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A B S T R A C T

As-compacted soil embankments are partially saturated and, during their lifetime, they experience changes in 
water content and suction according to interaction with the atmosphere and the groundwater table. However, 
conventional slope stability assessments often assume either dry or fully saturated conditions, which can lead to 
inaccurate predictions. This paper presents an analytical framework for the analysis of the stability of unsatu
rated embankments under different suction profiles. The limit equilibrium analysis is extended to unsaturated 
slopes by incorporating matric suction, degree of saturation, and rainfall infiltration. A novel design chart is 
introduced to illustrate the interplay between the hydromechanical parameters of the slope, its geometry, the 
position of the groundwater table, and the infiltration profile. The outcomes demonstrate the significance of 
suction and saturation distributions in the sustainable planning and safety evaluation of embankments, offering 
meaningful perspectives for enhancing design methodologies and prevent failures in unsaturated engineered 
slopes. A key finding is the identification of the transition infiltration depth, which delineates the shift from deep 
to shallow slip surfaces. If the wetting front remains above this threshold, the design chart remains applicable. 
However, if it extends beyond this depth, a more comprehensive stability analysis is required. The method has 
been successfully used to predict the safety factor of engineered slopes under different suction profiles. Serving 
also as a benchmark for more advanced stability analyses, the design chart provides engineers with a practical 
tool for integrating unsaturated soil behaviour into geotechnical design, enhancing risk assessment and failure 
prevention strategies.

Introduction

Embankments are compacted at the optimum water content, 
resulting in a degree of saturation lower than one and a negative pore 
water pressure that sustains the pore structure through menisci. 
Nevertheless, the routine design and verification of these earth struc
tures are typically performed using charts based on either fully saturated 
or dry conditions, in undrained or drained conditions [1–5]. Therefore, 
these charts need to be extended to properly account for partially 
saturated conditions and to incorporate the appropriate strength pa
rameters for the design and verification of embankments. Partially 
saturated conditions increase soil strength and enhance the slope sta
bility [6–12]. Rising groundwater table or water infiltration from the 
ground surface increase the degree of saturation and decrease the matric 
suction in the slope, which in turn may trigger an instability phenom
enon [13–27].

For specific case studies, the stability of partially saturated slope and 
embankments can be analysed with the aid of commercial software (e.g. 
[28–31]). Conversely, a generic perspective of the role of soil partial 
saturation into the slope stability may be better investigated by design 
charts that correlate the factor of safety of the slope to its geometrical 
and hydro-mechanical parameters. Recently, some studies extended the 
design charts to unsaturated soil conditions only for the special case of 
slip surface emerging at the toe of the slope, and that does not intercept 
the groundwater table, specific soil types and water retention parame
ters. The proposed solutions in the literature differ for the assumed 
suction profile in the slope: Vahedifard et al. [32] and Sun et al. [33] 
considered a stationary suction distribution with possible crack forma
tion, Vo and Russel [34] considered a linear contribution of suction for 
curvilinear slopes, and finally Huang et al. [35] and Huang [36] 
assumed a constant suction profile.

This paper fills the gap between the available solutions for 
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unsaturated soil conditions to a more generalised solution, where the 
slip surface can either intercept the ground water table or emerge at the 
toe of the slope without any shape restrictions. For the first time, the 
stability charts are extended to unsaturated conditions considering the 
full range of slip surfaces and a wide range of soil types. To this end, and 
in absence of infiltration, a systematic investigation is performed on the 
coupling between the water retention curve, the suction profiles and the 
sliding resistance employing the extended Mohr-Coulomb failure crite
rion formulated in the Bishop’s effective stress. This allows to directly 
consider the dependency of the soil strength on the water retention 
parameters, which is a fundamental feature to evaluate the safety factor 
in partially saturated embankments. Furthermore, the effect of water 
infiltration was studied by imposing different paradigmatic suction 
profiles above the water table. The method was satisfactorily validated 
against fully coupled hydromechanical finite element analysis, centri
fuge tests [37], and field observations [16] under different initial con
ditions and rainfall events. The proposed solution was implemented in 
an open-access code, and stability charts are proposed as a function of 
nondimensional groups describing the water table position, the slope 
geometry, and the hydromechanical parameters of the soil.

