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Abstract—The aim of this paper is to propose a methodology to

perform inverse numerical modelling of slow landslides that

combines the potentialities of both numerical approaches and well-

known remote-sensing satellite techniques. In particular, through

an optimization procedure based on a genetic algorithm, we min-

imize, with respect to a proper penalty function, the difference

between the modelled displacement field and differential synthetic

aperture radar interferometry (DInSAR) deformation time series.

The proposed methodology allows us to automatically search for

the physical parameters that characterize the landslide behaviour.

To validate the presented approach, we focus our analysis on the

slow Ivancich landslide (Assisi, central Italy). The kinematical

evolution of the unstable slope is investigated via long-term DIn-

SAR analysis, by exploiting about 20 years of ERS-1/2 and

ENVISAT satellite acquisitions. The landslide is driven by the

presence of a shear band, whose behaviour is simulated through a

two-dimensional time-dependent finite element model, in two dif-

ferent physical scenarios, i.e. Newtonian viscous flow and a

deviatoric creep model. Comparison between the model results and

DInSAR measurements reveals that the deviatoric creep model is

more suitable to describe the kinematical evolution of the landslide.

This finding is also confirmed by comparing the model results with

the available independent inclinometer measurements. Our analysis

emphasizes that integration of different data, within inverse

numerical models, allows deep investigation of the kinematical

behaviour of slow active landslides and discrimination of the

driving forces that govern their deformation processes.

Key words: Numerical modelling, optimization procedure,

differential SAR interferometry, slow landslide.

1. Introduction

Management of risk associated with slow-moving

active landslides requires analysis of the kinematical

evolution of the unstable mass in terms of displace-

ments, velocity or acceleration over time (ALONSO

2012; LEDESMA et al. 2009), more than the assessment

of the stability conditions of the landslide mass,

which instead refer to static conditions, such as those

corresponding to the triggering or reactivation stages.

Indeed, study of the kinematical trend of a landslide

represents an effective way for predicting, and

therefore mitigating, the eventual damage caused by

landslide movements to buildings and infrastructures.

In this framework, numerical modelling allows

simulation of the stress–strain state of a landslide

process during both the triggering and propagation

stages, provided that a suitable modelling approach is

pursued and the factors controlling the landslide

evolution are correctly implemented in the model,

along with the geological and geotechnical informa-

tion available for the examined slope (TRONCONE

2005; LOLLINO et al. 2011).

However, when the objective of the numerical

analysis is time-dependent simulation of the kine-

matical evolution of complex phenomena, such as the

case of mass movements, a critical role is represented

by the selection of a proper physical approach, suit-

able to correctly describe the investigated

phenomenon. In this context, several works have

focussed on studying and predicting the time-depen-

dent law of variation of the displacement pattern of

slow active landslides (VULLIET and HUTTER 1988;

LEDESMA et al. 2009; CROSTA et al. 2012). In partic-

ular, soil viscosity or changes in the slope boundary

conditions play a remarkable role as leading factors

controlling the landslide dynamics, and should be

properly accounted for in the simulation of the

landslide evolution. For slopes characterized by

deformation patterns that are weakly affected by

1 CNR IREA, via Diocleziano 328, 80127 Naples, Italy.

E-mail: castaldo.r@irea.cnr.it
2 CNR IRPI, via della Madonna Alta 126, 06128 Perugia,

Italy.
3 CNR IRPI, via Amendola 122 I, 70126 Bari, Italy.

Pure Appl. Geophys.

