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Abstract: Stony debris flows originating from the two basins of Jaron di Sacomedan and Jaron dei
Ross pose a significant threat to the inhabited area of Chiapuzza (Dolomites, Northeastern Italian
Alps) and the national road SS 51. In the upper part of the Jaron dei Ross basin, a large scree at the
foot of a rocky amphitheater undergoes morphological changes due to frequent rockfalls. Previous
mitigation efforts have proven inadequate, and after identifying the causes of their failure, new
control measures are being planned. These works aim to direct debris flows towards a deposition area
capable of intercepting flows from both the Jaron dei Ross and Jaron di Sacomedan basins. Essentially,
the upper works in the Jaron dei Ross basin divert debris flows away from the populated area and
channel them to a location where the sediment volume transported by debris flows from both basins
can be stored. This solution is designed to protect both the Chiapuzza community and the SS51
national road.

Keywords: stony debris flow; control work; flow diversion and guidance; deposition area

1. Introduction

Stony debris flows, which are mixtures of gravel, sand, and water with a small
percentage of lime and clay that move downstream at high speed along steep slopes, are
the most common hazard in the Dolomitic area [1,2]. They are generated by the impact
of abundant runoff delivered by rocky cliffs after high-intensity rainfalls against debris
material [3-6]. The impact of runoff against the debris material leads to the formation of
a solid-liquid surge followed by a fluid body that increases its volume up to ten times
due to the entrainment of solid material [7-9]. The volumetric growth usually occurs
in the high-sloping reach of the debris-flow (DF) channels [10], where bed-slope angles
are larger than 20° [11]. The intermediate-sloping and low-sloping reaches of the debris
channels are dominated by transport (a near balance between erosion and deposition) and
deposition, respectively. The increasing frequency of debris-flow events due to the rise
in extreme rainfalls providing abundant runoff [12,13] and cliff or slope-failure events
providing debris material [14-16], along with their destructive power due to the large
volumes of transported sediment, calls for structural countermeasures to protect inhabited
areas and transport infrastructures [17-19]. Most control works focus on detaining the
sediment volume transported by debris flows, using retention basins [20,21] and deposition
areas [22,23] or a combination of both [24]. These works are placed along the routing path of
debris flows to intercept and store the sediment. In cases where the terrain geomorphology
does not allow for excavation and building such works to store the sediment is not possible,
the flow path should be directed to areas where this is feasible. Flow guiding usually
presents no difficulties in the middle and lower parts of a basin [25], except in the upper
part, which may have a complex geomorphology.
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In this work, we introduce an approach for guiding debris flows along a path different
from the natural one when the site is subject to morphological changes. The approach is
applied in the Jaron dei Ross headwater basin, where a debris-flow channel that incises a
scree directly points to the inhabited area of Chiapuzza (municipality of San Vito di Cadore)
in the Dolomites (Northeastern Italian Alps). The scree is beneath a rocky cliff that is fre-
quently subjected to failures, and the fallen material continuously changes its morphology.
Previous works to deviate the debris-flow channel failed. Here, using geophysical methods
for the first time in a scree, we show the reasons for the failures of previous works and
propose a new solution. The guidance works drive the debris flows to a deposition area
that also stores the sediment volume arriving from the neighboring basin of the Sacomedan
headwater basin.

The paper is organized as follows: Section 2 discusses the materials and methods,
covering the study site, previous works, the procedure for determining the design solid-
liquid hydrographs, including the models for simulating runoffand debris-flow routing,
as well as the method for sizing a deposition area. Section 3 presents the approach for
driving the debris flow to works where the sediment volume can be stored. Section 4
discusses the results of the proposed approach in the case study. Finally, Section 5 discusses
the conclusions.

