantly grown [14]. Some of these techniques are
photogrammetry [15], Terrestrial Laser Scanner (TLS) [16], Global Positioning Systems (GPS) [17]
and Synthetic Aperture Radar Interferometry (InSAR) satellite-based [18] and ground-based [19]. In
particular, the contribution of satellite radar interferometry is becoming one of the most useful tools for
ground instability identification and monitoring [20-26]. INSAR monitoring has proven its effectiveness
not only in detecting unstable areas on reservoir slopes but also in monitoring the stability of dams. For
example, Sousa et al. 2014 [27] discuss the potential of INSAR technology for monitoring deformations
in dams and bridges. Milillo et al. 2016 [13], Wang et al. 2011 [28] and Cignetti et al. 2016 [29] also
proved InSAR’s effectiveness in monitoring the slopes in the Pertusillo (Italy), the Three Gorges (China)
and the Beauregard (Italy) dams, respectively. Moreover, Wang et al. 2013 [30] also validated the use of
InSAR to locate and monitor landslides in the surrounding areas of the Wudongde Reservoir (China).

The recent increase in the number of satellites with different spatial and temporal resolutions
has supposed a step forward in radar techniques [31]. A significant improvement is given by the
new C-band sensors on-board the Sentinel-1A and Sentinel-1B satellites, launched on 2014 and 2016,
respectively [32]. Sentinel-1 satellites have improved data acquisition and analysis, as its images are
free-of-charge and offer wide area coverage, high temporal resolution (sampling of 6 days) and high
coherent interferograms [20]. These advantages make possible to monitor surface ground deformation
at a high accuracy (up to 1 mm/year), that, in turn, allows long-term geohazard management over local
and regional areas [33].

In this paper, Sentinel-1 data combined with classical geomorphological surveys were evaluated
as quick decision-support tools on critical infrastructures. We describe a study in the Rules Reservoir
(southern Spain) where unstable slopes represented a particular challenge for its design, construction
and management. This study exemplifies how Sentinel-1 based DInNSAR (Differential Interferometric
Synthetic Aperture Radar) allows the identification of active ground instabilities and provides support
on their characterization. Moreover, this study has been developed independently of the authorities
responsible for managing the reservoir and the rest of the nearby infrastructures. Thus, the current
freely available remote sensing data from European Space Agency (ESA) enabled us to make an
independent and continuous assessment of critical infrastructures.

2. Background

2.1. The Rules Reservoir

The Rules Reservoir is located half-way through the Gualdalfeo River course at its confluence
with the Izbor River, in Granada province (Southern Spain) (Figure 1). The reservoir was initially
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projected to have a maximum water storage of 117 hm? and a flooded area of 3.08 km? [34]. It collects
water from Sierra de Lujar, Sierra de los Guédjares and the southern slopes of the western termination of
Sierra Nevada (Figure 1). The Rules Dam is a 118 m high gravity dam that is situated at the southern
edge of the reservoir (Figure 1). The structure of the dam is made of vibrated concrete with a 500 m
radius curved plant. The reservoir was initially projected for the following purposes: irrigation (40%),
supply to residential developments on the coast (19%), energy generation (9%), flood control (30%)
and environmental flow (2%) [35]. The inauguration of the reservoir was in 2004, however, neither a
water irrigation system nor the hydroelectric power plant have been installed yet.
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Figure 1. Location of the Rules Reservoir and the main geographical features of the area.

Two important transport infrastructures are spatially associated to the reservoir. Along its eastern
bank, the A-44 Highway crosses one of the reservoir branch above a 585 m length concrete viaduct,
called the Rules Viaduct (Figure 1). This highway runs from northern Andalusia, goes through Granada
province to the south and ends in the touristic county called ‘Costa Tropical’ or ‘Granada Coast’.
Likewise, the N-323 National Road runs through the western bank of the reservoir (Figure 1), having a
similar route to the A-44 Highway. The N-323 road was the only connection to the Granada Coast
before the A-44 construction in 2009.

2.2. Geological and Geomorphological Setting of the Rules Reservoir

The Rules Reservoir is located in the Internal Zones of the central Betic Cordillera, the Iberian part
of the Betic-Rif orogen [36]. The Betic Internal Zones are constituted of Mesozoic and Paleozoic rocks,
usually metamorphosed and intensely deformed. Our study area is situated over the Alpujarride
Complex, one of the three main units of the Internal Zones, and consists of, from bottom to top: i) dark
schists ii), quartzschits, iii) phyllites and quartzites and iv) dolomitic marbles [37]. The Rules Reservoir
lays within both the Alpujarride phyllites and dolomitic marbles (see geological map of Aldaya et al.
1979 [38]). The deformation history of the Alpujarride Complex was quite complex, resulting in highly
folded and fractured rocks (see [37,39-42] for detailed geological research of the area).

