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Abstract: The Moroccan road network is susceptible to multiple landslides annually, particularly
in the northern regions due to high rainfall and specific geology. These events result in significant
economic and social negative consequences, highlighting the need for sustainable and cost-effective
solutions for network maintenance. This study outlines the methodology employed in addressing
the issues within the RR410 regional road (Rifain region of Morocco), which entailed a thorough
examination of the malfunctions, specific surveys, laboratory testing, and problem modeling. By
incorporating long-term test-derived shear strength parameters, the model indicated that the road
platform was stable, and back analysis using TALREN 4 software allows for model calibration. At
kilometric point 23, using earthwork-based solutions (e.g., purging and replacing the base layer,
employing granular water-insensitive substitution material) was found to provide a sustainable
alternative to the expensive reinforced concrete-based solutions commonly used. Furthermore, these
solutions contributed to the use of environmentally friendly and locally sourced materials. Road
alignment rectification to anchor the platform in suitable soil was also an effective solution, as demon-
strated at kilometric point 48. Additionally, enhancing the drainage and sanitation infrastructure,
such as installing draining trenches, spurs, and reinforcing existing water structures, is a crucial
aspect of addressing most landslides in the region.

Keywords: landslide treatment; road geotechnics; back analysis; sustainability

1. Introduction

Landslides are more common than any other geological phenomenon and can occur
anywhere in the world. They occur when large masses of soil, rock, or debris move down
a slope because of natural phenomena or human activity. Mud or debris flows are also a
common type of fast-moving landslide [1]. Most landslides are natural phenomena affected
by landscape development and are determined by trigger mechanisms mainly related
to rain or earthquakes. In addition to their economic impact [2], landslides dramatically
impact human life around the world every year [3,4]. Similarly, the expected increasing
frequency and intensity of extreme rainfall events, coupled with population growth, de-
forestation, rapid urbanization, and unplanned development in landslide-prone areas, is
likely to result in increased landslide fatalities worldwide [3,4].

In the Kingdom of Morocco, as in several regions of the world, field instabilities are
one of the most serious problems on several levels: social, economic, and environmen-
tal [5]. Located in the north of the kingdom, the Rifan structural domain has specific
geomorphological, geological, climatological, and geotechnical characteristics [6]. Every
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year, several landslides occur on the road network due to important and irregular rainfalls.
They have variable impacts, which affect the environment of the road et al.o impact the
infrastructure itself. These landslides are unexpected events and the cost of repairing
them is often not preplanned by the network managers. Therefore, traffic along these road
links may therefore be disrupted or even cut off, hence the need to intervene quickly to
restore traffic.

In this context, many different methods are usually used to investigate landslides and
to study the stability of slopes. Usual slope stability analysis consists of the slices method,
Bishop’s method of slices, kinematic analysis, and limit equilibrium analysis [7]. For
modeling, the most common method for calculating the safety factor is Bishop’s simplified
method [8]. Several comparative studies between classical limit equilibrium [9] and finite
element methods [10] have shown that the results obtained remain very close [11-18].
Also, Mansour et al. [19] used 135 different slopes configurations and calculate their safety
factors, using different methods, such as Spencer, Janbu (corrected), and Bishop simplified.
A comparison with the results of finite difference method (FDM) was made, which showed
that all mentioned methods had very close results.

Moreover, several studies have been conducted around the world to investigate the
causes, triggering factors, damage, and potential landslide prevention measures. The first
parameter that emerges in the majority of studies is the shear strength of the landslide
matrix material, which is required [20]. Also, water is a common factor in most landslides.
According to Li et al. [21], at 7% moisture content in Malan Loess in China, the shear
strength parameters (cohesion and angle of friction) are at their maximum value, which
reduces to 20% moisture content, and after this, cohesion decreases extremely, and material
starts to slide. Zhang et al. [22] used a direct shear test to determine the mechanism of
failure of red mudstone and the test results showed that increasing the degree of saturation
from 48% to 100% reduced the value of mudstone cohesion by 26% and the angle of
internal friction by 52%. Furthermore, submerging samples in water for 16 days at the
same saturation level reduced the angle of internal friction and cohesion by 69% and 77%,
respectively.