2. Materials and Methods
2.1. The Chiapuzza Site

A reach of the national road and the inhabited area of Chiapuzza, located just below it
in the Dolomites (Northeastern Italian Alps), is threatened by debris flows originating from
the Jaron di Sacomedan and Jaron dei Ross headwater basins (Figure 1). Two debris-flow
channels incise the scree at the base of rocky cliffs and, separately, point downstream along
nearly the maximum inclination direction. Both the debris-flow channels run alongside
a rocky cliff on the left side. In the Jaron di Sacomedan basin, the lateral cliff ends just
upstream of the fan apex, whereas in the Jaron dei Ross basin, it ends well downstream of
the fan apex. Therefore, in the latter case, it is not possible to build a retention basin for the
storage of sediment volume due to the limited space available between the end of the cliff
and the national road.

In 1966, a debris flow routed along the channel on the Jaron dei Ross scree (Figure 2)
impacted the national road and inundated the inhabited area of Chiapuzza. A channel (DF
channel 5 in Figure 2) was built, but due to its wide attack angle, it failed to convey the
subsequent debris-flow event in 1970, which again impacted the national road and inun-
dated Chiapuzza. Therefore, in the 1970s and 1980s, the debris-flow channel originating
on the scree of the Jaron dei Ross basin was blocked by means of a wall, and the debris
flow was redirected along DF channel 1 (Figure 2) towards the channel descending from
the Jaron di Sacomedan basin. The two channels joined downstream in a small deposition
area. Another channel linked the deposition area to a retention basin just upstream of
the national road SS 51. Between 1980 and 2010, the wall was subjected to piping and
was subsequently rebuilt. The latest wall (Figure 3) in 2013 had most of its foundations
uncovered (Figure Al) and partially failed during the Vaia storm in 2018 [26]. After a large
rockfall occurred on 9 October 2021, the remaining part of the wall was completely wiped
out, and the old Jaron dei Ross debris-flow channel was restored. In July 2013, two numeral
and five volumetric samples were taken from DF channel 1 according to [27]. The results of
the grain-size analysis are shown in Figure 4. The average values of d1¢, d5o, dgs, and d; for
the volumetric samples are 0.0004 m, 0.0024 m, 0.105 m and 0.03 m, respectively, whereas
those for the numeral samples are: 0.018 m, 0.046 m, 0.189 m, and 0.09 m. In addition, using
the volumetric samples, the dry bed volumetric concentration was measured, yielding an
average value of ¢, = 0.73 (porosity 27%). Part of the volumetric sample was also used for
the triaxial shear test (TxCID) within a cylinder 0.208 m high and with a diameter of 0.1 m,
which was carried out in the Geotechnical Engineering Laboratory of the Department of
Civil, Environmental and Architectural Engineering at the Padova University. The results
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indicated a peak friction angle of 44.1° and an ultimate friction angle of 39°. Regarding the
Sacomedan basin, a numeral sample provided the following values for the characteristic
diameters: dig = 0.012 m, dsg = 0.034 m, dgg4 = 0.145 m, and d; = 0.06 m.

Figure 1. Frontal (a) and plan (b) views of the Sacomedan and Jaron dei Ross basins with the
hydrological Catchments (1-4) that contribute to debris-flow occurrences.

The causes of wall piping were investigated using electrical tomography, which was
conducted on the upper part of the scree in the Jaron dei Ross basin on June 2013, between
the base of the cliffs and about 20 m downstream of the wall (Figures 5 and 6a). The
lines ERT1-3 and ERT4-6 of Figure 6b were 850 m and 290 m long, respectively, with the
electrodes placed at intervals of 3 m and an investigation depth of up to 15 m. The lines
ERT7-8 had an investigation depth up to 30 m. The resistivity data obtained using a SAS
1000 georesistivimeter manufactured by ABEM company (Sweden) were transformed into
terrain typology (bedrock, debris deposit, areas with ice or water). The profiles of the
terrain typology were imported into a GIS for the creation of a digital elevation model
of the bedrock, with its contour lines shown in Figure 6b. These contour lines reveal the
main drainage paths of subsurface flow, indicating that the wall is located at a convergence
point of subsurface flow for more than half of the upper part of the scree in the Jaron dei
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Ross basin. The most probable locations for subsurface drainage pathways reside where
permeable sediments are carved within the scree, lying over the bedrock. This is the most
favorable thermodynamic configuration from subsurface flow systems [28].
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Figure 2. Plan view of the lower part of the Jaron di Sacomedan and Jaron dei Ross basins showing
the control works, including DF channels 1-5, the wall, the old deposition area (red dotted line), and
the new extension of the deposition area (red continuous line).

