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Abstract— Nailing is one of the most widely used stabilization techniques because of its technical and economic advantages. It is a
practical and effective solution for the reinforcement of in-place slopes. It consists of placing in the soil high resistance nails to increase
the cohesion of the soil and its resistance to traction and shear, which allows having a new material of great capacity. In this paper, we
present the slope stability study in a section twinning of the road and railroad infrastructures between the kilometer points (KP)
105+938 and 106+263 of the line connecting Casablanca to Marrakech. The railroad track's topographic constraints and geometric
requirements made the nailing method appeal to the realization of the new railroad in this area. The objective of this work is, on the
one hand, to present the stability analysis of the slope before the earthwork and the implementation of the new railroad and, on the
other hand, to evaluate the performance and stability of the nailed walls. The stability analysis of the soils in this section was verified in
terms of safety coefficient using the calculation software TALREN. In the end, it can be concluded that the stability calculation results
are conclusive and allow for highlighting the effectiveness of the innovative solution of nailing. This technique can be considered a good
alternative to improve the safety and performance of excavation walls.
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reinforcement can be used both to construct cuttings retaining
I. INTRODUCTION walls and reinforce existing slopes. It can also be realized
temporarily to support and stabilize the ground during the
realization of the works in a building site, or on the contrary,
can have a definitive function.

In the context of the doubling of the railroad track between
Settat and Marrakech, on the railroad line connecting the two
major cities of Morocco: Casablanca and Marrakech [18], we
proposed to proceed with the nailed wall solution for the
stabilization of the embankment in a section of the twinning
of the railroad track and the national road N9. This paper
presents a case study of embankment reinforcement using the

cohesion of the soil as well as its tensile and shear strength by nailed wall method to allow for the placement of the second

producing a new compound material with a high capacity [6] railroad track. Our objective is to analyze the stability and
[11], [14], [15] ’ evaluate the performance of the nailed slope to undertake the

widening of the railway rights-of-way and the construction of
the new railroad track. The ease of implementation, the

Soil reinforcement by nailing is one of the practical
techniques for improving the mechanical characteristics of in-
place soils. This stabilization method is currently undergoing
a very significant and widely employed development [1]-[5]
due to its many advantages, namely its ease and speed of
implementation [6]-[10], but also it preserves the geometry
of the treated site. Soil nailing is a versatile and cost-effective
technique for stabilizing slopes and retaining structures [11]—-
[13]. It involves placing metal inclusions or other high-
strength materials in the ground. These inclusions increase the

The nailing technique is a geotechnical solution used

mainly to reinforce slopes and vertical excavations. It is a ‘e offici d th . b N h
stabilization technology allowing the reinforcement and economic efficiency, and the performances brought to the

maintenance of slopes. It began in France with the first nailed naﬂe‘? soil ,[19]’ [2(,)], have. made th,e nailed retaining
soil wall constructed in 1972 [3], [16], [17]. Nailing technique widely solicited universally in temporary and
permanent applications.
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II. MATERIALS AND METHODS

A. The geographical Location of the Study Area

Our study area concerns the section of the railroad track
twinned with the N9 national road over 325 m. It is located
between the kilometers points (KP) 105+938 and 106+263,
on the Railway line connecting Casablanca to Marrakech. In
the context of doubling the track between Settat and

Marrakech, it was decided to find an adequate solution
allowing the realization of the new track between the national
road N9 and the existing track. During the study of the
implementation of the second track in this section of the
twinning, we encountered several constraints, notably land
and technical issues. Figure 1 represents an extract of the road
map of the province of Settat showing the situation of the
section of the tight twinning, the object of the present study.

Fig. 1 Extract of the road map of the province of Settat

B. Analysis of the Stability of the Existing Slope

Considering the topographical constraints of the site and
the geometric requirements of the railroad, we have
undertaken a study of the possibility of building the new
railroad. It is between the N9 national road and the existing
track at the level of the section of the twinning between KP
105+938 and KP 106+263. This variant allow us to reduce the
land impacts on the N9 right-of-way and avoid the temporary
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detour of traffic from this overly trafficked road. Considering
the big difference in level, that is about 5,40 m, between the
existing railroad track and the national road N9 in this zone of
the twinning, we thought of the solution of nailed walls for
the reinforcement and the stabilization of the slope between
the road and railway infrastructures. The satellite image in
figure 2 illustrates the situation of the existing railway line
concerning the national road N9.