Ahmed et al. [23] investigated the failure analysis of a rainfall-triggered Havelian
landslide in Pakistan. A series of direct shear tests were performed on reconstituted samples
at in situ landslide matrix material density with varying degrees of saturation. Finally,
the FOS along the likely surface failure was calculated using shear strength parameters at
different degrees of saturation. The study discovered that as the degree of saturation of the
soil matrix increased, the shear strength decreased, and the slope became critical at about
50% saturation.

In addition, several researchers [24-31] have examined the application of physical or
empirical models on the impact of precipitation on slope stability. Most of them claimed that
the effects of meteorological, morphological, and geological characteristics were mitigated.
Lazzari et al. [32] were able to show how intense rainfall affected the frequency and
occurrence of landslides. This is particularly true in steep and clay soil areas. Therefore, it
may be concluded that rainfall has a significant role in the incidence of slope instability in
the Thohoyandou areas.

For convenience reasons, this paper presents the cases of two unstable areas, namely
kilometric point 23 and 48, within a problematic road in the north of Morocco, which
would represent the most recurrent damage in a similar environment. While the study itself
focused on about ten unstable sections. The main aim of this work is to share an experience
on an axis where several field instabilities are developing, to describe the methodology
adopted, the results obtained, and the lessons learned.

2. Study Area
2.1. Location

The study area is located in the northeast mountainous chain of the province of El
Ksar El Kbir.
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The R410, as shown in the Figure 1, is a regional road that starts at the city of Ksar EL
Kebir and ends on national road RN13 at the town of Derdara. It plays a very important
role in the Moroccan road network, as it directly connects the two provinces of Larache and
Chefchaouen, passing through several rural centers and municipalities. According to the
collection of road traffic, published annually by the Ministry of Equipment and Water (refer
to the website of the ministry), the average annual daily traffic was around 2200 vehicles
per day during the year 2014. This shows the importance of this road axis.
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Figure 1. Location map of the RR410 road and the sections studied.

2.2. Geological Context of the Study Area

The study area belongs to the Rifan domain, which is a geological region located
in the northern part of Morocco, and it is part of the western Mediterranean orogenic
belt. The geology of the Rifan domain is complex and has been influenced by several
tectonic events throughout its history, which has resulted in a diverse range of rocks and
geological structures.

From a geological point of view, the region of Ksar Kbir belongs to the basin of
the lower Lokkous (Figure 2), which is located at the limit of the meso-Rifan zone and
constitutes the entirety of its eastern and northeastern edge. The structuring of the region is
part of the Alpine tectonic evolution that marks the Rif range, the dominant Meso-Cenozoic
and Mio-Plio-Quaternary lands record the different structures that mark the major Alpine
phase: folds, thrust layers, overlaps, and fracturing [33,34]. In this area, a relatively calm
structure is found, consisting of gray marls of the Upper Cretaceous (Senonian mainly),
white marls and marl limestones from Eocene, and gray marls with sandstone banks of
the Oligo—Miocene (sandstone “Larachian”). Shreds of “Numidian” sandstones associated
with their clay base can be found locally.
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Figure 2. Simplified geological map of the Rif belt [35].

2.3. Rainfall Characteristics

The RR410 road is subject to several instabilities, particularly following the excep-
tional wetter period that Morocco experienced in winter 2008 and 2013 [36]. Due to the
geographical proximity of the study area to the city of Larache, and especially the similarity
of the rainfall patterns of the two areas, the data from the Larache weather station, regularly
monitored, were used to understand the climatology of the study area. Figure 3 shows
a graph of the monthly accumulation of precipitation calculated according to meteorological
available readings from 1980 to 2009.

This figure shows that the wettest seasons are from October to April, where the number
of days ranges from 5 to 12. This shows the important rainfall during autumn and winter in
this region. The rainfall data used came from the analysis of the Larache station provided
by the National Meteorological Services. The parameters provided below (Table 1) come
from the statistical analysis of a sample of around thirty years (1980 to 2009).

Table 1. Maximum daily rainfall recorded in the station of Larache.

Precipitation Recurrence Interval Maximum Daily Rainfall
5 years 71 mm
10 years 83 mm
20 years 95 mm
50 years 110 mm

100 years 121 mm
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Figure 3. Monthly precipitation at Larache station (from 1980 to 2009).

2.4. Hydrological Parameters

Field data were collected during field visits carried out in May 2014. They made it
possible to observe the flow of water and the natural outlets. During these surveys, the
pedology, land use, and slope of the watersheds near the road were identified to determine
the share of infiltration and runoff.

