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Abstract

The aim of this work was to understand and reproduce the hydrological dynamics of
a slope, which was terraced using dry-stone retaining walls and its response to these
processes in terms of stability at the slope scale. The slope studied is located in Valtel-
lina (northern Italy), near the village of Tresenda, and in the last 30 yr has experienced5

several soil slip/debris flow events. In 1983 alone, such events caused the death of 18
people. Direct observation of the events of 1983 enabled the principal triggering cause
of these events to be recognized in the formation of an overpressure at the base of a
dry-stone wall, which caused its failure.

To perform the analyses it is necessary to include the presence of dry-stone walls,10

considering the importance they have in influencing hydrological and geotechnical pro-
cesses at the slope scale. This requires a very high resolution DEM (1 m×1 m because
the walls are from 0.60 m to 1.0 m wide) that has been appositely derived. A hydroge-
ological raster-based model, which takes into account both the unsaturated and sat-
urated flux components, was applied. This was able to identify preferential infiltration15

zones and was rather precise in the prediction of maximum groundwater levels, provid-
ing valid input for the distributed stability analysis. Results of the hydrogeological model
were used for the successive stability analysis. Sections of terrace were identified from
the downslope base of a retaining wall to the top of the next downslope retaining wall.
Within each section a global method of equilibrium was applied to determine its safety20

factor. The stability model showed a general tendency to overestimate the amount of
unstable areas. An investigation of the causes of this unexpected behavior was, there-
fore, also performed in order to progressively improve the reliability of the model.

1 Introduction

Landslides occur worldwide and constitute a serious source of danger, causing envi-25

ronmental damage as well as substantial human and financial losses (EM-DAT, 2010).
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Landslides involve a broad variety of triggering factors, including heavy rainfall, earth-
quakes, human activity, and predisposing conditions that include geological and geo-
morphological factors which can themselves be strongly influenced by human activ-
ities. In many mountainous areas the presence of a terraced slope is the strongest
evidence of a human-modified geomorphological context that has an important influ-5

ence on slope stability.
The aim of this work is to understand and reproduce the hydrogeological dynamics

of a slope subject to instability phenomena and whose peculiarity is being terraced by
dry-stone retaining walls.

The importance of this work is underlined by the history of the particular terraced10

slope under investigation, above the village of Tresenda in the central Valtellina (north-
ern Italy), and in general by events occurring on the terraced slopes of the entire
valley. During the period of extreme and prolonged rainfalls that affected Valtellina in
May 1983, July 1987, November 2000, and November 2002 respectively (Cancelli and
Nova, 1985; Crosta et al., 2003, Quan Luna et al., 2010; Blahut et al., 2012), the worst15

affected areas were slopes on the northern flank of the valley between Sondrio and
Tirano that were terraced using dry-stone retaining walls.

In recent years, many studies have investigated the proneness to landslide of the
central part of Valtellina, analyzing the problem at different scales and from different
point of view. At medium scales (1 : 25000 to 1 : 50000), susceptibility maps were con-20

structed (Blahut et al., 2010a) and validated (Sterlacchini et al., 2011), and a haz-
ard assessment was also developed (Blahut et al., 2010b). The following natural step
was to develop a risk assessment at a more detailed scale. The soil slip/debris flow
event that occurred in Selvetta in July 2008, permitted vulnerability curves to be recon-
structed (Akbas et al., 2009; Quan Luna et al., 2011). This output was later applied by25

Quan Luna et al. (2013) to a possible risk scenario in Tresenda, recognized by Blahut
et al. (2012). It was defined by combining a database of historical events and the to-
pographical characteristics of the area under examination, but not by considering the
physics of the hydrogeological and geotechnical processes that lead to the triggering
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of the superficial landslide. The slope uphill of Tresenda is characterized by the pres-
ence of numerous dry-stone walls, which is a further complication. However, Camera
et al. (2012a,b) analyzed the influence that the presence of terraces retained by dry-
stone walls have on both hydrogeological processes and slope stability at a very de-
tailed scale (single terrace). The aim of this study is to expand the analyses to a slope5

scale in order to detect possible superficial landslide source areas, considering the
presence of dry-stone walls and the physics of the processes involved.

Many works have investigated slope stability at large scales. The most common
method used is the infinite slope stability method (e.g. Schmidt et al., 2008; Ray et al.,
2011; Montrasio et al., 2012; Segoni et al., 2012). However, in our particular geomor-10

phological context the stability problem cannot be solved with the distributed application
of the infinite slope stability method given the presence of certain factors: the length of
the single cell is too small to be considered much higher than the depth of the poten-
tial sliding surface; there is no parallelism between topographical surface and potential
sliding surface; dry stone walls cause abrupt changes in slope morphology that cannot15

be taken into account in the method; and furthermore, the main focus is on the stability
of whole terraces and not of the single cell.