From a geomorphological point of view, the Rules Reservoir is situated at 279 m above sea level in a
sediment-filled V-shapped valley excavated by the Gualdalfeo River, mainly in the Alpujarride Complex
phyllites. The Sierra de los Guajares and Sierra de Lujar, reaching 1200 and 1800 m, respectively,
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in elevation, constitute the eastern and western limits of the reservoir (Figure 1). Sierra Nevada
corresponds to the reservoir northern divide, reaching up to 3400 m (Figure 1). The elevation of these
ranges generates high topographic gradients, as the local relief is 3000 m maximum at just 35 kilometres
from Sierra Nevada to the coastline. Such gradients have led to a deep fluvial incision that triggers
abundant slope instability processes in this area [43]. Consequently, several landslide inventories have
been produced along the Izbor and Gualdalfeo River basins [43,44]. Moreover, Irigaray et al. 2000 [45]
carried out a landslide susceptibility analysis of the area, associating the highest susceptibility areas to
the Alpujarride phyllites.

From the climatic point of view, the Rules Reservoir area has registered a mean annual precipitation
of 340-370 mm and an average annual temperature of 12 °C. A significant part of the precipitation is
recorded in winter and spring, while the drier months correspond to summer, typical of the hot-summer
Mediterranean climate (Csa), according to the Képpen climate classification. Intense rainfall events
and the occurrence of landslides have also been pointed out by Irigaray et al. 2000 [45] in the area,
linked to the extraordinarily heavy rains that occurred during the 1996-1997 hydrological cycle.

2.3. Slope Instabilities Registered in the Rules Reservoir Area

After the Rules Reservoir inauguration in 2004, the northern edge of the Rules Viaduct was bent
during its construction in 2006. Strengthening of the foundations of the damaged viaduct piers was
carried out and the infrastructure (and thus, that A-44 Highway section) was inaugurated in 2009 [46].
According to the information provided by the Spanish Ministry of Public Works and Transport, this
highway section required an investment of 14 million Euros per kilometre, being the most expensive
highway section ever built in Spain [47]. Just 4 years later, in August 2013, the Ministry of Public
Works and Transport reported on instability problems in the northern embankment of the viaduct
and the required repaired works cost 19 million Euros [48]. The works consisted of the substitution
of the embankment with an additional mixed steel and concrete viaduct, the construction of lateral
retaining piles and an additional pile closer to the abutment. Road traffic was temporary diverted to
the N-323 National Road, which also required major repairs (estimated at 3.8 million Euros) due to
its deterioration [49]. Water level fluctuations were pointed out as the main reason for the long-term
instability issues in the reservoir [50]. Finally, the viaduct was re-inaugurated in 2015 and no other
problem has been reported to date.

Despite of these precedents, no information about the activity of ground instabilities in the Rules
area was published until Lackezy et al. 2016 [51]. This research emphasises the potential of INSAR
for the detection of moving slopes and compiled several active landslides from different worldwide
locations, including a sector of the Rules Reservoir area. The authors processed ENVISAT and Sentinel-1
images, detecting several areas with active movements, but they did not delimit any perimeter of a
sliding body nor develop further research on the Rules Reservoir slopes.

3. Methods

In order to evaluate the current ground and structure stability in the area of the Rules Reservoir, we
firstly applied Differential Synthetic Aperture Radar interferometry (DInSAR) techniques by exploiting
Sentinel-1 A and B images. After a comprehensive interpretation of the INSAR results and identification
of the main areas showing ground instability, we carried out a thorough compilation of data from these
areas and a detailed geomorphological field survey. We inventoried field evidences of the detected
movements and produced several geomorphological maps at site scale of the unstable areas (i.e., active
landslides). In parallel, we analysed the time series of displacement in the unstable measured points.
We were interested in checking the evolution of the displacements and their link to possible triggering
factors such as rainfall and water level variations in the reservoir.
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3.1. SAR Interferometry

