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Abstract: This case study presents the engineering approach conducted for stabilizing a landslide
that occurred at “El Portalet” Pass in the Central Spanish Pyrenees activated due to the construction
of a parking lot. Unlike common slope stabilization cases, measures projected here were aimed at
slowing and controlling the landslide, and not completely stopping the movement. This decision was
taken due to the slow movement of the landslide and the large unstable mass involved. The degree
of success of the stabilization measures was assessed by stability analyses and data obtained from
different geotechnical investigations and satellite survey techniques such as GB-SAR and DinSAR
conducted by different authors in the area under study. The water table was found to be a critical
factor in the landslide’s stability, and the tendency of the unstable slope for null movement (total
stability) was related to the water table lowering process, which needs more than 10 years to occur
due to regional and climatic issues. Results showed a good performance of the stabilization measures
to control the landslide, demonstrating the effectiveness of the approach followed, and which became
an example of a good response to the classical engineering duality cost—safety.

Keywords: landslide; safety factor; Central Spanish Pyrenees; soft rocks; stabilization measures

1. Introduction

Slope stabilization is probably one of the most typical, ancient and challenging issues
of civil engineering. Commonly, problematic landslides affecting buildings and infrastruc-
tures are solved by installing a series of measures that lead to completely and immediately
stopping the ground movement. Those measures normally include rigid retaining walls,
anchors or a substantial variation of the ground profile’s geometry, and their implementa-
tion can give rise to a compromise between cost and safety [1-3]. However, when dealing
with a great amount of ground material, stopping the movement absolutely and instan-
taneously may not be the optimal solution. The literature shows the possibility of using
different techniques for reducing the mobility of landslides, including small excavations
and adjustments of the slope profile, the implementation of flexible walls or piles and
the installation of drainage [4-9]. The latter is especially important since landslides are
often triggered by precipitations and the resulting change in the groundwater level. Water
reduces ground strength and increases pore pressures, contributing to the instability of a
slope [7,10-13]. Controlling the water table is essential when dealing with shallow and
slow movements, as any rainfall may accelerate or even reactivate a landslide. The previous
issues are particularly relevant in areas characterized by rainy seasons followed by dry
periods, such as the Mediterranean region and, more precisely, the Iberian Peninsula.

The “El Portalet” Pass is located at the municipality of “Sallent de Gallego”, Huesca
province, in Spain, and belongs to the Central Spanish Pyrenees. In 2004, an excavation to
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create a parking lot next to a local road was performed in the area. Parking excavation was
conducted and resulted in the activation of a large landslide. That landslide occurred on a
hillside in the surroundings of Petrusos Peak, in an area of about 0.35 km?, where superficial
cracking and diverse instabilities at different movement rates had been identified in the
past [14]. A carboniferous substrate characterizes the zone, affected by faults of slate nature,
with gravel colluvium and sandy clay materials on foothills as a result of previous paleo
slides. Natural slopes (average angles of 12°) were also identified to be on the verge of
instability [15].

The parking excavation reactivated small slides previously identified in the area [16,17]
and produced new ones. The first instability signals were displayed at the end of the year,
when large cracks appeared in the head of the slope and propagated afterwards along the
hillside, showing cracks and longitudinal and transversal deformations, even breaking
the slope toe. This type of deformation characterizes an paleo-slide failure mechanism
involving an important volume of material [15,18-20]. Due to the great deformations and
large unstable masses involved in the landslide, the typical solutions aimed at absolutely
and instantaneously stopping the ground movement would have represented a higher
cost than the total elimination of the unstable hillside. Instead, the approach was based
on controlling the hillside movement evolution and implementing a series of measures
to slow down the ground movements, achieving the stabilization of the slope after some
years, but also ensuring no damage to any infrastructure during that time.

This paper shows and analyses the stabilization measures projected and implemented
on “El Portalet” Pass. The area has been intensively investigated since 2004 by diverse
authors. Classical geotechnical investigations, including boreholes and the installation
of inclinometers [15], were conducted after landslide activation. Several Differential GPS
campaigns as well as the use of different satellite surface monitoring techniques, including
the ground-based SAR (GB-SAR) technique and the Differential Synthetic Aperture Radar
Interferometry (DinSAR) technique [14,21-24], were performed from 2006 to 2010. Besides,
anew geotechnical investigation was conducted to monitor the landslide evolution 10 years
after the initial implementation of the stabilization measures. These data are presented for
the first time in this paper. Data coming from all of those investigations are used to assess
the performance and the degree of success of the stabilization measures, establishing the
expected future evolution of the landslide.

