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Abstract: The integration of data from different sources can be very helpful in understanding the
mechanism, the geometry, the kinematic, and the area affected by complex instabilities, especially
when the available geotechnical information is limited. In this work, the suitability of different
techniques for the study of a deep-seated landslide affecting a bridge in Alcoy (Spain) is evaluated.
This infrastructure presents such severe damage that has rendered the bridge unusable, which
prevents normal access to an important industrial area. Differential SAR Interferometry (DInSAR)
and terrestrial Light Detection and Ranging (LiDAR) remote sensing techniques have been combined
with ground displacement monitoring techniques, such as inclinometers and conventional geological
and geotechnical investigation, electrical-seismic tomography, damage, and topographic surveys,
to determine the boundaries, mechanism, and kinematics of the landslide. The successful case study
that is illustrated in this work highlights the potential and the need for integrating multi-source data
for the optimal management of complex landslides and the effective design of remedial measurements.
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1. Introduction

In many cases, geotechnical information does not allow for performing a comprehensive
characterization of an instability, especially when this information is limited. This can lead to
deficient designs of stabilization measures. When this occurs, a combined use of different techniques
can be of great help in overcoming the lack of available geotechnical information. In the past, many
researchers demonstrated that the integration of different techniques allows a better understanding
of the instabilities process under investigation [1-4]. A multi-method characterization of an active
landslide in France was done by Fressard et al. [5], combining geophysical methods, aerial-photo images
analysis, and geotechnical surveys. Refice et al. [6] integrated persistent scatterer interferometry and
ground data for landslide monitoring in southern Italy. Additionally, the multidisciplinary approach
that was performed by Tomas et al. [7] for the study of a complex lateral spreading allowed for its
identification and characterization.

Amongst the complementary techniques that can be employed, geophysical methods are widely
used for landslides research. Properties, such as layering, degree of fracturing, and stiffness of soils
and rocks, can be characterized by the application of seismic tomography due to the velocity contrast
induced between stable bedrock and unstable mass [8,9]. Electrical methods are also very useful for
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this purpose, because of the lowering of the resistivity in the landslide body due to the weathering of
the minerals and the increasing of the moisture content on the slip surface [9]. Therefore, geophysical
method are widely used for landslide characterization [9-13].

Satellite monitoring, and more specifically Differential Interferometry Synthetic Aperture Radar
(DInSAR), has been employed in recent years to assess slope stability in urban areas [14-18]. This
technique allows obtaining information about displacements of the ground surface with millimetre
accuracy, being of great help to define the boundaries, intensity and state of activity of the landslide.

Terrestrial Laser Scanner or Terrestrial Light Detection and Ranging (LiDAR) has also been
successfully used for landslide monitoring and for defining the boundaries of active landslides [19-23],
being able to identify small deformations by repeating terrestrial laser scanning surveys.

Topographic survey and ground control points are traditional surveying techniques that are
extensively used with very good results for landslide monitoring [24,25]. Three-dimensional coordinates
are obtained for each monitoring point at every field survey. The movement of the control points
can be assessed by a comparison between field surveys performed on different dates. In some
studies, topography has given more accurate results for monitoring purposes than other means, such
as LiDAR [19]. Damage surveys have also been used as a complementary technique in previous
landslides [26,27], especially in urban areas, where cracks can be more accurately measured. In fact,
maps showing the level of damage affecting structures and infrastructures could be a useful tool for
detecting hazardous situations and preventing construction in landslide-prone areas [28].

In the present work, all of the previously mentioned techniques have been used to study a
deep-seated landslide affecting a bridge in the city of Alcoy, Alicante Province (SE Spain), proving
the usefulness of the combination of different techniques. This bridge is the main road leading to an
important industrial area of the city. The only alternative way of connecting the city and the industrial
area is by crossing a near ravine where the truck traffic is limited. The bridge that is affected by the
landslide is 80 m long and presents a curved path. A reinforced concrete deck slab was built over the
five precast beams between adjacent piers. It has three intermediate piers, with three columns for each
pier, being supported by a cast-in-place pile foundation with six piles for every pier. Every pile has a
total length of 15.0 m and a diameter of 1.0 m. This infrastructure presents such severe damage that
has rendered the bridge unusable.

As discussed earlier, the geotechnical information by itself does not provide enough understanding
of the instability, and only limited geotechnical information is available for characterizing the mechanism
of the landslide. Therefore, a multi-source data integration approach was employed to understand the
mechanism of the slope instability and delineate the boundaries of the landslide.

