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Abstract: The presence of weak layers in geotechnical systems, including soil or rock masses, both nat-
ural and man-made, is more frequent than is normally believed. Weak layers can affect both failure
mechanisms, in drained and in undrained conditions, as well as in static and seismic conditions,
and the safety factor. In the present study, conducted numerically using the finite-element method
(FEM) Plaxis 2D code, the influence of a horizontal thin weak layer on stress and strain distribution,
on failure mechanisms and on the overall stability of an embankment was evaluated. The results
obtained prove that when the weak layer is located at a significant depth from the foundation
plane, the failure mechanisms are normally mixtilinear in shape because the shear strains largely
develop on the weak layer. As a result, the safety factor highly decreases compared to the same case
without a weak layer. Then, in the presence of weak layers, even embankments that, if founded on
homogeneous soils, would have very high global safety factors (higher than 2) can become unstable,
i.e., the safety factor can become unitary. So particular attention must be paid during detail ground
investigations to finding thin weak layers.
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1. Introduction

Natural soils and rock masses, as well as earthworks such as backfills, can include
minor structural features. The latter can be characterized by very different constitutive
features (e.g., mineralogical composition, grain size distribution and index properties)
and hydro-mechanical properties (hydraulic conductivity, shear strength and stiffness)
from those of the adjoining geomaterials. Minor structural features can have a very small
thickness and, for this reason, may pass undetected when usual ground investigations are
carried out. With reference to their difficult identification, Terzaghi (1929) [1] termed these
features as “minor geologic details”. In his studies, Terzaghi highlighted the great influence
of weak strata on the mechanical behaviour of geotechnical systems and their potentially
detrimental effects on the safety of earth dams. Subsequent studies have been performed
on this topic, e.g., [2-7]. Weak layers, in natural soils and rocks, are more widespread than
is believed. They include thin shear bands and sliding surfaces brought about by past
instability processes, pre-softened zones within homogeneous soil masses, thin syngenetic
seams and laminae such as those occurring in varved clays, structural discontinuities,
stratified soils, contact surfaces—sometimes slickensided—among successive strata in
earth embankments.

According to the definition given by Picarelli 1991 [8] and D’elia et al. 1998 [9],
weak layers can be considered as “structural features” that influence geotechnical systems
at the macroscale. For example, the influence of weak layers has been experimentally stud-
ied in the field of shallow foundations resting on sand both in a 1x g physical model [10]
and in centrifuge physical model (50 g) [11]. In the latter studies, the authors pointed out
the strong reduction of the ultimate bearing capacity of the footing compared to the case of
homogeneous sandy soil foundations. They also highlighted that the failure mechanism is
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mixtilinear and passes into the weak layer if the depth of the latter is not wide. The depth
of the weak layer, which affects the mechanical behaviour of this geotechnical system,
depends on both the shear strength of the weak layer and that of the base soil.

In the field of the stability of natural slopes, the existence of weak layers has been
invoked to explain many landslide mechanisms, where the sliding surface presents a
significant nearly horizontal part [12], or in slopes with very low inclination [13,14].
More recent studies have also treated the stability of slopes including weak layers [15-25].
Weak layers have further been recognized in the stability of other systems, such as in
snow avalanches [26-28] and submarine landslides [29,30]. With reference to the latter,
Locat et al. (2014) [29] defined the weak layer as follows: “a layer (o band) consisting of
sediment or rock that has strength potentially or actually sufficiently lower than that of
adjacent units (strength contrast) to provide a potential focus for the development of a
surface of rupture. Such a layer or a band can follow stratigraphic horizons, but this is
not a requirement.” In addition, in natural geomaterials, weak layers can be produced by
different processes, such as layering (sedimentological origin), leaching in the flow of water
rich in mineral salts (geochemical origin), strain-softening sediments where progressive
failure can be reached or, again, the presence of excess of pore water pressures in thin strata
of very high hydraulic conductivity within soil mass with low permeability (geotechnical
origins). The weak layers of sedimentological origin can be seen as inherited weak lay-
ers, while the weak layers of geotechnical or geochemical origins can be seen as induced
weak layers.