� 2014 Springer Basel

DOI 10.1007/s00024-014-1008-3 Pure and Applied Geophysics



changes in the hydraulic boundary conditions,

namely characterized by a steady-state pore water

pressure regime, adequate viscous-type sliding laws

should be assumed to simulate the slope displacement

trends of the involved soils (VULLIET and HUTTER

1988, LEROUEIL 2001; PASTOR et al. 2002). In this

case, several constitutive approaches are available in

the literature to reproduce creep displacement pat-

terns in time-dependent numerical models (PASTOR

et al. 2002), ranging from simulation of soils in terms

of Newtonian or non-Newtonian fluids, to the

assumption of visco-plastic behaviour of the soil

according to a Bingham fluid (PERZYNA 1966; VULLIET

and HUTTER 1988; CROSTA et al. 2012) or more

advanced visco-plastic fluid approaches (CHEN and

LING 1996). In particular, following earlier experi-

mental results from BAGNOLD (1954) and more recent

work from HUNT et al. (2002), the behaviour of a

dispersion of granular particles in a viscous fluid at

low strain rates, e.g. in the macro-viscous region

where viscosity effects are dominant, can be effec-

tively reproduced by means of a Newtonian fluid

model. This approach accounts for a linear relation-

ship between the shear stress and strain rate of the

material according to a viscosity parameter that

depends on the solid particle concentration. Regard-

ing the behaviour of mudflows and flow-slides,

PASTOR et al. (2002) state that, after the landslide

initiation stage, the soil material under shear behav-

iour can be considered as subjected to fluidification,

and as a consequence, the behaviour of fluidised

mixtures of soil and water can be described by rhe-

ological laws relating total shear stresses to strain

rates. The same authors also highlight that such a

total stress approach is mostly valid in extreme cases

where the permeability of the soil is very low and

pore pressures do not change significantly during the

sliding process.

Despite such advancements in the field, the search

for proper values of the parameters associated with

the physical approach adopted to simulate landslide

kinematical evolution remains a critical stage due to

the lack of methodologies and procedures capable of

efficiently calibrating forward numerical models. An

efficient way to overcome this limitation is exploi-

tation of inverse numerical optimization algorithms

aimed at estimating the correct values of kinematical

parameters. The use of inverse numerical modelling

approaches has already been proposed in other geo-

science fields, such as seismology and volcanology

(TIZZANI et al. 2010, 2013), where they are applied to

extract a synoptic view of the investigated natural

events.

In this work, we propose a new methodology to

properly perform inverse numerical modelling of

landslides. The developed procedure is based on the

integration of geological, geomorphological, geo-

technical and geodetic information. In particular, we

exploit satellite differential synthetic aperture radar

interferometry (DInSAR) techniques that are proving

to be a valuable tool for long-term deformation

monitoring of slow-moving landslides and can pro-

vide useful information for predicting landslide

kinematical evolution, assuming that the slope

boundary conditions do not change over time (HILLEY

et al. 2004; FARINA et al. 2006; GUZZETTI et al. 2009;

CASCINI et al. 2009, 2010; CALÒ et al. 2012). In our

methodology, DInSAR deformation time series are

effectively used to calibrate the numerical model

through an optimization procedure that minimizes,

with respect to a proper cost function, the difference

between the modelled displacement field and the

DInSAR measurements. A preliminary example of

the application of inverse numerical modelling

methods to landslide scenarios has already been

proposed in CALÒ et al. (2014), developed by

exploiting mean deformation velocity DInSAR maps.

In this work, we present a detailed analysis of the

proposed methodology, based on the exploitation of

long-term deformation time series.

As a representative case study, maintaining con-

tinuity with previous work, the Ivancich landslide

(Assisi, central Italy) is considered. This landslide

affects a slope formed of pelitic sandstone, and is

characterized by a sliding surface at depths ranging

from 15 to 60 m from the ground surface. The

landslide displacement rate is around 1 cm/year at

maximum, and the corresponding trends are observed

to be quite independent of water table fluctuations or

pore water pressure variations at the depth of the

sliding surface. It appears that the landslide process

seems to be controlled more by viscous factors than

by changes in the hydraulic boundary conditions.