2. Geological Settings and History of the Slope

The city of Alcoy is located on the upper basin of the Serpis river. This basin belongs to the Pre-Betic
area, which is the most northerly Alpine zone forming the Betic Cordilleras of Southern Spain. The
Pre-Betic zone is composed of folded and faulted Mesozoic and Tertiary rocks, where the Triassic rocks are
strongly deformed over the Keuper formation that covers the Hercynian basement [29]. Two main facies
are present in this area, massive competent limestones and highly incompetent marl-limestones [30].

The area of Alcoy presents high landslide susceptibility [29,31-33]. The first recorded instability
on the slope under investigation was in September 1989 after heavy rainfalls. At this time, the bridge
was not built yet and the industrial area was connected to the city by a road that was built on the
slope. Later, in 1994, new pieces of evidence of instabilities were observed on the surface of the slope.
In 2001, a water pipe was built at the side of the road, connecting the industrial area with the city broke.
Afterwards, in January 2002, large tension cracks, which were up to approximately 80 m long, were
observed on the surface of the slope. The bridge was built in 2004 over the cracks, trying to avoid
the instability area. Moreover, the water pipe was rebuilt hanging from the deck of the bridge. No
monitoring system was designed to control the slope, despite the instability that was observed since
1989 and the uncertain design conditions. Probably, long-term monitoring of the slope would have
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redounded to the benefit of risk mitigation [34,35]. In 2011, the Alcoy City Council was alerted that
an industrial building located at the toe of the slope was affected by a landslide. After inspecting the
slope, it was detected that the bridge was also damaged by the landslide, starting, at this point, new
investigations to know the extension of the instability.

3. Methodology

3.1. Geological and Geotechnical Characterization

A detailed geological map of the study area was performed based on previously existing
works [29,33,36] and in situ surveys. The geotechnical properties of the area were investigated in
two different campaigns. A first geotechnical survey was developed in 2002 before the construction
of the bridge, consisting of three boreholes about 15 m depth (B-3 to B-5 in Figure 1). A second
survey was performed between June 2012 and July 2013 after the slope instability was detected,
including two new boreholes with a maximum depth of 40 m (B-1 to B-2 in Figure 1). From the five
boreholes, 42 soil classifications tests (i.e., sieve analysis, Atterberg limits, natural moisture content,
bulk and dry densities, and calcium carbonate content) and 21 determinations of effective shear
strength parameters (i.e., unconfined compression strength, consolidated—drained direct shear tests
and consolidated—undrained triaxial tests) were carried out.
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Figure 1. Location of the study site and geo-lithological sketch map and location of installed instruments.
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3.2. Geophysics Characterization

Two geophysical methods, electrical resistivity tomography and P-wave seismic refraction
tomography, were used to study this landslide. The electrical resistivity method is based on measuring
the electrical potentials between a pair of electrodes while transmitting a direct current between another
pair of electrodes [37]. The system for the electrical resistivity tomography included a maximum of
80 electrodes with an electrode spacing of 2.5 m. A Wenner-Schlumberger array profiling method was
used to achieve a better sensitivity to changes in the horizontal and vertical directions. Measurements
were taken along three profiles, one of them located along the landslide axis with a length of 110 m, and
the others two, orthogonal to the first one and perpendicular to the landslide axis, with a maximum
length of 200 m. The same three profiles were conducted while using P-wave seismic refraction
tomography with a maximum of 40 geophones (resonance frequency 10 Hz), which were spaced by
5 m. The signals were generated with a spacing of 10 m, except for one offset shot at each end spaced
by 2.5 m.

3.3. Damage Assessment

An inventory of the damage induced by the landslide was done by mapping the cracks that
occurred on the soil surface, on the road pavement, on the bridge, and on other structures, such as
retaining walls and buildings in the surrounding area. The location of the damage was mapped
(Figure 1) and the type of damage described and recorded, as this information can be very useful in
understanding the typology and the extent of the movement, as well as to delimit the area affected by
the landslide.

3.4. Monitoring

3.4.1. DInSAR

Operating C-band Synthetic Aperture Radar sensors of the new generation (SENTINEL-1 satellite)
have provided long historical archives of motion rates and displacement time series at large scale,
with a spatial resolution of 20 X 4 m and reduced revisiting time (12 days). In detail, 78 SENTINEL-1
ascending images acquired in the time-span May 2015-February 2018 and 67 SENTINEL-1 descending
images acquired in the time-span August 2015-January 2018 have been processed by means of the
Coherent Pixels Technique [38,39] to detect surface deformations of the considered area. The analysis
has been carried out by exploiting a coherent-based method for pixel selection.