The soils along the road are mainly clay—marly. These soils are very sensitive to erosion
and often not very permeable, especially in the event of intense rainfall. The nature of
the soil also conditions the plant cover. It is generally noted that the vegetation is mainly
composed of grassy and forest surfaces. The watershed runoff coefficients are calculated as
follows:

e  The basin is broken down into subbasins with the same runoff capacity (same plant
cover and same type of soil) for which the runoff coefficients are calculated.
e  The surface runoff coefficients of these subbasins are weighted.

_ LiGixA;

“IT TR A W

where:

Ceq: catchment runoff coefficient;

Ai: surface of subbasin i;

Ci: Runoff coefficient of sub-watershed i.

The B.C.O.E.M. table provides the runoff coefficients according to the characteristics
of the watersheds. The values of the coefficients are adapted to the reality on the ground
and readjusted according to the morphology of the basins crossed and the size of the
slopes intercepted. For the estimation of the project flows, and given that the totality of
the identified watersheds are all smaller than 20 km?, the calculation of their peak flows is
performed using the rational method [37-39] as follows:

. CerTxA
Qr=—35

()
where:

Cr: runoff coefficient;

A: surface of the basin in km?;

I7: rain intensity in mm/h.
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The intensity is calculated using the formula below:
I(T) = a(T) x Te~o(T) ®)
With:

I intensity in mm/h;
a & b: Montana coefficients (Given in Table 2);

Table 2. Montana a and b parameters for a concentration time between 6 min and 730 min (Data
taken from the meteorological data of Larache Station).

Return Period Montana Coefficient a Montana Coefficient b
2 years 4.688 0.662
5 years 6.586 0.674
10 years 7.878 0.680
20 years 9.130 0.685
50 years 10.760 0.690

Tc: time of concentration.

For geographical and topographical reasons, rainfall data from the Larache station
were applied to the project area.

In the Moroccan context, the usual choice of the return period in the hydraulic works
of a road is 25 years. The Montana parameters of this return period, not appearing in the
table above, have been interpolated from the available values. The time of concentration
was estimated by averaging the Kirpich and VanTeChow formulas as follows:

Kirpich formula:

0.77
te =1/52 x <LX\/1£00> @)
VanTeChow formula:
[\ 064
tc = 0.123 x (POS> x 60 (5)

With:

Tc: time of concentration in minutes;

L: length of the longest hydraulic path in km;
P: slope in m/m.

3. Observed Disorders
3.1. Kilometric Point 23

The road, as shown in Figure 4c¢,d, is located on a natural slope, which is relatively
low (Around 15°).

A landslide occurred on the platform for about 140 linear meters (Figure 4a,b). This
caused its departure downstream as well as its subsidence. On the upstream side (Figure 4c),
several marked flows (leaving significant traces on the slope) were observed. These arrivals
infiltrate through the voids created by the digging of the ground by runoff water and affect
the platform, especially in the absence of drainage devices. The deposits of solid matter
resulting from the gullying of the ground are seated at the bottom of the drainage ditch. On
the platform (Figure 4d), the observed subsidence reached a depth of 3 m. The repetitive
collapses were at the origin of the cut of the circulation on several occasions. Previous
interventions have consisted of regularly reloading the platform to maintain traffic.
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3.2. Kilometric Point 48

The road, as shown in Figure 5¢,d is in mixed profile. The section affected by the
disorders totals a linear of approximately 300 m (Figure 5a,b).

(b)

© @

Figure 4. Illustration of the disorders observed at kilometric point 23: (a) Google Earth view of the
road taken in October 2011; (b) Google Earth view of the departure of the platform taken in February
2014; (c) image taken from upstream (May 2014); (d) picture taken on the platform (May 2014).

At the excavated side (Figure 5c), setbacks associated with a fall of blocks and stones
were visible. This was treated using a gabion wall, without any intervention on the slope.
The bottom ditches are blocked by solid deposits from the gullies of the upstream slope. On
the platform (Figure 5d), the observed subsidence reached a depth of 3 m. This corresponds
to talweg zones, where the existing hydraulic structures (culvert type), were diagnosed as
insufficient. Also, the two existing hydraulic structures are partly blocked by solid transport.
In the absence of drainage, runoff water therefore infiltrates through the body of the road
embankment and causes deterioration of the road. On the downstream side, a major crack
affected the shoulder and caused the start of its departure. Part of the embankment was
reinforced by a gabion wall, the other part by a masonry wall, which was broken in places
by the force of the interstitial pressures. The repetitive collapses were at the origin of the
cut of the circulation on several occasions.
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Figure 5. Illustration of the disorders observed at kilometric point 48: (a) Google Earth view of the
disorder observed taken in January 2003; (b) Google Earth view of the departure of the platform
taken in March 2014; (c) picture taken from upstream (May 2014); (d) picture taken on the platform
(May 2014).