Methodology

The stability of artificial slopes under unsaturated soil conditions was 
analysed using the method of the slices, following Bishop’s approach 
[38] and assuming a circular slip surface. Over the years, the Bishop 
method has gained popularity due to its simplicity, the clear physical 
meaning of the parameters, and the good agreement with the experi
mental data [39]. Moreover, it is one of the limit equilibrium methods 
endorsed by Eurocode 7 (EN 1997-1) for the analysis of slope stability as 
discussed by Bond et al. [40]. As will be shown later, for circular slip 
surfaces, the safety factor values predicted by the Bishop method are 
virtually identical to those obtained using more rigorous slice methods, 
such as Morgenstern and Price method [41]. Therefore, the use of the 
Bishop method is fully justified for the purposes of this study. Taking 
advantage of the flexibility of the slices method, the solution has been 
implemented in a Python code, adopting the scheme in Fig. 1, where H is 
the height of the slope, β is the slope angle, Hw is the depth of the ground 
water table (GWT), measured from the toe of the slope and assumed 
horizontal for simplicity, and finally zw is the infiltration depth that is 
parallel to the soil surface as suggested by Huang et al. [35] and Zhang 
et al. [42]. Notably, treating zw as an input variable allows for the 

execution of the stability analysis alone, thereby eliminating the need 
for a transient seepage analysis to determine the pore pressure distri
bution within the slope. This procedure enables a greater generalisation 
of the results and the development of simple design charts, which can be 
used for a preliminary assessment of embankment stability under infil
tration. Note also that, unlike other solutions available in the literature, 
the proposed method imposes no restrictions on the position of the slip 
surface, which can intersect both the groundwater table and the wetting 
front. The search algorithm used to determine the critical factor of safety 
of the slope combines a traditional grid-based search with the simplex 
method, ensuring an efficient minimisation process. The robustness of 
the minimisation algorithm adopted is discussed in detail in Lalicata 
et al. [43] for dry soil conditions.

Paradigmatic infiltration profiles

Unsaturated soils are triphase materials consisting of solid grains 
separated by pores which are partially filled by gas (air) and partially 
filled by liquid (water), where the difference between pore air and water 
pressure is named matric suction, s = ua − uw or simply suction (as in the 
following part of this paper). In field applications, the soil above the 
GWT is generally unsaturated and the air pressure is atmospheric (i.e. 
ua = 0) while the pore water pressure is negative, meaning that suction 
is equal to pore water pressure changed of the sign. The actual distri
bution of pore water pressure above the GWT depends on the boundary 
conditions on the ground surface and, more specifically, on whether 
water infiltration or evaporation prevails.

The stability of an unsaturated soil slope is directly affected by the 
profiles of pore water pressure and the degree of saturation on the slope. 
In this study, two reference conditions have been identified; see Fig. 2: 
The first corresponds to a constant pore pressure profile representative 
of the as compacted conditions (i.e. short-term conditions for engineered 
slopes), and the second is a hydrostatic distribution of pore water 
pressure that is representative of idealised long-term conditions. Such 
profiles change upon infiltration where the suction reduces close to the 
ground surface. In this case, the pore water pressure and degree of 
saturation profiles are most appropriately obtained by finite element 
transient seepage analysis [44][16,22,28,45,46]. However, the appli
cation of such analysis in practice is limited because of the difficulty in 
obtaining some input parameters (such as the permeability law and 
rainfall data) and uncertainty in the initial and boundary conditions. An 
alternative is to use an infiltration model based on the wetting front 
concept that is proven to agree reasonably well with finite element 
transient seepage analysis [47–49] and measurement [50]. A detailed 
review of conceptual infiltration models can be found in Zhang et al. 
[42].

Fig. 1. Sketch of the geometry adopted in the calculation.
Fig. 2. Pore pressure distributions for the hydrostatic case, the “clay-like” and 
“sand-like” infiltration profiles.
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The idealised pore water pressure profiles for the soil above the 
wetting front adopted in this study are shown in Fig. 2 and are like those 
suggested by Rahardjo et al. [51] and Huang et al. [35]. The “clay-like” 
profile represents a situation where suction is reduced to zero at the 
ground surface and then increases with depth until it intersect the initial 
hydrostatic value at the wetting front, zw. Instead, in the “sand like” 
profile the suction above the wetting front is reduced to zero. These 
names derive from previous research showing that the first profile tends 
to occur in fine-grained soils, while the latter is typical of coarse-grained 
soils [48,49].

The depth of the wetting front zw varies with time, intensity of the 
rainfall event, soil permeability, and initial degree of saturation in the 
soil; and can be calculated with any one-dimensional infiltration model 
[52–54]. However, in this study zw is taken as an input variable and its 
determination is left to the reader. The reliability of the selected values 
of infiltration depth should be evaluated case by case according to the 
boundary conditions and hydraulic properties of the soil.