So far, very few studies [30] have been carried out on the stability of embankment
resting on soil foundations with weak layers. In the present study, the authors, inspired by
a real case [31], have carried out an extensive numerical investigation on the influence of a
weak layer on the failure mechanism and on the stability of an embankment, constituted of
a backfill of a compacted coarse granular material and sustained by a reinforced earth wall.
For this real case study, field observations carried out after the geotechnical failure pointed
out that very thin shallow weak layers, horizontal or slightly inclined in counter-slope,
have conditioned the stability of the backfill as well as the failure mechanisms. The main
results of a simplified scheme of the real case (Figure 1) are reported and discussed in
the paper, with reference to the results of numerical analyses conducted according to the
finite-element method (FEM).
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Figure 1. Scheme for formulation of the problem: the weak layer is horizontal and is located at depth z;. Depth z; is

measured from the foundation plane of the reinforced earth wall. The boundary conditions and the dimensions of the

finite-element (FE) model are also represented in the figure.
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2. Position of the Problem

The paper analyses the case of the mechanical behaviour of a compacted granular
embankment sustained by a reinforced earth wall. This earthwork was built on foundation
soils including a thin horizontal weak layer, characterized by reduced shear strength
compared to that of the base soil. The problem is schematized in Figure 1. The weak
layer may be considered as representative of a minor structural feature located in the field
(e.g., thin shear band, old sliding surface or structural discontinuity), according to the
definition in Locat et al. (2014) [29], previously mentioned in the paper.

The embankment rests on a two-dimensional simple slope originally characterized
by a mean slope angle of 11° and a height of 9 m. The main dimensions of the modelled
scheme are reported in Table 1.

Table 1. Dimensions of the scheme for formulation of the problem.

Ll Lz L3 L4 L 5 LG H [5 a Z;i to B
(m) (m) (m) (m) (m) (m) (m) ©) (m) (m) (m) (m)

28 37 45 425 11.5 32 8.5 11 3 017 0.5 130

The dimensions were selected by means of preliminary calculations.

In fact, sensitive analyses were conducted to investigate the influence of the dimen-
sions of the model, both in width and in depth, on the analyses. The results showed
evidence that the dimensions reported above are adequate for the simulation of the numer-
ical problem.

To fit the embankment with the morphology of the original ground surface, the sides
of the embankment were considered to have different slopes: the left side is inclined
66°, while the right side is inclined 15°. This means that the left side is retained by an
earth wall including geosynthetic reinforcements, while the rest of the embankment is
traditional in type (compacted granular materials with well-graded grain size distribution).
The foundation of the embankment is at a depth of 1 m from the modified ground surface.
The length of the embankment is significantly greater than its maximum width (32 m).
Therefore, the problem can be approached assuming two-dimensional conditions regardless
of the presence of the horizontal weak layer, which is located at the depth z; from the
foundation plane of the reinforced earth wall (Figure 1) and it is characterized by thickness
tp. Considering the values reported in Table 1, the values of z; /H range from 0 to 2.

The main aim of the paper is to provide an insight about the effects of the weak
layer on the failure mechanism and on the safety factor of the embankment represented
in Figure 1. To do this, a comprehensive numerical analysis program was carried out.
The numerical simulations were performed by means of the finite-element (FE) code Plaxis
2D [32]. The two-dimensional scheme reported in Figure 1 was modelled. Plain strain
conditions were applied, i.e., the strains take place only in the xz plane (ex # 0; €, # 0),
and along the longitudinal axis (out of plane direction) the strain is assumed to be zero
(ey = 0). These conditions agree with the geometry of the original slope and the embank-
ment (length significantly larger than the width, [31]). The reference scheme and the
boundary conditions of the FE model are shown in Figure 1.

The simple elastic—perfectly plastic Mohr—Coulomb constitutive model with non-
associated flow rule was adopted for the modelled geomaterials. The parameters employed
in the numerical analyses are listed in Table 2. In this research, zero pore water pressures
were considered (dry soils), since in the real case by which the authors were inspired,
the depth of the water table detected with the geotechnical investigations was deeper than
the weak strata found, as indicated schematically in Figure 1.
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Table 2. Geotechnical parameters of materials used in the numerical analyses. y4: dry unit weight;
Ysat: saturated unit weight; ¢’: effective intercept cohesion; ¢’: effective shear strength angle; ¥’
dilation angle; E": Young modulus; v': Poisson’s ratio. The elastic—perfectly plastic Mohr-Coulomb
constitutive model was used for all modelled soils.

! ! ! ! !

