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Abstract. In this paper we present a modified version of an existing, physically-based model for shallow landslide susceptibility 
analysis over large area. In general, the potentially unstable soil cover is considered uniform and homogeneous, over impervious 
underlying bedrock. In several case studies, this was proven to be unrealistic. The possibility of taking into account the detailed 
configuration of the soil cover allows having a more accurate estimate of the potentially unstable volumes, which determine the 
intensity of the considered phenomena. The newly–implemented tool was tested by comparing its results with those obtained 
from a Finite Element (FE) commercial code, solving the same 1D problem. Then, a parametric analysis was carried out by 
varying the permeability ratio between the two layers, with the aim of examining the influence of such parameter on the pore-
pressure distribution along the vertical profile. As expected, as the permeability ratio increases, the underlying layer tends to 
behave as an impervious boundary. This increases the chance that only the most superficial soil layer fails. An analysis of the 
routine performance and efficiency was also done to investigate the response of the model with various tolerances and different 
spatial discretizations along the vertical profile. As main result, it is shown that the variability in ground conditions may highly 
affect the pore water pressures and the proposed seepage model can be successfully whether detailed stratigraphy site 
investigations are available. 

Keywords. rainfall-induced landslides, stratigraphic setting, shallow covers, numerical solution 

1. Background 

In the last decades, due to the availability of new 
computational tools for landslides susceptibility 
modeling (Baum et al., 2008; Godt et al., 2008; 
Baum et al., 2010; Salciarini et al., 2012), 
scientists and practitioners have begun to be ever 
more involved in the analysis of slope stability 
conditions over large area (Cascini et al., 2008, 
2011; Cuomo & Della Sala, 2013).  

These tools, implemented in GIS platforms, 
allow taking into account the major hydraulic 
and mechanical issues related to slope failure, 
even for unsaturated soils, as well as the spatial 
variability of both topography and soil properties.  

The above-mentioned tools are generally 
physically-based, are able to perform spatial 
analyses over a grid-based discretization of a 
study area starting from a Digital Terrain Model 
(DTM), and are capable of considering the 
process evolution within the thickness of the 
shallow deposit.  

A first code capable to account for saturated 

soil conditions, steady-state seepage and spatially 
homogeneous soil was the SHALSTAB model 
(Montgomery & Dietrich, 1994).  

New improvements were later reached in the 
TRIGRS model (Baum et al., 2008) by including 
unsaturated conditions and transient seepage, 
based on a closed form solution of the Richards 
equation, with the soil characteristic curves 
defined by Gardner (1958). Here, the equation 
governing the infiltration process is solved for an 
infinitely deep impermeable basal boundary, 
considering at the ground surface a condition of 
constant flux for a specified time, and zero flux 
thereafter (Iverson, 2000).  

According to the basic assumption made by 
Iverson (2000), the stratigraphic setting is 
homogeneous, and the soil thickness is 
comparable to the square root of the upslope 
contributing area. Whereas the latter hypothesis 
is realistic, the former condition is not always 
fulfilled because the shallow deposits can be 
formed by air-fall deposits (e.g. pyroclastic 
volcanic soils or loess) or by weathering of 
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underlying bedrock.  
Although the spatially homogeneous soil 

limit can be accounted by subdividing a given 
study area in smaller zones (Sorbino et al. 2007, 
2010), rigorous and effective tools to take into 
account a non-homogeneous stratigraphy are still 
unavailable. This last feature is a “must have” 
where the discontinuities in conductivity and 
shear strength between the layers can be detected 
and quantified. More recent enhancements were 
proposed as well. The solution proposed by 
Iverson (2000) was generalized by Savage et al. 
(2003) for the case of a time-varying sequence of 
surface fluxes of variable intensities and 
durations and a layer of finite thickness. 

This paper contributes to the existing 
research on this topic, by introducing a new tool, 
written in MATLAB code, which can perform a 
seepage analysis for shallow covers including the 
case they are stratified and the layers are 
characterized by different permeability values. 
First, three benchmark cases with fine and coarse 
soils are analyzed for validation, and then 
perspectives for the use of the new tools are 
drawn in the framework of landslide risk analysis. 

2. The Proposed Model 

2.1. The New Tool for Seepage Analysis 

In this work the closed–form solution by 
Srivastava & Yeh (1991) implemented into the 
original TRIGRS model was substituted with the 
numerical solution of the partial differential 
equation of the infiltration process, generalized 
to a three-phase, deformable porous media: 
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where Sw is the degree of saturation of the soil, �v 
is the volumetric strain of the solid skeleton, t is 
the time, Z is the vertical depth,  n is the soil 
porosity �� is the pressure head, z is the 
geometric height, ks is the hydraulic conductivity 
in saturated conditions, and kr is the relative 
hydraulic conductivity. 