2. Materials and Methods
2.1. Geographical and Geological Situation

The case study is located at “Sallent de Gallego” (Huesca, Spain). That area belongs to
the high basin of the Gallego River Valley (Figure 1), in the Central Spanish Pyrenees.

The studied hillside corresponds with the southwestern slope of the spurs located
between Petrusos Peak and the Old Pass of Sallent (latitude 42°48'4.83" N; longitude
0°24'48.19" O), with heights between 2128 m and 1848 m. The road next to which the
parking lot was built, road A-136, is situated at the hillside foot, and links “El Portalet”
Pass and “Sallent de Gallego” village. The Gallego River flows through lower elevations,
parallel to the road. The excavation was performed at altitudes between 1735 and 1775 m.
Figure 1 shows a parking excavation view, where road A-136 can also be seen.

From the geological point of view, the area under study is located in the Pyrenean
Axial Zone, primarily composed of Devonian and Carboniferous materials, amongst which
slates (sometimes with sandstone interlayers) are common, with some calcareous zones,
all of which are affected by an intense Hercynian folding, accompanied by low-grade
metamorphism. From a tectonic point of view, all of these materials are part of the Gavarnie
thrust, which contains part of the southern configuration of the Pyrenean chain. Most of
the hillside is covered by recent colluvial and quaternary deposits [25-27].
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Figure 1. Geographical and geological setting of the area under study in the Central Spanish Pyrenees and view of the

parking excavation works (note: bottom left image modified from [22]).

The area contains low strength rocks with intense active slope processes and with
portions with low structural control. This is observed between the Inner Chains and “El
Portalet” on the Gallego River basin, where slates, schists and clays have caused several
slope evolution phenomena, associated with mass movements. Slumps are the most
spectacular shapes, which leave a scar or tension crack on the head of the slope. Those
slumps are deep and affect the substrata, also presenting deep weathering due to both
their plasticity and tectonization. In some cases, Devonian slates have acted as a lubricant,
their structure and faults located at the top of the slope sometimes causing an additional
instability issue. The length of tension cracks can exceed 1 km, and the landslides portray
the typical internal corrugation, a consequence of a mass movement.

One of these slumps was mapped by Garcia Ruiz [16,17]. Two parallel tension cracks,
which form successive steps (see Figure 1), match the southern slope of the Petrusos spurs
and they also overlap with the convex surface presented by the rocky hillside. At its toe,
the slumps can be found with two coalescent lobes that reach the fracture northwest of the
sunken block of “El Portalet”. The high density of such morphologies can be found on
the Gallego head of the slope, especially between “El Portalet” and Formigal ski station in
addition to the Pefia Foratata southwestern slope, where superposed landslides tend to
form great slumps. Most of them do not look very active, but other slumps are still moving
or show a local reactivation.

This area is also located in a seismic zone, presenting a basic seismic acceleration of
0.10 g (with g being the gravitational acceleration), according to the Spanish NCSR-02
standard [28].
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2.2. Previous Field Investigations

Previous geological-geotechnical investigations [15] conducted in 2005 consisted of
six boreholes (location is shown in Figure 2) with depths between 24 m and 40 m. Standard
Penetration Tests (SPT) were performed on each borehole when crossing soils and very
weathered rocks, with a frequency of about 3 m. Disturbed and undisturbed samples were
extracted from each level identified. Laboratory tests conducted on such samples included
general identification tests (e.g., grain size, Atterberg limits, unit weight) and mechanical
tests (uniaxial compression strength on rocks and direct CD shear tests and triaxial CU
tests on soils).

Inclinometers were installed on each borehole performed. Besides, topographical
landmarks were placed along the hillside to measure surface movements. Attempts to
locate landmarks were made next to the existing tension cracks on the head of the slope as
well as in the excavated slope. Movements between pairs of landmarks were measured
every 15 days and five measurement campaigns were carried out.