. Yd Ysat P k4 C E v

Material (kN/m®)  (KN/m?) ©) ©) (kPa) (MPa) ©
Embankment 17 20 36 10 1 20 0.30
Reinforced earth 17 20 36 10 100 20 0.30

. . 0.2,5,

Foundation soil 16 18 26, 30, 34 0 10, 20, 30 10 0.35
Weak layer 16 18 5,10,15 0 0.2 10 0.35

However, it is well known that positive pore water pressure, in both hydrostatic and
hydrodynamic conditions, has a great influence on the mechanical behaviour of soils and in
particular on the stability of slopes, including backfills [33-35], and its reduction produces a
significant increase of the safety factor of marginally stable slopes [36-38]. Water retention
behaviour and induced stabilizing suction effects (i.e., negative pore pressure above the
water table) were not considered in the constitutive and FE modelling for either compacted
or natural soils [39,40]. Pre-peak hardening, post-peak strain-softening, dependence of
the constitutive parameters on the stress level and effects linked to progressive failure
phenomenon were not considered in the numerical analyses.

15-Node triangular elements were used to model soils and other volume clusters.
According to the two-dimensional finite-element model, only two translation degrees of
freedom per node were considered (along x and z directions). Considering the variation of
the depth of the weak layer (z;, Figure 1), and considering the variations of the constitutive
parameters of materials (Table 1), about 800 FE simulations were carried out. One of the
FEM meshes used, the one relating to the case of z;/H = 1.18 is shown in Figure 2.

Figure 2. FEM mesh employed for the case of z;/H = 1.18.

In the numerical analyses, the gravity loading procedure was applied to generate
the initial stress within all the soil bodies [32]. This choice was due to the geometry of
the ground surface. After this stage, the phi-c reduction procedure [32] was applied to
calculate the safety factor for the considered schemes.

3. Numerical Results

This section presents the results of numerical analyses performed to investigate the
effect of the weak layer on mechanical behaviour, and in particular on the deformation
mechanisms at failure (Section 3.1) and on the safety factor (Section 3.2), of this complex
geotechnical system. Firstly, the case of homogeneous foundation soil was modelled to
provide a reference condition for these analyses. In fact, in this case, the shape and
the extension of the deformation mechanism reached at failure (i.e., with shear strength
parameters reduced according to the phi-c reduction procedure) are not affected by the
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variation in the soil shear strength parameters considered in the simulations. Obviously,
the same cannot be stated when the influence on the safety factor is discussed. Secondly,
in the FE model, the weak layer was introduced considering constant thickness ty = 0.5 m
and depth z; ranging from 0 to 17 m. In all analysed cases, the shear strength parameters of
the involved soils (foundation soil and weak layer) varied according to the ranges reported
in Table 1.

Before presenting the results obtained with the numerical analyses, it is worth clari-
fying that the analyses are aimed to analyse the global stability of the embankment and,
for this reason, any local instabilities due, for example, to insufficient strength or reduced
anchor length of reinforcing geomembranes, high slope of the earth wall side and low
compaction energy of the embankment body soil are not taken into account [41,42].

3.1. Failure Mechanisms

The failure mechanisms resulting from the numerical analyses can be highlighted
considering the distribution of the total displacements as well as the principal directions
and the intensities of the total strains resulting from the phi-c reduction calculation stages.
Due to the elastic—perfectly plastic constitutive model adopted to model the mechanical
behaviour of the involved materials, the exact values of the deformation variables (displace-
ments or strains) reached at failure are not significant. Instead, the spatial variations of
these variables are very effective in highlighting the failure mechanisms in the FE models.

Figure 3 shows the distribution of total displacements that resulted from the numerical
analysis carried out considering a homogeneous foundation soil, having ¢’y = 10 kPa and
¢’1 = 30°, extended down to the bottom of the FE model. This figure clearly shows that,
in the case of the homogeneous foundation soil, the failure mechanism is almost circular
in type and involves a superficial plasticized soil volume below the foundation of the
earth wall and the embankment. Furthermore, from Figure 3, it can be seen that in the
backfill a volume very close to that of the Rankine active limit state is affected by significant
deformations; that is, it is involved in the failure process. The foundation soils are affected
by a failure mechanism, which involves only the soils directly below the base of the
reinforced earth wall.