Accordingly, the soil flowing within the thin shear
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zone of the Ivancich landslide is simulated through

two different physical approaches, i.e. Newtonian

fluid dynamics and a deviatoric creep model. We

perform two-dimensional finite-element (FE) analysis

aimed at calculating the kinematics of the landslide

mass in the recent evolution stage, by investigating

the behaviour of the soil characterizing the thin shear

band. The numerical results are calibrated through

DInSAR deformation time series covering nearly

20 years (1992–2010) and then are validated by

means of independent inclinometer measurements

performed in four boreholes located along the slope.

Our results clearly demonstrate that integration of

advanced numerical modelling approaches and

satellite remote sensing monitoring techniques results

in a tool suitable for study of the behaviour of the

Ivancich landslide and, more generally, analysis of

the kinematical evolution of slow landslides charac-

terized by similar geological and mechanical features.

2. Numerical Analysis and Optimization Procedure

Ground deformations are the expression of near-

surface and/or deep-seated geological processes. In

the earth science context, interpretation of deforma-

tion measurements can be effectively performed by

setting up inverse problems to constrain the nature of

the causative factors and the values of representative

parameters. Numerical methods based on inverse

analysis exploit the problem’s solution space by

iterating a large set of forward mathematical models,

which instead can be affected by uncertainty as

regards specific parameters or problems of oversim-

plification in model construction.

In this perspective, inverse models based on the

FE method are a suitable tool to fill the gap between

the accuracy achieved in the field of ground defor-

mation observations and the models used for the

corresponding interpretation. For this reason, we

propose a numerical approach based on inverse FE

models that are constrained by field and DInSAR-

based monitoring data as an alternative to standard

forward FE models (TIZZANI et al. 2010, 2013). In

particular, we combine the benefits of the numerical

approach with a Monte Carlo optimization procedure

referred to as a genetic algorithm (GA) (GILL et al.

1981; BINGUL et al. 2000), to analyse and interpret

ground deformations measured in active landslide

areas. The GA optimization approach derives from

the theory of biological evolution. By analogy, the

algorithm starts with an initial set of models (popu-

lation) randomly generated by imposing as input data

to the procedure parameter values ranging within

appropriate intervals. Within this population, the best

solution, defined as the set of parameter values pro-

viding the best fit between the numerical solution and

the landslide behaviour as observed by available

monitoring data, is found through minimization of a

defined cost function. Numerical operators for

mutation and chromosome crossover (recombination)

act on the best individuals, resulting in the breeding

of a new population of ‘‘evolved’’ individuals; i.e.

only models that survived the preceding selection

may reproduce and proceed to the next step (gener-

ation). According to MANCONI et al. (2009), the

procedure is thus iterated until reaching a previously

assigned maximum number of generations. The

optimization procedure performed in the present

analysis is based on minimization of the discrepancy

between DInSAR data and the results of the FE

model in terms of the calculated displacement rate. In

our study, the cost function is based on the root-

mean-square error (RMSE) between the modelled

and observed data.

To investigate the kinematical evolution of a

landslide, various physical approaches can be con-

sidered according to the characteristics of the

analysed phenomenon. In our case, we focussed on

two physical approaches, i.e. the Newtonian and de-

viatoric creep models, which are suitable to simulate

the kinematical trend of the Ivancich landslide,

selected as a test site for the proposed methodology.

In particular, the former approach consists in the

application, within a fluid dynamics context (i.e.

solving for the velocity using the Navier–Stokes

equations), of a Newtonian viscosity model for which

the stress distribution and velocity field are governed

by the dynamic viscosity. In the latter approach, the

temporal evolution of the ground deformation field is

assumed to be governed by the soil creep rate dis-

tribution, and accordingly, the role of the secondary

creep behaviour in a structural mechanical context

(i.e. solving for the displacements using the Navier

Landslide Kinematical Analysis



equations) is investigated. As a tool to integrate all

the available data and solve the considered equations

in both physical approaches, we use the COMSOL

Multiphysics finite-element modeling code (http://

www.comsol.com/).