In order to derive the velocity map and the time series of displacements (TS), we applied the
Persistent Scatterer Interferometry chain of the Geomatics Division (PSIG) of the Centre Tecnologic de
Telecomunicacions de Catalunya (CTTC), described by Devanthéry et al. 2014 [52]. The procedure
and the main parameters are resumed in the flowchart of Figure 2. After the generation of the
interferograms, the first step was the estimation of the annual linear velocities over a selection of points
(see [53,54] for more details). Then, over the same selected points, the accumulated displacement at
each image date was calculated based on a two-steps phase unwrapping (see [31], [52] and [55] for
more details). The estimation of the annual linear velocity and the time series were both estimated
along the satellite Line of Sight (LoS) direction. Therefore, the final output of the processing procedure
was a surface displacement map that consists of a set of selected points with both the information of
the estimated LoS velocity (i.e., velocity maps) and the accumulated displacement at every satellite
acquisition (i.e., time series). We processed one burst of 139 Sentinel-1A and Sentinel-1B images,
acquired on ascending orbits with a temporal sampling up to 6 days and covering a period from
10 March 2015 to 20 September 2018. Table 1 shows the further characteristics of the used images
dataset and other processing parameters. To derive the velocity maps and the time series, we generated
6664 interferograms. In order to optimize the two processing approaches, we used long a temporal
baseline observation (i.e., interferograms with a minimum temporal baseline of 150 days) to derive
the annual linear velocities and a short temporal baseline observation (i.e., interferograms with a
maximum temporal baseline of 60 days) to derive the displacement. This selection of the interferograms
network improves the results in terms of noise and spatial coverage. The reference point to calculate
the velocities was located in a small urbanised area to the south of the reservoir (N36°51’18.678";
W3°29'43.983"). According to the Barra et al. 2017 [31] criterion, we estimated the stability range of the
velocity map, and, therefore, the threshold for discriminating stable and unstable targets, as two times
the standard deviation of the velocity of all the measured points. This stability range also represents
the general noise of the results, i.e., the sensitivity of the velocity map. Hence, points classified as
‘stable’ can be truly stable as well as unstable points, with an undetectable displacement [31].

Interferogram generation

v

Annual linear velocities

+ Pixel selection based on Dispersion of
Amplitude (DA < 0.35)

»  Estimation of the annual linear
velocities
Final selection based on the temporal
coherence (Gamma > 0.35)

v

Displacement Time series
over the selected points

« 2D phase unwrapping

« 1D phase unwrapping (time series
estimation)

«  Geocoding

Figure 2. Flowchart resuming the main steps of the DInNSAR processing. Refer to [53-55] for
further details.
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Table 1. Main characteristic of the processed SAR data.

Satellite Sentinel-1A and B
Acquisition mode Interferometric Wide (IW) Swath
Product type Single Looked Complex (SLC)
Orbit Ascending
Incidence angle 39°
Track or relative orbit number 1
Minimum revisit period (days) 6
Temporal span March 2015-September 2018 (3.5 years)
Number of images 139
Wavelength (cm) 5.5
Polarization \'AY%
Full resolution (azimuth/range) (m) 14/4
Number of processed swaths 1
Number of processed bursts 1

3.2. Geomorphological Investigation

After obtaining the INSAR results, we performed a general overview of the velocity map
to define unstable areas. We compiled the published scientific literature of the area as well as
historical documents, aerial photographs (1956-1957 American Flight and 2004 to 2017 from the PNOA
project) and press reports until the present. Once we gathered such information, we carried out a
comprehensive geomorphological survey at site scale of the areas of interest. We performed a detailed
photointerpretation and field survey combined with the exploitation of the available digital data
in a GIS environment: Digital Elevation Models and derived information (e.g., hillshade and slope
maps) as well as 2014 LiDAR data. All the digital data was freely obtained at the IGN web page
(www.ign.es), the Spanish National Geographic Institute. Thus, we produced a landslide inventory
map of the reservoir and three geomorphological maps for each studied unstable area, after and before
the construction of the reservoir, to illustrate the landscape evolution.

3.3. Analysis of InSAR Times Series

We analysed the Time Series of displacement (TS) of the unstable points within the three areas of
study. Prior to this analysis, the TS of each unstable area have been referenced to a stable neigbour point.
This significantly reduced the effects of residual atmospheric artefacts. The goal of the analysis was to
assess the temporal behaviour of each slope and its relation to possible triggering factors. To this end, we
compared the displacement time series with rainfall and reservoir water level variations. Rainfall and
reservoir water level measurements were freely obtained from the public Andalusian Automatic System
of Hydrologic Information (S.A.ILH. HIDROSUR, www.redhidrosurmedioambiente.es). Rainfall data
correspond to the pluviometric station number 50, located within the village of Vélez de Benaudalla
(Figure 1).

4. Results

4.1. InSAR Velocity Map of the Rules Reservoir

We measured the velocity of 28,137 points within the Rules Reservoir area (Figure 3). The obtained
data allowed us to settle the stability range between 5 to —5 mmy/year. According to these criteria, we
identified 406 non-stable points, which represent 1.4% of the total points. As velocity is estimated
along the satellite Line of Sight (LoS) direction, the points of negative values evidence points move
away from the satellite, while positive values evidence points move towards the satellite. Taking into
consideration that the SAR images were acquired in ascending orbit, positive and negative values
may indicate, in addition to uplift and subsidence displacements in flat areas, westward and eastward
movements in the slopes of the reservoir, respectively.
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Figure 3. Surface velocity map of the Rules Reservoir area. The Cortijo de Lorenzo area (A), the Rules
Viaduct Landslide (B) and the El Arrecife Landslide (C) are shown in greater detail.