Physical and mechanical parameters in unsaturated soils

The increase in soil strength due to suction above the GWT is usually 
modelled by introducing an apparent cohesion [8,9,55–61]. The 
apparent cohesion can be obtained from the extended Mohr-Coulomb 
failure criterion (e.g. [62–64]) which calculates the soil shear strength 
τf in terms of the average skeleton stress σʹ to account for partial satu
ration. The average skeleton stress σʹ [65] is a particular form of Bishop 
stress [6] and is defined as: 

σ ʹ = (σ − ua)+ χ (ua − uw) (1) 

where the Bishop parameter χ = χ(Sr) is equal to 1 in fully saturated 
conditions and Eqn 1recovers the Terzaghi effective stress when the soil 
becomes saturated (i.e. Sr = 1). In this study, the Bishop parameter is 
taken equal to the effective degree of saturation Se, although alternative 
solutions are possible [66–68]. Se can then be recast as a function of 
suction through the Soil Water Retention Curve (SWRC). Among the 
many SWRCs proposed in the literature, the Van Genuchten [69] model 
is chosen and introduced in equation (2): 

Se =
(

1 +
(s

P

)n )− m
(2) 

where P (kPa) approximates the air entry suction, the non-dimensional 
parameters n and m control instead the shape of the retention curve and 
m is related to n by the relationship m = 1 − 1

n. In this study, the attention 
is focused on the wetting path upon rainfall, and the hydraulic hysteresis 
of the SWRC is neglected.

Finally, the degree of saturation Sr can be written as: 

Sr = Sres +(1 − Sres)Se (3) 

where Sres is residual degree of saturation.
Thus, adopting χ = Se, the extended Mohr-Coulomb failure criterion 

is then: 

τf = cʹ + σʹ
ntanφ́ = cʹ

+(σn + Ses)tanφ́ =ć + σntanφ́ + Sestanφ́ (4) 

where τf is the shear strength, ć  is the effective cohesion, σntanφ́  is the 
frictional soil strength depending on the total normal stress σn and the 
tangent of the friction angle tanφ́ , Sestanφ́  is the frictional term due to 
partially saturated condition (often, and hereafter, named apparent 
cohesion). In the latter, s is the suction, Se is the effective degree of 
saturation obtained with Eq. (2). The total normal stress σn depends on 
the unit weight of soil γ, which in turn is a function of the dry density γd 
and of the gravimetric water content w as: 

γ = γd(1+w) (5) 

Recently, Zhai et al. [29] demonstrated that incorporating the unsatu
rated unit weight in Eq. (5) can enhance slope stability by up to 10 % 
compared to standard analyses, which assume a constant unit weight 
within the slope. Zhai et al. [29] also indicated that the influence of 
unsaturated shear strength and unsaturated unit weight on the 
computed F values is more significant than the effect of 3D analyses 
compared to 2D analyses.

Fine graded soils retain large amounts of water at high suctions 
resulting in large values of P, and exhibit a gradual transition from 
saturated to dry conditions, resulting in small values of n. Coarse soils, 
on the contrary, exhibit small values of P and a steeper transition from 
saturated to dry conditions, which corresponds to large values of n. The 
dependency of the water retention curve on the void ratio is accounted 
with the parameter P. As the voids decreases, the soil is able to retain 
more water, resulting in an increase in the P value. Typical values of P 
and n for different soil categories and void ratio have been published by 
several authors [70][58,71–81] and are listed in Table 1, although 
larger values of n are sometimes quoted.

This methodology incorporates key principles of unsaturated soil 
mechanics into slope stability analysis (Eqs. (1)–(3), specifically by ac
counting for the increase in shear strength and the change in unit 
weight, as described in Equations (4) and (5). The influence of soil type 
and void ratio on the soil water retention curve is addressed through the 
selection of appropriate Van Genuchten parameters, as presented in 
Table 1.

Validation of infiltration profiles

The proposed infiltration profiles for clayey and sandy soils were 
validated by a fully coupled hydro-mechanical analysis, using the finite 
element program PLAXIS 2D. The slope, consisting of a homogeneous 
material, was 5 m high with an inclination of 30◦, while the overall 
dimensions of the model, 22.60 m long and 10 m high, were chosen to 
avoid any influence of the boundary conditions on the failure mecha
nism. The GWT position was established at a depth of 3 m below the toe 
of the slope, imposing a constant hydraulic head condition at the base of 
the domain. The initial pore water pressure profile was assumed to be 
hydrostatic, while the lateral boundaries were modelled as permeable.