Existing railroad track

National road N9

Fig. 2 Situation of the existing railway line and the N9 national road

Before starting the earthworks and the widening of the
railway rights-of-way for installing the second track, it was
necessary to study the stability of the existing slope. This
examination allows us to justify the current stability of the
slope in the study area. The parameters, thus, deduced is used
for the feasibility analysis of the reinforcement and
stabilization of the slope, by the nailed wall technique, after
the earthworks and the realization of the new railroad. The
stability of the nailed walls is generally evaluated based on a
global safety factor (SF) under a predefined failure
mechanism [21], [22].
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Fig. 3 Terrain configuration at the twinning section

During our site visits, we noted that the slope has held up
fairly well for several decades, which is to say as soon as the
first railway line was put in place. This observation testifies
to the excellent resistance of the land in place. In addition, we
also occasionally observed clusters of altered friable marl
limestone at the foot of the current slope. In the geometric
model of the calculation, we took into account a fringe of
about 2 m of the skin of the current slope which consists of
altered marl-limestone. Figure 3 illustrates the configuration
of the land at the twinning section.
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The geotechnical reconnaissance companions carried out
in the study area, particularly in the vicinity of the calculation
profile, show that the lithological section of the land is mainly
composed of silty to gravelly clays on the 2.50 m overlying a
marl-limestone formation that extends in depth [23]. The
mechanical and geotechnical characteristics of the natural
materials on the site were first defined from the preliminary
investigations' conclusions. Subsequently, they are completed
by analyzing the results of the geotechnical tests carried out
in-situ and in the laboratory. For the dimensioning of a nailing
reinforcement, the determining geotechnical parameters are
essentially the weight by volume (y), the cohesion (c), and the
angle of internal friction (¢). The weight by volume is the
weight per unit volume of a material. The tests carried out in
the laboratory make it possible to determine each geological
formation in the study area. In addition, cohesion expresses
the shear strength of the soil under null normal stress. It is the
structure's resistance due to Physico-chemical bonds. It
allows to limit soil exposure to the danger of landslides. As
for the angle of friction of the soil is a parameter of resistance
to soil shear and normal effective stress. In order to identify
the friction angle and the cohesion of different geological
formations (silty clay and marl-limestone), we carried out
rectilinear shear tests in the box on samples of these
formations. The characteristics retained are summarized in
Table I. We assumed that the weathered marl-limestone layer
had lost half of its cohesion to justify the signs of weathering
observed on the slope.

Our approach is indeed to perform a backward calculation
with a minimum SF of 1,10. This overall factor is defined as
the ratio of the maximum shear stress (Tmax) to the mobilized
shear stress (Tm) along the failure surface [24]. Generally,
Tmax is related to destabilizing actions such as water and
surcharges. In comparison, Tm depends on the intrinsic



characteristics of the material (cohesion c¢ and the internal
friction angle ¢). Theoretically, the slope is said to be stable
if SF > 1. The limit state of equilibrium (rupture) is obtained
when SF = 1.

TABLEI
GEOTECHNICAL CHARACTERISTICS OF GEOLOGICAL FORMATIONS

Geotechnical characteristics retained

Geological Volume Friction Cohesi
formations weight y angle ¢ o k‘if“’n
aNm3) (o &P
Silty clay 18,00 25,00 5,00
Altered marl-limestone 20,00 35,00 13,00
Healthy marl-limestone 20,00 35,00 26,00

The stability assessment was carried out on the slope with
the greatest height (about 8.10 m) located at KP 105+738 and
which is part of the same lithological context of the site with
marl-limestone formations at the base topped by silty clays.
Using the Bishop calculation method, these calculations was
be carried out using the TALREN version 5 rupture
calculation software. Figure 4 shows the geometrical model
taking into account a 2-m fringe that was cleared during the
widening works allowing direct contact of the nailed wall
with the healthier marlstone.

Fig. 4 Geometric model

The fracture stability calculation performed in our study
section led to a safety coefficient SF = 1,114. The calculation
shows that we can obtain at least the desired safety coefficient
(SF = 1,10) by assigning the shear parameters and the
mechanical characteristics of the formations in place. Figure
5 shows the result of the calculation.

Fig. 5 Result of the stability calculation

1501

C. Study of the Stability of the Nailed Slope

The topographical constraints of the twinning section and
the geometrical conditions of the track and the need to limit
the right-of-way led to ensuring the stability of the
embankments. It is during the earthworks and after the
construction of the new track. After verifying the stability of
the existing slope, we propose to examine the stability of a
nailed slope along this section of the twinning, between KP
105+938 and KP 106+263. This cuttings reinforcement
solution replaces the reinforced concrete retaining wall
alternative. The nailed wall method can dig almost vertically
and minimize the impact on traffic on the RN9 during the
construction phase. The nailed walls have become technically
and economically more efficient than traditional walls.