The non-stable points are concentrated mainly in three areas (Figure 3): (A) the Cortijo de Lorenzo
area, along the Izbor River branch of the reservoir, (B) the southern edge of the Rules Viaduct and
(C) the El Arrecife area, along the western slope of the Rules Reservoir. The Cortijo de Lorenzo
area generally presents evidence of slope instability, mainly linked to a landslide that we named as
Lorenzo-1 Landslide. Velocity rates reach 20 mm/year as maximum (Figure 3A). In the southern slope
of the Rules Viaduct, we detected velocities in the range of —5.5 to —24 mm/year (Figure 3B), with
—15 mm/year as the mean velocity. Most of the points are settled close to the viaduct itself, while
another set of points are settled 150 m away to the northeast of the viaduct (Figure 2B), located within a
landslide that was inventoried by Ferndndez et al. 1997 [43] and Chacén et al. 2007 [44]. We named this
landslide as ‘Rules Viaduct Landslide’. Lastly, in the El Arrecife area, we obtained velocities ranging
from —10 to —60 mm/year and the mean velocity was —25 mm/year. Most of the points are distributed
along the N-323 National Road and the lowest part of the same slope (Figure 3C). The set of points
with the highest velocities (around —50 and —55 mm/year) corresponded to a small-sized landslide
also inventoried by Fernandez et al. 1997 [43] and Chacon et al. 2007 [44]. The instability of this area
was also pointed out by Lackezy et al. 2016 [51], but the spatial pattern of the velocities obtained by
these authors prevents a detailed delimitation of the sliding mass. Our surface velocity map gave us a
better insight into the landslide boundaries that we named as ‘El Arrecife Landslide’. Additionally,
we could observe that the southern lateral limit of this landslide shows an abrupt change in terms of
velocity values, while the northern limit shows a gradual velocity evolution (Figure 3C).
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From our InSAR data, we also found out that the Rules Dam and the slopes on which the structure
rests show no displacement (Figure 3). Within both slopes, Fernandez et al. 1997 [43] firstly mapped two
large landslides that we named as ‘Ventura Landslide’, a Deep-Seated Gravitational Slope Deformation
(DSGSD), and ‘Los Hoyos Landslide’, a rock slope failure (RSF) of the lateral spread type (Figure 4).
Moreover, other critical structure in the study area seems to be affected by a slight deformation also
detected through our DINnSAR analysis. Along the southern edge of the Rules Viaduct, we obtained a
set of points showing positive values of displacement rates between 7 and 10 mm/year (Figure 3B),
which indicates a slight displacement of this viaduct segment.

Scale varies with
the perspective

- ,’4’\:‘ e ~3 2 -
P 2 = Los Hoyos Ladsllde .

* Vélez de Benaudalla | *

Figure 4. Oblique northwestward view of a hillshade model of the Rules Resevoir area. Red triangles
point out to the main scarp (i.e., crown) of the Ventura landslide, its most clear geomorphic feature.
Note the dimensions of the Los Hoyos Landslide and Ventura Landslide at both sides of the Rules Dam.

4.2. Geomorphological Study

We present an inventory of the main landslides in the Rules Reservoir area by classifying the
mapped landslides into three categories (Figure 5): (1) landslides already inventoried by Ferndndez et al.
1997 [43] and Chacdn et al. 2007 [44], (2) new landslides detected and delimited by using INSAR
velocity maps, and (3) landslides that were inventoried by Fernandez et al. 1997 [43] and Chacén et al.
2007 [44], and also evidenced by our InSAR results.

According to the first category, we included those landslides that were considered in the
Fernandez et al. 1997 [43] landslide inventory and are clearly recognisable in the landscape at the
present time. We inventoried twelve landslides of different dimensions, two of which we consider to
be of particular relevance: “Ventura Landslide’ and ‘Los Hoyos Landslide’, due to its direct relationship
to the Rules Dam (Figures 4 and 5). As mentioned above, we did not detected displacement within
both landslides. The second category includes the ‘El Arrecife Landslide” (Figure 5) that we delimited
in terms of the non-stable INSAR points distribution. This landslide is not easily identifiable in the
landscape as it does not show a prominent head scarp or any other landslide-related morphology
within the slope. The last category includes two landslides that were inventoried by Fernandez et al.
1997 [43] and Chacon et al. 2007 [44] and also present evidences of activity by our InNSAR results. These
landslides are the ‘Rules Viaduct Landslide’, located next to the southern edge of the Rules Viaduct,
and the ‘Lorenzo-1 Landslide’, located in the Cortijo de Lorenzo area, along the [zbor River branch
of the Rules Reservoir (Figure 5). Further geomorphological characteristics of each area of study are
described below.
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Figure 5. Landslide inventory of the most representative landslides of the Rules Reservoir area.
* Landslides inventoried by Fernandez et al. 1997 [43] and Chacén et al. 2007 [44].