In addition, an inventory of water points (e.g., springs and permanent courses)
was carried out along the entire hillside, also recording the water table position in the
excavated slope.

§‘F BOREHOLE (OLD)
-$- BOREHOLE (NEW)

/e

BRI

Figure 2. Location of the boreholes performed in the previous study [15] (“old” boreholes, conducted

in 2005, reprinted with permission from ref. [15], Copyright Year 2005, Copyright Owner’s E]J. Torrijo)
and the new geotechnical investigation (“new” boreholes, conducted in 2016); profile I-I’ relates to
Figure 5.

2.3. Corrective Measures

A series of corrective measures were proposed to be performed on the slope to stabilize
the landslide. Those measures (Figure 3) were not aimed to stop the hillside movement
immediately and absolutely but to slow it down and prevent any damage to surrounding
infrastructures. Eventually, the measures projected were expected to completely stabilize
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the hillside and stop the movement (or reduce it to a minimal value) after some years’ time.
Corrective measures applied included:

e A slight modification of the slope geometry by means of the excavations of intermedi-
ate areas (benches) on the slope.

e Installation of deep drainage measures (Californian drains) as well as ditches to
improve slope drainage and remove water coming from seepage and runoff; in total,
47 single drains were installed with a separation of 15 m; the horizontal slope was
6% following Serrano and Gomez [29] and Forrester [30]. Drains were executed with
slotted PVC pipes with a thickness of 1.5 mm and a diameter of 75 mm.

e Implementation of slope conservation and stabilization measures such as slope profil-
ing and re-vegetation.

e  Performance of a flexible retaining wall at the slope toe; wall height was 6 m from
the ground and 9.2 m from the bottom of the foundation and its width was found
between 3.5 and 4.1 m; its vertical slope was 6:10.

Slope profiling and re-vegetation Slope geometry modification

3-lane road
R

3% Deep drainage (Californian drains)

(™ s ™ |

10 m 0 5

Drainage ditch

Drainage ditch

Figure 3. Stabilization measures projected; red dotted line and green line show the slope profile before and after implement-

ing the stabilization measures (highlighted in bold), respectively.

2.4. Satellite Surveys

After conducting stabilization works on the slope, the ground-based SAR (GB-SAR)
technique was used to monitor the landslide during the years 2006 and 2007 as well as
to predict the slope movement evolution [14]. That technique is based on SAR interfer-
ometry, i.e., the use of consecutive pairs of SAR images for obtaining information about
displacements according to the phase difference (interferogram) between two consecutive
SAR images [31,32]. For monitoring the landslide movements [33], the GB-SAR sensor was
installed about 600 m from the slope (target distance was between 200 and 1300 m), and
worked for 47 days, with an acquisition rate of 1 image per hour, a range resolution of
1.7 m and an azimuth resolution of 0.74°.

Results of GB-SAR were validated with the results of five Differential GPS (DGPS)
campaigns, where 93 points were monitored, both stable points located next to the landslide
active area and points within the landslide mass. A good match between the two techniques
(GB-SAR and DGPS) was found, being the maximum difference 1.5 cm.

In addition, the Differential Synthetic Aperture Radar Interferometry (DinSAR) tech-
nique was employed [21,22] to monitor different landslides of the Upper Tena Valley
(located in the Central Spanish Pyrenees area), including the area under study. That
technique uses microwave remote sensing and produces the measurement of surface dis-
placement of high accuracy with a great coverage capacity [34]. The SPN approach [35],
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which combines both the Persistent Scatterers [35-38] and Small Baselines [39-43] methods,
was used.

In total, 43 SAR images acquired by ERS-2 and ENVISAT satellites (from 2001 to 2007),
14 SAR images acquired by the TerraSAR-X satellite (2008) and 12 SAR images acquired by
ALOS PALSAR (L-band) satellite (from 2006 to 2010) were processed. An auxiliary DGPS
campaign was also undertaken to validate the results.

More details about this investigation can be found in [14,21-24].