The area of interest selected for the SAR analysis covers about 35 km?, encompassing the whole
territory of Alcoy municipality. Only the interferograms whose image pairs had spatial and temporal
baselines lower than fixed values, have been selected in order to detect pixels with high phase quality.
The values fixed for spatial and temporal baselines were 100 m and 100 days, respectively. A total
of 391 and 306 interferograms were obtained by ascending and descending processing, respectively.
Furthermore, to have a sufficient number of targets covering the entire study area, and to display, at the
same time, a phase standard deviation of approximately 20° (which corresponds to a displacement
standard deviation of 1.5 mm), a threshold of coherence equal to 0.60 has been set. As a result, about 8300
targets have been selected by ascending data and 4500 persistent scatterers (PS) by descending images.
However, as it is possible to note, PS localized within Alcoy urban settlement mainly correspond to
man-made features, such as existing structures, roads, and retaining walls. It is worth noting that,
to the subject area, the local incidence angle in flat areas is equal to the incidence angle.

3.4.2. LiDAR

A Leica C10 terrestrial laser scanner was used for monitoring the bridge. This scanner has an
angular accuracy of 12” and a distance accuracy of 4 mm, being the noise 2 mm at 50 m [40]. Two
scans were done for change detection, in 6th May 2016 and 27th April 2018 (Figure 2). In the first
campaign, three scan stations were performed at the locations that are shown in Figure 2. In the second



Remote Sens. 2019, 11, 1878 50f19

campaign, three stations were performed in the same locations and an additional station was included.
In both scans, the resolution was set up to high resolution (5 cm at 100 m). In the first campaign, the
true colours were captured and assigned to the three-dimensional (3D) point cloud. In the second
campaign, the colours were not acquired. Both 3D point clouds were registered using existing stable
buildings near the bridge through the Iterative Closest Point (ICP) method that is available in the
CloudCompare software. To detect the changes between those two stages, the registered 3D point
clouds were compared while using the M3C2 plugin of CloudCompare [41]. The analysis of the change
detection results gives us information regarding the relative movements occurred between the different
parts of the bridge, the abutments, and the pavement of the road near the bridge.
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Figure 2. Top view of the two three-dimensional (3D) point clouds acquired on (a) 6th May 2016 and
(b) 27th April 2018.

3.4.3. Inclinometers

Two vertical inclinometers were installed in boreholes I-1 and I-2 (Figure 1) to accurately determine
the horizontal magnitude and direction of the relative displacements of the landslide and the depth of
the surface of failure in two orthogonal directions. Inclinometers I-1 and I-2 are located in the lower
and upper parts of the slope, respectively, reaching depths of 40 and 25 m. The cumulative relative
displacements in both inclinometer boreholes were measured over time by repeating the measurements
approximately every month in the time span 2012-2013. The displacement error of this equipment is
+2 mm per 25 m depth.

3.4.4. Topography

Field surveys and topographic analysis was carried out to investigate the surficial movements
that occurred on the bridge superstructure and on the lateral abutments. A total station Trimble 5503
DR, with an angular and distance accuracy of 3” (1.0 mgon) and +2 mm + 2ppm, respectively, was
used for this work. The field surveys were carried out twice per month from January 2015 to July 2018,
determining the position of 23 control points that were located below and on the bridge, and on both
abutments. The relative movements of these points were estimated taking a stable point located about
80 m south from the south abutment as a reference.

3.4.5. Elastomeric Bearing Pads

The relative movements between the precast concrete beams of the bridge and the support
piers were measured from 2012 to 2018. These movements can help to understand the cause—effect
relationship between the landslide kinematics and the distortions of the infrastructure. The distance
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between the centre of the bottom face of the beams and the initial position of the beams over the
elastomeric bearing pads was measured with a tape-meter for all of the beams in the bridge. The
tendency and magnitude of the movement can be assessed for each pier while analysing this data.

4. Results

4.1. Geological and Geotechnical Survey

Four types of soils/rocks were distinguished according to the outcrops, the results of the tests and
the analysis, interpretation, and correlation of the boreholes: (1) Road embankment, mainly composed
of clayey gravels and only located on the laying out of the road; (2) colluvial deposits (Quaternary)
composed of clayey sands with some gravels, located on the superficial part of the slope; (3) alluvial
deposits (Quaternary) composed of clayey sands with gravels, located on the toe of the slope; and,
(4) marls (Tertiary) composed of clays and marls with some intercalated calcareous layers. Figure 1
displays the four soils distribution.

The geotechnical properties of the different lithological layers are summarized in Table 1, showing
the mean value, the standard deviation, and the number of tests done for each geotechnical parameter
determination. As it can be seen in this table, the tests were done for three of the four types of soils, being
the alluvial deposits the only stratum without tests results, as it is located at the bottom of the slope.
Figure 3 depicts a cross-section of the slope, where, beneath the colluvial deposits, a more superficial
weathered clay layer has been distinguished within the Tertiary marls. The water table was detected at a
depth of 5 and 7 m in boreholes—inclinometers 1 and 2, respectively, at the time of the drilling.