4. General Methodology

The methodology followed, as shown in Figure 6, consisted of carrying out various
tasks, according to thoughtful steps, to identify the problem and provide suitable solutions
for the resolution of the disorders and the rehabilitation of the road. In order to optimize
costs of repair work as much as possible, “earthmoving” type solutions are generally
preferred. If these do not provide the desired stability, heavier solutions are then necessary.
In addition, computer-aided drafting is of major importance because it makes it possible to
rapidly project solutions and proceed with the necessary iterations to converge towards the
final solution.
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1st step: Detailed visit of affected areas
- Detailed recognition of the road and its surroundings

- Identification and prioritization of disorders 2nd step: Execution of_topographic.al
- Delimitation of the study area surveys and geotechnical prospecting
- Definition of topographic and geotechnical needs - Realization of topographic surveys by an

accredited firm

- Execution of specific surveys and

calculations

(or profiles)

4th step: Carrying out geotechnical
- Definition of the representative calculation profile i
E:Data

- Checking current status
- Safety factor calculations

laboratory tests by an accredited laboratory

3rd step: Exploitation of the results of topographic

Economic solutions and geotechnical surveys
- Generation of the digital terrain model (using
GLOBAL MAPPER, AUTODESK CIVIL 3D or similar)
ﬁ‘ - Results analysis of gectechnical surveys
- Simulation of several solutions
- Comparative analysis of solutions Advanced solutions
- Definition of the optimal solution

< Decision
/

.

YES

5th step: projection and development of the optimal solution
- Carrying out geometrical, hydraulogical and hydraulical

calculations; 6th step: Production of plot plans and
- Study of the pavement structure (when the platform is affected reports

by a deformation) - Production of plot plans and reports

- Study of network restorations - Implantation of the axis of the project

- Study of structures and retaining walls and the right-of-way

- Production of treatment work plans
- Production of bills of quantities and estimated details

Figure 6. Flowchart of the detailed methodology followed to carry out this study.

5. Field Investigations
5.1. Topographic Works

Topographic studies were carried out by a topography engineering office. They were

complied using the requirements of the National Agency for Land Conservation, Cadaster,
and Cartography and attached to the General Leveling of Morocco and the Lambert System.
They consisted of the execution of various works as detailed below:

Ground survey of the strip quoted at 1/1000: consisted of establishing a strip quoted
at 1/1000 lifted on the ground, showing all the visible details in the defined strip
(buildings, networks, roads, tracks, ridge lines, thalwegs, etc.);

1/500-rated plan: this task concerns hydraulic structures, crossroads, and restoration
of various networks;

Survey implementation: they were installed at X, Y, and Z coordinates, at the locations
defined by the geotechnical program;

Implementation and materialization of the project axis: this task is usually pro-
grammed at the end of the project and consists of the implementation and mate-
rialization of sustainable landmarks of the axis by the topographical team.

Topographic ground surveys were used to establish digital terrain models related to

the two study areas (Figure 7).
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Figure 7. Digital terrain model of the two study areas, developed from topographic survey data:
(a) kilometric point 23; (b) kilometric point 48.

5.2. Hydrological Investigations

Several runoff flows derived from exterior watersheds intercept the road. Based on
the 1/50.000 topographic maps, the watersheds were delineated and the corresponding
boundaries are shown in the Figure 8. These flows correspond to small and medium-sized
watersheds (less than 10 km?). They are restored by hydraulic structures such as gutters or
intercepted by ditches.
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Figure 8. Illustration of watershed delineation on a topographic map at a scale of 1/50,000:
(a) kilometric point 23; (b) kilometric point 48.

Flow restoration is generally not completely transparent. The low impact on flows
becomes significant when a rare and violent meteorological event occurs.

The hydraulic damage observed on the embankments (cut or fill) of the road sections
inspected can be essentially summed up as follows:
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Clogging of lateral water structures;

Inadequate hydraulic openings for OH and grooves;

Low flow velocity (too low gradient) leads to lack of self-cleaning of drains and
promotes solids buildup;

Inadequate capture of crest outflow;

The embankment body is inadequately drained.