2.5. New Field Investigations

In 2016, approximately 10 years after conducting the stabilization works of the slope,
three new boreholes were performed (Figure 4a) at the area under study. Those boreholes
attained a depth between 30 m and 45 m and were performed close to those executed in
the previous field investigation (see Figure 2). On each borehole, SPT tests were performed
in soils and very weathered rocks, with a frequency of about 3 m. Disturbed samples were
extracted from each level found and general identification laboratory tests were carried out
(grain size, Atterberg limits and unit weight).

Similar to the actions performed in the previous geological-geotechnical investigation,
inclinometers were installed on the new boreholes (Figure 4b). Besides, a new inventory of
water points was carried out along the entire hillside (Figure 4c).

Figure 4. New geotechnical investigation works: (a) Borehole performance; (b) Inclinometer installation; (¢) Inventory of
water points; (d) Example of the Quaternary material obtained in the boreholes.

2.6. Limit Equilibrium Analysis

Stability analysis of the landslide was carried out in its natural state and after im-
plementing the corrective measures based on limit equilibrium methods. These methods
consider the static mechanical laws and assume the shear strength of the soil to be to-
tally and simultaneously developed along the sliding surface (failure surface). With such



Appl. Sci. 2021, 11,7176

7 of 17

methods, the slope safety factor may be computed as the ratio between the available shear
strength in the sliding surface and the needed shear strength to keep a strict equilibrium of
the sliding mass.

Nowadays, the most common way of applying limit equilibrium methods is using
the method of slices. This method divides the soil sliding mass into many vertical slices to
solve the stability problem. The method assumes that failure of the soil is governed by the
Mohr—Coulomb criterion, slices behave as rigid bodies and no stresses exist inside each
slice. The equation system obtained once the equilibrium of forces is established on each
slice requires assuming different simplifications and/or hypotheses to solve the system, all
of which leads to having several “sub-methods”. In this work, Bishop’s method [44] and
the Morgenstern-Price method [45] were used. The former is an approximate method that
establishes the equilibrium of vertical forces and bending moments, assumes a horizontal
resultant of the interslice forces and does not take into account interslice shear forces. The
latter is an exact method that establishes the stability problem using the three equilibrium
conditions in slices of differential thickness and assumes that the inclination of the forces
between slices is proportional to a given function.

Several slope profiles were selected to compute the landslide safety factor applying
the two mentioned methods. Simulations were run with and without considering the
seismic acceleration (0.10 g, with g being the gravitational acceleration).

3. Results
3.1. Field Investigations and Satellite Surveys

In situ (SPT) and laboratory tests conducted on the different investigations carried
out identified six geotechnical units in the area under study. Table 1 lists the average
parameters of those units related to SUCS classification, Atterberg limits, unit weight,
water content and mechanical parameters (cohesion and friction angle for soil materials
and uniaxial compression strength for rocks).

Table 1. Geotechnical parameters of the materials found in the area under study.

Geotechnical Unit

Depth [m] SUCS Wp PI  yI[kKN/m3] WI[%] «c[kPal ¢I[°] UCSI[MPa]

Colluvial deposits 2-10 GM-GC 30.5 8.4 21.0 7.0 - 29.0 -
Green sand-clay 2-6 SC 32.1 104 20.4 14.0 — 18.0 —
Black sand-clay 2-6 SC-GC 30.9 10.6 222 8.1 — 25.0 —

Fragmented calcareous 2-6 GCSC 336 129 217 6.7 - 38.0 -
rocks and slates
Fault breccia — — — - 23.0 6.0 20.0 25.0 —
Slate rock - — — — 27.7 — — — 12.5

Notation: SUCS: Soil Unified Classification System (Casagrande’s classification); Wp: plastic limit; PI: plasticity index; y: unit weight; W:
water content; c: cohesion (residual); ¢: friction angle (residual); UCS: uniaxial compression strength.