4.2.1. Cortijo de Lorenzo area

The Cortijo de Lorenzo consists of an area of 0.6 km?, located in the northwestern part of the
Rules Reservoir (Figure 5) and corresponding to the Izbor River branch of the reservoir. We mapped
three landslides in this area (Figure 6): (1) Lorenzo-1 Landslide, which is the biggest one and clearly
shows morphological features of a rotational landslide. It was already inventoried by Ferndndez et al.
1997 [43] and Chacon et al. 2007 [44] (Figure 5); (2) Lorenzo-2 Landslide, the smallest landslide; and
(3) Lorenzo-3 Landslide, that is considerably older than the others (grey-coloured in Figure 6) as it is
almost covered by vegetation and presents alluvial erosion features (Figure 7A). All of these landslides
involve Alpujarride phyllites. At the present time, the reservoir water has covered a considerable part
of these landslides, which is especially noticeable within Lorenzo-3 Landslide (Figure 6B). In the field,
we observed several opened and fresh cracks within the landslide, what indicates its activity. We also
found opened cracks and active piping away from the landslide perimeter (Figure 7B), that evidences
a landslide retrogression towards the west of the slope. These field observations are corroborated by
the moving points of our InNSAR velocity map (Figure 3A). The reconstruction and resettlement of the
N-323 National Road has slightly modified the surface runoff dynamics along a well-incised creek
(Figure 6). Part of this new trace has been recently resurfaced and it presents a large bump that crosses
the road (Figure 7C), probably due to slope instability processes along the creek that have also been
evidenced by our InNSAR results (Figure 3A).
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CORTIJO DE LORENZO AREA IN 1956 CORTIJO DE LORENZO AREA AT PRESENT
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Figure 6. Geomorphological maps of the Cortijo de Lorenzo area in 1956-1957 (A) and at present (B).

4.2.2. Rules Viaduct Landslide

Through the aerial photographs taken by the 1956-1957 American Flight, we were able to map
several geomorphological features that had been highly modified or disappeared since the construction
of the reservoir (Figure 8). The landslide had an area of 0.1 km? (345 m length and 330 m width) and
a clear head scarp with an amphitheatre shape (Figures 8 and 9A). The slope morphology and the
involved geomorphological features have led us to define this landslide as a retrogressive rotational
type. This is evidenced by a system of secondary scarps and related benches, as well as by a big tilted
block of marbles (Figure 8A). In such cases, the overlying Alpujarride marbles slide over the phyllites,
as we could observe in the main head scarp and also in some secondary scarps We classified the western
part of the landslide as a differentiated and active landslide, whose morphology is evidenced by
separated head scarps, secondary scarps, benches and a well-defined lateral break in slope (Figure S8A).
We induced its activity as we could observe a clear toe advance of this landslide, not observed within
the presumed non-active sector (Figure 8A). Alluvial erosion and the formation of gullies also evidence
no movement and stability in this part of the landslide. As previously mentioned, most of the original
geomorphological features have been removed, modified or covered by man-made filling (Figure 8B).
In this way, the landslide toe has been removed and covered by the reservoir water, while the western
sector (i.e., active landslide) has been replaced by an embankment for the Rules Viaduct, where one
of the viaduct piers is located (Figure 8B). Almost the entire remaining landslide has been infilled
with materials coming from the construction works. As a consequence, most of the secondary scarps
and benches have disappeared. Part of the active landslide and the main scarps are still visible, but
secondary scarps and benches have been removed or covered. We found active piping and opened,
fresh cracks within the infilling material (Figure 9B,C), especially near the head scarp of the active
landslide, which evidences its activity. Cracks are also found away from the landslide perimeter,
also covered by infilling materials, and next to the A-44 Highway southern abutment (Figure 9B).
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This field evidence and the displacements shown in the InNSAR velocity maps (Figure 3B) indicate
a hazardous landslide, with retrogressive evolution towards the west-southwest, i.e., towards the
southern abutment of the viaduct.

SE-NW

Figure 7. (A) Photograph of the Cortijo de Lorenzo area. The Lorenzo-1 Landslide, Lorenzo-2 Landslide
and Lorenzo-3 Landslide are abbreviated as L-1 Ld, L-2 Ld and L-3 Ld, respectively. (B) Opened cracks
next to the head scarp of the Lorenzo-1 Landslide. Notice the vertical slip of 30 cm, as maximum. (C)
Bump across the N-323 National Road.
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Figure 8. Geomorphological maps of the Rules Viaduct Landslide in 1956-1957 (A) and at present (B).

