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Abstract. Uncertainty is a fact belonging to engineering practice. An important uncertainty that sets geotechnical
engineering is the variability associated with the properties of soils or, more precisely, the characterization of soil
profiles. The reason is due largely to the complex and varied natural processes associated with the formation of soil.
Spatial variability analysis for the study of the stability of natural slopes, complementing conventional analyses, is
able to incorporate these uncertainties. In this paper the characterization is performed in back-analysis for a case of
landslide occurred to verify afterwards the presence of the conditions of shear strength at failure. This approach may
support designers to make more accurate estimates regarding slope failure responding, more consciously, to the
legislation dispositions about slope stability evaluation and future design. By applying different kriging techniques
used for spatial analysis it has been possible to perform a 3D-slope reconstruction. The predictive analysis and the
areal mapping of the soil mechanical characteristics would support the definition of priority interventions in the zones
characterized by more critical values as well as slope potential instability. This tool of analysis aims to support
decision-making by directing project planning through the efficient allocation of available resources.
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1. Introduction

When referring to a natural soil, it is associated with the word uncertainty. Proper tools for
estimating the consequences of natural hazardous events on human lives and built environment
and thus to propose optimal and sustainable allocation of public resources for economy are
required (Lagaros 2014). Since last few decades, therefore, a growing propensity of considering
uncertainty in optimization process has been undertaken (Bhattacharjya et al. 2015).

The focus on technology has made it possible to increase the efficiency of the technical
execution of the surveys and reduce the time of data acquisition. It also has improved and
integrated the best experience with the empirical transformations of different variables
characterizing the soil.
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Hacking (1975) identified two classes of uncertainty associated with the soil properties: the
first epistemic, which reflects lack of information, reducible perfecting survey instruments and
knowledge; the second aleatory, not reducible, related to natural inherent randomness and, as such,
which represents a function of the spatial variability of the property (Lacasse and Nadim 1996).

Excellent authors (Vanmarcke 1977a, Harr 1987, Rethati 1988, Tang 1993, Thorne and Quine
1993, Christian et al. 1994, Jaska et al. 1997, Phoon and Kulhawy 1999b, Uzielli 2008, Bond and
Harris 2008, Wu 2009, Griffiths et al. 2009, among others) focusing on need to develop new
methods about the spatial variability treatment of the acquired data which aim of optimizing usage
and provide a soil characterization as complete as simple to implement. Both types of uncertainty
contribute to defining the soil stability concept.

Instability may result due to rainfall, increase in groundwater table and change in stress
conditions. In this way, the evaluation of slope stability conditions becomes a primary concern to
save human lives, reduce property damages and provide continuous services.

The engineering solutions to slope failure problems should be able to identify the existing
safety conditions and suggest for technically viable solutions which taking into account all the
uncertainties.

This paper presents a procedure using the probabilistic approach of geostatistics to characterize
the aleatory soil variability, in particular about shear strength parameter, to perform a spatial
prediction representative of the sampled data, for the evaluation of the slope stability conditions.

2. Probabilistic analysis and scale of inherent soil variability

The evaluation of the role of inherent soil variability necessarily requires the implementation of
probability concepts and methods. Numerous authors have been undertaken in the last time to
perform a probabilistic slope stability analysis that deals with the uncertainties of soil properties in
a systematic manner (Alonso 1976, Vanmarcke 1977b,Li and Lumb 1987, Mostyn and Li
1993, Christian et al. 1994, El-Ramly et al. 2002, Baecher and Christian 2003, Griffiths and
Fenton 2004).

Before introducing the geostatistical analysis, the concept of regionalised random variables and
random functions must be introduced (Guarascio et al. 2009).

In the Theory of Regionalised Random Variable (Matheron 1963), the true measurement z of
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Fig. 1 Uncertainty in soil property estimates (after Kulhawy 1992)



Spatial variability analysis of soil strength to slope stability assessment 485

some attribute is assumed to be the value of an Aleatory Variable (AV) Z. An AV is a variable that
may assume multiple values and whose values are randomly generated according to some
probabilistic mechanism. The RV is usually location-dependent, hence the notation Z(x), with x
being the location coordinates vector, and hence the term regionalised. The AV Z(x) is also
information-dependent, in the sense that its probability distribution changes as more data about the
un-sampled value z(x) become available. The family of AV is called a Aleatory Function (AF)
defined over a given domain S, the set of values

{Z(x), xeS} (1)

The set of functions represents the spatial law of the AF Z.