2.1. Fluid Dynamics Model

For active landslides characterized by a quasi-

linear displacement trend, the kinematical evolution

can be described through a numerical model based on

the approximation of the material behaviour as a

Newtonian fluid characterized by a viscosity constant

over time. Accordingly, we can assume a steady-state

viscous flow (Newtonian fluid) solved through the

incompressible Navier–Stokes differential equations:

�r � g ruþ ðruÞT
� �

þ qðu � rÞuþrp ¼ F

r � u ¼ 0; ð1Þ

where u (m/s) is the deformation velocity vector,

F (Pa/m) is the body force term, q (kg/m3) is the

density, p (Pa) is the pressure, and g is the dynamic

viscosity (Pa s) (hereafter referred to as viscosity).

The viscosity distribution can be evaluated

through an advanced procedure implementing non-

linear optimization of the FE model with respect to

the available displacement measurements. In our

approach, we searched for the best-fit viscosity model

explaining the observed DInSAR displacement rates.

In particular, the model deformation velocities are

calculated at the topographic surface, projected along

the satellite line of sight (LOS), and compared with

the DInSAR measurements. The best-fit viscosity

model is finally selected by considering the minimum

(RMSE) as the cost function.

2.2. Creep Model

When dealing with steady-state kinematical

trends, as an alternative to the Newtonian fluid

model, a deviatoric creep model characterized by a

creep rate depending on the deviatoric component of

the stress state can be chosen to simulate the

behaviour of soil. This model is suitable to simulate

soil material undergoing secondary creep (steady-

state creep), with the creep rate almost constant over

time and depending on the current stress level of the

soil. In the inverse analysis, the creep rate can be

adopted as the unknown parameter to be defined

through the optimization procedure. In this physical

scenario, the creep strain rate (ec) is calculated by

solving the following equation:

dec

dt
¼ Fcrn

D; ð2Þ

where nD is the deviatoric component of the stress

tensor, and Fcr (1/s) represents the creep rate. The

deviatoric tensor nD is defined as follows:

nD ¼ 3

2

ðr11 � r33Þ
r11r12r13

r21r22r23

r31r32r33

������

������

; ð3Þ

where r11, r22 and r33, respectively, represent the

maximum, intermediate and minimum principal

stresses of the soil and rij (i=j) is the shear stress in

the i–j plane. The creep rate Fcr normally depends on

the second deviatoric invariant of the stress (in

addition to the temperature and other material

parameters), and the effective creep strain rate equals

the absolute value of Fcr:

decc

dt
¼ Fcrj j: ð4Þ

As for the fluid dynamics model case, the creep

rate distribution is evaluated through an advanced

procedure allowing for the application of non-linear

optimization algorithms to FE models. In particular

we search for the best-fit creep rate model with

respect to the observed DInSAR deformation

measurements.

3. Case Study: the Ivancich Landslide

For our study, we focussed on the Ivancich area, a

neighbourhood located in the eastern part of the his-

torical town of Assisi (central Italy), and affected by an

active slow-moving landslide since its first urbaniza-

tion (ANTONINI et al. 2002). Damage caused by slow

movement of the landslide to buildings and infra-

structure has led local authorities to carry out several

geological and geotechnical investigations aimed at

R. Castaldo et al. Pure Appl. Geophys.
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implementing effective remedial work and mitigation

strategies (FELICIONI et al. 1996; ANGELI and PONTONI

2000, 2011). As a result, the area has been deeply

investigated in the last 20 years and extensively

monitored through in situ inclinometers and piezom-

eters (PONTONI 1999, 2011; FASTELLINI et al. 2011).

Geomorphological and topographic surveys revealed

that the phenomenon is an old translational slide, with a

rotational component in the source area, moving along

a well-defined shear band (CRUDEN and VARNES 1996).

In particular, the mass movement involves a debris

deposit, from 15 to 60 m in thickness, overlaying a

bedrock that consists of a pelitic sandstone unit and

layered limestone (Fig. 1a, b) (SERVIZIO GEOLOGICO

ITALIANO 1980; CANUTI et al. 1986; ANGELI and PONTONI

2000; CARDINALI et al. 2001).