Figure 3. Distribution of the total displacements at failure calculated for the case of homogeneous foundation soils
(c'1 =10 kPa and ¢’1 = 30°), by means of the phi-c reduction stage. The colorimetric scale is not plotted in the figure
because, as is well known, the intensity of displacement at failure calculated by the model is an unrealistic result, due to the

elastoplastic constitutive soil model adopted in the simulations. However, this representation is effective in pointing out the

volume of materials involved in the failure (volume in which the displacements and the deformation are concentrated).

The rotation of the principal directions of strains along the failure mechanism reported
in Figure 4 proves that the shear mechanism implies a rotational movement of the soil mass,
characterized by a lowering near the crown and a lifting at the toe. However, due to the
difference in strength, a secondary shear mechanism can be identified in the area located in
the embankment close to the reinforced earth wall.
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Figure 4. Total strain at failure calculated for the case of homogeneous foundation soils (¢’y = 10 kPa and ¢’; = 30°) by

means of the phi-c reduction stage. The length and the direction of the arrows represent the intensity and the direction,

respectively, of the principal strains. The concentration of the strains identifies a global failure mechanism.

To highlight the influence of the position of the horizontal weak layer in the soil
mass on the behaviour of the geotechnical system, Figure 5 shows the distribution of the
total displacement resulting from the analyses in which the weak layer is located at depth
equal to z; = 4 m (z;/H = 0.47, Figure 5a), z; = 6 m (z;/H = 0.71, Figure 5b) and z; =9 m
(zi/H = 1.06, Figure 5c) and z; = 10 m (z;/H = 1.18, Figure 5d) and its shear strength
parameters are ¢, = 0.2 kPa and ¢’ = 10°. In these analyses, the foundation soil has
the same mechanical properties considered before for the case of homogeneous soil mass
(c'1 =10 kPa and ¢’; = 30°).

For z;/H = 0.47 (Figure 5a), the failure mechanism is clearly mixtilinear in shape and
develops for a long distance in the weak layer. It is very different from the one relative to
the case of homogeneous foundation soils (Figure 3).

If the depth of the weak layer does not exceed a maximum value (in this case,
about 9 m), it strongly influences both the failure mechanism and the global safety fac-
tor of the geotechnical system. In fact, for cases (a), (b) and (c), Figure 5, corresponding
respectively to values of z;/H = 0.47, 0.71, 1.06, the failure mechanism is mixtilinear in
shape and develops for a significant length within the weak layer. For z;/H > 1.06 m
(Figure 5d), the failure mechanism does not reach the weak layer and it develops in the soil
foundations above. The geometry of the failure mechanism is very similar to that obtained
in the absence of a weak layer (Figure 3). So, in this case, the extension of the mobilised
soil volume is no longer affected by the presence of the weak layer.

Due to the reduced shear strength, the soil constituting the weak layer is not able to
transfer the shear stress to the underlying soil. For this reason, the shear strains are mainly
gathered inside it and the weak material tends to slide laterally. Moreover, a quite high
decreasing effect on the value of the safety factor can be attained while, concerning the
depth reached by the mobilized volume, a limited effect can be reasonably expected. In fact,
in the second and third cases represented in Figure 5b,c (zi/H = 0.71 and 1.06), the failure
mechanism is still strongly affected by the weak layer. However, in the case of Figure 5c,
the depth of the weak layer is enough to make the embankment less vulnerable compared
to the first two cases. In fact, on the one hand, the foundation soil suffers the highest effect
in terms of deepening of the failure mechanism, but on the other hand, the shear strains
are less concentrated in the weak layer. Hence, a negligible effect on the safety factor could
be expected. Finally, when the weak layer is located at the greatest depth (z;/H = 1.18,
Figure 5d), the failure mechanism is no longer affected by the presence of the weak layer
and it is once again very similar to that of the homogeneous soil foundation.

Figure 6 shows the calculated total strains for the same four cases, involving the
weak layer, which were presented before. These representations show that the weak
layer experiences the highest axial strain values when it affects the failure mechanism
(Figure 6a—c). The unstable soil mass horizontally slides on the weak layer due to the shear
strain experienced by the weak materials. This proves the fundamental role of the weak
layer on the mechanical behaviour of the studied geotechnical system and, in particular,
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its effect on the global stability of the embankment and on the geometry of the failure
mechanisms.