In this work we used a coupled hydrogeological-stability model developed in a raster
GIS environment with an implemented programming language for environmental dy-
namic analysis. The hydrogeological model allows the formation of local Perched20

Groundwater Tables (PGTs) to be evaluated through a simplified unsaturated-saturated
groundwater flow analysis. A specific procedure to recognize sections of terrace con-
stituted by a number of cells was used and a global method of equilibrium was applied
to determine the safety factor along each section, consistent with the results obtained
from the hydrogeological model.25
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2 Study area

The study area is located in the central Valtellina, a glacial valley in the Central Alps
of northern Italy. The slopes are covered with soils of glacial and colluvial origin that
are prone to triggering soil slips and debris flows both on open slopes and in channels.
The bedrock consists of a fine-grained schist belonging to the Variscan metamorphic5

base of the southern Alps (Aprica tectonometamorphic unit) (Gosso et al., 2012), also
known as Edolo Schists (Beltrami et al., 1971). Terraced slopes for vineyard cultivation
are present on the northern flank in the central section of the valley, covering a surface
of 17 km2 (Crosta et al., 2003). The study area of Tresenda is located within this area
and is highly representative of many Valtellina terraced slopes. The area has been10

studied extensively by many authors (Azzola and Tuia, 1983; Cancelli and Nova, 1985;
Quan Luna et al., 2010; Blahut et al., 2012; Camera et al., 2012a,b) due to the soil
slips/debris flows that caused considerable damage and resulted in human casualties
in 1983 and 2002. The slope is under a condition of general instability, as indicated
by certain geomorphological evidence such as naturally occurring morphological ter-15

races, with trenches and counter-slopes on the upper part of the slope. Almost the
entire slope has been remodeled by a series of anthropogenic terraces created by re-
taining dry stone walls with heights ranging from 1.4 to 2.5 m. Terrace length and width
depend on slope morphological characteristics (slope angle, soil depth and number of
bedrock outcrops), but in general their ranges are 20–100 m in length (along the same20

elevation contour) and 5–25 m in width (uphill–downhill). Although the rock substratum
is very shallow, few rocky outcrops are present in the area. Mostly, the slope is super-
ficially composed by glacial and colluvial soils; these soils have been used as backfill
in the terraces contained by the dry stone walls. A series of paved roads for accessing
the vineyards and a drainage system made up of smaller channels contribute to the25

modification of the natural condition of runoff and infiltration of water from precipitation
(Revellino et al., 2008).
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In two previous studies (Camera et al., 2012a,b), the hydrogeological and geotechni-
cal properties of the materials involved, obtained through field and laboratory tests and
then used in a first modeling phase performed at the single terrace scale, are accurately
presented. In this current study, parameterization of the coupled, distributed, hydrolog-
ical and stability model follows the parameterization of the single-terrace scale models,5

which can be referred to for further specifications. Here, the parameters of interest are
summarized in Table 1; a draining wall is a well-maintained dry-stone wall capable of
draining groundwater through voids between the stones whereas a non-draining wall is
a poorly maintained dry-stone wall that has progressively lost its groundwater draining
abilities due to the settling of fine materials clogging the voids between the stones.10

3 Methods

In order to perform the analyses it was decided to use a coupled hydrological-stability
model developed in a raster GIS environment with an implemented programming lan-
guage for environmental dynamic analysis (see PcRaster – http://pcraster.geo.uu.nl/
for details and extended references). The physically based coupled models are STAR-15

WARS (STorage and Redistribution of Water on Agricultural and Revegetated Slopes)
(van Beek, 2002) and SARGLE (SARma Global Limit Equilibrium), which was specif-
ically developed for this case study. SARGLE substitutes PROBSTAB (PROBability of
STABility), the original infinite-slope stability model written by van Beek (2002) in com-
bination with STARWARS and already used in different studies (van Beek and van20

Asch, 2004; Malet et al., 2005; Kuriakose et al., 2009a), where it is possible to find
a complete description of both the models’ characteristics. The use of physically-based
coupled models for the study of the influence of pore water pressure distribution in soils
on landslide triggering is widespread in the literature. It is in fact possible to cite several
models, SINMAP (Pack et al., 1998), SHALSTAB (Dietrich and Montgomery, 1998),25

SHETRAN (Ewen et al., 2000), TRIGRS (Baum et al., 2002), and GEOtop-FS (Simoni
et al., 2008), and many different studies where such methodology has been applied
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(Angeli et al., 1998; Crosta and Frattini, 2003; Delmonaco et al., 2003; Biavati et al.,
2006; Tofani et al., 2006; Meisina and Scarabelli, 2007; Talebi et al., 2008; Cho, 2009).

Compared to these previous studies, the slope of Tresenda has a particular charac-
teristic, represented by the presence of the dry-stone walls. The study area has a lim-
ited extent (about 0.6 km2) but, in order to consider the hydrogeological and geotech-5

nical influence of the walls, a great amount of detail is necessary in the resolution of
the input raster maps. In particular, besides the environmental, hydrogeological and
geotechnical soil characteristics maps, the model must strictly rely on a digital eleva-
tion map (DEM) and a soil depth map. Considering that the walls are often between
0.60 and 1 m wide, a single pixel dimension of 1m×1m is required for the raster maps.10

The procedures adopted for the definition of these high resolution maps, together with
their qualities and flaws, are described in the “Soil depth map” section below. Moreover,
the presence of the walls does not allow the use of the infinite-slope failure solution,
which is widely used in distributed-slope stability analyses.