The groundwater level was measured in the three piezometers installed in the slope in June 2012.
The groundwater level depth was only 0.5, 1.3, and 4.5 m b.g.l. in piezometers 1, 2, and 3, respectively
(Figures 1 and 3). As can be seen in Figure 3, the depth of the groundwater level at the toe of the
slope is slightly shallower than the boundary between the colluvial deposit and the marl stratum. No
information was available regarding the groundwater level at the middle and top of the slope.

A two-dimensional back analysis of the slope stability by the limit equilibrium method was
performed to assess the slip surface that is depicted in Figure 3. This analysis was performed while using
the limit equilibrium method. The Rocscience Slide software was used for this task. The integration of
monitoring in the stability analysis was done by introducing location and depth of the slip surface and
of the groundwater table, detected in both inclinometers and in the three piezometers, respectively.

4.2. Geophysical Survey

Three profiles were conducted for both geophysical methods, electrical resistivity tomography and
P-wave seismic refraction tomography, although only the profile that was located along the landslide
axis will be shown in this section.

The electrical resistivity profile shows a shallow resistive layer (resistivity between 100 to 200 (2-m)
with a thickness of few meters (Figure 4). This corresponds to the colluvial deposits that were composed
of clayey sands with some gravels. Below this layer, a low resistivity layer (5 to 30 ()-m) is detected,
probably corresponding to fine soils unit with high moisture content. The depth of the top of this layer
is approximately the same, where the groundwater level was detected in the piezometers, see Figure 3.
Finally, a last deep layer is shown in the profile with a resistivity ranging from 40 to 300 ()-m, which
could correspond to the marls stratum. The electrical layer contacts detected in the resistivity profile
(Figure 4) have been drawn as brown dashed lines in the integrated cross-section depicted in Figure 3.
Although the resistivity profile is not exactly in the same position as the integrated cross-section,
see Figure 1, some interesting results can be observed when joining this information. Both electrical
contacts seem to correspond with the contact layers between the soft soils and weathered clays and
between the weathered clays and marls. The lowest contact could also correspond to the groundwater
table depth as a low resistivity layer was detected. This contact depth is similar to the groundwater
level depth that was observed at the piezometers, although a difference in depth is observed, which is
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probably due to the different location of the cross-section and the electrical resistivity profile and/or
that the period when the geophysics and the borehole were done was different. This difference in
depth between the resistivity profile and the cross-section is also observed for the depth of the layers.

Table 1. Geotechnical properties of soils. Mean value, standard deviation, and in parentheses the
number of tests done.

Particle Size Atterberg Limits % w
% Gravel % Sand % Fines L.L. P.L. PI
Road embankment  39.0 5.1 251 +4.6 36.0+9.0 314+23 134+11 180=x16 }
(Clayey gravels) (4) (4) (4) (4) (4) (4)
Quaternary
Colluvial deposits 1.0+2.0 527+178 464+197 336+38 185+32 151+3.1 17.6 £ 3.7
(Clayey sands with 4) 4) 4) 4) 4) 4) 4)
some gravels)
Tertiary 32+95 219+9.3 749 +223 442+98 21.1+£31 23.1+85 226 +3.9
(clays and marls) (34) (34) (34) (34) (34) (34) (32)
Bulk Dry
density density qu (kPa) ¢’ (kPa) o () M(E/Z())s Nspt
(kN/m®)  (kN/m®) ’
Road fillings } . . ) } _ 25.0 £21.1
(Clayey gravels) 3)
Quaternary
Colluvial deposits ~ 20.5 + 1.0 175 + 36.5 +
(Clayey sands with @) 1.4(4) - 23102 1560 - -
some gravels)
Tertiary 20.0 +0.7 16.3 +£0.8 329 +213 44 + 31 296+73 570+46 28.0+127
(clays and marls) (22) (22) (15) (19) (19) ?) )