Figure 3. Downstream view of the wall and the upper part of the Jaron dei Ross debris-flow channel
in 2013 (a) and after the VAIA storm in 2018 (b). Panels (c,d) show lateral views of the wall after the
Vaia storm in 2018 and the rock failure in 2021, respectively.
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Figure 4. Sampling area on DF channel 1 just upstream of the wall (a) and the grain-size analysis of
all the samples (b).

Figure 5. Aerial map of the two basins, showing the lines on the scree of the Jaron dei Ross basin
where the electrical tomography was carried out.

Figure 6. The electrical tomography on the upper part of the scree below the cliffs in the Jaron
dei Ross basin (a) and the resulting contour lines of the bedrock with the main drainage lines (b)
(blue arrows).

An analysis of the aerial photographs further shows that the debris-flow channel
originating at the base of the cliffs is ephemeral: such a channel forms because of the
excavation caused by runoff delivered by cliffs in some points of the scree, and it is
frequently covered by debris material from rock failures of the overhanging cliffs. Figure 7
shows the upper part of the scree in 2013, 2018, and 2021. In 2013, there was no channel
originating at the base of the cliffs (Figure 7a), whereas, in 2018, there are two channels
starting from the base of the cliffs and incising the scree (Figure 7b,c). By 2021, after a
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rock failure, one channel was missing (the one on the right), and the other was partially
covered by debris material (Figure 7d). This is also clearly visible from the shaded DEM
(Figure 7d,f). The upper part of the Jaron di Sacomedan channel runs over bedrock, with
a rocky cliff bordering the left side, and is covered by giant boulders (Figure 8a). The
presence of these giant boulders and the stabilizing effect of the bedrock on the slope on
the right side limit the debris supply. At the end of the bedrock and lateral rocky cliff, the
channel becomes highly erodible and significantly enlarges (Figure 8b). Figure A2 shows
the enlargement and deepening of the channel in recent years. The limited supply of debris
material upstream of the enlargement causes the flow in the upper part of the Sacomedan
channel to develop into a hyperconcentrated flow.
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Figure 7. Frontal view of the upper part of the Jaron dei Ross scree in 2013 (a) and 2018 (b). Panels
(c,d) show details from 2018 and 2021, respectively, while (e,f) display the corresponding shaded
DEMs. The red line in panel (e) indicates the border of the area hit by the rock failure in 2021.
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Figure 8. Frontal views of the upper (a) and lower (b) parts of the Jaron di Sacomedan basin.
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2.2. The Hydrological Model

The event-based rainfall-runoff model developed by [29] simulates the runoff gener-
ated by rocky cliffs. The model essentially simulates both infiltration excess and interflow
contributions for each pixel of the basin and routes these contributions along the steepest
flow path to the channel network. It uses constant land-use-specific slope velocities. The
first contribution, i — f;, occurs when the rainfall intensity, i, exceeds the infiltration rate f..
This is computed using a simplified Horton equation with a constant infiltration rate. The
second contribution becomes active when i < f; and is computed using the Curve Number
method of the Soil Conservation Service (SCS-CN). Runoff along the channel network
is propagated to the catchment outlet using the matched diffusivity kinematic model of
[30]. The model parameters include the curve number CN, the infiltration rate f., the
slope velocity Ug, and the Gauckler-Strickler coefficient Kg. The values of the parameters,
obtained by calibrating the model against discharges measured at the outlet of a rocky
channel in Fiames (municipality of Cortina d’Ampezzo), are shown in Table 1. The only
changing parameter for rocky terrains is the infiltration rate, which linearly depends on
the 5-minutes maximum intensity recorded during the rainfall event [31]. This model
effectively reproduces the peaky hydrological response observed at the base of rocky cliffs
in the Dolomitic area.