3.1 Hydrogeological model15

STARWARS (van Beek, 2002) allows the processes of soil water recharge and ground-
water movement to be modeled, taking into account different soil hydrological proper-
ties for different recognized land-use classes. The code considers that the quantity of
water that can enter the ground in a certain time depends on its availability and on the
infiltration capacity of the ground, which is usually defined as a multiple of the saturated20

hydraulic conductivity, and whose value decreases as the infiltration process continues.
Water availability depends on the amount of rainfall and on the losses due to intercep-
tion by the canopy and evapotranspiration. Once in the ground, water is redistributed
through the unsaturated horizon according to its vertical, gravity driven, component of
movement calculated on the basis of Richards’ equation (Richards, 1931). The hori-25

zontal component, which depends on gradients generated by the matrix potential, is
considered negligible compared to the vertical component (van Beek, 2002). The un-
saturated soil is described through the Soil Water Retention Curve (SWRC), which
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is defined with the Farrel and Larson (1972) method, and the unsaturated hydraulic
conductivity, which is calculated with the Millington and Quirk equation (1959, 1961).
If the soil lies upon semi-impervious bedrock, when water arrives at the contact point
between the two different layers, it may form a perched groundwater table (PGT). If
a PGT forms, a saturated component of movement is also considered in the model5

which depends on the gradient of the water table itself. Water can also move into the
bedrock layer, which is considered as a type of infinite reservoir. The model computes
the quantity of water that enters into the bedrock layer at each timestep, but does not
analyze how it enters. The model considers this water only as bedrock storage. When
the available volume of water within a certain cell exceeds the infiltration capacity, it10

remains on the surface and creates superficial runoff. The superficial runoff is based
on the linear drain direction map derived from the DEM but it does not consider the
physics of the process. At the end of each timestep calculated by the model, the runoff
is in fact moved out of the study area, passing through the recognized superficial out-
let points where a discharge value is calculated. A land use map with seven different15

classes was drawn and used to provide the input data. In addition, rainfall values taken
from gauge data, as well as porosity (n) derived from the laboratory analysis, and sat-
urated hydraulic conductivity (ks) obtained after the calibration of the single-terrace
scale models (Camera et al., 2012a), were used (Table 1). In order to calculate ks,
respective values for a well-maintained and a poorly-maintained wall were used and20

the modeling results compared. In this phase of the study, urban areas were also con-
sidered. It was decided to make the ks of these urban areas equal to that of soil, but
with a very low infiltration capacity, assuming that, under the impermeable asphalt and
cement covering, the soil properties are the same. The same reasoning was used for
the rocky areas; if soil is present it has the same characteristics as soil of other areas.25

The infiltration capacity of the walls was lowered compared to that of soil, but by less
than that of urban areas. The coefficients of the SWRC model of the Farrel and Lar-
son method (1972), and the input map of the meteorological parameters rainfall and
reference evapotranspiration (ET0), were kept constant for all areas.
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3.2 Slope stability model

As already outlined in the previous sections, the distributed application of the infinite-
slope stability method could not be applied and therefore PROBSTAB, the original
model built in connection with STARWARS, could not be used.

The code was therefore intensively modified, keeping only the definition of certain5

geometrical properties of the slope and certain general boundary conditions. The first
objective was to identify sections along the terraces; each section is formed by the sin-
gle alignments of the cells comprised between two successive walls including the cell
representing the downslope wall. The width of the section corresponds to the width of
the cells. The global limit equilibrium method was applied to determine the safety factor10

of each section. In this context, each cell of the section was assimilated to a single slice
in the global limit equilibrium and the failure surface expected to be at the contact point
between the soil and the underlying bedrock. For simplicity, the terrace sections were
identified along a north-south direction, totaling 17 635 within the whole study area.
When running the model, only 16 441 sections were analyzed as the sections lying on15

the plain at the top of the study area and those corresponding to the village of Tresenda
at the bottom of the valley were excluded. This decision was motivated by the fact that
these areas have a very low slope and therefore instability is not expected here. In
addition, it allows the very long calculation times to be reduced.

Stability was assessed in detail through the Sarma’s method (Sarma, 1973). This20

calculates the critical horizontal acceleration that can lead the mass above the slip
surface to the equilibrium state limit, using the horizontal and vertical forces equilibrium
equations as well as momentum equilibrium. This critical acceleration is another way
of expressing the safety factor; a null critical acceleration corresponds to a traditional
safety factor of 1. The safety factor (FS) can be obtained from the critical acceleration25

(Kacc) with an iterative calculation, or through an empirical formula proposed by Sarma
and Bhave (1974).