Rock mass of the area consisted of variably calcareous slates with calcite filled veins
(Geotechnical unit “Slate rock”) belonging to the “Facies Culm” from the Carboniferous
period. This rock mass presented an average RQD of 60% and the RMR reached an average
value of 60. According to the geological-geotechnical investigations conducted, rocky
formation crops out only in the northern area, where no instabilities were detected. The
rest of the slope surface is covered by quaternary deposits (Figure 4d), which include
colluvial deposits, green clayey sands, black clayey sands and fragmented calcareous
rocks and slates. Additionally, fault breccia materials were found in an old fault detected,
though currently inactive (yet some water was seen circulating through it). Except for
colluvial deposits, quaternary materials come from a roto-translational, with unidirectional
movement, landslide that occurred in the area in the past. Materials appeared unstructured
and remoulded due to paleo-sliding.



Appl. Sci. 2021, 11, 7176 8of 17

Data from boreholes, inclinometers and surface movements led to defining a failure
surface located at depths between 5 m and 19 m (see Figure 5), with a fairly planar shape
and with greater curvature in the slope toe area. The failure surface daylights on the slope
and is observed on the ground surface (at both the slope head and toe) as seen in Figure 6.
Surface movements in the E-SE direction, topographically recorded during the previous
geotechnical investigations [15], showed small movements on the head of the slope as
well as on the excavated slope. Those movements ranged between 1 cm and 3 cm, with
movements in the northern area being slightly inferior to southern areas.

LEGEND
N2~ coLuviac oerostTs SLATES
-7 BLACK SAND-CLAY ‘$ BOREHOLE (OLD) B-9 (m)
B-5 ’
§ BOREHOLE (NEW) 1
GREEN SAND-CLAY $‘ $ $‘ I 1785
bt R e _—,7 SLIDING SURFACE 11780
CALCAREOUS ROCK N /JC?U‘@U_
] 1775
+1770
1-1765
I 11760
+4-1755
41750
- 1745
. == ]
\\\\‘\\»\\\\\ 0 5 10m
~—— i ~— _ T
\\\ \\ ~
T \\\ \\

Figure 6. Daylight of the failure surface: (a) stress crack; (b) warped plane morphology.

Inclinometers revealed the development of the failure surface mainly through the
sandy clay materials in contact with the fragmented calcareous rock. An example of
inclinometer data obtained in the previous study [15] and new geotechnical investigations
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is shown in Figure 7 (note that those inclinometers belong to profile I-I' shown in Figure 5;
failure surface may be easily identified).
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Figure 7. Inclinometers records: (a) Inclinometer placed in borehole B-5, reprinted with permission
from ref. [15], Copyright Year 2005, Copyright Owner’s EJ. Torrijo (old geotechnical investiga-
tions [15], conducted in 2005); (b) Inclinometer placed in borehole B-9 (new geotechnical investiga-

tions, conducted in 2016).

Topographical works developed during the previous investigation [15] detected the
existence of three main landslides in the area under study (landslides, 1, 2 and 3 in Figure 8).
This information was confirmed by the DinSAR data [21,22]. One of those landslides (land-
slide 3) was not affected by any anthropogenic activity (i.e., was not the consequence of
the parking excavation) and was an extremely slow movement [46,47] with an estimated
average velocity [22] of approximately 16 mm/year and affected by seasonal rainfalls.
The second landslide (landslide 1) was activated by the parking excavation and corre-
sponds to the slope movement under study. Its movement rate, estimated by the auxiliary
DGPS campaign of approximately 0.1 m/year, meant it was not possible to compute its
velocity with the DinSAR technique [22]. The third landslide (landslide 2) was located
next to the previous one, was also activated by the parking excavation and its average
velocity was estimated [22] at approximately 25 mm/year. The ALOS PALSAR differential
interferometry [24] was also applied to this last landslide, obtaining similar results.
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Figure 8. Main landslides detected in the area under study.

DGPS measurements [14], conducted after performing the stabilization work on
the slope (i.e., landslide 2 according to Figure 8), showed that maximum displacement
rates were around 1 mm/day in the summer while rates increased up to 2 mm/day in
the fall. Those measurements also identified that the landslide’s most active part was
an area located below the main scarp. GB-SAR technique discovered that the landslide
displacements were fairly linear in time, although slight differences were observed due to
daily rainfall variations. Generally, an acceleration of the landslide occurs when rainfall
events take place.