In general, to simplify the analysis, analytical and transformation models are used to interpret
results of site investigation using simplified assumptions and approximations. But, in reality due to
the complexity of soil formation and depositional processes, the complete spatial law of soil
behaviour is not possible to estimate especially by a limited number of points (measured shear
strength parameter). Therefore the necessary to formulate the weak stationarity hypothesis, where
the first two moments entirely characterise data distribution to make the study exemplified.

As frequent as typical of natural phenomena, soil properties do not have mean and/or variance
value (so also variogram function) constant in the field, namely they may be function of the
location in space (not translation invariant). The non-stationary methods are introduced to treat a
spatial parameter that may not modelled by AF stationary. The most common situation, of non-
stationarity is when variable values fluctuate around one value that, within individual
neighbourhood of estimate, may not be considered constant.

For many years, the heterogeneity of soil has been recognized as the result of factors and
causes operating and interacting at various spatial and temporal scales (Burrough 1993). It
demands for more accurate knowledge on spatial distribution of soils the evaluation of the spatial
dependence and scale (Godwin and Miller 2003). This is because the variation at some scales may
be much greater or smaller than others.

Soils clearly differ on regional scale (Brejda et al. 2000, Guimaraes Couto et al. 1997), and a
great variability may be expected as due to a wide variation of soil characteristics. The
characterization of the spatial variability of soil attributes is essential to achieve a better
understanding of complex relations between soil properties and other factors (Goovaerts 1998),
and to determine appropriate management practices for soil use (Bouma et al. 1999).

Depending on the scale of the study, several direct and/or indirect field investigation methods
are thus applied in order to define the main characteristics of the variability of the soil.

Some may delineate large scale features such as permeable channels, whereas others may
detect finer scale transitions. It may be clearly seen that there are different scales of variability,
ranging from the micro level at the grain size scale to the geological scale of several tens and
hundreds of meters.

3. Dichotomous approach: Drift and residues

If the phenomenon manifests with evidence, at the correct scale of observation, a gradual
increase or decrease, this implies the need to identify an AF model with variable mean (non-
translation invariant). Empirically, this trend might be described by the tendency of mean at the
scale in which must observe the phenomenon for geostatistical study, because it is evident, certain
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Fig. 2 Inherent soil variability (after Phoon and Kulhawy 1999a)

frequencies appear or do not appear depending on the scale of observation (non-stationary at the
large-scale and weak stationary at the small one).

This influence by the scale of observation of the phenomenon, appears to introduce a strong
element of subjectivity. In truth, this is related to the natural soil characteristics, so the result is just
the expression of the regional component with a physical meaning.

In this study has been used the dichotomous approach inspired by the observation of natural
processes and by the scale of soil variability.

The data have been decomposed to extrapolate the component responsible for the non-
stationary condition: the spatial trend or drift. In a model with drift, the hypothesis consists of the
AF Z (indicated as target variable) may be considered, in each point x, as the sum of two
components

Z(x)=m(x)+Y(x) with E[Z(x)]=m(x) and E[Y(x)]=0 )

The first term, the trend, is considered deterministic component of variability on a regional
scale, term to indicate a systematic spatial variation due to lithology and sedimentary processes,
while the residues as stochastic local fluctuations at the small-scale with zero mean which satisfy
the condition of weak stationarity.

The model with drift derives from the probabilistic treatment of everything is not intrinsic
characteristic of the phenomenon. Nevertheless, even if the model is inspired by the physical
property of the RV, it does not have a precise physical meaning since the drift is not directly
observable or deducible theoretically. Therefore, the dichotomous model remains a theoretical
construct, functional only to operation estimated, in limited situations of non-stationarity those in
which the variable of the study presents small fluctuations around a geometric shape knowable and
moldable with a regular and continuous function.
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3.1 Trend removal

The drift may be removed by well-defined mathematical functions to sampled points along the
preferential direction (the study has considered the vertical one); the easiest way to do this is by
regression analysis (least squares method) and subtracting it from the original data generating the
residues variables through the difference.