(d)

Figure 5. Spatial distribution of the total displacements at failure calculated for the case of a horizontal weak layer
with ¢/, = 0.2 kPa and ¢’ = 10° located at depth equal to (a) z; = 4 m (z;/H = 047), (b) z; = 6 m (z;/H = 0.71),
(¢) z; =9m (z;/H =1.06) and (d) z; = 10 m (z;/H = 1.18).
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Figure 6. Total strain at failure for the case of the horizontal weak layer with ¢/, = 0.2 kPa and ¢’, = 10° located at depth
equal to (a) z; =4 m (z;/H =0.47), (b) z; =6 m (z;/H = 0.71), (¢) z; = 9 m (z;/H = 1.06) and (d) z; = 10 m (z;/H = 1.18).

-3

3.2. Influence of the Weak Layer on the Safety Factor

As reported before, to provide reference values of the safety factor (SF), preliminarily,
the FE analyses were conducted considering homogeneous foundation soils. Figure 7
shows the evolution of the safety factor with intercept cohesion ¢’y, for different values of
the shear strength angle ¢’1 (26°, 30° and 34°) of foundation soils. Obviously, the safety
factor increases both with intercept cohesion and with the shear strength angle. The similar
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trend of the curves proves that, in this case, the failure mechanism is not dependent on the
shear strength parameters.

24

2.2

.

. ¢=26°
—o— ¢4=30°
—— ¢',=34°

o
[¢)]

10 15 20 25 30

¢, [kPa]

35

40

Figure 7. Safety factor SF as a function of the intercept cohesion ¢y, for different values of the shear
strength angle ¢’1 (26°, 30° and 34°) in the case of homogeneous foundation soils.

Figures 8-10 report the values of the safety factor calculated as a function of geometri-
cal properties variable z; /H, with variation in the different shear strength parameters for
both the foundation soil and the weak layer (see Table 1).
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Figure 8. Safety factor SF as a function of the geometrical variable z; /H for ¢’y =26° and ¢'1 = 0.2 kPa
(a), ¢’y =5 kPa (b), ¢'1 = 10 kPa (c) and 1 = 30 kPa (d), for different values of the shear strength angle
@’y (5°,10° and 15°).
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Figure 9. Safety factor SF as a function of the geometrical variable z; /H for ¢’y =30° and ¢’; = 0.2 kPa
(a), ¢'1 =5kPa (b), c'1 =10 kPa (c) and ¢'1 = 30 kPa (d), for different values of the shear strength angle
@'y (5°,10° and 15°).
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Figure 10. Safety factor SF as a function of the geometrical variable z;/H for ¢’; = 34° and
/1 =0.2kPa (a), 1 =5 kPa (b), 1 = 10 kPa (c) and c’; = 30 kPa (d), for different values of the
shear strength angle ¢’ (5°,10° and 15°).
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In these analyses, considering constant shear strength parameters, the depth of the
weak layer was varied. The results obtained show that when the weak layer is very
deep, the safety factor does not depend on the strength parameters of the weak layer
because the failure mechanism does not affect it. In this condition, the failure mechanism
almost coincides with the case of the correspondent homogeneous foundation soils. Hence,
the safety factor is practically equal to the corresponding one in a homogeneous condition.
However, the depth at which the weak layer begins to influence the failure mechanism,
and consequently the corresponding safety coefficient, is highly dependent on the strength
of the weak layer. In all cases investigated, the shallower the weak layer, the lesser the
safety factor is. The analyses conducted were stopped when the calculated SF became
equal to 1 (failure).

The influence of the weak layer increases with the difference between the shear
strength of the weak layer and the foundation soil. The presence of the weak layer within
the failure mechanism can decrease the safety factor up to 60% of the corresponding safety
factor in the case of the homogeneous foundation soil. The comparison between the data
reported in Figures 8-10 shows that SF = 1 was obtained for a depth of the weak layer,
which depends on the shear strength of both the weak layer and the foundation soils.

For cases of z;/H lower than about 0.1 + 0.5 (weak layer located very close to the
foundation of the reinforced earth wall), stability is not possible for the parameters of
the weak layer considered in the numerical analyses. Obviously, if the shear strength
parameters of the weak layer were very similar to those of the foundation soils, this case
would also present stability conditions. These cases are not represented in the results
because they are not significant for the purpose of this study, and because, in the authors’
opinion, they are not significant from a practical point of view.

