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EVALUATION OF HYDROGEOLOGICAL HAZARD ON ALLUVIAL FANS

Ceriani M.!, Crosta G.%, Frattini P.> and Quattrini S. '

ABSTRACT

Alluvial fans represent a broad morphological category including elements built-up by
very different phenomena and processes. Alluvial fans are also historically preferred
building sites, in alpine and pre-alpine areas, even if frequently characterised by intense
and extensive flooding. Since the early sixties researchers tried to characterise alluvial
fans by measuring and computing morphological parameters that could be related to
their relative flood hazard and risk. This approach is used and discussed in this paper,
starting from a series of data and observations collected in the Central Ttalian Alps
within the Lombardy Region territory. Statistical techniques are used to discriminate
among a sample of 97 alluvial fans, to compare and obtain semi-empirical formulas for
the forecast of the magnitude of flooding events from morphometric parameters.

INTRODUCTION

Flood-prone areas have been increasingly urbanised in many alpine and prealpine
regions since long time ago. Alluvial fans have always been subject to this phenomenon
more than other flatter and plainer areas where flooding by the large rivers was much
more frequent. Nevertheless, also the alluvial fans placed at the outlet of lateral or
tributary valleys are highly hazardous areas. In fact, alluvial fans are generally exposed
to different natural phenomena with respect to the large bottom of the main alpine
valleys. Streamflow, debris flood and debris flow activities are among the main
processes participating to the build-up of this peculiar sedimentary deposit. This variety
among the possible geomorphologic processes and their possible mixing and variability,
both in time and space, together with great variability of geological and climatic
conditions make the evolution of alluvial fans even more complex. At the same time,
streamflow, debris flood and debris flow are quite different processes characterised by
different velocity, transported material and deposition behaviour.
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As a consequence of all these factors and of the development of urban areas along many
of the alpine and prealpine alluvial fans, many different approaches have been tried for
flood hazard assessment. The above mentioned differences among the geomorphologic
processes, and the prevailing of one process with respect to the others, implicate strong
differences in the geometry of the final alluvial fan. This concept is at the base of those
approaches involving the use of morphometric parameters for flood magnitude and
hazard assessment.

At the same time, it has been recognised by different authors that fan morphology is
strongly affected by the geological and morphological characteristics of their
contributing drainage basins.

The Geological Survey of the Regione Lombardia and the Department of Geological
Sciences and Geotechnology of the Universita degli Studi di Milano-Bicocca are
developing an integrated method for the assessment and evaluation of hydrogeological
hazard on alluvial fans (Ceriani et al. 1998). In particular, the final research aim is the
publication of a regional atlas, reporting the hazard zonation of alluvial fans, and of a
code of standards with a repeatable methodology for the recognition of hazardous fans
and the evaluation of maximum expected alluvial events.

STUDY AREAS

According to the territorial competence of the Geological Survey of the Regione
Lombardia, the study areas for this research are included within the regional
administrative boundaries. In particular, three main areas have been studied, each area
corresponding to a Alpine or Prealpine valley: Valtellina, Valcamonica, Valchiavenna.
These valleys have been interested by different series of meteorologic events resulting
in recurrent flooding on the alluvial fans. 97 alluvial fans have been considered and
examined for this research. In particular, they are subdivided in the following 5
geographical groups according to the valley of pertinence.

Table I — Number of studied alluvial fans for main geographical regions

Valley Number of Alluvial Fans Main River
Valtellina 48 Adda
Valchiavenna 14 Mera
Valcamonica 30 Oglio
Others 5 Como lake, Garda Lake
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These valleys are all characterised by different topographical, climatic, geological and
geomorphologic settings: regional fault systems, sedimentary (carbonatic and/or
terrigenous), metamorphic or igneous rocks, different abundance of glacial deposits,
presence of glaciers, type and
distribution of landslides and
slope instability processes, etc.
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certain alluvial fan, the Fig. I — Location map of the study areas

introduction of empirical formulas for evaluating the maximum event magnitude.

Field surveys

Field work have been done to directly collect data and to verify those indirectly
collected by air-photo interpretation and historical sources (flood frequencies, date and
magnitude of past events, damages, landsliding, areal extension of flooded areas, etc.).
Field work has been carried out within the drainage basin: to assess the quantity of
available debris along the drainage network and the valley flanks, eventually
remobilizable by a flood event, to evaluate eroded volumes during recent events and to
verify the effectiveness of existing river-bed stabilization works. Based on this
observations an estimation of the maximum event magnitude (referred in the analysis as
M) has been possible for each alluvial fan.