In addition, the slopes are subject to climatic aggressions (rain, wind) that can lead—in
the absence of sufficient vegetation cover to stabilize soils and depending on the overall
context (nature of the soil, geometry of the slope, intensity and frequency of precipitation)—
to a gradual departure of soil particles (gullying), then to its erosion. These phenomena
gradually lead to the obstruction of the gutters and ditches located below, but also of the
hydraulic crossing structures. When an extreme event occurs, or an event with a return
period greater than that warranted by the initial design, the structure intended to restore
the flow is no longer able to contain the entire park. The runoff water then overflows
onto the road, infiltrates voids in the road embankment, or stagnates upstream of the
hydraulic structure, leading to deterioration of the embankment, of the pavement, or even
the hydraulic and concrete structures.

5.3. Geotechnical Investigations

At kilometric point 23 of the RR410 road, several investigations have been performed
to examine the nature of the land in place. These consisted of the implementation of several
surveys, as detailed bellow:

On the upstream side: a 20 m cored survey, equipped with a piezometer;
On the platform: a core sampling with measurement of the pressuremeter’s character-
istics [40];
e Downstream side: three (3) dynamic penetrometer tests [41].
The analysis of the borehole logs and the pressiometric characteristics measured onsite
allows for distinguishing the following lithological sequence:

e  From 0 to 7 m depth: a first layer essentially formed of gravelly silts, with limiting
pressures ranging from 0.49 to 1.03 MPa and pressure moduli ranging from 0.95 to
3.64 MPa;

e From 7 to 17 m depth: the ground is constituted of sandy silts, having limit pressures
varying from 1.4 to 1.36 MPa and pressiometric modules between 3.1 and 13.11 MPa.

These field surveys were also used to obtain some intact samples for laboratory tests.
The summary of those different tests as well as the classification of the facies encountered
are provided in Table 2.

At kilometric point 48 of the RR410 road, the in site geotechnical campaign consisted
of the following surveys:

On the cut side: a 20 m deep core sampling;
On the platform: a core sampling with measurement of the pressuremeter’s character-
istics [41];
e Downstream side: three (3) dynamic penetrometer drillings [42], up to the refusal.
The analysis of the borehole logs and the pressiometric characteristics measured onsite
allows for differentiation of the following formations:
e From 0 to 5 m depth: a first layer of gravelly silt with limiting pressures of 0.78 to
1.11 MPa and pressure moduli varying from 2.67 MPa to 6.38 MPa;
e  From 5 to 14.5 m depth: a second layer of friable shale with limiting pressures varying
from 1.53 to 3.43 and pressure moduli between 2.86 and 5.45 MPa.
In the same way, the summary of laboratory tests as well as the classification of the
facies encountered are provided in Table 3.
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Table 3. Geotechnical properties of facies found at the kilometric points 23 and 48.

Used Standard Unit Kilometric Point 23 Kilometric Point 48
Properties Value
Upper Layer  Bottom Layer Upper Layer  Bottom Layer
Dmax NEF P 94-056 [43] mm 63 25 63-80 40-63
Particle size analysis
<80 pm NF P 94-056 [43] Y% 40.9-42.9 53.4-53.2 33.5-36.2 11-23.6
>2 mm Y% 22.7-25.1 7-7.2 45.5-47.2 40-68
>50 mm Y% 42-59 - 1.4-34 0-5.7
PI NF P 94-051 [44] Y% 10-12 17-18 20-22 11-25
Natural density (vh) NF P 94-053 [45] KN/m? 18.7 18.5 18.8-19 18.8-19.3
Shearing parameters
Cohesion (c’) NEF P 94-071 [46] KPa 16-21 35-38 15-24 15-27
Friction angle (") ° 22-24 30-31 30-35 29-35
Moroccan guide
e C1A2 B5
GMTR classification for road ClA1 A2 /C1B6 /C1B6

earthworks [40]

6. Slope Stability Analysis
6.1. General Calculation Assumptions

The safety factors used for stability calculations, based on conventional final weights,
are FS > 1.5 under static conditions and FS > 1 under dynamic conditions. Additionally,
a load of 10 KN/m? distributed over the road was considered. Furthermore, mainly in fine
soils (marl, silt, etc.), it makes more sense to consider soil saturation rather than specific
water levels.