3.1. Ground-Based Data

Several campaigns of sub-surface investigations,

consisting of inclinometer and piezometer measure-

ments, have been carried out in the Ivancich landslide

area, aimed at defining the geometry of the sliding

mass and acquiring data on sub-surface displace-

ments and the groundwater regime. In particular,

displacement–depth profiles collected between 1998

and 2009 in four inclinometer boreholes approxi-

mately located along the central longitudinal section

of the landslide body (Fig. 1a, b) pointed out the

existence of a shear zone characterized by thickness

of less than 2 m, above which the landslide material

moves nearly as a rigid body on the stable bedrock

(Fig. 1c) (ANGELI and PONTONI 2000; PONTONI 2011).

The higher cumulated displacements at the ground

surface were recorded in the middle portion of the

unstable slope, where two inclinometers, namely

inclinometers 113 and 117 in Fig. 1a, respectively

detected about 7.5 cm between December 1998 and

December 2005 and about 6 cm between December

1998 and July 2004 (Fig. 1c). Therefore, these data

highlight the major activity of the mid-slope sector,

which has been confirmed by DInSAR data

(Sect. 3.2).

Regarding the groundwater regime, unpublished

piezometer data acquired in the landslide deposit

reveal that the pore water pressure affects the

landslide kinematics quite moderately. In particular,

the ground water surface was measured to be, in

general, only a few metres above the shear band. This

results in very low piezometric heights, when com-

pared with the total stress levels. Also, the

piezometric surface was observed to be approxi-

mately constant over time, with limited seasonal

fluctuations. We can consider this a further indication

of the limited influence of the rainfall pattern and of

the slope groundwater regime on the landslide

kinematics, which is characterized by displacement

rates that are approximately constant in time over

long periods (CALÒ et al. 2014).

3.2. DInSAR Data

For our purposes we benefited from the capability

of the multi-sensor Small BAseline Subset (SBAS)

approach (BONANO et al. 2012) to generate very long

deformation time series exploitable for landslide

back-analyses. In particular, such a technique, by

jointly processing data acquired by geometrically

compatible SAR sensors, as in the case of ERS-1/2

and ENVISAT acquisitions, allows production of

deformation time series spanning a period of almost

20 years, with accuracy of about 5 mm (CALÒ et al.

2014).

In this work, we exploit the SBAS results, presented

in CALÒ et al. (2014), achieved by processing a SAR

dataset of 130 ERS-1/2 and ENVISAT images,

acquired from 21 April 1992 to 12 November 2010

over central Umbria (Italy). Application of the SBAS

DInSAR technique provided a ground deformation

velocity map, and associated time series of displace-

ments [measured along the satellite line of sight

(LOS)], for the whole study area. The performed

analysis allowed detection of a large number of SAR

measurement points over the Ivancich landslide

(Fig. 2a). For our back-analysis, we selected six SAR

pixels located within a distance of 25 m from the

landslide longitudinal section S–S0 (Fig. 2b, c).

4. Model Setup

To investigate the kinematical evolution of the

Ivancich landslide, we carried out two-dimensional

(2D) time-dependent FE modelling of the active

Landslide Kinematical Analysis



ground deformation field using the fluid dynamics

and deviatoric creep physical models described

above.

We defined the mesh domain of the FE model by

exploiting the available geological and geotechnical

data obtained from previous investigation campaigns

and sub-surface monitoring surveys (ANGELI and

PONTONI 2000). Based on such information, we set up

the 2D model of the whole slope representing the S–

S0 longitudinal section of Fig. 2b. In particular, as

shown in Fig. 3a, we subdivided the discretization

mesh into five geo-mechanical units (see Table 1 for

physical properties): (1) a limestone bedrock, in the

upper part of the slope, (2) a pelitic sandstone bed-

rock, in the central and lower portions of the slope,

(3) the landslide deposit, formed of unsorted debris,

(4) a colluvial deposit, in the landslide toe area, and

(5) a shear zone, characterized by thickness of less

Figure 1
a Geological map of the study area superimposed on a topographic map (modified from ANGELI and PONTONI 1999). The black line represents