Figure 9. (A) Photograph of the Rules Viaduct Landslide. (B) Opened cracks near the southern
abutment of the Rules Viaduct. (C) Sinkhole within the anthropic filling.
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4.2.3. El Arrecife Landslide

The El Arrecife Landslide (Figures 10 and 11A) had an area of 0.7 km?, 880 m length and 750 m
width. This landslide involves Alpujarride phyllites and it looks like a translational landslide due to
its roughly planar slope and the absence of a well-marked head scarp (Figure 11A). In the 1956-1957
aerial photographs, the landslide shows a non-prominent head scarp and almost no secondary scarp
or lateral break of slope (Figure 10A). At the landslide foot, we could recognise a small landslide,
inventoried by Fernandez et al. 1997 [43] and Chacon et al. 2007 [44]. The slope, crossed by the N-323
National Road, was characterised by several incised gullies (Figure 10A) that indicate an a priori
inactivity regarding gravitational processes. At present, the most remarkable features in the slope
are the human modifications (Figure 10B). The main one is the road-cut slope built for a new trace
of the N-323 road that was reconstructed 80 m downslope (Figure 10B). Part of the old N-323 is still
visible in ruins, where we found numerous large opened cracks and pieces of pavement that have
been sliced downhill (Figure 11B). The current road has been restored and resurfaced several times,
probably due to the slope instability processes, which are also evidenced by recent oblique cracks,
bumps (Figure 11C) and the ondulating surface of the road (Figure 11D). The surface of a slagheap
that was built to accumulate some of the residual material coming from the reservoir construction
works was also paved to create a viewpoint (Figure 10B), but it has been quickly cracked due to the
material compaction and progressive sliding. Other man-made features of the area at present are the
construction of several field tracks and a powerline network.

EL ARRECIFE LANDSLIDE IN 1956 EL ARRECIFE LANDSLIDE AT PRESENT
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Figure 10. Geomorphological maps of the El Arrecife Landslide area in 1956-1957 (A) and at present
time (B).
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Figure 11. (A) Photograph of the El Arrecife Landslide. (B) Old N-323 National Road in ruins
showing opened cracks and partial collapse of the pavement. (C) Bump of the N-323 National Road.
(D) Photograph of the N-323 National Road. Notice the ‘waving’ of the crash barrier and the road itself.

4.3. Displacement-Time Series of the Unstable Areas in the Rules Reservoir

The analysed time series of displacement (TS) are represented by the average accumulated
displacement of unstable points within our areas of interest, described in Section 4.1. The El Arrecife
Landslide time series shows a general linear trend (Figure 12A), while both the Rules Viaduct Landslide
and Lorenzo-1 Landslide average displacement show a well-marked ‘steeped’ trend (Figure 12B).

The most remarkable fact that we observed was the correlation between the Rules Viaduct and
the Lorenzo-1 landslides’ TS, with variations in the water level of the reservoir. We identified three
considerable drops of the water level that coincide with three periods of acceleration of the movement,
that are evidenced by a change in the slope of the average accumulated displacement rate (Figure 12B).
The first and the second periods of acceleration corresponds to autumn 2015 and summer—autumn 2016,
respectively, while the third and the longest period of acceleration occurs from summer 2017 to winter
2018 (Figure 12B). On the contrary, displacement is not accelerated when water level increases, which
depends directly on the amount of rainfall. The El Arrecife Landslide TS shows a slight acceleration
period during autumn 2015, also correlated with a decrease in the water level reservoir (Figure 12A).
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Figure 12. Time series in the line of sight of accumulated displacement of the El Arrecife Landslide (A)
and both the Rules Viaduct Landslide and Lorenzo-1 Landslide (B). 7 days cumulative rainfall and water
level of the Rules Reservoir are also represented. Grey columns indicate periods of reservoir drawdown.

Regarding the unstable points along the Rules Viaduct, the time series shows periods of
displacement coinciding with drawdowns in the water level reservoir (Figure 13). Thus, we identified
three acceleration pulses during the springs of 2015, 2016 and 2017 (Figure 13).
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and the Rules Viaduct. Water level of the Rules Reservoir is also represented. Grey columns indicate
periods of reservoir drawdown. Note the noise of the Rules Viaduct TS in comparison with the Rules
Viaduct Landslide TS.