Based on the regulatory seismic classification issued by the General Direction of Roads,
the study area belongs to Zone M4. The assumed acceleration value for the long-term slope
stability dynamic analysis is 0.20x g. The retained calculation profile corresponds to the
most unfavorable zone not only in terms of project height (embankment or cut), but also in
terms of cover’s thickness.

6.2. Initial Conditions

At the kilometric point 23 of the RR410 road, the use of mechanical parameters
measured in the laboratory lead to acceptable slip safety coefficients (F > 1.5). However, the
road in this area experienced a major disorder with the departure of the platform. For this,
the mechanical parameters of the subgrade were calibrated, using a back analysis, in other
to have a safety coefficient close to or equal to 1 (F = 1), i.e., at the stable equilibrium of the
ground, as shown at the Figure 9a. The calibration of the model was judged as satisfying
because it faithfully reproduced the current mode of rupture, i.e., a circular slide that has
swept away the road.

The Table 4 summarizes geotechnical parameters resulting from this approach.

Table 4. Geotechnical parameters retained following the model calibration at kilometric points 23 and 48.

Location Layers Thickness Densitgr Cohesi(;n Frictiog
(m) (KN/m?>) (KN/m?) Angle (°)
Kilometric point 23 Clay loam 7 18 10 15
Sandy loam 10 18.7 18 22
Substrate Infinite Infinite Infinite Infinite
Gravelly loam 5 18 12 16

Kilometric point 48

Friable shale 9.5 18.4 16 20
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Figure 9. Calibration of geotechnical parameters: (a) kilometric point 23; (b) kilometric point 48.

These parameters are indeed lower than those measured in the laboratory. This is
probably due to the sample disturbance during sample recovery or during the setting for
the shear tests. Also, the non-representativeness of the recovered samples could also be the
origin of this problem. It should be noted that a 60% saturation was introduced in the first
layer to consider the insufficiency of the existing hydraulic structure. In fact, the estimated
capacity flow of the current hydraulic structure is 0.7 m3/s, whereas the project flow for
a return period of 25 years is equal to 2.5 m3/s.

At kilometric point 48 of the RR410 road, the same problem was found. The mechanical
parameters of the subgrade were also calibrated, using a back analysis, in other to have
a safety coefficient close to or equal to 1 (F ~ 1). Figure 9b shows the results of the
initial state calibration. Those parameters, as shown in Table 4, are also lower than those
measured in the laboratory. As explained above, this situation may be due to sample
disturbance during sample recovery or during setting of the shear tests. In addition, the
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non-representativeness of the recovered samples could also be at the origin of this problem.
A 50% saturation was also introduced in the first layer to reflect the stagnation of water
upstream of the platform, which infiltrates into the surface layers causing saturation of the
latter. These are visible on the reinforcement wall located downstream of the road platform.

6.3. Result and Discussion

Once the initial situation was calibrated, the appropriate solutions for improving the
stability of the road were simulated.

For kilometric point 23, the mode of damage caused involved the purging and re-
placement of the platform, as shown on Figure 10a,b, over the entire damaged area. The
restoration of the original road geometry, involving the respect of the original red line, was
necessary to rehabilitate in sustainable way the road.

To stabilize the road, calculations were used to determine several necessary actions,
including reconstructing the platform to its initial geometry, selecting a 4.5 m thick em-
bankment for the purge with a minimum friction angle of 33° and a density of 20 KN/m?
that is insensitive to water and has a very low percentage of fine particles. The purge and
substitution inclination must be set according to the natural ground slope and oriented out-
side the degraded area. Additionally, a drainage trench and several drainage spurs spaced
10 m apart on the upstream side of the platform were constructed to collect infiltration
water, and a draining base was installed for the platform to relieve interstitial pressures and
drain possible water from the upstream side. The shoulders were concreted to limit water
infiltration towards the embankment’s body, and drainage outside the landslide area must
be upgraded by increasing the opening of the existing upstream hydraulic structure. The
actions considered essential are presented in a typical cross-section provided in Figure 10c.
In addition, the excavation scheduled under the platform required the detour of traffic dur-
ing the works. Since the geometry of the excavation determines the temporary deviation,
a stability calculation was carried out. It shows a safety coefficient F = 1.2 in the temporary
phase, for a slope of the excavation equal to 2H/1V, as shown in Figure 10d. With a view
to limiting possible complications during the works, it was recommended to realize the
excavation and replacement of the subgrade outside the rainy period.