Infiltration profiles were obtained through fully coupled numerical 
analyses, applying uniform rainfall conditions at the ground surface. The 
rainfall intensity was set at 0.86 mm/day for the clay soil, corresponding 
to a q/Ksat ratio equal to 10, and 100 mm/day for the sand soil, repre
senting an intense yet realistic event. The failure criterion adopted is the 
Mohr-Coulomb criterion extended to partially saturated soils using 
Bishop’s effective stresses, see Eq. (4). The SWRC and hydraulic con
ductivity function (HCF) were both modelled using the Van Genuchten 
[69] method. The expression for SWRC is provided in Eq. (2), while the 
hydraulic conductivity function is given in Eqs. (6) and (7) below. 

Kunsat = Ksatkrel (6) 

krel = Sl
e

(

(1 −

(

1 − S
1
m
e

)m )2

(7) 

where Kunsat is the unsaturated hydraulic conductivity, Ksat is the satu
rated hydraulic conductivity, krel is the relative permeability, 
m = 1 − 1/n and l, n are the model parameters.

Table 1 
Typical parameter values of the Van Genuchten [69] SWRC values for different 
soil types.

Type of 
soil

Air entry value 
P (kPa)

Slope of the transition 
zone n (− )

Residual degree of 
saturation Sres (− )

Clayey 25–1000 1.05–1.7 0.1–0.2
Silty 10–100 1.3–2.7 0.08–0.15
Sandy 0.5–20 1.5–4.0 0.05–0.1
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All the physical, mechanical, and hydraulic properties of the ana
lysed soils are listed in Table 2.

The safety factor was computed using ć  − φ́  reduction method 
implemented in the finite element code. In this method, the shear 
strength parameters (friction angle φ́  and cohesion ć ) are progressively 
reduced until slope failure occurs. The safety factor is defined as the 
ratio of the available strength to the strength at failure and provides a 
measure of the overall stability of the slope [82,83].

Fig. 3a and c show the contours of pore water pressure at four 
different time steps for the sand and clay soil, respectively. The wetting 
front advances almost parallel to the ground surface profile, thus vali
dating the assumed infiltration profile reported in Fig. 2. Fig. 3b and 
Fig. 3d show the contours of plastic deformation, highlighting the slip 
surfaces activated before and during the rainfall event. The continuous 
black line identifies the slip surfaces predicted by the limit-equilibrium 
(LE) analyses, showing a very good agreement with the results obtained 
by the finite element (FE) analyses. Notably, in comparison with existing 
solution in the literature, the proposed LE method is capable of detecting 
also a deep failure mechanism, as typically observed in clay soils and 
illustrated in Fig. 3d. A slight divergence in the shape of the slip surfaces 
can be attributed to the different methodologies used in the calculation. 
Unlike the limit equilibrium method (black continuous line), the ć  − φ 
reduction method, which is used in finite element (FE) analyses, allows 
different shapes with respect to the circumferential arcs.

Fig. 4 shows the pore water pressure profiles in the middle of the 
slope at the same time steps as in Fig. 3. During the rainfall event in a 
sand soil, the position of the wetting front is clearly identified by the 
constant pore water pressure value approaching zero up to the ground 
surface (Fig. 4a). On the contrary, in clay soil the pore pressure profile 
reduces linearly from 0 (at the ground surface) to the infiltration depth 
where it intersects the hydrostatic profile. Below the infiltration depth, 
the pore water pressures remain under hydrostatic conditions.

The evolution of the factor of safety (F) with the advancing wetting 
front, zw, is presented in Fig. 5a and Fig. 5b for sand and clay soils, 
respectively. The limit equilibrium (LE) method, based on the simplified 
infiltration profiles, exhibits good agreement with the finite element 
(FE) results. For the sand case, the LE method indicates that F decreases 
gradually with zw until reaching F = 1.9 at zw = 0.7 m, followed by a 
steep reduction to a nearly constant value ofF ≅ 1.9 for zw > 1.2 m. In 
contrast, for clay soil (Fig. 5b), F decreases gradually until zw ≅ 2.5 m 
after which the rate of reduction of F with zw increases. These different 
trends are influenced by the pore pressure distribution above the infil
tration depth zw (see Fig. 4) and by its interaction with the slip surface. 
Specifically, when the wetting front reaches the depth of the slip surface, 
a steeper reduction in F occurs.