5. Discussion

5.1. DInSAR as a Monitoring System for the Rules Dam

Interferometry techniques have a huge potential to monitor and analyse the health of dams, as
demonstrated by worldwide examples: [13,28,56,57]. For the case study of the Rules Reservoir, we
did not register any displacement along the Rules Dam (Figure 3). Likewise, no points of movement
have been obtained within the Ventura Landslide and the Los Hoyos Landslides, where the dam
abutments are located (Figures 3 and 4). Due to the magnitude of these landslides, we consider that
other monitoring techniques should be applied to check the existence of ground displacement, and
thus the activity of these landslides. This is necessary as the progressive movement of a sliding mass
could generate a lateral pressure to the dam and cause structural damage. Therefore, detecting any
slight displacement would be crucial to (1) guarantee the security and stability of the dam, (2) reduce
maintenance costs by optimizing control strategies [27] and (3) prevent failure or collapse of the dam,
which would cause significant human, material and economic losses (e.g., a downstream flood would
affect the village of Vélez de Benaudalla).

5.2. Triggering Factors of the Slope Instabilities in the Rules Reservoir

In the case of both the Lorenzo-1 and Rules Viaduct landslides, there is a clear anthropic influence
favouring the acceleration of the movements (i.e., anthropic triggering factor): the changes in the water
level of the reservoir. As shown in Figure 12B, the three periods of acceleration in both landslides are
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related to periods of drawdown of the water level, while periods of no variation or increase in the
water level result in stabilization. Such a correlation has also been documented in multiple reservoirs
slides as a result of either filling or drawdown of the reservoir (e.g., [4-11]). In contrast, the sudden
drawdown of a reservoir can threaten stability as a result of removing the lateral confining pressure
(water) of the reservoir slopes, and the mass of soil still has a reduced shear strength [3]. In the case of
the Grand Coulee Reservoir in the USA [4], at least 150 landslides were documented, due to periods of
water level drawdown. As another example, in the Three Georges Reservoir area, Liao et al. 2005 [58]
concluded that reservoir drawdowns and the descending velocity of the drawdown become major
factors that affect the stability of landslides. We also regard the detected inverse relationship between
rainfall and acceleration of movement within the above-mentioned landslides as interesting. Rainfall
usually reduces the effective shear strength of failure surfaces [59], and thus increases the potential of
sliding. This fact has been evidenced by several authors [60-63] that link the reactivation, acceleration
or higher occurrence of landslide activity to heavy rainy periods. Contrary to this literature, both
the Rules Viaduct Landslide and Lorenzo-1 Landslide show a deacceleration in movement related to
rainfall peaks (Figure 12B). As rainfall conducts the reservoir filling, lateral confining pressure increases
(as a result of a water level increase) and, thus, landslide displacement decreases, leading to a relative
stabilization of the slopes. These examples show how water level variation has a stronger influence on
landslide displacement patterns than rainfall. Moreover, this paper represents the first clear detection
of this behaviour using DInSAR techniques. The high temporal resolution of the Sentinel-1 images has
made this possible.

5.3. Characterization of Slope Stabilities and Potential Hazards in the Rules Reservoir

The abundance of landslides in the Rules Reservoir area was the object of detailed landslide
inventories in recent years [43,44]. In this regard, slope instability has become an important problem to
deal with during the reservoir planning, design, construction, maintenance and management phases.
DInSAR allowed us to determine the activity of some well-known landslides, as well as to identify,
delimit and map new landslides that are not easy recognisable in the landscape. The three areas of
interest of our research are affected by different kind of landslides with respect to their kinematic or
size, which also lead to different problems in relation to the reservoir. In this way, DInSAR analysis
together with a detailed geomorphological investigation allowed us to characterise and understand
the evolution of the landslides, and thus to assess their potential hazard to the Rules Reservoir.

The observed patters in the TS of the three areas of interest, together with our morphological
observations, suggest that there are two different typologies of landslides. The Rules Viaduct and
Lorenzo-1 landslides show movements correlated to the variation in the reservoir water level that stops
and begins again with episodes of progressive acceleration and abrupt decceleration (Figure 12B). This
pattern is related to a rotational typology as, according to [64], movement in rotational slides may stop
in part after a substantial displacement. On the contrary, the El Arrecife Landslide shows an almost
continuous movement with little fluctuation (Figure 12A). Whereas a rotational landslide tends to
restore the displaced mass to equilibrium, a translational slide may continue unchecked if the surface
of separation is sufficiently inclined [64]. Such a continuous pattern is well-illustrated in the EI Arrecife
Landslide time series (Figure 12A), and thus we could confirm that it is a translational landslide.