The nailing technique is an artificial reinforcement method
that is increasingly used for in-situ soil reinforcement [25]. It
allows the improvement of these soils' mechanical properties
by installing resistant inclusions. The stability analysis of a
nailed soil wall has been approached by several methods
[26], namely the finite element method using the deformation
calculation and the rupture calculation, which allows a
continuous passage from the internal stability to the external
one and then to the general stability.

The nailed wall solution reinforces the soil by placing
passive bars inclined concerning the horizontal plane. These
nails are usually placed parallel to each other. The length and
inclination must be adapted to the shape of the nailing and the
properties of the soil [27]-[29]. Habitually, the nails utilized
have a similar length and equal inclination. The reinforcement
of trains by nailing is generally done in successive phases as
the soil is excavated [30]. The operation must be carried out
from top to bottom to prevent any disturbance. A protective
facing is placed at the end of the nailing work, generally
consisting of a welded wire mesh and shotcrete.

III. RESULTS AND DISCUSSION

A. Stability Check by Execution Phases

Taking into account the geological and geotechnical
investigations carried out at the level of the twinning section,
we next proceed to the analysis of the stability of the nailed
slope. The study focused on the profile located at KP
105+938, which has a maximum slope height of
approximately 5.40 m. Using the TALREN version 5 fracture
calculation software, stability calculations allow the
minimum safety coefficient to be evaluated at various stages.
This verification of the safety coefficient SF was carried out
as the nailing operation progresses according to a phasing
described as follows:

1) Phase 1: This is a provisional phase that consists of
terracing 1.00 m from the crest of the slope. The earthworks
are carried out in order to obtain the most regular slope
possible. Subsequently, the first bed of nailing is carried out
according to a horizontal mesh of 2.00 m (Figure 6).

2) Phase 2: After the earthwork and excavation of 1.50 m
of the slope in relation to the level of the ground of the first
phase, we move on to the activation of the second bed of
nailing according to a horizontal mesh of 2.00 m and vertical
of 1.50 m (Figure 7). The nails 32 mm in diameter and 4.00
m in length are placed inside the sub-horizontal holes (angle



of inclination is 10 °) and 110 mm in diameter. This choice of
the angle of inclination is optimal given the nature of the
geological formations on site. Wei Han and al (2020)
investigated the impact of nail tilt angle on horizontal soil
displacement. The angle was set at 5°, 10°, 15°, 20°, 25°, 30°,
and 35°, respectively, and they found a positive correlation
between nail tilt and horizontal displacement at the top of the
slope. Then, the displacement increases with the increase of
the tilt angle, and when the tilt exceeds 30° to 35°, there is an
obvious break. When applying the soil nailing technique, it is
necessary to consider the impact of the nail inclination angle.
Horizontal arrangements should be avoided as much as
possible, and the inclination should be kept below 30° [17].

Fig. 6 Earthmoving and activation of the first nailing bed (Phase 1)

Fig. 7 Earthwork and activation of the 2nd bed of nailing (Phase 2)

3) Phase 3: In this phase, the earthwork is continued by
excavating 1.50 m from the previous level, i.e., the earthwork
up to 4.00 m from the crest of the slope. At this level, the third
and last bed of the nailing is placed (Figure 8).

Fig. 8 Earthwork and activation of the 3rd bed of nailing (Phase 3)

4) Phase 4: Figure 9 shows the final phase of the nailing
operation. It consists of the final earthworks and the
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application of the drainage parameters at the ridge level in the
silty clay formation and the realization of the gutter at the
level of the platform. At this stage, we arrive at the definitive
situation of the nailing.

Fig. 9 Final earthworks and drainage system (Phase 4)

The simulations carried out in the framework of the slope
stability study in the section of the twinning, between KP
105+938 and KP 106+263, validate a reinforcement by
nailing and show a good stabilization of the slope during the
construction period and in the long term. Moreover, we also
proceeded to the nailed slope's stability calculation, taking
into account the seismic action (ascending and descending
earthquake). Table II presents a summary of the safety
coefficient sought for the stability of the slope at each phase
and the minimum coefficient calculated at each stage of the
nailing operation. These results have been verified by a
technical engineering Office and validated by a Control
Office. In addition to the reinforcement and stability of the
slope, the nailed wall also has the advantage of protecting the
marl-limestone slope from external effects. It thus allows this
formation to keep its intrinsic shear parameters for as long as
possible.