Table 3 lists the F values computed by FE and LE models at different 
infiltration depths. The average error is 4.7 % for sand and 1.4 % for clay 
soil, confirming the validity of the proposed methodology. In the FE 
analyses, F is evaluated via the strength reduction method; therefore, 
minor differences with the LE results are expected. Finally, the F values 

calculated with Bishop and Morgenstern and Price methods are virtually 
identical, with discrepancies of less than ± 0.2 %. Therefore, the Bishop 
method is adopted in the following analysis.

Validation against experimental data

Centrifuge tests from Ling et al. [37]

Ling et al. [37] investigated the stability of partially saturated 
compacted embankments using centrifuge testing. Two mixtures of 
Nevada sand and Speswhite kaolin clay were used to prepare the soil 
models, the first soil was prepared with 15 % fines by weight and the 
second with 30 % fines. The soil properties declared by the authors are 
listed in Table 4. The apparent cohesion capp was used to back-calculate 
the suction, which was equal to 16.6 kPa and 40.2 kPa for the soils 
prepared with 15 % and 30 % fines respectively. As the water retention 
curve was not provided by the authors, χ was taken as equal to the de
gree of saturation (i.e. Sres was taken equal to 0) to avoid an additional 
source of uncertainty in the analysis.

In the centrifuge tests, gravity was progressively increased to induce 
the failure of the as-compacted soil slopes with different heights (10, 15, 
and 20 cm at the model scale) and slope inclinations (β = 60, 75 and 
90◦). In these tests, the water content profile with depth was constant, so 
that the soil could be assumed to be homogeneous with respect to suc
tion and degree of saturation, see Table 4.

Fig. 6 shows the predicted safety factor F against the experimentally 
measured prototype height at failure, where F is equal to 1, for each 
value of β and fines content. Fig. 6 clearly demonstrates that most of the 
points fall within a ± 20 % error interval in terms of F-value confirming 
the good predictive capability of the limit equilibrium method proposed. 
The mean error and the standard deviation are 5 % (8 %) and 13 % (11 
%) for the mixtures prepared with 15 % and 30 % fines, respectively. 
The difference between the measured (F = 1) and predicted values of the 
safety factor, shown in Fig. 6, could also be attributed to some degree of 
heterogeneity of soil properties related to the dynamic compaction 
procedure and/or moisture migration during flight, which were not 
considered in the analysis.

Case study of rainfall-induced cut-slope failure: Pohang Site [16]

Oh and Lu [16] back analysed the rainfall-induced failure of an 
engineered cut slope at the Pohang site in South Korea. The slope failed 
after a three-month rainfall of 420 mm, which, according to the authors, 
was typical at the Pohang site. The slope was 10 m high and the incli
nation of the two steps was ~ 40◦ with respect to the horizontal plane, 
the groundwater table was 2 m below the toe of the slope. In the 
calculation, the slope profile has been linearised as in Fig. 7, and the 
resulting inclination wasβ = 38◦. The Pohang silty soils are weathered 
from mudstone and shale and contain more than 50 % fine-grained 
materials. Soil parameters derived from the site investigation and lab
oratory tests are reported in Table 5.

Oh and Lu [16] carried out a transient infiltration analysis to define 
the pore pressure distribution on the slope at the beginning of the three- 
month rainfall that induced failure. They found that the pore pressures 
were in hydrostatic equilibrium with the GWT, and such a profile was 
used in the stability analysis. Rainfall effects are simulated assuming the 
“sand-like” infiltration profile in Fig. 2 and the results are presented in 
Fig. 8. Due to the initial large value of F, the infiltration has little effect 
on the stability forzw < 1.5 m but when a significant portion of the slope 
is fully saturated, F abruptly reduces from 1.95 to 0.85 when zw deepens 
from 1.5 to 1.65 m. As shown in Fig. 8, forzw < 1.5 m only a small 
portion of the critical slip surface is affected by the wetting front whilst 
most of the slip surface is still in the unsaturated and undisturbed zone. 
Conversely, forzw > 1.65 m the whole length of the slip circle passes 
inside the wetted zone of the slope, so that all the additional strength 
provided by the partially saturated soil is lost and the slope becomes 

Table 2 
Physical, mechanical and hydraulic properties of the soils used in the FEM 
analyses.