FS = 1.0+3.33 ·Kacc (1)
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Sarma (1979) modified his method to allow non-vertical and non-parallel boundaries of
the different slices to be included in the analysis. This modification is not considered in
this study because, working with raster maps, the boundaries of each slice are vertical
and parallel.

3.3 DEM and soil depth map5

The definition of the digital elevation model (DEM) and the estimation of the soil depth
are of fundamental importance in order to investigate the superficial dynamics of an
area affected by the landslide phenomena (Kuriakose et al., 2009b).

3.3.1 DEM

The DEM was derived using photogrammetric techniques. In particular, aerial pho-10

tographs from the 2004 flight were used, as they were the most recent, and two ad-
jacent images were sufficient to cover the study areas. Seven, easy to locate, points
within the site were initially identified on the photographs and then a GPS survey was
carried out to acquire their precise x, y, and z coordinates.

The photogrammetric interpretation was performed using the RFD evolution® soft-15

ware and resulted in a points cloud with approximately a million points at a resolution
of a point every meter. An initial manual cleaning of the data was carried out by vi-
sualizing the points cloud in a CAD 3-D environment, which allowed the points that
were clearly above or below the topographical surface to be seen, but did not permit
a detailed cleaning of the dataset.20

The points cloud was therefore imported into a GIS environment. In addition to the
points obtained using the photogrammetric analysis, the contour lines of the Regional
Topographical Map at a 1 : 10000 scale and the Comunità Montana Valtellina di Tirano
topographical database DB2000 (2003) at a 1 : 2000 scale were available. In order
to obtain the final DEM, it was decided to use only the 1 : 2000 contour lines of the25

DB2000 where they were available, which is on the valley floor where the village of
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Tresenda lies and in other zones on the slope where houses are present. The pho-
togrammetric derived points for these areas were not considered in the following stages
of the study. A DEM with a 2×2m resolution, to be compared with the photogrammet-
ric interpretation, was derived from the 1 : 10000 contour lines, where available. This
DEM was useful to determine the preciseness of the single photogrammetric points5

by calculating the difference between the DEM elevation and each point’s elevation.
A 2 m resolution was chosen because, although interpolated, it allows a generally quite
detailed geometry of the topographical surface to be depicted. The derived 2 m con-
tour lines appeared to be very irregular so it was decided to edit them manually. This
was done by comparing them to the existing 1 : 10000 contour lines on the digital10

orthophoto, at the dry-stone wall positions that had previously been identified and dig-
italized from the orthophoto, and also by considering the urban area contour lines of
the DB2000 to which the new elevation contour lines had to be added. The hillshade
of the final resulting DEM from the edited contour lines is shown in Fig. 2.

This model is the result of post-processing work on photogrammetric data that re-15

quired particular morphological difficulties to be addressed, and was performed mostly
by the employment of common sense with the only aid being classical CAD and GIS.
Finally, even with the lack of more detailed and accurate data, the resulting map was
assessed to be an acceptable input for the scale of the subsequent analyses.

3.3.2 Soil depth map20

Different methods were tested in order to find the best procedure to produce a soil
depth map that could take into account the particular morphology of the study area,
characterized by the presence of numerous terraces. In particular, various geostatisti-
cal techniques were tested and the best result was validated through geo-electrical sur-
veys, which were carried out on a small part of the study area. The final map produced25

has a resolution of 1m×1m in order to take into account the presence of dry-stone
walls in the area, which have a width of between 0.60 and 1.00 m.
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At first, it was decided to follow the procedure proposed by Kuriakose et al. (2009b).
They used mathematical and geostatistical methods joining environmental co-
predictors to the variable of interest. They compared different methods, both mathe-
matical and geometrical, such as linear multiple regression using terrain attribute and
environmental maps (Moore et al.,1993; Odeh et al., 1994; Gessler et al., 1995; McKen-5

zie and Ryan, 1999; McBratney et al., 2000), and geostatistical approaches such as
ordinary kriging (Krige, 1951), regression kriging with environmental maps (Odeh et al.,
1994, 1995; Goovaerts, 1999) and stochastic simulations from regression kriging. The
environmental variables considered in this work are altitude, land use, slope, aspect,
curvature, wetness index, and distance from streams.10

Assuming that the walls might be founded on bedrock or in its proximity, it was de-
cided to use the heights of walls and the distribution of the rocky outcrops as soil depth
input data. The final data set comprised 832 samples and was divided into training
(76 %) and test (24 %) points.