In fact, hydrogeological results obtained in the previous study [15] and the new
geotechnical investigation indicated that surface materials were permeable and the hillside
drains with abundant subterranean water flow. Continuous flow springs near the slope
toe were identified, with that flow occurring through both the permeable material and the
failure surface. The water table was found approximately on the failure surface, suffering
oscillations with precipitations. Thus, the relationship between the landslide evolution rate
and rainfall reported by the use of the GB-SAR technique [14] was confirmed due to the
easy infiltration of water in the sliding mass, thanks to the high drainage capacity of the
colluvial material located on the top of it.

3.2. Limit Equilibrium Analysis

Several slope profiles were analysed using limit equilibrium methods by means of
the method of slices. The geotechnical parameters obtained in the field investigations and
listed in Table 1 were used to conduct such analyses. The Bishop’s method [44] was applied
to compute the safety factor without considering the seismic action. The Morgenstern—Price
method [45] was applied to compute the safety factor considering the seismic action, which
was taken into account by a pseudo-static approach considering two orthogonal forces,
their value based on the Spanish code [28].
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Under natural conditions, once the parking area was excavated and prior to imple-
menting any corrective measure, profile I-I', according to Figures 2 and 5, was found to be
the most unfavourable profile. Without taking into account the seismic component, the
safety factor at that profile resulted in 0.86. That confirms the existence of the landslide
produced by the parking excavation and the subsequent movement of the slope. It should
be mentioned that this landslide was a first-time failure, not a reactivation of a previous
one. When the seismic action was taken into account, a safety factor of 0.59 was obtained
for the same profile (i.e., about 30% lower).

The analyses were run again introducing the projected measures and considering the
final stage of the projected slope. The water table was located following the data obtained
from the inventory of water points carried out in the new investigations and considering
that the capacity of California drains is greater than the recharge of the aquifer (an average
level was considered since the water table depends on rainfalls, see the next section). Profile
I-I' was still found to be the most unfavourable. In this case, the safety factor without
taking into account the seismic component increased to 1.3; taking into account the seismic
acceleration, the safety factor was 1.1 (about 15% lower). That result indicates that the slope
is stable and the landslide is expected to be under control with the projected measures.
Figure 9 shows the results computed by the Bishop’s method for profile I-I' before and

after implementing the stabilization measures using the software Slide v5.028 [48].

Certer; 33.893, 208.0%4

Radius: 186.150

Left Shp Surface Endpoint 23,066, 22 260
Right Slip Surface Endpoint: 135387, 52 047
Method: bishop simplified

F5:1.35103

Method: gle/morgenstem-price

FS:1.38193

Center 41.010, 116.897

Radius: 98.360

Left Slip Surface Endpoint: 15.033, 22 030
Right Slip Surface Endpoint 116 417, 53.743 |
Method: bishap simplified f
FS: 0871312

Method: gle/mormgenstem-pnce /

5. 0864885

[ Center 36,255, 137.378

Center 70.308, 63477 %] FRE 113 2142
Radius: 44339 Right Sk Surtoce Endpoint. 121 488, 53,817
Left Slip Surface Endpoint: 41.085, 30,122 4 Method: bishop simpified

Right Slip Surface Endpoint: 113495, 53439 Tkl R RS

Method. bishop simplified 24 FS: 125163

FS: 167181 7

Method: gle/morgenstem-price 3

FS: 168836

(a) (b)

Figure 9. Safety factor analyses of profile I-I’ (see Figure 2): (a) slope in its natural state after the parking excavation; (b)

slope state after implementing the stabilization measures.

It is interesting to mention that the stability analysis calculations conducted considered
the whole slope and the corrective measures were designed accordingly. Considering only
a part of the slope was not correct, this may have given rise to erroneous results. For
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instance, Figure 10 shows a stability analysis carried out by both the Bishop [44] and the
Morgenstern—Price [45] methods taking into account only the area around the toe wall.
The safety factor obtained was nearly 1.6 in both cases, about 23% and 45%, respectively,
greater than that computed in the scenario considered in Figure 9b. This may have led to
an assumption that the installation of that wall was the unique corrective measure needed,
which resulted in it not being enough for controlling the hillside movement.