Eq. (1) governs the infiltration process and 
controls the pressure head evolution in space and 
time. The first term of Eq. (1) is related to the 

time variation of the degree of saturation: 
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where wws uSnC ���~ , and it is null if the soil is 
in saturated condition. 

The solid skeleton constitutive equation 
follows and controls both the deformability and 
the material strength. 
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where the Eed is the oedometric module of the 
soil, while �z’’ is the effective stress defined by 
Bishop. The second term of Eq. (1) accounts for 
the volumetric deformation of the solid skeleton: 
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and it is null under the assumption of rigid solid 
skeleton. Finally, the last term of Eq. (1) can be 
written as follows:  
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where G is equal to ��/�Z and it is set to -1 for 
horizontal ground surface.  

Replacing the Eqs. (3), (4) and (5) into Eq. 
(1) it is possible to re-formulate the governing 
equation into the following parabolic partial 
differential equation (Salciarini & Tamagnini, 
2014): 
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in which the term on the right hand represents 
the flux amount, and the other terms are shown 
in the following, by introducing the Gardner’s 
(1958) hydraulic conductivity function: 
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In the case of a layered cover, all the above-
mentioned parameters change with properly 
depth functions. 

To solve Eq. (6) a MATLAB-integrated 
function, called PDE-PE (Partial Differential 
Equation – Parabolic Equation), is used. It solves 
initial-boundary value problems for systems of 
parabolic and elliptic PDEs in the one-space 
variable x and time t.  
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where  t0 ��t ��tf and a ������b. The interval [a,b] 
must be finite and m can be 0, 1, or 2, 
respectively for slab, cylindrical, or spherical 
symmetry. 

In Eq. (10), f(x, t, u���u��x) is a flux term and 
s(x, t, u���u��x) is a source term. The coupling of 
the partial derivatives with respect to time is 
restricted to multiplication by a diagonal matrix 
c(x, t, u�� �u��x). The diagonal elements of this 
matrix are either identically zero for an elliptic 
problem, otherwise they are positive for a 
parabolic equation.  

In general, Ordinary Differential Equations 
(ODEs) resulting from space discretization can 

be integrated to obtain approximate solutions at 
specified times. The solution components have to 
satisfy initial conditions (for t = t0 and all x) in 
the following form:  

  u(x,t 0 ) � u0 (x)   (11) 

Furthermore, the solution components have 
to satisfy the boundary conditions in x = a or x = 
b in the form: 
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Consequently, Eq. (6) can be considered as a 
parabolic partial differential equation with slab 
symmetry, without source term (s=0) and flux 
and c terms respectively at the right and left part 
of the equation, in which the u and x terms of Eq. 
(11) are respectively equal to uw and Z. 
 
2.2. Slope Stability Module 

On hillslopes covered by colluvial or volcanic 
soil with limited thickness compared to the 
length of the slope, the infinite slope stability 
hypothesis can be assumed. The ratio between 
the available shear strength �f of the soil along 
the potential failure plane, given by the Mohr–
Coulomb failure criterion, and the driving stress 
�d, is called factor of safety FS: 
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tan� '
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�
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  (13) 

where �’ is the soil friction angle for effective 
stress, c’ is the effective cohesion, � is the 
pressure head, Z is the vertical coordinate, t is the 
time, dlb is the depth of the lower boundary, � is 
the slope steepness, and �w and �s are respectively 
the unit weights of water and soil.  
For a stratified shallow cover, Eq. (13) for the 
lower layer is given by: 
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An infinite slope is considered stable when 
FS > 1, and in the limiting equilibrium condition 
when FS = 1. The depth Z where FS reaches the 
value 1 is the depth of landslide triggering at 
time t. 

3. Model Validation 

The proposed model was validated performing a 
comparison with the results provided by the 
commercial code SEEP/W, (GeoSlope, 2005), 
for the same 1D-problem.  

An ideal column of soil (see Fig. 1) with a 
depth h = 3.0 m, was analysed, considering three 
different cases: 

1. homogeneous coarse-grained material, with 
hydraulic conductivity in saturated 
condition equal to ks = 5.0e-5 m/s (Fig. 1a); 

2. homogeneous fine-grained material, with 
hydraulic conductivity in saturated 
condition equal to ks = 1.0e-7 m/s (Fig. 1b); 

3. layered cover with a coarse-grained 
material at the top (ks = 5.0e-5 m/s) for a 
depth h1 = 1.0 m and a fine-grained material 
at the bottom (ks = 3.0e-6 m/s ) for a depth h2 
= 2.0 m (Fig. 1c). 

All the simulations were performed 
considering a rainfall duration of 12 hours and a 
rainfall rate of 2.78e-6 m/s. The initial position of 
the water table was, for all the three cases, at the 
column base. In Tab. 1 the adopted values for the 
three study cases are shown. 