In this complicated geomorphological context the techniques already tested by Kuri-15

akose et al. (2009b) were not able to reproduce the expected trend of soil depth. The
map obtained with the Block Ordinary Kriging is quite good in terms of the validation
indicator values (R2 is 0.38 and Normalized Root Mean Square Error is 15 %) but,
considering the high variability expected in the soil depth, and the superficial terraced
morphology that should be connected with the bedrock geometry, the map appears to20

be too smooth.
The idea was to add a covariate to the training points that could help maintain the

observed morphology and it was therefore decided to perform a co-kriging with training
points and a soil depth classes map (Fig. 3a) drawn on the basis of field measurements.
The soil depth classes map is intended to be a reinforcement of field measurements25

only. The variogram model (Fig. 3b) also takes into account the presence of a possible
anisotropy in the spatial structure of the measurements. In fact, looking at the map in
Fig. 3a it is possible to see how the terraces are aligned along a WSW–ENE direction.
In fact, a direction of maximum correlation of 67.5◦ (azimuth) was identified.
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The use of this technique enabled a very good calibration with the test points to be
obtained (Fig. 3d) and also a more variable soil depth, as expected (Fig. 3c).

To further validate the map, not only from a numerical but also from a physical point
of view, on a small area of the slope 6 geo-electrical lines parallel to, and 1 line per-
pendicular to the walls’ alignment were drawn. The lines were either 32 or 48 m long.5

Then, after the correct topographical positioning of the lines, from the interpretation of
the inverse models obtained, it was possible to define a geo-electrical soil depth map.
This map was then compared with the geostatistical map in order to individuate and
correct areas showing a major difference in the soil depth estimate (Fig. 4a–c).

In general, the geostatistical map along the slope tends to underestimate the deepest10

soils. On the other hand, for soil depth values between 1.0 and 2.0 m, the dispersion
of the correspondent values estimated using the geostatistical methods appears to be
very low, providing a good quality estimate for this soil depth. This estimate is consistent
with the original measurements with which the geostatistical analysis was performed.
The dry-stone walls were originally thought to be founded on bedrock or in its proximity,15

although the geo-electrical surveys show that, in a small number of cases, this is not
true, at least within the study area, and it is possible to find 2 m or more of conductive
soil layer under the base of a wall.

Overall, the calculated RMSE and NRMSE of the geostatistical map compared to
the geo-electrical map are deemed satisfactory. Considering the high variability of the20

investigated area, the RMSE and NRMSE values of respectively 0.84 m and 0.20 can
be considered as acceptable.

4 Discussion and results

In order to define potential evapotranspiration, the guidelines furnished by the FAO
Drainage Paper No. 56 (Allen et al., 1998) were referred to and the Hargreaves method25

(Hargreaves et al., 1985) was used as, near to the study area, only rainfall and tem-
perature data were available. Previously, the Hargreaves method results had been
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calibrated using the Penman–Monteith method (Penman, 1948; Monteith, 1985) at
a meteorological station 20 km away from the study area. In order to obtain the actual
evapotranspiration data, the crop factor coefficients were used. Interception was not
considered in this study due to the laborious efforts required compared to the benefits
that can be gained.5

Another difference compared to the original model is that in our study the soil col-
umn is considered homogeneous, while van Beek (2002) recognized three different
layers with properties changing with depth. This choice was driven by direct observa-
tion on site and by the fact that the soil is often rather shallow and its properties are not
therefore expected to change drastically.10

Once completely parameterized, the model was run with both a daily and an hourly
timestep. With the daily timestep the model can reproduce well the general trend of
PGTs, whereas with the hourly timestep it tends to underestimate the maximum level
but can adequately reproduce the time of the peak, and the slope of the descendant
limb of the measured hydrograph (Fig. 5a, b).15

The effects of a differently maintained wall were also analyzed along a terrace sec-
tion. In addition to the observation points at two piezometers, other points were chosen
along two sample terraces (Fig. 1) to evaluate the evolution of the water table levels
uphill of a single terrace. The differences in the infiltration and groundwater movement
processes, due to the different state of wall maintenance, can be better analyzed by20

looking at the water level and volumetric water content (VWC) values computed by the
model along the two sample terraces (Figs. 6 and 7).

With well-maintained walls, both the terraces show a similar trend for VWC (Figs. 6b
and 7b). VWC reacts immediately to rainfall, as expected, and variations are strictly
correlated to the soil depth of each cell. In general, a high VWC corresponds to a low25

soil depth. In fact, on sampling terrace 1 the highest VWC is seen in cell 5 where the
soil depth is only 0.3 m, and on sampling terrace 2 in cell 6, which has a soil depth of
only 0.4 m. Where the soil is deeper, water takes more time to arrive at the contact point
between soil and bedrock and the groundwater table peak is reached after a longer time
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period. In addition, it is possible to see how a well-maintained wall is able to drain water
and the corresponding cell never reaches a saturated level. Changing the conditions of
the wall to a poorly maintained status (Figs. 6d and 7d) shows that all the cells, except
those of walls and cell 7 on terrace 1, maintain the same evolution of VWC. The VWC
calculated for cells with poorly-maintained walls is always lower than that calculated for5

cells with well-maintained walls, and a less segmented general trend of VWC can be
observed. A lower infiltration capacity can in fact cause a lower effective infiltration into
the cell and a lower ks can reduce the velocity of water redistribution in both vertical
and lateral directions. The effect is that within the cell there is less water, but because
it is moving slower it can remain there for a longer time. This behavior reflects not only10