At kilometric point 48, the optimal and sustainable solution that emerged from the
analysis of the topographical, geometrical, and geotechnical constraints was to deviate the
route, anchoring the platform in cuttings, under the same conditions of ground saturation.
Circular slide stability calculations have shown that the road deviation is stable when
the platform is anchored at 25 m from the current road axis. In fact, although the worst-
case safety coefficient does not meet the stability requirements, the first slip circle that
passes through the new platform has a safety coefficient of Fs > 1.5 (Figure 11a,b). The
old platform acts as a foot stop for the new one. A second stability calculation was also
carried out to define the slope of the cuttings. The safety coefficient obtained is acceptable
(Fs = 1.5). The slope necessary for stability, as shown at Figure 11c,d, must be equal to
2.5H/1V. Various measures were implemented to ensure stability and prevent landslides.
These measures include realigning the road to anchor the new platform in the cuttings,
constructing a three-bed gabion wall to act as a pebble trap and prevent erosion and falling
debris, and implementing measures to collect and drain runoff and infiltration. These
included concreting the shoulders, channeling pavement flow with beads, and installing
water chutes, drainage trenches on the upstream side, and draining spurs spaced at 10 m
intervals to collect infiltration water. Additionally, the hydraulic structure at the beginning
of the rectification project was replaced with a new one capable of recovering runoff water,
water collected by the draining spurs, and water from the drainage trench. These provisions
aimed to enhance stability, promote proper drainage, and prevent future landslides as
summarized in Figure 11e.
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Figure 11. Results of the stability simulation at kilometric point 48: (a) static condition; (b) dynamic
condition; (c) static condition of the excavated side; (d) dynamic condition of the excavated side;
(e) typical cross-section of the adopted solution.

7. Execution of Works and Status after Completion

For carrying out the works, a local company was hired, for several reasons. Firstly,
local companies have a better understanding of the local environment, including ground
and climate conditions, which enables them to handle any challenges that may arise during
the work process. Secondly, local companies are often cost-effective as they do not have to
incur additional costs associated with traveling to the final location. This can result in more
competitive rates for their services. Moreover, communication with a local company can
be more direct and efficient since they are located nearby. This can help to ensure that the
work is carried out as per requirements, and any issues can be addressed promptly. Finally,
by hiring a local company, supporting the local economy and helping to create jobs for the
local community can be insured. This can have a positive impact on the local community
and can be an essential aspect of corporate social responsibility.

If the road has not experienced any problems since the completion works in 2018
(Figure 12a—d), this is hard evidence that the mitigation measures were effective.

Purging and
Draining spur . e replacement of
3 the platform base

Concrete ditch

Concrete road
Drainage trench shoulder
(under the concrete
ditch)

Reinforced
hydraulic
- structure

Figure 12. Cont.
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(b)
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Concrete road
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Road realignment

Gabion wall Deserted platform
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Figure 12. Situation after completion of works: (a) Google Earth view of the kilometric point 23, taken

in July 2022; (b) picture of kilometric point 23 taken in January 2022; (c) Google Earth view of the
kilometric point 48, taken in January 2022; (d) picture of kilometric point 48, taken in January 2022.



Water 2023, 15, 2423 20 of 22

8. Conclusions

This work aimed to share the Moroccan experience in dealing with landslides, a common
occurrence in a structurally complex area. The key objective was to highlight the impor-
tance of understanding the failure mechanism and choosing the appropriate processing
methods. Geological, geotechnical, and hydraulic specialists play a vital role in these
studies, from developing an initial state to calibrating input data for simulations, ending
with the definition of the constructive provisions.

This manuscript emphasizes the need for critical analysis of field data and test re-
sults, as even accredited laboratory tests may fail to reflect reality due to sample rework-
ing during preparation or testing. In summary, this work focuses on the significance of
a multidisciplinary approach and strict quality control measures in landslide studies.

Finally, earthwork solutions can be a more cost-effective, flexible, environmentally
friendly, and durable option compared to reinforced concrete solutions for the treatment of
landslides. They are more readily available and easier to transport and install, adaptable
to the specific needs of a mountainous site, have lower environmental impact, and can
be just as durable as reinforced concrete solutions. In summary, they are sustainable,
easy-to-implement solutions that create local jobs.
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