Typically the deterministic component of the Z is modelled with a polynomial function where
the degree represents the drift shape

m(x) =Y a,f*(x) 3)
k=0

where a are the coefficients of the polynomial and f*(x) the monomials of degree & with x the
location coordinates vector.

For the purposes, the scale at which watching is crucial (what appears as trend to a scale may
appear residue at a wider scale). Its choice has the meaning and implication which must be taken
into account, in particular: the trend represents the regular component of RV and this must appear,
at least, at the scale of the neighbourhood of estimate where its size is usually conditioned by the
density of sampling; the drift model influences the spatial variability of residues so it is necessary
that there is consistency between the two entities; then the dichotomous model must be valid at the
scale at which it will be used.

3.2 Residual variogram model

The residues remaining after detrending, commonly manifests spatial correlation showing the
presence of reciprocal statistical dependence. It displays a degree of association among themselves
as function of their distance in space (autocorrelation). The residues Y have, for definition, a zero
constant mean

E[Y(x)] = E[Y (x + )] =0 @)
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and the respectively existing variogram satisfying the weak stationarity hypothesis
Var[Y(x+h)—Y(x)]=2y(h) 5)

So described, the aleatory component (variability about the trend) may be modelled with a
stationary AF with a variogram function translation-invariant.

In particular the mean and variance do not change with the location and the correlation between
the residual increments at two different points is a function only of their separation distance, rather
than their absolute positions.

The variance of the residues reflects uncertainty about the difference between the interpolated
trend and the actual value of soil properties at unobserved locations; by changing the drift model
both the residual variance and their autocorrelation function are changed.

The AF description of residual spatial variability of sampled points needs to fit a theoretical
mathematical function, with specific properties, which describes the empirical variogram as well
as possible: a permissible model that captures the major spatial features of the attribute under study,
defined at the origin and over the entire range, which enables to quantify the spatial
autocorrelation.

4. Kriging: Spatial prediction method

The main application of this study is the estimation and mapping of soil mechanical properties
in un-sampled area for evaluation of slope stability conditions.

The Kriging method, as the best linear unbiased prediction (Viscarra Rossel et al. 2010),
represents a generalized linear (least-squares) regression algorithms used for determining the
optimal weighting of the measurements points to obtain, for the scope, a reasonable spatial
prediction representative at all un-sampled locations in the region of interest.

The general formula, applied to original dataset, consists of weighted sum of the data

Z*(x0) = D AZ(x) (6)
i=1
where:
Z(x;) =measured value at i location;
Ai = unknown weight for measured value at i™ location;
X0 = prediction location;

Zx(xo) = estimated value at x, location;
n = number of measured values.

The Kriging technique due its goodness prediction to the following properties, it is: (i) exact,
estimated value coincides with the real value; (ii) local, predicts a value using the known data
falling in its neighbourhood of estimate; (iii) /inear, estimated value using a linear combination
(weighted average) of the variable values known in the surroundings; (iv) stochastic, considers the
statistical properties of the data and the spatial autocorrelation.

In Kriging the weights are based not only on the Euclidean distance between the measured
points and the prediction location, but also on the overall spatial arrangement among the measured
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points. These optimal weights depend, in fact, on spatial arrangement and autocorrelation
quantified.

Furthermore, the Kriging may estimate the error associated with each prediction and its
correctness, meaning that in a sampled point the estimate value is equal to the observed one, is
such as so the mean estimation error is null; in this way Kriging provides also the minimum
estimation variance of the error, for which it is defined an accurate method.

It appears evident that Kriging variance as measure of precision, relies on the correctness of the
theoretical variogram model assumed.

As with any method, if the assumptions do not hold or in case of no spatial dependence,
Kriging interpolation might be not representative of the data points.