According to the above arguments, the Lorenzo-1 and the Rules Viaduct landslides, due to their
dimensions and rotational character, do not represent a significant hazard for the reservoir shorelines
or the dam. An extremely rapid acceleration in these landslides and their sudden collapse into the
reservoir may be possible, but is unlikely, due to their characteristics and observed behavior, if reservoir
water level management is done properly. However, the main risk associated to these landslides is their
retrogressive evolution, that may affect the southern abutment and pillars of the Rules Viaduct (in the
case of the Rules Viaduct Landslide) or the N-323 National Road (in the case of the Lorenzo-1 Landslide)
in future. Therefore, it must be a priority to keep monitoring the evolution of these landslides as well
as to analyse the deformation detected along the southern segment of the Rules Viaduct (Figure 13). If
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the displacements are validated using other geodetic techniques, any required reinforcement works
should be carried out far enough in advance to avoid severe damage to the viaduct (as happened in
the last decade) in order to reduce repair costs. The origin of this deformation is still unknown, but
we have hypothesised different scenarios to explain it: (1) horizontal flexural deformation due to the
activity of the Rules Viaduct Landside (see [65] as an example). Notice the slight correlation between
periods of acceleration of the viaduct and the landslide (Figure 12). (2) Thermal dilation of the viaduct
(see [66] as an example). The correlation between periods of acceleration of the viaduct (i.e., uplifting)
with summer and the hottest months would support this theory (Figure 13). In any case, our InNSAR
data seems to indicate that the southern pile could be affected by a certain kind of instability that must
be further investigated and monitored.

The most important result from this study is the delimitation of the El Arrecife Landslide. It has
been first mapped in its entire dimensions using our InNSAR velocity map. No one mapped a landslide
covering all this hillside, although several landslide inventories were made in this area. At first sight,
we did not recognise any morphology or feature as an indicator to delimitate a landslide, but the
distribution of the displacement points from our InNSAR velocity map gave us a different perspective.
According to the dimensions and the temporal pattern of the movement, we consider that the potential
hazard of the El Arrecife Landslide is high. To date, the landslide movement shows a stationary
situation with a constant, very slow, velocity that suggests a ductile deformation of the slope [67], and
the changes in the reservoir water level do not appear to influence the landslide’s behavior. However,
we must not forget that the translational character of this landslide makes it possible that the sliding
mass is capable of experiencing a rapid acceleration that would lead to a catastrophic slope failure.
Consequently, the slide mass would collapse into the reservoir and then generate an impulse wave, as
happened in Vajont [68] and other events documented in Alaska [69] and Norway [70]. The N-323
National Road and the powerlines would be also destroyed by this catastrophic event, which would
have significant implications (i.e., road accessibility and power cuts) for the nearby populations. Thus,
the El Arrecife Landslide study and monitoring must be continued in order to recognise any possible
pre-failure precursor (i.e., critical accelerations), as recent studies have demonstrated the effectiveness
of InSAR for such an aim (see [71-73] as examples).

6. Conclusions

The application of DInSAR tecniques in a reservoir context makes it possible to successfully
detect and monitor possible slope instabilities in such a critical infrastructure. In the case of the Rules
Reservoir, the INSAR surface velocity maps allowed us: (1) to check the stability of the Rules Dam
and the potential unstable slopes where this structure rests; (2) to contribute to the delimitation of
three active landslides—Lorenzo-1, Rules Viaduct and El Arrecife landslides; and (3) to monitor the
activity of these landslides. The integration of DInNSAR data with classical geomorphological research
(i.e., field survey and mapping) helped in the definition and understanding of the kinematics and
evolution of the landslides, as well as establishing their triggering factors. Thus, we distinguished
that the Lorenzo-1 and Rules Viaduct landslides are of the rotational type, while the El Arrecife has a
translational character. Moreover, we observed a retrogressive evolution of the rotational landslides
that represents a hazard for both the N-323 National Road and the Rules Viaduct. The displacement
time series acquired through the DInSAR analysis shows that the behaviour of the Lorenzo-1 and Rules
Viaduct landslides is correlated to the continuous changes in the reservoir water level (i.e., drawdowns
and infillings). On the contrary, the time series obtained in the El Arrecife Landslide indicated that it
was not affected by water level changes. We also detected slight displacements in the Rules Viaduct of
the A-44 highway that crosses a branch of the Rules reservoir. These displacements may have different
explanations, but the fact is that the viaduct appears to be suffering a small deformation most probably
related to the adjacent landslide.

Understanding all this information was crucial to the preliminary assessment of the potential
hazards of the unstable slopes in the Rules Reservoir, regarding the different problematics and
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implications in relation to the safety of the reservoir itself and other infrastructures related to it. Thus,
this research points out that Lorenzo-1 and Rules Viaduct landslides imply a hazardous situation for
the structural integrity of the N-323 and the Rules Viaduct, respectively. On the other hand, El Arrecife
Landslide represents a high potential hazard of sudden slope failure. Nevertheless, to date, there is not
enough evidence to create social alarm about this topic. In this sense, DINSAR combined with other
monitoring tecniques must be continuously applied to detect any pre-failure precursor and any critical
deformation along the Rules Viaduct to avoid irreversible damage and also to contribute to the suitable
management of the reservoir.
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