the trace of the geological section S–S0. Red triangles show locations of inclinometers. b Geological section S–S0, and location of

inclinometers (red triangles). c Displacement–depth profiles for inclinometers 103, 117, 113 and 202. The dotted rectangle represents the

depth and thickness of the shear band

R. Castaldo et al. Pure Appl. Geophys.



Figure 2
a Ground deformation velocity map obtained through SBAS DInSAR processing of descending ERS-1/2 and ENVISAT data, for Assisi

(central Italy). Inset shows a zoom over the Ivancich landslide. b Zoom over the Ivancich landslide, and location of the six SAR pixels

selected for analysis (blue squares). White line shows the geological section S–S0. c Deformation time series of the SAR pixels reported in

b. Displacements measured along the satellite line of sight (LOS)

Landslide Kinematical Analysis



Figure 3
a Simplified 2D model geometry with structural domains. Inset b shows the shear band domain. c Boundary conditions and model geometry

superimposed on the triangular FE mesh

R. Castaldo et al. Pure Appl. Geophys.



than 2 m, with depth ranging between 15 and 60 m

from the ground surface (PONTONI 1999, 2000 and

ANGELI). According to CALÒ et al. (2014), the shear

band domain was divided into four homogeneous

sectors in order to comply with the evidence of cor-

responding inner landslide bodies, characterized by

different slope angles, crests and toes, as detected by

the available geological and geomorphological

information. This evidence is also supported by the

analysis of the DInSAR measurements, proving that

the identified sectors are characterized by different

kinematical rates. It is worth noting that this shear

band domain subdivision has no significant impact on

the general applicability of our approach, and a finer

discretization, although involving an increase of the

computational load, can be easily applied in more

complex scenarios.

Note that, in the fluid dynamics scenario, for the

geo-mechanical units neighboring the shear surface,

the physical model input parameters (Table 1)

include significantly high viscosity values (RENZHI-

GLOV and PAVLISHCHEVA 1970) to simulate the much

lower shear rates; this approach is in agreement with

the available inclinometric data. On the other hand,

for the deviatoric creep model analysis, we associate

the creep rate parameters only with the shear band

zone, to simulate its physical behaviour.

Regarding the boundary conditions, the upper part

of the model, which represents the ground surface, is

considered as unconstrained, whereas the bottom side

is fixed in both the vertical and horizontal directions;

the vertical side boundaries of the model are instead

characterized by null horizontal displacement to

make edge effects negligible. The inner domain is

characterized by continuity between the different

geological units.

Subsequently, we defined the mesh domain, dis-

cretized into about 22,000 triangular elements

characterized by maximum and minimum sides of

400 and 5 m, respectively, and we applied mesh

refinement along the shear band domain (Fig. 3b).

The generated mesh was then validated through

several resolution tests (ZIENKIEWICZ and TAYLOR

1988; ZHANG and ZHU 1998), which indicated that the

use of a finer mesh would affect the results by less

than 2 %.

Similarly to GRIFFITHS and LANE (1999) and TIZ-

ZANI et al. (2013), we performed our modelling in two

stages, i.e. a first step of gravity loading aimed at

defining a stress field representative of the current

stress state of the slope, and a second step of landslide

kinematics simulation.

During the first stage (gravity loading), the stress

state of the slope is defined by considering the slope

as subjected to the soil gravitational loads and

assuming elastic soil behaviour; at this level, only the

generated stress field is considered, while the nodal

displacements are kept equal to zero.