A series of different elements have been mapped along the alluvial fans; changes in the
river bed slope and cross section, presence of bends, old stream channels, bridges and
crossings with different clearance, existing natural flood expansion areas available for
deposition or flooding, functioning and malfunctioning of hydraulic countermeasures
(dykes, check dams, chutes, basins). These data have primarily used for hydrological
hazard zonation, and they are not accounted in this paper. From the morphology of the
fan, the knowledge of the occurred past events and the characteristics of the drainage
basin, the prevalent transport mechanism associated with individual fans was
determined. Following the Aulitzky’s classification (1980), three different mechanisms
responsible for fan development were distinguished: debris flow (non-Newtonian
viscous flow), debris flood (Newtonian viscous flow) and bedloads (transport of debris
by bedload).
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Morphometric analysis

The collection of fan and basin morphometric parameters in the studied areas was
accomplished through the use of a GIS system (ArcViewGIS by ESRI) and topographic
maps (Carta Tecnica Regionale 1:10.000, Regione Lombardia 1980, 94), and was
integrated with literature sources. Fan and basin delimitation was carried out from
topographic maps, airphoto interpretation and field observations. The morphometric
parameters that have been collected for this study are reported in Table II.

Based on field survey, historical sources study and airphoto interpretation, some new
parameters were defined and estimated for the examined drainage basins. The first
parameter is a modified “Geological Index” for the basin (I_G; D’Agostino 1996). In
the original definition, the I G takes in account the different lithologies which are
present within the drainage basin (Table III) and it is the weighted average of the scores
as a function of the areas pertinent to each lithology. In order to consider the role of
rock fracturing and weathering in the calculation of a maximum event magnitude we
modified the [-G definition and re-calculated as:

I_G =Z; ai(score;*W)/4b, (1)
where a; is the area of the i-esime lithology in the basin; W is the weathering and
fracturation index (0.1 to 1), and Ab is the total area of the basin (= Z; a;).

Another correction allowed us to avoid the unrealistic case of a 0 score, a non-sense in a
multiplicative formula (e.g. possible 0 magnitude outcome in granitic bedrock areas), by

unification of the calcareous and igneous rock classes (with score 1).
Table IT — Main morphometric indexes collected for the basin, main stem and alluvial fan as adopted in
the statistical analysis

BASIN DATA
Symbol | Units Parameter Description
Ab km® Drainage basin area Total plane area (horizontal projection) of the
basin
DT m Total drainage length Total length of main and minor stems
DD m’ Drainage density DD =DT/Ab
Hmax_b m Max basin elevation From topographic maps
Hapex m Max fan elevation = Min From topographic maps
Basin elevation
DHb m Relief energy DH_b = Hmax_b — Hapex
Mb - Melton or Ruggedness number Mb = (Hmax — Hapex) / Ab™
Qb - Area/length ratio Qd=Ab/Lcl
Cb m’ Melton * drainage density Ch=Mb * DD
MAIN STEM DATA
Symbol | Units Parameter Description
Lel m Main stem length Total plane length of the main stem length
Hmax_cl m Max main stem elevation From topographic maps
Hmin m | Min main stem elevation = fan From topographic maps
apex elevation
DHcl m Relief energy of the main stem DHcl = Hmax_cl — Hmin
Sel % Mean slope of the main stem Scl = DHcl / Lel
ALLUVIAL FAN DATA
| _Symbol | Units Parameter Description
Ac km’ Fan area Total plane area of the fan
Ve m’ Fan volume =1/3 * Ac * 1000000 * DHc * cos (Sc * / 180)
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Ve/Ace m Fan volume/fan area Ve / Ac
Ab/Ac - Basin area/fan area Ab/ Ac
Hapex m | Fan apex elevation = Min basin From topographic maps
elevation
Hmin m Min main stem elevation = fan From topographic maps
toe elevation
DHe m Fan relief energy DHc = Hapex — Hmin
Le m Fan length Total plane length of the fan bisector
Lel e m Stem length along fan Total plane length of the main stem along the fan
Sc % Mean fan slope Sc=DHc/Lc
Sel ¢ % Mean stem slope along fan Scl_c=DHec/Lcl ¢
Qc - Area/length ratio Qc=Ac/Lcl ¢’
Mc F Melton fan number Mb = (Hapex— Hmin) / Ab™

Table III — Corrected Geological Index (I_G) scores (modified from D 'Agostino, 1996)

Lithology Score
Glacial, alluvial and slope deposits 5
Metamorphic rocks: gneiss, phyllite 4
Terrigenous rocks (marl, shale) 3
Vulcanic rocks (lava, basaltic tuff, breccia) 2
Calcareous rocks + Igneous rocks (porphyry, granite, diorite) 1

Because of the observed relevance of instability phenomena and erosive processes on
the alluvial fan activity within the study areas, we have introduced two more descriptive
parameters: the basin Erosion Index (I_E) and the basin Landslide Index (I_F). (Table
V)

Table IV — Table for the erosion and landslide index scores.