SAND CLAY

Soil Parameters
Saturated unit weight γsat (kN/m3) 18 18
Unsaturated unit weight γunsat (kN/m3) 16 16
Effective friction angle φ (◦) 33 28
Effective cohesion ć  (kPa) 0 5
Young Modulus Eʹ (MPa) 50 20
Saturated Hydraulic Conductivity Ksat (m/s) 1e-5 1e-8

SWRC ¡ HCF
Air Entry Value P (kPa) 5 200
Van Genuchten Parameter n (− ) 1.80 1.56
Van Genuchten Parameter l (− ) 0.50 0.50
Residual Saturation Degree Sres (− ) 0.10 0.20
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unstable. The results are in substantial agreement with the transient 
stability analysis from Oh and Lu [16] which showed that in the upper 
part of the slope the pore pressures were ~ -5kPa while towards the 
bottom they ranged between 0 and 10 kPa, indicating a water table 
rising due to rainfall. Those features cannot be captured by the simpli
fied infiltration analysis proposed in this work; however, the latter 
correctly predicts the slope instability when suction reduces to zero, as 
indicated by the more accurate transient analysis. The analysis is 
repeated also for the cut slope profile to explore the influence of the 
simplified geometry adopted in the analysis. The two trends are prac
tically identical, with instability being triggered for the same value of zw. 
Minor, and almost negligible differences are observed in the stable zone 
of Fig. 8, i.e. for low values of zw, since the cut slope profile shows a 
slightly larger value of the safety factor in the stable zone. Conversely, 

values of the safety factor lower than 1 are predicted whenzw > 1.65 m 
for both the cut slope and the linearised profile.

Stability charts for partially saturated engineered slopes

as-compacted embankments

As-compacted embankments are characterised by a constant value of 
optimum dry density and water content, and therefore, by a constant 
apparent cohesion, see Eq. (4). Under these conditions, stability charts 
can be presented in a non-dimensional form in terms of F/tanφ́  versus c/
γHtanφ́  for any slope inclination β [3,36].

Fig. 9 shows the stability charts for β values ranging from 15◦ to 90◦

together with the range of the nondimensional material parameter, 

Fig. 3. Contours of the evolution of pore water pressure and plastic deformation during rainfall events: a, b) sand soil and c, d) clay soil.

Fig. 4. Comparison between the pore pressure profile from 2D Finite Element analysis and the infiltration profile adopted in the Limit Equilibrium method for a) the 
sand slope and b) the clay slope.
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c/γHtanφ́ , evaluated for three different types of soils typically used as 
construction material and that are namely a sand, a silt and a clay ac
cording to the AASTHO norm [84]. The parameter c/γHtanφ is limited to 
5 because higher values are rarely encountered in practice. Note that c =

ć +Sestanφ́  (see Eq. (4)), and, for simplicity, c ʹ is assumed equal to 0.
Typical values of optimum water content and dry density were 

selected based on embankment construction practices, while the range 
of as-compacted suction for each material was evaluated using the 

SWRC parameters ranges listed in Table 1. Finally, the non-dimensional 
material parameter was evaluated considering typical engineered slope 
heights values, from 2 to 10 m. All these values are summarised in 
Table 6. Notably, the nondimensional apparent cohesion is independent 
of the friction angle as the term tanφ́  appears both in the numerator and 
in the denominator. Inspection of Table 6 reveals that, for clayey soils, 
the upper bound of the nondimensional apparent cohesion is excep
tionally high, primarily due to the large values of air entry suction P (up 
to 1000 kPa) that clays can exhibit. However, these values correspond to 
very fine and highly active clays, which are unsuitable for construction 

Fig. 5. Safety factor against infiltration depth: comparison between 2D Finite 
Element analysis and the Limit Equilibrium method for a) the sand slope and b) 
the clay slope.

Table 3 
Comparison of the safety factor values obtained by the Finite Element (FE) 
model (c-φ́  reduction) and the proposed Limit Equilibrium (LE) model at 
different infiltration depths zw.

Soil type zw Factor of Safety, F

(m) FE LE: Bishop LE: Morgenstern and Price

sand 0 1.897 1.970 1.966
1.4 1.518 1.569 1.567
2.0 1.472 1.550 1.548
2.6 1.457 1.550 1.548

clay 0 2.968 2.983 2.987
1.3 2.801 2.840 2.840
1.6 2.741 2.794 2.794
1.9 2.695 2.743 2.742

Table 4 
Soil properties from the Ling et al. [37].