upon VWC but also on the evolution of the water table levels (Figs. 6e and 7e).
The VWC trend of cell 7 on sampling terrace 1 is related to the reduced soil depth

of the cell (0.45 m) and to the water filtration from the uphill cell, which comprises only
a wall. The wall has a low hydraulic conductivity and so it slowly releases water in the
form of saturated flux to cell 7. Although cell 7 has no water in its unsaturated level,15

its water table level lasts for several timesteps, fed by the uphill cell. The following,
up and down, trend of cell 7 for both VWC and water table levels depends on the cell
reaching saturation point (Fig. 6d, e). In fact, if saturated, the cell cannot receive further
input of water, but can only lose it by saturated flux and evapotranspiration. The model
does not allow internal loops and a recharge during the timestep so, in order to avoid20

a complete drying of the cell in the step following saturation, the model ascribes a VWC
to the cell that corresponds to the field capacity. The excess of water in respect of this
VWC remains available for drainage. Therefore, the water table can disappear during
the step following saturation, but the VWC cannot be lower than the field capacity.
A similar situation can be observed not only for cell 7 on sampling terrace 1 but also25

for the wall cell 1 on sampling terrace 2. This wall cell shows water levels higher than
the wall of sampling terrace 1, which are probably related to higher contributions from
surroundings cells.
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Additional data to be verified includes the water budget check. At the end of the
month, the total water input to the area is equal to 103 647 m3, while total output is
65 629 m3, with a total storage of 37 752 m3. The difference between input and the sum
of output and total storage is equal to +266 m3, that is an error of 0.25 % indicating the
respect of groundwater mass balance.5

For the stability model, the physical and mechanical parameters of walls and soil
were defined using the values obtained during the laboratory tests or from the results
of the detailed scale stability model (Camera et al., 2012b) summarized in Table 1.
The input water level and volumetric water content are the results obtained through
the STARWARS modeling. An example of outputs from STARWARS and SARGLE is10

presented in Fig. 8.
Although the stability model is still under development, interesting results have al-

ready emerged. At the present stage of the research, the stability model shows a gen-
eral tendency to overestimate the amount of unstable areas and an investigation of the
causes of this unexpected behavior was therefore performed to progressively improve15

its reliability. Only results concerning the month of September 2010 are presented,
and in particular only those calculated with draining walls and a daily timestep. Re-
sults from one dry day and the wettest day of September 2010 (1st and 19th) were
used to thoroughly investigate how the model works and to better understand its actual
deficiencies.20

In general, among the 16 441 sections analyzed, 15 755 are stable in both dry and
wet conditions (SS), 651 are always unstable (UU), 24 are stable in dry conditions and
unstable on the 19th of September (SU), while 11 sections are unstable in dry condi-
tions and stable when water is present in the ground (US). First of all, attention was
turned to understanding the differences between the SS-terraces and the UU-terraces.25

The UU-terraces are also unstable in dry conditions; the causes of this instability and
the differences compared to the SS-terraces were therefore looked for among their ge-
ometrical characteristics. In particular, the height of the wall (Fig. 9), the slope of the
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bedrock and the soil depth (Fig. 10), and the length (uphill–downhill) of the terraces
were analyzed.

The detailed analysis of all unstable cells shows that there is a general increment
of the percentage of UU-terraces as the wall height increases (Fig. 9a). The relative
probability of failure is more evident for walls higher than 2 m (Fig. 9b) and a terrace5

length of more than 20 m.
A key role is also played by the slope of the bedrock (Fig. 10a). In fact both the

maximum and mean bedrock surface slope of the UU-terraces are clearly higher com-
pared to the ones of the SS-terraces. Bedrock slope therefore can be assessed as one
of the most evident factor predisposing to instability. It must be added that the value10

used in the calculation of bedrock surface slope is along its north–south component,
calculated using the aspect map of the bedrock surface itself. This was driven by the
fact that the terrace sections of the calculation are aligned in this direction. Using this
apparent slope, all the bedrock surface cells facing north, north–east, and north–west
showed a negative slope value which caused problems when running the model. As15

a first approximation, all these values were arbitrarily set equal to 0. This decision is
safety oriented but it represents a cause of the overestimation of unstable terraces and
therefore needs to be examined in depth in the further development of the model.

In addition, the percentage of UU tends to increase with the maximum soil depth
(Fig. 10b). Conversely, no great differences between SS and UU-terraces were deter-20

mined in relation to minimum and mean soil depth except that it was noticed that when
along a terrace line the minimum soil depth is zero (local bedrock outcrop) often the
terrace is a UU-terrace. Rock outcrops break the continuity of the soil and also of the
interslice forces, thus causing a miscalculation. The exclusion of bedrock outcrop cells
from the analysis will therefore be one of the first improvements that will be added to25

the model in the near future.
In respect of the SU-terraces, the expectation is to observe geometrical character-

istics that have values between those of SS and UU-terraces and/or that are quite
similar to those of UU-terraces. The idea is that these SU-terraces have geometrical
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characteristics quite close to those causing failure, but they also need the contribu-
tion of a developing water pressure in order to decrease the resistant forces before
collapsing.