4.1 Kriging of the Drift and Simple Kriging (Universal Kriging)

The regionalized variable theory assumes that the spatial variation of any variable Z may be
expressed, as in this study, as the sum of two dichotomous components.

Universal Kriging (UK) estimates both global trend and Kriging weights in one step
incorporating them into the system of simultaneous equations. It may produce good local
evaluations in the presence of non-constant drift, especially in situations where estimate is
extrapolated rather than interpolated from the local sample values. UK fits the drift as a function of
the site coordinates preserving the universality conditions (unbiasedness) and optimal sample
pattern minimizing the error variance estimation.

The spatial reconstruction resulting from the UK, which includes both two components, is
representative of the original variable Z.

For the purpose of the study, it has been considered useful and appropriate to provide a spatial
prediction of individual components making a separation of the UK method: the use of Simple
Kriging (SK) to the spatial residuals estimation (because of zero-mean) and subtracting it from the
original data obtaining the spatial drift prediction (Kriging of the drift) through the difference.

Therefore, this provides a split representation of contributions so each component characterizes
the inherent soil variability: both for predicted values and estimation errors variance.

Afterwards, the assessments may highlight aspects and characteristics that with Z-predicted
mapping might not be possible to see so appreciate.

5. Case study

The study area is located in Celano, a municipality in the Province of L’ Aquila (Italy). Celano
rises along Apennines chain and is characterized by peaks also over 1000 meters of altitude.

Particularly, the investigated site is located on the north-west of the center of Celano and
constituted by a slope portion of about 60 meters of length and 50 meters of width bounded by
ways and terraced buildings. The angle of natural slope ranges between 20 and 30 degrees.

The various lithotechnic characteristics of this region have determined different geomorpho-
logical features. These conditions, often in conjunction with other factors, have generated the
genesis of movements due to deformation of the slopes or wide landslides.

The large valley bordered by the mountains contrast with the typical landscape of the chain,
where geological and climatic factors have been developed the deposition and modeling of
continental sedimentary sequences.
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The deposits, outcropping in the area, display complex stratigraphic correlations among local
Plio-Pleistocene lacustrine and alluvial deposits and Holocene alluvial debris. Altogether such
deposits are in contact with the Meso-Cenozoic limestone and Neogene sandstone relieves that
also represent the bedrock units.

In particular the site is founded on recent (Pleistocene-Holocene) alluvial fan deposits bereft of
groundwater.

5.1 Sampled data processing

Note the nature of the soils, 10 tests have been performed in-situ by the use of Dynamic
Probing Medium (DPM). These tests have been used to determine the strength of soils investigated
with measurement every 10 cm of depth.

In a preliminary observation of surveys, along depth, one test has been excluded from the
following analysis for a discrepancy of its value (highly homogeneous) presumably due to its
execution near the highway downstream slope so affected by the effects of an anthropic soil
mixture or, possibly, by the presence of loose-fill materials. Therefore, to not alter or affect the
results of the following analysis, the study do not include the test characterized by this trend.

The remaining tests have been interpreted with empirical and indirect relations, in particular: (i)
Liao and Whitman (1986) for the independence from overburden lithostatic stresses; (ii) Terzaghi
and Peck (1948), Skempton (1986) to assess the relative density index of soil; (iii) Schmertmann
(1978) to estimate the angle of friction at peak for sand and gravel.

The chosen methods to estimate the shear strength of soils has taken account of the information
derived from geological characterization: in particular, the granular nature of the soils involved
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Fig. 4 Vertical profiles of peak friction angle (inherent variability) obtained by tests performed in situ
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and the absence of groundwater, moreover the type of in-situ soil testing and the extrapolated data
which identified the bedrock presence as abrupt change along the stretches of the latest depth.

Whereas the nature, state and condition of soil, the friction angle at peak has been considered
the representative parameter to entirely define the shear strength at the effective stress of the slope.
In particular, to conform to Italian regulations (NTCO08) prescription, the angle has been converted
to its tangent value.

The existence of many experimental relations also involves a clear sign of the uncertainties and
approximations inherent in the empirical estimation procedures.