40

4.78 KN/m2

20
1

T —

Center: 26.289, 34.502 =
Radius: 16.689

e ———— Left Slip Surface Endpoint: 15.659, 21.636
3 Right Slip Surface Endpoint: 42.454, 30.352
J Method: bishop simplified

FS: 1.58959
Method: gle/morgenstern-price
FS: 1.58717
£_|
o
If T | T | L T LI T | | |
om 10 20 30 40 50 60

Figure 10. Stability analysis considering the projected wall alone.

3.3. Drainage Evolution

Water table lowering plays an essential role in the stability of the landslide studied.
The approximate volume of the adjacent aquifer to the area under study was estimated at
0.86 Hm>. However, based on the available data, the aquifer lateral supply was unknown,
so this volume could be much higher. Although the effective porosity of the different
materials traversed by the California drains was also unknown, adopting an estimated
value of 5-7%, the volume of water to drain is probably between 100,000 m?3 and 200,000 m3.
Besides, the groundwater recharge of the aquifer should be considered and this does not
stop, being especially significant due to the high rainfalls in the area. Recharge can be
estimated at around 1900 mm per year, widely distributed throughout the year except for
the summer season.

As a consequence, the water table lowering does not only depend on the drainage
capacity and the efficiency of the Californian drain but also on the weather and the annual
recharge (Figure 11). As a result, the drainage of the slope needs time. During that time,
the slope is expected to have a safety factor lower than 1.0, which explains the movement
of the slope recorded by the different investigations (in fact, the safety factor increased
from the situation depicted in Figure 9a to the one given in Figure 9b). Thus, although the
future solution in the long term will be stable, attaining this situation will need to wait for
some time during which the slope will exhibit unstable behaviour.
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Evolution of water table
while safety factor <1

Initial water table

Long-term water table. Safety factor > 1

Figure 11. Expected evolution of the water table and its qualitative relationship with the safety factor.

Although the tendency of the water table is the one explained, this evolution does
not take place through a uniform decay. Figure 12 shows the evolution of the lateral
displacements recorded by the inclinometers located at a depth of 5 m in boreholes B5
and B9 (Figure 7). Both boreholes were located close to one another and correspond to the

previous (year 2005) and new (year 2016) geotechnical investigations, respectively.
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80

\
70 AN
N
\\
60
H \
N
Tso | |A AN
£ ° \ B
E N
Sa0 |g AN
()]
3 \
\
= 30 o \\
\
20 \\ Ca®
\ °
10 \
'l
®
0
w w = 0 v )
= = = = 8 =
= e, L .4 2 il
2 - - o) 2 P
Date =} © o e >

gt ?l?

Movements at depth 5m

80

70
60
A

50

30

20
10

0

4 5 6 7 8

Movement (mm)
Ey
o

Sample number

=<}

@]

Sl

9 10 11 12

Figure 12. Evolution of the movements at a depth of 5 m. Long-term trend. The movements are represented in blue for
borehole B5 (installed in year 2005) and brown for borehole B9 (installed in year 2016), Date given in Day/Month/Year.

Letter A refers to the fast increment in deformations in 2005; B refers to the reduction of deformations between 2005 and
2016; C refers to the acceleration of deformations registered in 2016.

Figure 12 shows that, in 2005, the deformations were increasing and the slope was
moving faster (A). Between 2005 and 2016 the deformations were greatly reduced, so
the landslide was stopping (B). Finally, according to 2016 records, the slope continued to
accelerate; from April to September the movement evolved from 5 to 20 mm, although from
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September to November it seemed to stabilize (C). This acceleration in a given year was
also observed in 2005 for the same period, April to September. That period corresponds
to the spring season when precipitations normally occur in the area under study together
with the snowmelt phenomenon [49]. Thus, these results confirm the influence of the
water table in the landslide stability, the long-term tendency observed in the evolution
of the slope movement and the long time needed to attain drainage of the ground mass
(Supplementary Materials).