Erosion Index IE Landslide Index ILF
Areas of high intensity erosion within 1 Presence of large active or re-activable I
the basin area landslides within the drainage network
Areas of medium intensity and /or 2 Presence of landslides on the slopes of 2
concentrated erosion within the basin the basin, not directly along the drainage
network
Low intensity or no erosion areas 3 Absence of significant landslides 3

Data analysis

The analysis of morphometric parameters used to described basin and alluvial fan

morphology has been one of the most frequently adopted approach for the evaluation of

the type and eventual magnitude of dominant alluvial fan activity.

The main aims of the analyses performed during this study are:

- to put in evidence any significant statistical relationship among the parameters
(bivariate and cluster analyses);

- to analyse the relationships between the group of morphometric parameters and the
type of activity (discriminant analysis);

- to analyse the relationships between the morphometric parameters and the possible
maximum intensity of any event (regression techniques).

AP =



Bivariate analysis. The relationships among basin and fan morphometric parameters
can be represented by a correlation matrix (Tab. V).

Table V — Correlation matrix for the adopted morphometrical parameters. Correlation coefficients
higher than 0.6 is bold tvped.

Drainage Basin Alluvial Fan
Ab | Dt |DHb| Mb | Lel |DHel| Scl | Ve | Ac |DHe| Lec | Sc |Lel c|Sel ¢
Ab | 1,00
| Dt |0,97]1,00
< |DHb | 0,60 [ 0,66 | 1,00
%[ Mb [-0,52(-0,57[-0,46] 1,00
E- Lel | 0,89 | 0,92 [ 0,73 [-0,69] 1,00
5 DHel | 0,48 | 0,56 | 0,87 |-0,41] 0,61 | 1,00
Sel |-0,51(-0,55]-0,52] 0,69 (-0,76(-0,37| 1,00
Ve |-0,05(-0,02| 0,02 |-0,07(-0,05( 0,09 | 0,03 | 1,00
=| Ac [0,29]0,34]0,30|-0,37| 0,34 | 0,33 |-0,27| 0,81 | 1,00
< | DHe |-0,14]-0,16]-0,15] 0,14 [-0,17]-0,09 0,18 [ 0,01 [-0.08] 1.00
§ Le |0,18]0,21]0,16 (-0,26] 0,20 | 0,18 |-0,15]| 0,64| 0,77 |-0,02] 1,00
=S| Sc |-0,41)-0,45|-0,47) 0,49 |-0,55|-0,41] 0,50 | 0,04|-0,29| 0,58 |-0.24) 1,00
= |Lel ¢|0,29]032]021]-031[0,30 | 0,25 |-0,21]|0,65| 0,80 |-0.06| 0,94 |-0,27| 1,00
Sel_c|-0,49|-0,52|-0,52| 0,52 |-0,64|-0,48 | 0,54 | 0,/0|-0,26| 0,28 |-0.17| 0,87 | -0,30 | 1,00

From the correlation matrix we deduce that the most representative relationships are
among parameters referring to the same object (basin, main collector, fan). Only the fan
and main stem slope show a significant negative correlation with basin parameters and
with the total length of the main stem. The Melton coefficient or ruggedness number
(Mb in Table II) has been introduced by Melton (1965) to describe the relationship
between the basin and the fan slope. This relationship has been presented as a power
function: Sc = a Mb® where Mb is a measure of the gradient down which materials
moves toward the alluvial fan (Melton 1965; Church and Mark 1980; Kostaschuk et al.
1986). A quasi-linear relationship has been obtained for the study areas with a low
regression coefficient almost for any type of conditions (unarranged or arranged by
geographical area or by type of activity). Nevertheless, a broad subdivision of the three
groups of activity type it is still possible by looking at the Sc vs Mb plot (Fig. 2). It is
also evident the difficulty in classifying different kinds of alluvial fans, according to
their type of activity, starting from these morphometrical parameters differently from

what it has sometimes been suggested in the literature (Marchi et al. 1993). This
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differentiation could be a little bit easier if only two categories were adopted (Jackson et

al. 1987).
Fig. 2 — Fan slope vs Melton number plot for the 97 case studies.