This idea is confirmed by an in-depth view of the geometrical properties of these
US-terraces where it is possible to observe that the distributions of the wall heights5

(Fig. 9b), maximum bedrock surface slope (Fig. 10a), and maximum soil depth
(Fig. 10b) are not so different from those of the UU terraces and are sometimes be-
tween those of SS-terraces and UU-terraces. These geometrical and geological fea-
tures seem to have the major control on the formation of PGT. During the wet timestep
it is evident that the SU-terraces tend to have a higher mean water level, thus showing10

the effects of a well developed PGT.
It remains to be explained why 11 terraces are unstable in dry conditions and stable

in wet conditions. For these US-terraces, it can be seen that 80 % (9 out of 11) have
at least one cell with a soil depth of zero. In this case, it could be a miscalculation due
to the broken continuity of inter-slice forces. However, for the remaining 2 terraces, the15

observed results cannot be explained so easily. They could be due to a combination
of factors, or to the inability of the method to adequately solve stability equations when
saturated levels are very low and discontinuous along the terrace; this point is still
under investigation.

5 Conclusions20

Reproducing the dynamics of water table formation within an extended study area is
important in order to recognize areas that are more prone to water accumulation and
so are more critical from a stability point of view. In particular, the hydrogelogical model
is required to reproduce the maximum water levels registered on site, because they
correspond to the most critical situations. STARWARS was therefore tested, and its25

results compared, at different temporal scales. In particular, daily and hourly timesteps
were used. With the daily resolution, the model is able to reproduce well the water table
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peaks, though with a single timestep delay. With the hourly timestep, the time of the
peak is satisfactorily reproduced but the model tends to underestimate the maximum
height reached by the water table. Also the difference in the behavior between a drain-
ing and a non-draining wall is often limited to the cell that corresponds to the dry-stone
wall itself. Despite this, it is possible to confirm that the model can adequately perform5

the expected task, in fact it is able to produce reliable series of water levels and water
content maps to use as input in the stability model.

More problems arose during the stability analysis. The particular morphology of the
study area and the need to include dry-stone walls in the analysis required the use of
high resolution base maps for raster analysis. The use of these maps excluded the pos-10

sibility of using a simple infinite-slope model. The calculation was performed cell by cell
and the soil depth of a 1m×1m cell was never negligible compared to its length. It was
therefore decided to try to implement a model based on the slices equilibrium method
for both circular and non-circular failure surfaces (Sarma, 1973). The method does not
consider the equilibrium of the single cell (slice) but of a group of cells (slices) along15

the same failure surface. In this analysis, many failure surfaces were considered, one
for every recognized terrace line, which is formed by the single alignments of the cells
comprised between two successive walls including the cell representing the downslope
wall. The failure surfaces are assumed coincident with the contact point between soil
and bedrock. Considering these few pieces of information, it is possible to understand20

how the model results depend on soil depth and bedrock geometry. Great efforts were
in fact made during this research to obtain a good soil depth map and a reliable digital
elevation model at the required resolution, from which it was later possible to calculate
the differing geometries of the bedrock. Despite these efforts, the first preliminary re-
sults of the model were not very satisfactory. By modifying the slope map in order to25

avoid negative slopes, a limited but meaningful number of terrace lines were shown as
unstable, even under completely dry soil conditions. The causes of this result needed
to be considered in two different ways. One possibility is that along certain slip surfaces
the failure is not admissible from a kinematics point of view. Another possibility is that
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the Digital Elevation Model (DEM) and the soil depth map could have been estimated
incorrectly, thus causing certain slopes to falsely show instability. Both these factors
were, in part, confirmed by the analysis carried out comparing the results obtained in
both dry and wet conditions. In one case, the distribution of the bedrock surface slope
in the terraces that were unstable even in dry conditions suggests a problem in the de-5

termination of topography and the soil depth map. In respect of the kinematics admis-
sibility of the failures observed, it could be that cells with a zero soil depth still present
inside the different terrace lines can cause problems in the calculation of the interslices
forces. However, the modification that ensured a minimum bedrock surface slope of 0◦

along the direction of the analysis may also have created false results. Besides these10

limitations, that have been acknowledged and will be further investigated and fixed, the
model showed a very good sensitivity to increasing water levels, thus giving confidence
for its reliable use after the necessary modifications have been implemented.
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Table 1. Hydrogeological and mechanical properties of the materials involved: γd is the dry bulk
density [kNm−3]; n is the porosity [–]; θres is the residual water content [–]; ks is the saturated
hydraulic conductivity [ms−1]; c is the cohesion [kPa]; and ϕ is the friction angle [deg].