Note this one and the heterogeneity of the soil, the values obtained in the same layer may also
be significantly different from themselves, with also incorrect and unreliable values.

The study has not performed an assessment of the epistemic uncertainty: not conditioning the
obtained data so their representativeness of investigated points.

Vertical profiles have been represented below for the tests to allow a better stratigraphic
interpretation revealing mechanical behavior of the soil, its thicknesses and characteristics.

5.2 Characterization of spatial variability

The application problem, when trying to model experimental variograms on data, consists in
the different sampling scales for the vertical and horizontal directions due to the sedimentary
nature of a flat soil deposit. In particular, as show below, the locations separated by vertical
distance are in order of few meters (small-scale) while the distance in a horizontal direction is
representative of the large-scale at more than 10 meters (270 punctual sampled values have been
used for carrying out the spatial analyses).

The variogram cloud, plotted in the Fig. 5 below, clearly shows the pairs of values as a function
of the sample distance and the different variability scale of shear strength related to horizontal and
vertical directions necessary to determine the empirical variograms.

When more different scales of the same variable are not recognized (generally the smallest),
experimental variogram does not show a clear structure near the origin of axes: this may be
unjustly associated with a nugget effect as measurement error (no spatial relationship) for small
extents. It is therefore essential to make a experimental variogram changing the distance (width),
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Fig. 5 Variogram Cloud: Scales of variability relate to sampled points. The concentration of pairs of values
for distances below 5 m reveals a scale of variability along the vertical direction. The remaining pairs
indicate for distances over 10 m a widespread variability along the horizontal plane
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its tolerance and the number of lags over which the variogram will be calculated by allowing to
appreciate adequately the spatial variability. Hicks and Samy (2002) has been observed that the
scale of fluctuation in the horizontal direction is much larger (less variability), due to natural
processes, than in the vertical direction.

To underline the presence of spatial correlation between sampled values, they have been
analyzed separately in the two scales of variability corresponding to the horizontal and the vertical
ones: for each one the slope has been separated into multiple layers parallel respectively to the
direction analyzed.

The analysis on horizontal plane shows the presence of directional zonal anisotropy where
variability increases along the longitudinal section of the slope and reduces transversely reaching
stable sill; while the vertical highlights, from the first distances, a spatial trend that involves
moving average of the data (parabolic) along the depth after an initial and temporary achievement
of a constant sill so, the non-stationarity of the Z-variable along the same direction (over 2 meters
the data values return to be more correlated). Since the depth constitutes a single direction and not
a plane, the variogram at the small-scale is unique. The directional anisotropy condition there is
not applying (isotropy).

The presence of a systematic variability is evident even by the performance of the variable for
the different tests along the depth-direction.

The smoothing factor (R*) depends on the number and spatial distribution of sample points.
There is no universally accepted method for selecting an R* value (Aguilar et al. 2005). In this
application, by comparing verticals value of observed shear strength parameter, the trend has been
fitted by a cubic polynomial where the smoothing factor approximates about 40 percent of the
variability due essentially to stratigraphic processes. The logic suggests using a polynomial of
degree higher as a representation of the trend but because the interest for us is to characterize the
aleatory variability (residue), therefore too accurate description of the trend would encompass
inevitably also part of the residual variability.

The residual experimental variogram along the depth, obtained from trend removal of original
data, shows as the spatial correlation progressively reaches a sill remaining constant. It validates

Experimental vertical variograms
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Fig. 6 Vertical variograms (before and after detrending). The green curve identifies the variability of
spatial distances between the known points on the small scale. The parabolic trend is due to the
presence of a trend in the vertical direction. The red curve represents, for the same pairs, the
residual component obtained by removing the trend (detrending values) which gives a constant
sill to the experimental variogram
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Experimental Horizontal Variograms

Semivariance

Fig. 7 Horizontal variograms (before and after detrending). The green curve represents the semivariance of
the distances on the large scale. The detrended punctual values are identified by the red curve. Also in
this case, the residual component gives to the experimental variogram a constant sill value

the hypothesis that Y is weakly stationary. The horizontal scale retains a slight zonal anisotropy
such that the omnidirectional variogram may be considered representative of the variability
characterization. The different degree of variability, almost entirely absent from the residual values,
then indicates how the variability of the horizontal shear strength is closely related to the
sedimentary phenomenon particularly to the main directions of deposition.