TABLEII
SUMMARY RESULTS OF THE CALCULATION OF THE SAFETY FACTOR

Phase SF SF Maximum traction
sought minimal in nails (kN/m)
1 1,3 2,28 20,80
2 1,3 3,14 16,44
3 1,3 2,23 25,75
4 1,3 1,77 33,70
Long term 1,3 1,80 29,75
Ascending
carthquake 1,0 1,51 49,20
Descending
earthquake 1,0 1,69 74,00

B. Implementation of the nailing technique

The technique of nailed walls is a process of stabilization
of natural grounds in situ. It consists in reinforcing a ground
in excavation by the installation of passive bars slightly
inclined compared to the horizontal. The survey carried out
on nailed retaining structures allows, from the examination of
the main characteristics of these structures, to deduce some
general rules of design and pre-sizing. It proves that the length
of the bars is determined according to the height of the
structure. For a vertical facing structure, the average length of
the nails is about 0.8 to 1.4 H (H total height of the structure)



for nails made by drilling [31]. In our study, the average
height of the structure is 5.32 m, which allows us to ensure
strength by using rows of nails 4.00 m long and 32 mm in
diameter. These nails are arranged in a rectangular mesh, with
a vertical spacing of 1.5 m and a horizontal spacing of 2 m.
The installation of these nails is carried out by sealing a
reinforcement in a 110 mm diameter borehole by means of a
cement grout. The nailing is generally done in successive
phases as the earth is excavated. This operation of the support
is executed generally with the advance of the earthworks by

Reinforced concrete facing

e

X

150 10

Railroad axis 1
Railroad axis 2

500«

descending and this to ensure the stability and to avoid any
disturbance during work. At the end, a protective facing
inclined at 1H/5V is placed, generally consisting of a welded
mesh and shotcrete 20 cm thick. Figure 10 shows the
properties and characteristics of the elements of the nailing
solution carried out in the section of the road and rail
infrastructure twinning between PK 105 + 938 and PK 106 +
263. Table III shows some significant figures regarding the
nailing operation in this section.

National road N9
Natural land

\ | NailsLL=4,00m
\| Vertical spacing1,50 m
Horizontal spacing=2,00 m
Tilt = -10° / Horizontal

Drains D100L=2,00m
Horizontal spacing=2,00 m
Tilt = + 5°/ Horizontal

Prefabricated gutter

Fig. 10 Characteristics of the nailing technique

TABLE III
SOME SIGNIFICANT FIGURES OF THE NAILING OPERATION

Designations Properties

Length of nailed section 340, 00 m
Average height of the slope 3,52m
Surface of the nailed facing 1198 m2
Number of nails 400 unit
Length of nails 4,00 m

After the analysis and verification of the stability and
reinforcement of the nailed slope in our study section, we

D e

Fig. 11 Nailed slope and new railway track

IV. CONCLUSION

In-place soil reinforcement by the nailing method is widely
used to stabilize slopes. The purpose of the study presented in
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found that the nailing and the establishment of the new track
were carried out safely and in the right conditions. The work
was completed within all the parameters and requirements of
the study. Figure 11 illustrates the twinning area after the
nailing and track realization. During the execution of the
project, it was necessary to apply an effective internal
drainage complex of the soil-face interface made by means of
sub horizontal drains (inclined 5 degrees from the horizontal)
and 100 mm in diameter. The length of these drains is 2 m
with a horizontal spacing of 2 m.

New railway track

this article was to analyze the stability and performance of a
nailed embankment in a section of the road and rail
infrastructures twinning. The simulations carried out within
the framework of this study made it possible to highlight the



effectiveness of the technique of nailing in this section. This
arrangement has the advantage of being able to widen the
right-of-way on the cutback side while maintaining traffic on
the N9. The nailed walls in the twinning section, between KP
105+938 and KP 106+263, also have the advantage of
protecting the marl-limestone slope from external effects and
thus allowing this formation to retain its intrinsic shear
parameters for as long as possible. Several parameters can be
involved in the behavior of a soil reinforced by nailing,
namely the geometry of the site, the length and inclination of
the nails and the nature of the soil. Generally, the
implementation of nailed walls is performed in several
successive stages as the work progresses. In-situ soil support
by the nailing technique has several advantages, notably the
speed of execution, the reduced and light equipment for
construction and the very competitive cost compared to other
reinforcement solutions.

NOMENCLATURE
KP  Kilometer point

O] Internal friction angle
Y Volume weight

c Cohesion

SF  Safety factor

Tmax Maximum shear stress

Tm  Mobilized shear stress
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