γd n θres ks c ϕ

Soil 16 0.50 0.010 1×10−5 10 30
Bedrock 26 0.07 0.000 1×10−8 350 40
Draining wall 24 0.25 0.005 5×10−4 120 55
Non-draining wall 24 0.25 0.005 1×10−6 120 55
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 2 

Figure 1. geographical setting and details of the study area. 3 

4 

Fig. 1. Geographical setting and details of the study area.
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 3 

Figure 2. the digital elevation model with a resolution of 1 m obtained from photogrammetric 4 

analysis. 5 

6 

Fig. 2. The digital elevation model with a resolution of 1 m obtained from photogrammetric
analysis.
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 3 

Figure 3. Top, the soil depth class map (a) and the variogram model obtained from the 4 

training points (b) used to perform co-kriging. Bottom, the resulting soil depth map with 5 

resolution 1 m (c) and the validation of the map using test points not previously used in the 6 

estimation of the final map. 7 

8 

Fig. 3. Top, the soil depth class map (a) and the variogram model obtained from the training
points (b) used to perform co-kriging. Bottom, the resulting soil depth map with resolution 1 m
(c) and the validation of the map using test points not previously used in the estimation of the
final map.
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 2 

Figure 4. the soil depth map with resolution 1 m obtained on a small area using geophysical 3 

indirect methods (a); the differences between the map obtained with geophysical methods and 4 

that estimated using the geostatistical analysis (b); the comparison on a simple graph of the 5 

two methods (c). 6 

 7 

8 

Fig. 4. The soil depth map with resolution 1 m obtained on a small area using geophysical
indirect methods (a); the differences between the map obtained with geophysical methods and
that estimated using the geostatistical analysis (b); the comparison on a simple graph of the
two methods (c).
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 2 

Figure 5. hydrographs obtained by the model corresponding to the location of an installed 3 

control piezometer, with both an hourly (a) and a daily (b) timestep. 4 

 5 

6 

Fig. 5. Hydrographs obtained by the model corresponding to the location of an installed control
piezometer, with both an hourly (a) and a daily (b) timestep.
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 2 

Figure 6. results related to sampling terrace 1 (Figure 1) during the rainfall event of 3 

September 10th. Sketch of the cells’ alignment (a), cell n° 6 (Site A) locates the field 4 

monitoring station. VWC and water levels obtained with a draining wall (b - c), and with a 5 

non-draining wall (d – e). 6 

 7 

8 

Fig. 6. Results related to sampling terrace 1 (Fig. 1) during the rainfall event of 10 September.
Sketch of the cells’ alignment (a), cell n◦ 6 (Site A) locates the field monitoring station. VWC
and water levels obtained with a draining wall (b–c), and with a non-draining wall (d–e).
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Figure 7. results related to sampling terrace 2 (Figure 1) during the rainfall event of 3 

September 10th. Sketch of the cells alignment (a). VWC and water levels obtained with a 4 

draining wall (b - c), and with a non-draining wall (d – e). 5 

 6 

7 

Fig. 7. Results related to sampling terrace 2 (Fig. 1) during the rainfall event of 10 September.
Sketch of the cells alignment (a). VWC and water levels obtained with a draining wall (b–c),
and with a non-draining wall (d–e).
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 2 

Figure 8. Left, the water levels along the slope calculated by STARWARS for the 19th 3 

September; right, the correspondent critical acceleration (Kacc) of the different terrace 4 

sections calculated by the stability model. The coordinates shown refer to the national 5 

projected system of Rome Monte Mario 1. 6 

7 

Fig. 8. Left, the water levels along the slope calculated by STARWARS for the 19 Septem-
ber; right, the correspondent critical acceleration (Kacc) of the different terrace sections calcu-
lated by the stability model. The coordinates shown refer to the national projected system of
Rome Monte Mario 1.
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 2 

Figure 9. a) frequency diagram of the wall height for both stable (SS) and unstable (UU) 3 

terraces. Values are expressed in percentages according to the total number of terraces. b) 4 

frequency diagram of the wall height for both stable (SS), unstable (UU) and stable-unstable 5 

(SU) terraces. Values are expressed in percentages according to the total number of stable 6 

(SS), unstable (UU) and stable-unstable (SU) terraces respectively. 7 

 8 

9 

Fig. 9. (a) Frequency diagram of the wall height for both stable (SS) and unstable (UU) terraces.
Values are expressed in percentages according to the total number of terraces. (b) Frequency
diagram of the wall height for both stable (SS), unstable (UU) and stable-unstable (SU) terraces.
Values are expressed in percentages according to the total number of stable (SS), unstable
(UU) and stable-unstable (SU) terraces respectively.
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 2 

Figure 10. frequency diagram of the maximum bedrock slope (a) and maximum soil depth (b) 3 

for stable (SS), unstable (UU) and stable-unstable (SU) terraces. Values are expressed in 4 

percentages according to the total number of stable (SS), unstable (UU) and stable-unstable 5 

(SU) terraces respectively. 6 

Fig. 10. Frequency diagram of the maximum bedrock slope (a) and maximum soil depth (b) for
stable (SS), unstable (UU) and stable-unstable (SU) terraces. Values are expressed in per-
centages according to the total number of stable (SS), unstable (UU) and stable-unstable (SU)
terraces respectively.
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