Table 1

Physical properties used for different geo-mechanical units

Input parameters

Rock material Density

(kg/m3)

Young’s

modulus

(MPa)

Poisson

ratio (–)

Viscosity

(Pa s)

Limestone

bedrock

2,200 8 9 103 0.28 1 9 1020

Pelitic

sandstone

bedrock

1,850 7 9 103 0.26 1 9 1019

Debris deposit 1,600 1 9 10 0.24 1 9 1018

Colluvial

deposit

1,700 6 9 10 0.24 1 9 1018

Shear band 1,600 1 9 10 0.23 –

Table 2

Physical parameter bounds used for the four shear band sectors

within the optimization procedure and estimated values

Output parameters

Lower bound Upper bound Estimated value

Viscosity (Pa s)

g1 1 9 1014 5 9 1016 7 9 1015

g2 1 9 1013 5 9 1015 1.5 9 1014

g3 1 9 1013 5 9 1015 1 9 1014

g4 1 9 1014 5 9 1016 2.2 9 1015

Creep rate (1/year)

Fcr1 1 9 10-3 5 9 10-5 9 9 10-4

Fcr2 1 9 10-2 5 9 10-4 8 9 10-3

Fcr3 1 9 10-2 5 9 10-4 7 9 10-3

Fcr4 1 9 10-3 5 9 10-5 3.5 9 10-4

Landslide Kinematical Analysis



Figure 4
a Comparison between time series of the six selected SAR pixels (black triangles), fluid dynamics model (green triangles) and creep model

(red triangles) results. b Comparison between time series of four inclinometers (black triangles), fluid dynamics model (green triangles) and

creep model (red triangles) results. The RMSE values are also reported

R. Castaldo et al. Pure Appl. Geophys.



In the second stage (landslide process), the

previously calculated stresses are applied to the

whole domain, and the two physical approaches,

i.e. the fluid dynamics and deviatoric creep models,

were alternatively considered to simulate the kine-

matical trend of the Ivancich landslide during the

1992–2010 time span. Both analyses implicitly

assume that the landslide body, delimited by the

shear band, is unstable or in a marginal stability

condition; this condition has been specifically ver-

ified by means of a limit equilibrium calculation

that provided a stability factor of the landslide

body close to unity. It is worthwhile stressing that,

for both approaches, soil is assumed to behave as a

single-phase material. This assumption is supported

by the available open-pipe piezometric measure-

ments, locally indicating moderate variations of the

water level within the landslide debris, and by

electric piezometer measurements showing very

low variations of the pore water pressure at the

depth of the shear band (Sect. 3.1). Accordingly,

we can assume that the pore water pressure regime

plays a minor role in the landslide evolution

process.

5. Results

The optimization procedure, based on a GA, was

performed by exploiting the long-term SBAS DIn-

SAR results. In particular, we considered the

deformation time series of six SAR pixels located

within a distance of 25 m from the landslide longi-

tudinal section S–S0 (Fig. 2b). The GA starts by

randomly generating ten models, each characterized

by viscosity/creep rate values within the lower and

upper bounds reported in Table 2. The model pro-

viding the best agreement, in terms of the RMSE

criterion, with respect to the DInSAR measurements

is selected to define the evolution line. Each sub-

sequent generation is then created by considering a

narrower range of viscosity/creep rate values centred

on the value found in the previous step. This proce-

dure is iterated until 30 generations, for a total

number of 300 forward models. Among these, the

viscosity/creep rate (Table 2) corresponding to the

model that best fits the DInSAR data is chosen as the

final parameter value characterizing the soil in the

investigated physical process.

The dynamic viscosity values obtained through

the optimization procedure are comparable to those

obtained in other landslide case studies reported in

literature (DI MAIO et al. 2013; CONTE and TRONCONE

2011; TER-STEPANIAN 1975).

Quantitative comparison between the model

results, achieved through the above-described

optimization procedure, and the DInSAR time

series is shown in Fig. 4a for both physical

approaches. The figure shows generally good

agreement between the DInSAR monitoring data

and the model results, except for pixel 6 (Fig. 4a).

The discrepancy observed for pixel 6 is supposed

to be related to the reduction in LOS distance of

the ground surface at the toe of the slope, which is

detected by the DInSAR data but is not simulated

by the model.