L.L.: Liquid Limit; P.L.: Plastic Limit; PI.: Plasticity Index; w: moisture content; q,: Unconfined Compressive
Strength; ¢’: effective cohesion; ¢”: effective angle of internal friction; Nspt: Standard Penetration Test blow count.
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Figure 5 shows the seismic tomography profile along the landslide axis. From this figure, three
distinct layers can be distinguished with P-wave velocities increasing with depth. A relatively thin
surficial layer with low velocity (less than 1000 m/s) can be observed in this figure. This seismic layer
corresponds to the colluvial deposits. A second seismic layer is distinguished below the first one with
a P-wave velocity between 1000 and 2000 m/s. Lastly, a bedrock layer with a P-wave velocity higher
than 2500 m/s is distinguished in greater depth. These three seismic layers correspond to the stratum
of clays and marls. The lower seismic velocity that was measured in the top stratum is because the
top stratum is superficially weathered. The refracting interfaces that were observed at the seismic
tomography profile (Figure 5) have been drawn as green dashed lines in the integrated cross-section
that is depicted in Figure 3. As for the resistivity profile, the tomography profile is not exactly in the
same position as the integrated cross-section, see Figure 1, but some interesting results can also be
seen when joining this information. While the highest seismic refractor seems to be a contact layer, the
lowest one could correspond to the slip surface, as it is nearly at the same depth as the observed in
the inclinometer 1 and is very similar to the slip surface, as assessed by the slope stability analysis
(red dashed line).

4.3. Damage Assessment

The damage inventory that developed during the field campaigns and the location of the crack is
shown in Figure 1. A remarkable long tension crack, over 100 m, was observed on the top of the slope,
not just located above the bridge, but also spreading towards the southwest. This tension crack affects
the outside pavement of the industrial building located south from the bridge on the top of the slope
(Figures 3 and 6-1). It is also noteworthy the number of tension cracks on the soil surface some meters
above the bridge and below the structure (Figure 6-2). However, fewer cracks were observed at the toe
of the slope, although the retaining wall of one of the industrial buildings is clearly cracked and tilted
(Figure 6-3). Tension cracks have also been clearly detected north of the bridge, in the concrete fence of
some plots and by the roundabout pavement (Figure 6-4,5).

Damage has also been observed on the bridge structure. The level of damage is so severe that some
precast beams that were placed on the supporting piers have been displaced out from its elastomeric
bearing pads, breaking some exterior shear keys (Figure 6-6). The broken exterior shear keys are those
located in the east part of the bridge, the top slope side of the bridge.
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Figure 1. Three types of soils have been identified according to their resistivity. The black dashed lines
show the contact between these soils.
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Figure 5. Seismic tomography oriented mostly perpendicular to the slope (TM in Figure 1). The black
dashed lines show the refractors within the soil body.

4.4. Monitoring

4.4.1. DInSAR

It is well known that the DInSAR technique is insensitive to N-S displacements. Additionally,
significant topographic variations can cause distortions in the SAR images (i.e., foreshortening and
layover) and to obscure areas from view (i.e., shadowing). Therefore, these limitations have been
evaluated while using the R-index [42] and the percentage of the real movement [43] in the nearby
area of the monitored bridge. The results that were obtained for both indexes suggest that the bridge
area presents high visibility for the descending track (R-index higher than 0.4) and a good percentage
of the detectable deformation (higher than 40%) and, therefore, PS detection mainly depends on land
use. Despite that, only some PS give us information regarding the displacements’ pattern of the bridge
and the nearby built areas. The results of the DINSAR analysis are shown in Figure 7. The stability
range is coloured in green and it represents a velocity of +£3.0 mm/year. Unfortunately, most of the PS
are located in built areas and few PS are on the bridge and in the vicinity areas. One of these points is
PS-1, located at the top of the slope and showing a Line of Sight (LoS) movement with a velocity of
—7,43 mm/year. Nevertheless, the velocity of other points located inward the top of the slope is within
the stability range. This may mean that the top boundary of the slide is a few meters from the edge of
the slope. PS-2 is within the stability range and this could mean that it is outside the east boundary of
the slope, as other points located further east do not show any movement. Other interesting points are
those that are located at the toe of the slope, for example, PS-3 and PS-4. These points show an upward
velocity of 3.02 mm/year, which could mean that a rotational slide is affecting the slope, moving down
the points that are located at the zone of depletion and upward those points that are located at the
zone of accumulation. This information can be seen at the displacement time series in Figure 8. In this
figure, it is depicted the rainfall data corresponding to the same time-span of the satellite acquisition,
every 12 days, and the cumulative displacement of the points (red and blue lines for ascending and
descending tracks, respectively). It can be seen as the velocity of these points increased after the rainfall
period starting at the end of 2016 for the descending and ascending tracks.
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Figure 6. Photography of damages. (1) Crack at the head of the slope. (2) Crack on the soil surface
beneath the bridge. (3) Broken wall at the bottom of the slope. (4) Cracked concrete fence located
north of the bridge. (5) Crack on the pavement at the roundabout, north of the bridge and tilting of the
lamppost. (6) Shear key broken because of precast beam lateral movement. Photos location are shown