The relationship between basin area and fan area has been studied and presented in
literature as a power function (Bull 1964): Af=a Ab", with b usually smaller than 1,
showing a negative allometry between Af and Ab (Church and Mark 1980; Kostaschuk
et al. 1986; Marchi and Tecca 1995). The application of Bull relationship to our data-set
(Fig. 3) confirmed the negative allometry but with a low-level statistical significance,
especially for debris flow dominated fans. This is probably due to the complex
relationship, involving basin morphometry and location, fan erosion or burial, slope
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processes within the basin, man-induced modification, etc..
Fig. 3 - Basin-area vs fan-area plot for the 97 cases.

As a consequence we can deduce that any univariate or bivariate approach to the

problem is unable to model and describe the real complexity of the alluvial fan system.
For this reason a multivariate analysis has been applied to the dataset.
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Cluster Analysis - Cluster analysis assembles data in groups by analysing their
distances in a multivariate space.

Linkage Distance

outliers

Clusters

Fig. 4 - Tree diagram for the alluvial fan dataset with the 8 clusters individuated by the analysis.

Different techniques have been used for clustering of our dataset (Single linkage,
Complete linkage, Unweigthed average linkage, Weighted pair-group average linkage,
K-means), with euclidean distance and a matrix of auto-scaled values. Three objects
with a very large basin area and two with a very large fan area have been removed from

the analysis, due to their extreme distance from the others.

8 different clusters (Fig. 4) have been identified and 6 objects have been considered as

outliers because of the distance from the other elements. Studying the averages of each

cluster (Tab. VT) it has been possible to observe that:

1. high event magnitude (M) of cluster 4 is clearly related with a very large basin area;

2. high magnitudes of clusters 2 and 3, are related with a large fan area but
independent from the basin area. This doesn’t agree with those methods (Takei
1984, Marchi et al. 1993) for magnitude estimation, based only on Ab.

3. the difference in magnitudes between cluster 5 and 6 seems related to the Erosion
and Landslide Index and independent from basin area, fan area and fan slope. This is

not considered in any model presented in the literature;

4. the event magnitude is more sensitive to changes in basin area, fan area, and
erosion/landslide indexes. On the contrary, parameters like the geological index or
the length of the main stem show little influence on the event magnitude.

Table VI — Average values for clusters’ parameters. Cluster numbers are those from the tree diagram in

Fig. 4.

Cluster| Ab | Lel Dt | Cd | Mb| Ac | Ve [Sele[Mc|[IG|LT|ILE[LF| T ] xx| RK iD'AI M
LI e e e e I I T I S T T P T
1 |204] 2272 | 8.89 [534] 1.14]0.13] 5151 [20.91]0.33]3.06 | 1.13 | 1.88 ] 2.00 wl 53J129| 95 ] 37
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Discriminant analysis — Not really satisfactory results have been obtained performing
the existing methods (see Table VII) for the classification of transport typology.

Table VII — Results obtained from the methods available in literature (1. Smart and Jaggi 1983, 2.
Jackson et al. 1987, 3. Marchi et al. 1993, 4. Baoyuan et al. 1994) for classes of transport typology (Df =
debris flow; Dd = debris flood, Bd = Bedload).

Method | N°of Suggested classification criteria % correct
classes
1 2 if Scl>20%=Df or Dd or Mass transport; Bd 84
2 2 One threshold graphical function (Df/Df vs Bds) 86
3 3 Two threshold graphical functions 49
4 3 if Scl>27%=Df; if 14<Scl<27%=Dd; if Scl<14%=Bd 53

Discriminant function analysis is used to determine which variables discriminate
between two or more natural occurring (or a priori defined) groups.

As a consequence it can classify our objects according to different types of transport
mechanisms (a priori defined groups) by using morphometric parameters. The
performed analysis used a data matrix with the original parameter values plus their
squares and reciprocals. The adopted forward stepwise method evaluates the statistical
significance (F-Fisher statistics) in the discrimination for each variable to accept them
when larger then a F-to-enter value.

The rate of correct classification with a F-to-enter = 1 (21 selected parameters) was 82.5
% (Table VII). This is a good result when considering the strong heterogeneity of the
dataset.