Parameter 15 % fine 30 % fine

Gs(− ) 2.666 2.661
w(− ) 0.0766 0.087
e(− ) 0.45 0.367
ksat(cm/s) 1.8 10-5 1.8 10-7

φ (◦) 43 41
capp(kPa) 7 22
γd (kN/m3) 18.02 18.98
Sr(− ) 0.453 0.63
s(kPa) 16.6 40.2

Fig. 6. Predicted safety factor for the measured slope heights at failure, at the 
prototype scale (data from [37].

Fig. 7. Geometry adopted in the calculation, modified from Oh and Lu [16].
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purposes. Therefore, for practical applications and to maintain a con
servative approach, a mean value of 4 can be considered.

The stability chart in Fig. 9 directly provides the normalised safety 
factor for a given embankment with inclination β, height H, and soil 
type. Due to its lower retention capacity, the strength increase in a 
partially saturated sand is significantly lower than that of a silt or clay, 

as indicated by the upper bounds of non-dimensional apparent cohesion 
shown in Fig. 9. For example, in a silty soil, the influence of partial 
saturation, expressed by the non-dimensional apparent cohesion, 
Ses/γH, can range from 0 to 1.3 depending on the water retention pa
rameters in Table 1. This means that, as an example, for a silty slope 
withH = 5 m andβ = 30◦, partial saturation can enhance stability by up 
to 590 % compared to dry conditions.

The stability chart can be used as long as the degree of saturation 
distribution can be assumed constant within the slope, i.e., under as- 
compacted conditions (short term), or when the water table is at a 
greater depth and the soil is close to hydraulic residual conditions. In all 
other cases, such as under hydrostatic conditions and upon infiltration 
or evaporation, the design chart in Fig. 9 is a priori no longer valid and a 
stability analysis with the appropriate pore pressure distribution is 
required.

An example of the effects of the infiltration profile is given in the 
following section.

Infiltration profiles

The influence of the different infiltration profiles on the stability of a 
slope withH = 5 m and β = 60◦ is illustrated in Fig. 10 for the case of Hw/

H = 0.6 and initial non dimensional apparent cohesion equal to 0.38. 
The two runs share the same hydromechanical parameters of the silty 
soil, see Table 6, so that the only difference is the infiltration profile. In 
the absence of infiltration, the safety factor F is equal to 1.78 (F/tanφ́  =
3.349), which reduces upon infiltration. The reduction in F is shown in 
Fig. 10a and Fig. 10b as a function of apparent cohesion and infiltration 
depth, respectively.

Inspection of Fig. 10b shows that the “sand-like” profile leads to 
slope instability forzw/H > 0.18 whereF/tanφ́  = 0.577. Notably, this 
value is equal to 1/tanβ and corresponds to the safety factor of an infinite 
slope for a purely frictional soil. This is consistent with the infiltration 
profile that assumes zero suction above the infiltration depth. 
Conversely, the “clay-like” profile results in a slower reduction in the 
safety factor during infiltration because the suction within the wetting 
front, and hence the apparent cohesion, is not zero. At zw/H ~ 0.42 there 
is a change in the rate of the safety factor evolution with zw because, 
after that point, the whole sliding mass is comprised in the wetting front, 
where a significant reduction in available apparent cohesion occurs. 
This infiltration depth marking the transition between a slip surface not 
significantly affected by the wetting front and a slip surface entirely 
comprised within the wetting front is named transition infiltration 

Table 5 
Soil properties at the Pohang site Oh and Lu [16].

Specific 
gravity

Void 
ratio

Water 
content

Dry density Effective 
cohesion

Friction 
angle

Saturated 
permeability

Residual degree of 
saturation

Air entry 
value

Slope of the VG 
model

Gs e w γd (kN/m3) c’ (kPa) φ (◦) ksat(m/s) Sres P(kPa) n
2.65 0.866 0.296 13.93 0 32 3.46 x 10-6 0.258 27.93 1.1

Fig. 8. Safety factor evolution with the advancing wetting front at the 
Pohang site.

Fig. 9. Stability chart for partially saturated embankments.

Table 6 
Typical values for as-compacted embankments.

Soil 
type

Optimum 
water 
content

Optimum dry 
density

Unit weight Degree of 
saturation

Mean values 
of non- 
dimensional 
apparent 
cohesion *

​ w(− ) γd (kN/m3) γ (kN/m3) Sr(− ) Ses/γH(− )
Sand 0.06 21.8 23.1 0.81 0.2 

[0.01–0.4]
Silt 0.12 19.0 21.3 0.85 0.75 

[0.03–1.3]
clay 0.16 17.5 20.3 0.86 4 [0.3–100]

*range in brackets.
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depth, or simply transition depth hereafter. In the case analysed, the 
transition depth depends on the infiltration profile being equal to 0.2 H 
and 0.42 H for the “sand-like” and the “clay-like” infiltration profiles, 
respectively.