in Figure 1.
4.4.2. Lidar

Figure 9 shows the results of the relative M3C2 normal distance between the two scans that were
carried out in May 2016 and April 2018. For each estimated distance the M3C2 method computes the
distance uncertainty. The uncertainty presents a mean value of 5.685 mm, being the standard deviation
of 11.975 mm (the closer to zero the better) [41,44]. Figure 9 suggests a relative downward movement
of the north abutment and of the bridge deck. Nevertheless, the south abutment can be considered
to be stable. The downward movements that were detected are approximately 3 and 2 cm for the
north abutment and the top of the deck, respectively. Two cross-sections of the bridge are shown in
Figure 9b,c. Figure 9b depicts the relative displacement of the point P. This point corresponds to the
location of the upper corner of the kerb in May 2016, whilst point P’ corresponds to the location of
the same point in April 2018. As can be seen in this figure, the relative horizontal displacement of
this point is equal to 6.5 cm and it moves towards the outer part of the slope. Regarding the vertical
displacement, point P has a descending movement that is equal to 3.1 cm. The uplifts (red area in
Figure 9a) that are located on the west part of the processed area are due to the resurfacing of the
diversion road.
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Figure 7. Results of DInSAR analysis. Mean displacement velocity recorded by ascending (circle) and
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Figure 8. Time series of displacement of points located at the head (PS-1), bottom (PS-3 and PS-4),
eastward (PS-2) and westward (PS-5 and PS-6) of the slope, see Figure 7. The displacements are
measured along the LoS.
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Figure 9. (a) Comparison of LIDAR models between May 2016 and April 2018 and location of the
extracted steepest slope transects; (b,c) transects of the 3D point cloud of stages 2016 and 2018.

4.4.3. Inclinometers

The inclinometer data are shown in Figure 3, where a sliding failure surface located at a depth of 22
m in the inclinometer 1 and of 7 m in the inclinometer 2 is depicted. The rate of displacement is different
for both inclinometers. The maximum shear displacement that was recorded in the inclinometer 1 was
near 50 mm (on the slope surface) in less than three months with a mean rate of displacements of about
20 mm per month. The inclinometer 2 showed a maximum shear displacement of less than 10 mm.
Both inclinometers were installed in November 2012, being the casing of the inclinometer 1 broken in
February 2013 due to the shear deformation that was caused by the landslide.

4.4.4. Topography Survey

Twenty-three points that were analysed by means of a total station have been sorted in four
groups according to its location: (a) north abutment, (b) on the bridge pavement, (c) below the bridge
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(upper side of the cap piles), and (d) south abutment. As can be seen in Figure 10, the control points
were checked from January 2015 to July 2018. Although the time-series are quite noisy, the south
abutment presents the lowest total horizontal displacement, while the north abutment and the points
located below the bridge show the highest displacement. A differential movement is observed between
the points that are located below and on the bridge, being those below the bridge, which present
higher displacements. Looking at Figure 10 seems that human errors such as inconsistent setup
could have considerably reduced the accuracy of the survey. For this monitoring proceedings such
as redundancy of observations could have reduced the possibility of blunders [45]. Despite that, the
trend of the different areas” movements can be seen in the figure while looking at the general trends of
the displacements throughout the sigmoidal regression lines of these four groups. North abutment
points and points that are below the bridge have similar movements and trends. Nevertheless, the
points on the south abutment show a totally different trend and displacements. The points that are
located on the bridge pavement show a similar trend to those that are located on the north abutment
and below the structure, although the points located on the pavement show smaller displacements
than those that are located below the structure. It is worth highlighting that the only purpose of these
regression lines is to show the general trends of the four areas, not the prediction of displacements.

0.16
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— | — — — — Onthe bridge |
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é 0.12 —
(2]
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=
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Figure 10. Average horizontal displacements evolution of the control points sorted by its location:
(a) north abutment, (b) On the bridge pavement, (c) below the bridge (upper side of the cap piles), and
(d) south abutment.

Regarding the vertical displacements, the points on the north abutment have a downward average
movement of 5.0 cm in the time span from January 2015 to July 2018, whilst the average descending
movements of the points on the bridge deck is equal to 3.4 cm. These movements are consistent
with those that were obtained with Lidar technique from May 2016 to April 2018 where 3.1 and
2.0 cm downward movements were measured for points on the north abutment and on the bridge
deck, respectively.