Table VIII — Result matrix for the discriminant analysis (F to enter = |) showing the percentage of
correctly classified cases

L_T classified 1 2 3
[T observed % Correct p=.39175 p =.40206 p =20619
1 78.95 30 8 0
2 84.60 5 33 1
3 85.00 0 3 17
Total 82.47 35 44 18

It results that the more suitable variables in discriminating transport types among the
selected 21 (Mb", LF, DHb, DT", Lel”, DHe, DHe", Ve_Ac, Ve, Ve Ac”, Lel ¢,
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Scl_c?, DD, Ab™, Ac, Ac%, Mb, Ve_Ac?, Mb?, Ab_Ac?, _E") are: LF, DT, Vc_Ac,
Ve_Ac”, Lel ¢ and Ac (see Table II for the parameters)

Regression techniques — Many empirical and semi-empirical functions presented in the
literature (Takei 1984, Kronfellner-Kraus 1985, Rickenmann and Zimmermann 1993,
D’Agostino 1996) have been tested in. order to evaluate their suitability to fit our data
(Fig. 5). Considering the low degree of fitting of the various tested empirical and semi-
empirical functions it has been necessary to search for new relationships.

Furthermore, according to the previous considerations two more techniques can be
adopted: multiple and non linear empirical regressions. A Forward Stepwise Regression
method has been used with a complete list of morphometrical parameters also including
some of these terms to the power. As showed in Table IX the result is good (F = 24),
especially when considering the number of accepted variables, but still not fully
satisfying.

As a consequence, a real non-linear function has been searched starting from some
simple theoretical assumptions, from the results of all the performed statistical analysis
(especially the cluster analysis) and the list of functions already available in literature.

Table IX — Results for the Forward Stepwise Regression (F-to-enter = 11) performed on the whole
dataset with the selected variables: Ab_Ac’, DHcl, I_F' I_E", Ve_Ac”.

Multiple R Multiple R Adjusted R’ F (5,87) P
0.76 0.58 0.56 24.0 <0.000001
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Fig. 5 - Observed vs calculated event magnitudes (1 0’m’) adopting functions from literature (T = Takei
1984; KK-MAX = Kronfellner-Kraus 1985 for maximum expected magnitude, RZ = Rickenmann and
Zimmermann 1993, D'4 = D'Agostino 1996)

The final formula has the following general structure (see Table II for the parameters):

M =k-(Ab)* -(Mb)® -(Scl_c)° -(I _F)™ @)
with M expressed as 10°m’. The best fitting and simplest solution with this function was
obtained with the set of values summarised in Table IX (see Fig.6)

Table X — Values for the coefficients in the non linear function.

Type of transport k a b C d R
All together 3 1 0.8 1 2 0.73
Debris flow 5.4 1 0.8 1 2 0.81
Debris flood / bedload 3 1 0.8 1 2 0.75/0.89
CONCLUSIONS

A large morphometric dataset of alluvial fan and related drainage basins has been

collected and statistically analysed. Univariate and bivariate analyses show many

limitations because of the complexity of the natural basin-fan system. Multivariate

techniques seem to be more effective in describing such a complex behaviour. In this

study we observed that:

1- cluster analysis identifies few groups of alluvial fan systems with an evident
geomorphological meaning. Each group is characterised by a certain expected event
magnitude and a prevalent type of transport mechanism. Using a larger dataset it
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Fig. 6 - Observed vs predicted event magnitude using formula (2), with all dataset and k=3
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could be possible to use directly clusters and their average behaviour instead of
single fans for regional hazard studies.

Discriminant analysis performs well in classifying the alluvial fans according to
their typical transport mechanism. This is useful both to study the sensitivity of the
transport mechanism to the different geomorphological parameters, and to apply
eventually the discriminating function for the classifications of new fans. This last
possibility must be considered and followed with great attention as a preliminary
discriminating approach to be detailed through field surveys.

Regression techniques have been used to obtain empirical functions, for event
magnitude estimation, more satisfying with respect to the existing ones. The
proposed functions are different for the different classes of transport mechanisms. In
particular, bedload and debris flood (or mixed transport) magnitudes can be
computed with a single function whereas debris flow represent an independent class.
It is evident that these results could be influenced by the quality of our data and
must be tested on different geographical and geological settings and eventually
improved or generalised.

Two parameters (I_E, I_F) have been introduced in the analysis to allow a better
geomorphological description of the contributing drainage basin. The erosion and
landslide indexes represent the state of activity and the kind of interaction between
basin slopes and the drainage network. In fact, from field observations and case
histories, we have observed that this interaction it is quite important especially for
debris flow prone basins and fans. This interaction has been strongly suggested also
during our analyses (clusters 5 and 6, 1 and 2; see Table VI) and it must be
considered important for many alpine basins. On the contrary a very feeble
influence of the geological index has been observed during the entire series of
analyses.

Finally, in order to obtain an even more effective function for magnitude forecasting
and for a better understanding of hydrological hazards related with alluvial fans, next
steps will be to introduce climatic data and historical records in the statistical analysis.
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