Furthermore, to validate the performed numerical

modelling, we exploited the available inclinometer

data acquired from 1998 to 2009 in four boreholes

located within the landslide deposit (Fig. 1), and

compared the model results with such independent

in situ measurements (Fig. 4b).

In terms of RMSE, the deviatoric creep model

seems to be more suitable, compared with the fluid

dynamics model, to describe the kinematical temporal

evolution of the Ivancich landslide. This finding is

evident by comparing the two modelled time series

with the inclinometer ones, particularly in the case of

boreholes 103 and 113 (Fig. 4b), for which a slight

curvature of the displacement trend is observed.

Concerning these two inclinometers, the deviatoric

creep approach is capable of simulating the non-linear

increase of the displacements over time.

For this physical approach, the modelled distri-

bution of shear stress (sxy) with respect to lithostatic

conditions and of the cumulative displacement over

time along the landslide body are reported in Fig. 5a

and b, respectively. In particular, Fig. 5b shows that

higher displacement rates characterize the central

portions of the landslide, whereas significantly lower

rates are found in the upper and lower portions of the

slope. As a consequence, an increase of of shear

stress distribution in the central region of the shear

zone is observed (Fig. 5a).

Landslide Kinematical Analysis



6. Conclusions

In this work, we developed a new procedure to

perform inverse numerical modelling of natural

phenomena by exploiting DInSAR deformation time

series. In particular, we extend the procedure, already

proposed in other geoscience contexts such as seis-

mology and volcanology, to investigation of landslide

processes.

The proposed methodology is based on integra-

tion of the available a priori information, such as

geological, geotechnical and geodetic data, into a

finite-element environment to build several forward

models. By using a Monte Carlo-like optimization

procedure, specifically a genetic algorithm, we auto-

matically search for the physical parameter values

minimizing the difference between the observed

DInSAR deformation time series and modelled dis-

placement field.

The Ivancich landslide (Assisi, central Italy),

which is an ancient slow active landslide phenome-

non, is considered as a case study. In particular, the

kinematical evolution of the unstable mass was ana-

lysed by considering a two-dimensional time-

dependent FE model using two different physical

scenarios, i.e. Newtonian viscous flow and a devia-

toric creep model. Quantitative comparison between

the results of the two models reveals that, in terms of

RMSE (Fig. 4a), the deviatoric creep model is more

suitable to describe the temporal evolution of the

considered landslide process. This finding is clearly

highlighted by comparing the modelled time series

with the information derived by inclinometric mea-

surements (Fig. 4b).

Figure 5
a 2D shear stress and b 2D displacement field over time. Both results correspond to the creep numerical simulation

R. Castaldo et al. Pure Appl. Geophys.



Furthermore, based on the optimized creep rate

values (Table 2), the highest displacement rates are

mainly concentrated in the central regions of the

slope, where the minimum values of Fcr (1/year) and

consequently increase of shear stress are found.

Accordingly, the central part of the Ivancich landslide

body is supposed to have been active in the last

10,000 years, during the Holocene period. Moreover,

analysis of the cumulative displacements points out

the presence of an extensional region located near the

landslide crown area and a compressive region within

the lower area of the landslide body (see T = 18th

year in Fig. 5b). In this context, the tensile stress

region is more enhanced than the compressive one.

Finally, we stress that integration of data derived

from geological surveys and remote-sensing and

ground-based monitoring measurements within

inverse numerical models, through the implementa-

tion of optimization procedures, represents a suitable

automatic tool to: (i) deeply investigate the kine-

matical behaviour of slow active landslides in

different geological and geomorphological scenarios,

and (ii) discriminate the driving forces governing the

physical process responsible for the kinematical

evolution of the observed phenomenon.
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CALÒ F., CALCATERRA, D., IODICE, A., PARISE, M., RAMONDINI, M.,

(2012). Assessing the activity of a large landslide in southern

Italy by ground-monitoring and SAR interferometric techniques.

International Journal of Remote Sensing, 33:11, 3512–3530.
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