4. Discussion

The results of the FE analyses proved that when the weak layer is involved in the
failure mechanism, the safety factor greatly decreases. In general, the five different scenarios
depicted in Figures 11 and 12 can be considered as representative of the geotechnical
problem. In these figures, the cases of foundation soil with the following shear strength
parameters 1 = 10 kPa and ¢’; = 30° are represented, while the shear strength parameters
of the weak layer are ¢’; = 0.2 kPa and ¢’, = 10°. Similar failure mechanisms were obtained
for other values of the shear strength parameters of the weak layer and foundation soils.
The first mechanism (Figure 11) considers the homogeneous foundation soil and the
safety factor resulting from the stability analysis is higher than 1 (SFy >1). Overall stability
conditions are ensured by the mechanical properties of the foundation soil and by the
characteristics of the embankment (soil compaction, reinforcement geomembrane, depth of
the foundation of the embankment). The failure mechanism is almost circular in shape.

Reinforced Embankment

earth wall ’ =

—/ _ //
\Failure surface (SF, >1)

Foundation soil

Figure 11. Significant scenario representing the failure mechanism and the stability condition (safety
factor SFy > 1) of the embankment in the case of homogeneous foundation soil. The failure mechanism
has been drawn on the basis of the numerical results, in particular of the concentration of the shear
strain in the phi-c reduction phase.
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Figure 12. Significant scenario representing the failure mechanism and the stability condition of the embankment in the

case of the weak layer located at different depths. The weak layer affects both the failure mechanism and the safety factor:
(a) weak layer located at depth z; equal to the critical depth z* (SF = 1); (b) weak layer located at depth z; between the critical
depth z* and the maximum depth zZmax (1 < SF < SFy, where SF is the safety factor in case of homogenous foundation soil);
(c) weak layer located at depth equal to the maximum depth zmax (SF =~ SFy); (d) weak layer located at a depth higher than
the maximum depth zmayx (SF = SF).

The second one (Figure 12a) considers the presence of the weak layer at depth z; equal
to z*, which is defined as the critical depth. As defined here, z* is the minimum depth of
the weak layer, below which the overall stability condition is not ensured. In this condition,
the safety factor SF is equal to 1. The failure mechanism largely affects the weak layer and
becomes mixtilinear in shape. In the third scenario (Figure 12b), the weak layer is located
at an intermediate depth between z* and zmax, and the calculated safety factor is between
1 and SFj. The depth znax can be defined by means of the fourth scenario depicted in
Figure 12c, which represents the case in which the weak layer is precisely located at depth
equal to zmax. In this condition, the extension of the failure mechanism is the maximum,
but it affects the weak layer to a limited extent. Hence, a reduced influence of the weak
layer on the safety factor can be attained (SF ~ SF), even though the mixtilinear shape
is maintained. The condition in which the layer is located at a depth higher than zmax
is represented by the fifth scenario (Figure 12d). The failure mechanism mirrors the one
observed in the case of homogeneous foundation soils, and the safety factor is the same
(SF = SFy).

The parameters of the weak layer depth z* and zya.x depend on the shear strength of
the involved soils (both foundation soil and weak layer soil). According to this, the ratio
between the critical depth z*and the height of the embankment H (z*/H) is plotted as a
function of the intercept cohesion of the foundation soil ¢’; and of the shear strength angle
of the foundation soil (¢’; = 26° in Figure 13a, ¢’1 = 30° in Figure 13c and ¢’ = 34° in
Figure 13e). The different values of the shear strength angle of the weak layer (¢’, = 5°,
10° and 5°) are considered in the same figures. Similarly, the values of the ratio between
the maximum depth znax and the height of the embankment H (znax/H) are plotted in
Figure 13b (¢’1 = 26°), Figure 13d (9’1 = 30°) and Figure 13f (¢’1 = 34°).
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Figure 13. Evolution of the ratio between the critical depth z*and the height of the embankment H and of the ratio between
the maximum depth zmax and the height of the embankment H as a function of the intercept cohesion of the foundation soil
c1” and of the shear strength angle of the foundation soil. (a,b) @1’ =26°, (c,d) @1’ =30°, (e,f) @1’ = 34°.