As in the original data, directional geometric anisotropy remains between the two scales of
fluctuation. This means that fitted variogram model in the horizontal and vertical directions reach
the same degree of variability (sill) but at different distance of separation (range).

5.3 Anisotropic variability modelling

The theoretical variogram model is used for interpolation purposes (Cressie 1990, Davis 2002).
In this case a three-dimensional variogram model has been built to reflect the aleatory residual and
their spatial correlation in each investigated direction to the variability modelling.

The applying model which best fits the two variability scales (horizontal and vertical) of
residuals data is the Exponential variogram function (with zero nugget) whose optimal and
representative parameters are at following reported.

The spatial variogram model represents, as well as the two-dimensional correlation properties,
also the ratio of the geometric anisotropy of ranges expressing the different variability at the two
scales.

5.4 Kriging spatial mapping: Prediction and uncertainty

The geostatistical literature uses many different terms for what are essentially the same or at
least very similar techniques. Stochastic (kriging) predictions provide explicit functions to
represent the relationships between the inputs and outputs of a linear or nonlinear system, which is
a desirable advantage for response estimation and parameter identification in design and model
updating problem.

Several forms of kriging do exist, the most common three are; simple kriging, where the mean
value is known prior to calculations and is constant; ordinary kriging, where the mean is assumed
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Table 1 Exponential variogram properties

Vertical Horizontal
Nugget 0
Partial sill 0.0016
Practical range (m) 0.27 7.49
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Fig. 8 Vertical fitted model. The exponential theoretical model (green curve) fits the variability at
small-scale of residual values (in red)
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Fig. 9 Horizontal fitted model. The exponential theoretical model (blue curve) fits the variability at
large-scale related to detrended values (in red)

constant, but is unknown; and universal kriging, where the mean is unknown and not constant.
Universal kriging (UK) model was introduced by Matheron (1969) and that is by many
statisticians considered to be the best linear unbiased prediction model of spatial data (Gotway and
Stroup 1997, Stein 1999, Christensen 2001).
The results of a Kriging normally consist, for a given configuration of estimation, in unknown
weight for the measured value and in the local precision of estimates. They depend essentially by
the number of measuring points, their geometrical position, mutual respect and the entity to
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estimate, and not at last the variogram fitting function.

Originally, UK was intended as a generalized case of kriging where the trend, as deterministic
part, is modelled as a function of coordinates, within the kriging system. Thus, many authors
(Deutsch and Journel 1998, Wackernagel 2013, Papritz and Stein 1999) reserve the term Universal
Kriging for this case. Once the deterministic component of spatial variation has been modelled, the
stochastic residues can be interpolated with kriging and then added to the estimated trend as
suggested by Ahmed and de Marsily (1987). If the residuals show no spatial autocorrelation (pure
nugget effect), we proceed with OLS estimation of the regression coefficients. Otherwise, if the
residuals show spatial auto-correlation, we can run regression-kriging.

By implementing the 3D model of exponential variogram obtained from the variability
characterization of residual values, to the initial variable prediction indicative of the sampled data
(UK), the following estimation map has resulted.

The variability characterized by predictive map relative to original data detects particular high
values downstream localized. Upstream, instead, the interpolator has provided a prediction

(a) Upper slope profile (b) Lower slope profile

Fig. 10 Variability map of UK predictions obtained by the characterization of residual values.
The estimate of the target variable values ranging from minimum to maximum resistance

QO

(a) Upper slope profile (b) Lower slope profile

Fig. 11 Aleatory variability map (SK predictions) obtained by the characterization of residual component.
Stochastic predictions of values oscillate around value close to zero
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(a) Upper slope profile (b) Lower slope profile

Fig. 12 Deterministic variability map (predicted drift) obtained by the modeling along the vertical trend.
The predicted values vary in a smaller range than the UK estimates

Table 2 Ranges of predicted variables
Target (Z*) Residual (Y*) Drift (m*)
Min 0.84 -0.06 0.86
Max 1.07 0.10 0.99

Table 3 Range of predicted target values variance

Variance
Min 0.00034
Max 0.00259

characterized by lower values reaching the minimum strength in the slope area in contact with
bedrock. The spatial estimation maps of the two dichotomous components of original data
variability are severally illustrated below, where the map reflecting spatial drift has been derived
from the difference between UK and SK prediction values.