 

 
Figure 1. Sketches of the three cases analyzed in 1D-
conditions: a) coarse-grained cover, b) fine-grained cover, c) 
layered cover. 

Table 1.  Material properties. 

Material 
ks n   r c’ �’ �s 

(m/s) (-) (-) (kPa) (°) kN/m3 

Coarse 5e-5 0.68 0.15 0 38 14.5 

Fine 3e-6 0.51 0.1 5 35 18.0 

q= 10mm/h, t
d
= 12h, b= 1m-1, �=30°  

3.1. Results 

The results of all the simulations are shown  in 
Figs. 2, 3 and 4, in terms of: pressure head, 
degree of saturation and safety factor evolution 
with time. Each graph includes the comparison 
between the model predictions (solid lines) and 
the SEEP/w predictions (circular markers). 

Figs. 2 and 3 shows the results for the case 
of homogeneous column of coarse-grained and 
fine-grained soils, respectively. It can be noticed 
that the solutions provided by the proposed 
model, in solid lines, are approximately overlaid 
to that obtained from the SEEP/W model, in 
circular markers.  

Fig. 4 shows the results for the case of 
layered cover, evidencing how the proposed 
model is stable also at the contact between layers, 
where the FEM model does not reach the 
convergence to compute the degree of saturation 
(Sw,). For all the comparisons shown, the 
differences in terms of pressure head, degree of 
saturation and safety factor evolution, in space 
and time are relatively negligible. 

The numerical efficiency of the model on 
the computation of the pressure head (�) was 
evaluated varying the computational tolerance 
(TOL) and the space discretization along the 
vertical !Z.  

As shown in Tab. 2, passing from a TOL of 
1.0e-12 to a TOL of 1.0e-5, the safety factor is 
significantly not influenced. Whereas, decreasing 
the TOL until 1.0e-1 the safety factor value can 
vary up to the 7% from the value obtained with a 
TOL of 1.0 e-5. 

Also, for the analyzed cases, the safety 
factor is not very susceptible to a decrease of !Z 
along the vertical, which should conduct to a 
more rigorous solution but, from the 
computational point of view, it is more time 
consuming. 
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Table 2. Performance of the proposed model, evaluated with reference to the minimum computed Factor of Safety (FS). 

FSmin 
Tolerance on pressure head computation (m) 

1e-12 1e-5 1e-1 1e-12 1e-5 1e-1 1e-12  1e-5 1e-1 
  Coarse Fine Coarse-Fine 

!Z
 

(m
) 0.05 1.255 1.255 1.344 1.345 1.345 1.324 1.330 1.330 1.347 

0.10 1.256 1.256 1.210 1.345 1.345 1.343 1.331 1.331 1.347 
0.20 1.256 1.256 1.250 1.345 1.345 1.343 1.332 1.332 1.331 

 

 
Figure 2. Variation of pressure head (p, m), saturation degree (Sw, %) and factor of safety (FS) with depth Z (m) for uniform 
column of coarse material in figure 1a. Results of the proposed model in solid lines, FEM results indicated with dots. 

 
Figure 3. Variation of  pressure head (p, m), saturation degree (Sw, %) and factor of safety (FS) with depth Z (m) for uniform 
column of fine material in figure 1b. Results of the proposed model in solid lines, FEM results indicated with dots. 

 
Figure 4. Variation of  pressure head (p, m), saturation degree (Sw, %) and factor of safety (FS) with depth Z (m) for the 
stratified column of figure 1c. Results of the proposed model in solid lines, FEM results indicated with dots. 

 
 Fig. 5 represents on the x and y-axis, 

respectively, the pore water pressure values 
computed by the SEEP/w code and those 
obtained from the proposed model.  

The points on the diagonal represent a 
perfect agreement between the computed pore 

water pressures by the two models, for the 
three considered cases. This graph highlights 
that the differences are always negligible both 
in the case of homogeneous (coarse-grained or 
fine-grained) cover, and in the case of layered 
cover. 

D. Salciarini et al. / A New Tool for Large-Area Analysis of Transient Pore Water Pressures 795



 
Figure 5. Comparison of the results computed by the 
proposed model and the SEEP/w code. 

4. Conclusion 

In this paper a new physically-based model for 
simulating the pore pressure evolution – and 
consequently, the safety factor evolution – in 
homogeneous and layered covers is presented. 
The model numerically solves the partial 
differential equation of the infiltration process, 
generalized to a three-phase, deformable 
porous media (Richards, 1931). The model 
was validated by comparing its results with 
those obtained from the SEEP/w commercial 
code. Such validation showed a practically null 
divergence between the results provided by the 
two tools. Also a parametric study on the 
computational efficiency of the model 
performance was presented, showing a low 
affection of the spatial discretization on the 
results. Starting from such encouraging results, 
the possible perspective of the model is to 
extend the analysis from the 1D-problems to 
the analysis of the transient water pressures 
evolution over large areas. 
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