4. Discussion

The case study presented in this paper at “El Portalet” Pass in the Spanish Pyrenees is
an example of dealing with a large landslide by slowing it and controlling its behaviour
by different instrumentation and monitoring techniques. The proposed approach was
fostered by the slow surface movements (about 0.3 m/year) observed during the previous
geotechnical investigations and recorded in the inclinometers installed [15]. This value
led to the conclusion that the hillside material had a slow type of movement [46] with
both distensile and compressive areas. Therefore, permanent infrastructures (such as the
parking lot) situated over the hillside were expected not to be seriously harmed by the
natural movement of the slope. Nevertheless, stability of the landslide in the long term
must be ensured due to both safety and economic efficiency of the parking lot and the
surrounding area.

The slow movement allowed for the projection of a series of hillside stabilization
measures that tended towards the reduction of the movement rate velocity, which eventu-
ally attained the total stopping of the landslide evolution. These measures included the
modification of the slope geometry, the installation of drainage and the construction of a
flexible retaining toe wall. Data obtained from diverse geotechnical investigations, satellite
monitoring [14,15,18,19,21-24] and numerical models were used to assess the effectiveness
of such measures. In addition, new geotechnical investigations, involving new boreholes
and the installation of new inclinometers, were conducted, showing that the evolution of
the landslide tends towards its total stabilization (no movement).

The initial design of the parking lot included a basic stability analysis of the hillside
and the implementation of a rigid retaining wall to contain the ground [15]. The landslides
activated once the parking area was excavated however, which showed an inefficacy of
the analysis and measures. As indicated in Section 3.2, the stability analysis of the area
under study should have considered the entire slope and not have been restricted to the
area just adjacent to the parking excavation to avoid erroneous results and misunderstand
the measures needed. A stability analysis that leads to a safety factor greater than 1.0 does
not guarantee the slope to be stable, especially when involving large areas, as is the case
under study. Besides, it should be noted that limit equilibrium methods do not consider
deformations, so a slope may be unstable sometimes even though the safety factor is greater
than 1.0, as reported in some cases found in the literature [50].

An important aspect involving a large area and also shown in this case study is the
possibility that a landslide triggers other landslides in the area. The cascade effect that a
potential landslide may have in other points of the slope should never be neglected. These
additional landslides are difficult to predict unless a geological exploration is conducted in
the area potentially affected. Allin all, the stability analysis of potential landslides involving
large ground masses, even though adjusted to the corresponding design requirements,
should be supported on thorough geological and geotechnical surveys that enable an
assessment that the analysis conducted properly fits the natural processes.

In the case under study, the influence of the water table plays a critical role in the
stability of the landslide. In particular, the drainage time needed for lowering the water
table was shown to be decisive in the instability of the system. Thus, establishing only a
future situation and assuming this situation will be reached in a short term may give rise
to errors. As shown in this work, stability takes time to be reached, an issue that should
be considered in the design of slope stability measures and the subsequent monitoring
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process. Thus, although a large number of drains were installed, the water outlet from the
aquifer did not have a high discharge ratio, so lowering the water table needs more than
10 years to be effective.

Regional climatology showed a direct influence on the water table evolution. The
region under study presents high values of rain and snow precipitation as well as snowmelt
events [49], all of which prevent the water table from decreasing efficiently. According to
the data obtained by the inclinometers installed at the geotechnical investigations, dur-
ing certain periods of the year the water table increases, as indicated by the landslide
acceleration in 2016. This result is evidence that the water table does not always decrease
but it may also increase in some periods throughout the year in which the water sup-
ply (due to precipitation and snowmelt events) exceeds the outlet of water through the
drainage measures.

Therefore, the transition period between the construction works and the stabilization
of the long-term water table may give rise to an unfavourable scenario in terms of stability.
This motivates the need for monitoring of large landslides such as this case under study to
establish the moment when the landslide may be considered to be under control. In this
case under study, once the water table reaches the desired level considered in the stability
analyses, seasonal oscillations are not expected to cause any instability in the slope, so
the landslide may be considered stable and no significant movements of the ground are
expected from that point.

Finally, it is interesting to mention that the cost of the stabilization measures carried
out in this case study is estimated at EUR 1.5 M. This type of solution forces slope control
(monitoring) and the acceptance of a certain degree of ground deformations, however, con-
sidering that the cost of the implementation of the common measures aimed to totally stop
the landslide would be considerably much higher, it is clear that the engineering solution
adopted was a good answer for solving the classical engineering duality cost—safety.
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