The predictions of aleatory component defined with residues as local fluctuations of original
data, shows a localization of minimum values fairly extended along superficial layer upstream and
downstream, and a slight majority of higher values at even greater depths in the central area.

The structural variability, mathematically reconstructed, assumes a dominant role for the spatial
reconstruction of the original variable; it highlights extreme maximum values focused mainly
downstream slope while the minimum ones are located on bedrock layer with less prominent.

The geostatistical approach is perhaps most useful in that it provides not only an estimate of the
unknown value, as discussed above, but also an estimate of the uncertainty refer to a specific
spatial location (Goovaerts 1997) of the predicted shear strength value: the Kriging variance.

The three-dimensional spatial maps below illustrate the spatial distribution of errors associated
with the interpolation method.

The map illustrates how the increase of the variance values of the predicted locations at the
edge of the interesting area, reflects the increasing of distance from measured points. So the
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Fig. 13 Variability map of UK variances. The predictions of variance reflect the new position of
estimated locations whose values are very close to the null value

estimation variance allows evaluating the ability of the Kriging method to estimate uncertainty
accurately with respect to the true data. Thus the UK approach provides a very accurate ranking of
the spatial distribution of the estimation uncertainty.

5.5 Error analysis: Cross-validation method

The several measure used to compare the relative performance of the interpolation method with
respect to the true data estimation is the Cross-Validation (CV). It is a useful method allows to
establish how well the theoretical model predicts values at unknown locations as measure of the
discrepancy. It removes each data location and predicts the associated value using the data at the
rest of the locations. Thus, repeating this for all measured points, CV compares the predicted value
to the observed value and obtains useful information about the quality of Kriging predictions so
validates the goodness of fitted variogram model, parameters and neighbourhood.

Associated with any estimate, derived from a finite number of observations, is the Error of
Estimate. As Aleatory Variable, its amplitude is used to assess the goodness of the same estimate
defining the error as the difference between the estimate and its true (but unknown and aleatory)
value. The estimated error is characterized by a law of probability density that should ideally
represented a very narrow, symmetric and with zero-centered shape (i.e., the mean of the errors
equals to zero), that reflect the lack of a significant and systematic error in the estimations. The
histogram, referring to original data, is below plotted.

There is no apparent bias, no significant negative average error so it may not represent a
systematic overestimation (Wackernagel 2013).

The combination of data by a weighted linear sum tends away from low and high estimates;
there are more near the mean. The characteristic to note is the smoothing effect; Kriging surface

Table 4 Estimation error parameters

Estimation Error
Mean -0.00046
Variance 0.000746
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Fig. 15 Scatterplot between predicted and observed original values

Table 5 Range of predicted and observed values

Observed (2) Predicted (Z*)
Min 0.83 0.84
Max 1.15 1.09

will basically be as smooth as possible given the constraints of the data; thus, the estimated maps
represent smoother outputs than real variable (Pyrcz and Deutsch 2014).

In the following Fig. 15 and Table 5 there are showed a comparison between original data input
and the relative estimated output values.

In particular, the results of the CV show that the smoothness of Kriging has involved an
appreciable underestimation of higher peaks and a slight overestimation of low soil strength values.
The average of the squared standardized errors, as the ratio of squared estimation error and the
predicted value variance, has given, once again, a measurement of the adequacy of the model and
its predictions obtaining a slightly overestimated value of 15%. It allows comparing the
magnitudes of both the predicted and the actual error.
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Table 6 Performance criteria between predicted and observed values

RMSE 0.027
MAE 0.015

Comparing the estimation error variance and the variance of the predicted values (its average
value) obtained from CV sampled locations, the different dispersion value indicates a
overestimation of the error variance of about 25%.