Fig. 10c and Figure 10d show the slip surfaces at different zw/H 
values. Fig. 10c illustrates the case where the infiltration depth (zw/H =
0.18) is lower than the transition value for both the “sand-like” and the 
“clay-like” infiltration profiles. In this case, a large portion of the slip 
surface extends beyond the wetting front for both infiltration profiles, 
meaning that the apparent cohesion along the slip surface is only 
marginally affected by the advancing wetting front. Therefore, the 
critical slip surface and the associated F-value remain similar to as- 
compacted conditions. Conversely, Fig. 10d represents the situation 
where the infiltration depth (zw/H = 0.6) is larger than the transition 
value for both infiltration profiles. Here the wetting front is large enough 
to influence a significant portion of the slope height, the slip surface 
becomes shallower and is entirely contained within the wetting front.

Finally, Fig. 10a shows that when zw/H is lower than the transition 
depth, the safety factor can still be evaluated with the stability chart by 
considering the apparent cohesion as the average value over the slope 
height, H. In this case, the difference between the stability chart and the 
stability analysis is less than 6 %. Conversely, when zw/H exceeds the 
transition depth, the analysis deviates from the stability chart, requiring 
a more detailed stability analysis.

It is of practical interest to determine when the transition between 
deep and shallow failure surfaces occurs with respect to infiltration 
depth. This is analysed in Fig. 11 for the “sand-like” infiltration profile, 
which has been identified as the most critical for triggering slope 
instability, see Fig. 10, considering different apparent cohesion values. 
Fig. 11 shows that the transition infiltration depth increases with the 
slope angle β, ranging from ~ 0.2 H for β ≤ 60◦ to 0.8 H forβ = 90◦, 
while being only marginally affected by the as-compacted apparent 
cohesion. The shallow failure surface corresponds to the infinite slope 
mechanism for a purely frictional soil and therefore, this is critical only 
if φ is lower than β, i.e. F = tanφ/tanβ < 1. Note also that this result is 

valid only if the pore pressures remain equal to 0 inside the wetting 
front, as assumed in this work.

Conclusions

The stability of partially saturated embankments was investigated 
using the slices method under different suction profiles using an in- 
house code and results were summarised in a non-dimensional design 
chart. In the partially saturated layer, the shear resistance is given by an 
extended Mohr-Coulomb criterion adopting the Bishop’s effective stress. 
Rainfall effects were assessed by imposing different paradigmatic 

Fig. 10. Influence of the infiltration profile on a) stability chart, b) normalised factor of safety against the normalised infiltration depth, c) form of the slip surfaces 
for infiltration depth lower than the transition value, d) form of the slip surfaces for infiltration depth larger than the transition value.

Fig. 11. Transition infiltration depth for a sand-like infiltration profile.
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suction profiles above the water table. The proposed design chart is 
derived from a general formulation of the slip surface, which can 
intersect both the groundwater table and the wetting front. Moreover, 
by using the infiltration depth as an input parameter, the methodology 
avoids the need for a transient seepage analysis, while still capturing the 
evolution of the factor of safety during infiltration events with good 
accuracy in comparison with fully coupled hydromechanical finite 
element analyses. This represents a notable advancement over existing 
solutions that typically assume stationary flow conditions and vertical 
infiltration only. This approach was successfully validated against also 
against centrifuge tests, and field observations under different initial 
conditions, rainfall events and geometries of the embankments.

During infiltration, there exists a transition infiltration depth at 
which the failure mechanism changes from a deeper failure to a shal
lower one, shifting closer to the ground surface. This transition depth is 
primarily influenced by the infiltration profile and the slope inclination. 
If the wetting front remains shallower than this transition depth, the 
design chart provided remains valid, with a negligible error compared 
the LEM results. Conversely, if the wetting front exceeds this threshold, a 
comprehensive stability analysis becomes necessary.

Despite its simplicity, the adoption of paradigmatic, and yet physi
cally based, suction profile offers a rapid estimate of the critical condi
tions of a slope subjected to rainfall. The proposed method has the 
potential to serve as a benchmark for more advanced slope stability 
analyses, thereby offering an insight into the effects of unsaturated soil 
properties on slope stability. This can be particularly useful at both the 
design and verification stage.
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