The data show that the intercept cohesion of the foundation soil has a different influ-
ence concerning the critical and maximum depths. The critical depth z* decreases while
the maximum depth zmax rises with the increase in the intercept cohesion ¢’y. Conversely,
the shear strength angle of the foundation soils ¢’; has a limited influence on the geometri-
cal variable z*/H, while it almost does not affect parameter zy,x/H. Hence, the domain
in which the weak layer affects the overall stability of the embankment expands with the
intercept cohesion of the foundation soil ¢;.

Moreover, the data depicted in Figure 13 show that the decrease in the shear strength
angle of the weak layer ¢’; raises both the geometrical variables z*/H and zmax/H. In other
words, the soil volume within the foundation soil in which the weak layer can affect both
the deformation mechanism and the safety factor increases with the difference between the
shear strength of the weak layer and the foundation soil. A maximum value of zmax/H
equal to about 1.3 was obtained in this study.

The numerical results obtained prove that the geotechnical characterization of the
weak geomaterial within the layer is fundamental to evaluating the overall stability of the
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embankments, as well as of all geotechnical systems. Hence, despite the detecting difficul-
ties (Terzaghi, 1929 [1]), particular attention must be paid during ground investigations to
finding weak layers down to a significant depth. Considering their detrimental influence
on the overall stability, geometrical characteristics of weak layers (depth, slope and thick-
ness) should be investigated through careful drilling, and soil samples should be recovered
within them. Hydro-mechanical properties of weak materials should be deeply evaluated
by means of laboratory testing. Considering the potential origin of the weak layers (sedi-
mentological, geochemical or geotechnical origin), the anisotropy of the hydro-mechanical
properties should also be taken into account.

5. Conclusions

The paper presented a numerical study aiming to evaluate the mechanical behaviour
of an embankment, constituted by a backfill and a reinforced earth wall, founded on a
complex geotechnical situation. Specifically, a significant number of finite-element (FE)
simulations, carried out by means of the code Plaxis 2D [32], were performed to evaluate
the presence of a horizontal and thin weak layer within the foundation soil.

On the basis of the results obtained by means of finite-element modelling, the main
conclusions can be drawn as follows.

The total displacements and strains resulting from the phi-c reduction calculation
stages were considered to highlight the influence of the weak layer on the deformation
mechanism at failure. In this regard, the analyses proved that the presence of the weak
layer deeply modifies both the shape and the extension of the failure mechanisms. In fact,
while in the case of homogeneous foundation soil the failure mechanism is almost circular
in shape, when the weak layer is located at a significant depth from the foundation plane of
the embankment the failure mechanism becomes mixtilinear in shape and affects a larger
soil volume.

The weak layer has a great influence on the overall stability of the considered embank-
ment. In fact, the results obtained prove that the calculated safety factor reduces with a
decrease in the depth of the weak layer. This is due to the concentration of strains within
the weak layer and the reduced capability to transfer the shear stress to the underlying soils.
The detrimental effect on the global safety factor increases with the difference between
the shear strength parameters of the considered soils (weak layer and foundation soils).
The presence of the weak layer within the failure mechanism can decrease the safety factor
up to 60% of the corresponding safety factor in the case of homogeneous foundation soil.

The extension of the soil volume involved in the failure mechanism was deeply
evaluated. Two different geometrical parameters of the weak layer were extracted from the
FE models and considered for evaluation of the depth at which the safety factor becomes
unitary (critical depth) and the depth at which a negligible influence on the safety factor
can be attained despite the failure mechanism being always mixtilinear in shape (maximum
depth). The numerical analyses again point out the fundamental effect of the layer and
of the reduced strength of the weak material. In fact, the extension of the soil volume
involved in the failure mechanism increases with the difference between the shear strength
of the foundation soil and of the weak layer.

This numerical research suggests to give even more weight to ground investigation of
weak layers within a significant geotechnical volume. In fact, considering that, in the pres-
ence of weak layers, even embankments that if founded on homogeneous soils would have
very high global safety factors can become unstable, a detailed geotechnical investigation
aimed at finding weak layers down to a significant depth should be conducted when some
preliminary knowledge (e.g., site geological characterization) may suggest the possible
presence of weak layers. Particular attention must be paid to very thin layers, which are
still capable of deeply affecting the field behaviour of geotechnical systems. Considering
that the extension of the soil volume involved in the failure mechanism is also a function of
the geotechnical parameters of the same layer, a preliminary assessment of the weakness of
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the layered material can be useful during the execution of ground investigation to update
the soil volume to be explored.
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