Root Mean Square Error (RMSE) is a quadratic scoring rule which measures the average
magnitude of the error. The difference between forecast and corresponding observed values are
each squared and then the square root of the average is taken over the sample. RMSE gives the
standard deviation of the model prediction error. Since the errors are squared before they are
averaged, the RMSE gives a relatively high weight to large errors. This means the RMSE is most
useful when large errors are particularly undesirable.

Mean Absolute Error (MAE) measures the average magnitude of the errors in a set of forecasts,
without considering their direction. The MAE is the average over the verification sample of the
absolute values of the differences between forecast and the corresponding observation. The MAE
is a linear score which means that all the individual differences are weighted equally in the average.

The MAE and the RMSE may be used together to diagnose the variation in the errors in a set of
forecasts. Both the MAE and RMSE may range from zero to infinity: lower values indicates better
model performance thus for this case study the comparative error assessment gives acceptable
results.

5.6 Analysis of the results

Spatial distribution of shear strength is quite heterogeneous and asymmetric, as previously
illustrated. The task of the estimated variability from experimental data is thus very chellenging
indeed and it allows appreciating each contribution to the overall spatial variability for indicative
values of critical soil strength conditions both local and global. Howewer the estimated data
provided an ideal situation to examine the true prediction errors associated with spatial
interpolation and thus these true errors were used to evaluate interpolation model performance.

The results indicate that for relatively uniform, dense sampling locations, methods appear to be
optimal. We hypothesize that it is a consequence of the relatively large number of observations,
which lessens the influence of extreme values on model calibration and spatial interpolation.

The spatial prediction carried out based on the data available has enabled interpretation of the
variability of the shear strength of the ground to be used in the stability assessment.

It is related to: (i) increase of the available information on the measured values; (ii) local and
punctual assessment; (iii) spatial aleatory uncertainty of the parameters and extrapolation of the
real behaviour of the soil (systematic tendency, fluctuations, anisotropy) all with regards to
disposition, density and reliability of surveys measurement.

The analysis of the uncertainty may have possible effects on the same stability analysis for the
individuation of the failure conditions, based on accurate, correct and local estimated un-sampled
values; selection of slope sections with more criticality for the estimation of the stability
conditions (choice more cautious and conscious) related to spatial distribution and correlation
model (estimations sensitivity) previously defined.

The results have showed the presence of strength values particularly critical and locally
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circumscribed representing the likely predisposing factor the instability condition of the slope that
has really occurred implying the soil failure with landslide downstream.

Relevant outcomes have showed that the proposed technique is endowed with good correlation
and accuracy, even when measurement and estimation errors are present. The Kriging mappings
highlight that methods are applicable with relatively limited data. In addition, the prediction of
uncertainty may be described at various levels and scales of soil variability.

6. Conclusions

The Italian legislation does not provide a clear guidance in the selection of characteristic
geotechnical parameters to be used in slope stability analysis and a support in the choice of
representative shear strength parameter at failure. The reason is due largely to complex and varied
natural processes associated with soil formation. Spatial variability analysis for the study of the
stability of natural slopes may incorporate uncertainties complementing conventional analyses.

In this study, the carried out analyzes and the used methodologies want to verify the presence
of the conditions of shear strength at failure using back-analysis.

This approach would be an incentive for designers to improve soil characterization by
considering the inherent variability a resource which needs to be exploited for a more accurate as
well as conscious assessment of shear strength, consequently of potential slope stability conditions
so future intervention design.

Regarding further developments, the methods applied and implemented in this paper may have
useful future applications for: (i) planning functional investigations by increasing number, density
and spatial distribution regularity; (ii) data availability and correctness of measurements with
representative estimates of spatial variability and model of more accurate and correct application;
(iii) punctual prevision of least strength values for instance on potential cinematic failure surface
definition; (iv) map of the respective probabilities of exceedance (i.e., fractiles map); (v) punctual
forecast of the Factor of Safety minimum values and (vi) map of the respective probabilities of
failure.
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