4.4.5. Elastomeric Bearing Pads

The relative movement between the precast concrete beams and the support piers have been
measured for six years, from 2012 to 2018. The mean displacement of the beams that were supported
by each pier has been assessed. Figure 11 shows the magnitude and the direction of the relative
displacements of the precast concrete beams as well as the position of the piers. The mean values of
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the total displacements during this period are 17.2, 23.7, and 30.3 cm for piers 1, 2, and 3 (Figure 11),
respectively. The mean rates of displacements are 2.9, 3.9, and 5.1 cm/year for piers P1, P2, and
P3, respectively.
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4285250
4285250
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20

4285200

4285200

e Relative displacement beam - pier point
[ ] Topographic control point

*~.. Control paint on pavement, disp. (4 cm/year)

" *—__ Control point on pile cap, disp. (4 cm/year)

Relative beam - pier disp. (3 cm/year)

718950 719050

Figure 11. Horizontal displacements of the control points measured by topographic surveys and relative
displacements between the precast concrete beams and the supporting piers. All the topographic
control points are located on the road pavement, except for P1, P2 and P3 which are on the pile cap
surface below the bridge.

5. Discussion

The integration of multiple sources of information allowed for determining the depth, mechanism
of failure, and boundaries of the landslide. By means of the geotechnical investigation, three types of
soil/rock were found to be involved by the landslide, colluvial deposits, composed of clayey sands
with some gravels and located on the superficial part of the slope, and clays and marls with some
intercalated calcareous layers. The spatial distribution of these three types of soil was defined by
the boreholes and geophysical techniques. It was detected that the superficial layer of the colluvial
deposits has an approximately constant thickness of a few meters. Furthermore, the marl stratum is
below the colluvial and it presents a lower seismic velocity in the upper part, probably because the
stratum is superficially weathered.

Some limitations of the geophysical survey, such as not providing direct information regarding the
terrain, can be overcome by the integration with data from other sources. In this sense, joining
the geophysics data into the integrated cross-section, electrical layers seem to match with the
geological-geotechnical layers detected by the boreholes. Regarding the seismic information, the lowest
refractor observed in the seismic profile seems to match the slip surface observed in the inclinometer
1 and the slip surface assessed by the slope stability analysis. This velocity contrast that is induced
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between the stable bedrock and the unstable mass due to the internal strain affecting the landslide was
observed by other researchers [13,46].

The damage assessment inventory contributes to defining the extension of the affected area.
A long crack was observed on the top of the slope, which affects the pavement of the street and the
pavement of the industrial building. This crack could correspond to the east boundary of the landslide
(i.e., the crown crack); this is confirmed by the DINSAR analysis, as the points located on the edge of
the slope present a downward movement whilst those points located a few meters from the edge do
not show any significant activity. The west boundary of the landslide corresponds to the toe of the
slope as only the retaining wall at the base of the slope and the points near this wall present some
damage. Additionally, looking at the DINSAR results, Figure 7, the points located at the toe of the slope
present an upward movement, while those located east from the bridge and further from the toe do
not show any significant movement. The sense of the movement detected by the DINSAR analysis,
downward for the points at the top and upward for those points at the base, suggests that a rotational
slide is affecting the slope. This mechanism matches the information provided by the inclinometers,
Figure 3, where it can be seen that a rotational landslide fits with the depth of the sliding surface
location at both inclinometers. From the dip and the dip direction of the stratum (Figure 3), a combined
landslide mechanism is also possible, i.e., a roto-translational slide. According to the crack mapping,
the northern boundary of the landslide seems to be located by the roundabout. There is not any PS on
the roundabout, but the PS that is located east from this infrastructure is within the stability range.

Furthermore, the topography control points that are located on the north abutment show horizontal
displacements similar to those points located below the bridge. Also, similar trends in the control
points movement on the north abutment and below the bridge are observed, Figure 10. In spite of
the accuracy of the survey seems to have been reduced by procedure and human errors, as it seems
to be due to the noise that can be seen at the time-series (Figure 10), the general trends detected by
the topography survey match with the information collected from other techniques, such as DInSAR
or damage assessment, where this information is redundant. These results are also confirmed by the
LiDAR measured movements, Figure 9, where the normal displacements of the north abutment and the
bridge deck are higher than those measured on the south abutment where the points showed a stable
behaviour. Therefore, the north abutment is probably within the landslide contour. Regarding the
south boundary, the cracks that are located most southern are those placed below the bridge, between
the south abutment and the pier 3, Figure 6-2. The lack of PS at important locations has been the main
drawback observed in the present study for the DInSAR technique. In this sense, for example, there is
no DInSAR information close to the south abutment, but the closest PS about 75 m south from the
abutment is within the stability range. Considering the topography survey, the control points located
on the south abutment show lower horizontal displacements compared to those points placed below
the bridge (Figure 10). The general trends of the displacements between the points that are located
below the bridge and on south abutment are also very different. Moreover, the Lidar points located on
the south abutment did not show a significant movement. Therefore, the south abutment is probably
out of the main landslide affecting the bridge.

When looking at the horizontal displacements of the points that were located on the bridge
pavement, Figure 10, an intermediate value between the horizontal displacements of the points located
below the bridge and those on the south abutment is observed. The general trend of the points located
on the pavement of the bridge is similar to that observed on the points below the bridge, although the
points located on the pavement show a dampened movement when compared to those located below
the structure. This difference in the rate of the horizontal displacement between the bridge, the ground
below the bridge and the south abutment is also confirmed by the movement of the precast beams
placed on the supporting piers. The precast concrete beams of pier 3 (the closest to the south abutment)
show a relative displacement eastward, the opposite direction to the landslide movement, as compared
to the pier and its foundation. This relative displacement between beams and piers is also shown for
piers 2 and 1, although it is gradually decreasing as we move away from the south abutment (i.e., from
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pier 1 to pier 3). This can confirm that the south abutment is outside the main movement affecting
the landslide. The beams over the elastomeric bearing pads in the south abutment only show a small
relative movement towards the west, the same direction as the landslide. However, the beams on the
closest pier to the south abutment show the highest relative displacement, in this case towards the
east, which is the opposite direction to the landslide movement. This could be because the beams are
attached to the deck of the bridge and the deck is connected to the south abutment whose movement is
smaller than the foundation movement. In the same way, the results that were provided by the LiDAR
technique show a relative downward movement between the south abutment and the bridge deck
compatible with this deformation mechanism of the structure. Similar results have been obtained from
the vertical movement of the topography control points where the points that are located on the south
abutment pavement show a smaller downward movement than those placed on the bridge pavement.

In this work, LiDAR only provided information regarding the movements of the pavement and
other road elements. This is because the slope is covered by vegetation, so changes in these areas cannot
be attributed to slope instability. Despite this, LIDAR, together with other techniques, allowed defining
the superficial boundaries of the slide in the bridge area. LiDAR technique has also been successfully
used for this purpose in previous research [19,20]. In the present research, the use of LiDAR and
topography surveys provided additional information. Therefore, as it was stated by Barbarella and
Fiani [19], it is important to carry out both types of surveys, since the data that can be acquired from
each instrument are complementary. Nevertheless, contrary that what was observed by Barbarella and
Fianni [19], the accuracy of the LiIDAR results in the present research was higher than those that were
obtained by topography surveys due to some kind of procedure error as explained above.

As it has been stated above, each of the techniques employed has been useful to understand the
geometry, kinematics, and extension of the landslide, obtaining complementary information from each
technique. Table 2 summarizes the contribution to the comprehensive investigation of the landslide by
each technique.

Table 2. Contribution to the understanding of the landslide by the different techniques employed.

Geology and . Damage . . . Topography
Geotechnics Geophysics Assessment DinSAR LiDAR Inclinometers Control
Type of soil/rock
) X
involved
Landsh.de X X X X X X
mechanism
l?epth of the X X X
sliding surface
Boundaries of
the landslide X X X X
Kinematics X X X X X

The elastomeric bearing pads monitoring has been included in the damage assessment category.

6. Conclusions

The combined use of multi-source information has enabled performing a comprehensive
investigation of a deep-seated landslide in Alcoy, Spain. Firstly, geological and geotechnical information
has been compiled through conventional borehole drilling, laboratory testing, and inclinometric
measurements. This information is of paramount importance in determining the type of soil/rock
involved in the landslide, its properties and the possible failure mechanism. Geophysics lets to know
the spatial distribution of the soils and approximately the depth of the sliding plane. This information
has been confirmed and accurately measured at some points by the inclinometers that were installed
in two of the boreholes. Moreover, the lowest refractor that was observed in the seismic profile seems
to match the slip surface assessed by the slope stability analysis.
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Damage mapping, DInSAR, and LiDAR information, jointly with surveying monitoring and
structural damage assessment were essential for knowing the superficial boundaries of the landslide.
These techniques have also provided useful information regarding the kinematics of the landslide.
All of this information shows a rotational landslide that is approximately perpendicular to the slope,
although with a slightly south component, which affects the colluvial stratum, clays, and marls. The
north boundary of the landslide is between the roundabout and the bridge, being the north abutment
within the main landslide body. Nevertheless, the south boundary is between pier 3 and the south
abutment, being this abutment outside the main landslide body.

The successful case study that was illustrated in this work highlights the potential and the need
for integrating multi-source data (i.e., remote sensing data and ground information) for the optimal
management of complexes landslides and effective design of remedial measurements.
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