Table 1. Calibrated parameters of the rainfall-runoff model updated by [31]. The relation for
evaluating the Hortonian infiltration f, (cm/hr) considers the 5-minutes maximum intensity Ipj4xs
recorded during the considered rainfall event (expressed in mm/hr).

Parameter
CN
Rocks 91.3
Scree 65
Bushes 61
Us (m/s)
Rocks 0.7
Other terrains 0.1
Kg (m!/3/s) 9
f. (cm/hr)
Rocks 0.09OIMA)(5 —0.37
Scree 10.5
Bushes 6.5

2.3. The Computation of Solid-Liquid Hydrographs

The solid-liquid hydrograph is significant in debris-flow risk management, as it
provides the sediment volume necessary for planning and preliminary sizing of control
works works [24]. The shape of solid-liquid hydrographs can vary depending on the
location where they are estimated and the scenario considered. In the case of a debris flow
that has not yet been fully developed, the solid-liquid hydrograph is derived from the
runoff hydrograph contributing to the debris flow, scaled by the ratio Vs; /V-r. Here, Vs
represents the solid-liquid volume, and Vg denotes the runoff volume contributing to
the debris flow, that is, the volume of the runoff hydrograph that exceeds the threshold
discharge required to trigger debris flow:

Vs
QsL = @Q (1)
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According to [24],

V. Cx
] 2)

Ver Cy —C

where c and c, are the volumetric concentration of the flow and dry bed, respectively.
Substituting the second member of Equation (2) in Equation (1), it yields

(o

Qsp = Q 3)

Cx —C
If the debris flow is fully developed with a well-defined front followed by a solid-
liquid body, the solid-liquid hydrograph typically assumes a triangular shape. The peak
discharge of this triangular hydrograph is given by the following relationship [32]:
Qp Cx
Qo 0.7 Cx — CF
where Qy is the formative runoff peak discharge, and cr is the solid-volumetric concentra-
tion of the solid-liquid front. The factor of 0.75 accounts for the contribution of the liquid
discharge to the liquid queue of the debris flow. The value of cr can be computed through
the relationship proposed in [33] and updated in [32]:

(4)

o prtant )
F (ps — pf) (tan @gs — tan 6)
where pr and ps represent the densities of the liquid and solid phases, respectively; 6 is the
bed-slope angle; and ¢ is the quasi-static friction angle. The rising limb of the triangular
solid-liquid hydrograph is 1 min, and its duration is 2Vs; /Qp.

Another relationship for estimating cr is provided in [34]. In cases of very high bed
slopes, the relationships proposed in [32] and Lien and Tsai [34] may not be applicable. In
such cases, cr is assumed to be 0.9c, according to [33]. The values of ¢ have been provided
in [24,35] and depend on the position and scenario. If the hydrographs are used for pre-
sizing control measures, the value of c may need to be adjusted if the distance from the
control works is significant. The surface threshold discharge for debris-flow triggering per
unit width, grr, which is used to compute the runoff contributing to debris flow, can be
determined using the relationship proposed by [36]:

i
qTR = 0'78W (6)

where ¢ is the bed-slope angle of the channel. The contributing runoff discharge is the
simulated runoff discharge that exceeds the sum of the surface threshold discharge and the
subsurface flow discharge. Such approach was also followed in [37,38].

2.4. The Routing Model

The model for simulating the routing of stony debris flows is the multi-processor
version [24] of the model proposed in [39]. The model is raster-based and implements
the kinematic approximation for the momentum equations of a bi-phase solid-liquid flow.
There are five model parameters: the conductance coefficient, C, controlling the flow
resistance, and the limit values of the bed-slope angle 6 and flow velocity V, for which
deposition and erosion can occur: 0r1p—p, Upim—p) and entrainment (Op1p—g, Urim—g)-
The conductance coefficient, C, is the ratio of the mean flow velocity to the shear stress,
and it corresponds to a theology dominated by collisions. The values of the parameters
are those that well reproduce both the deposition-erosion pattern and the routing times
of three high-magnitude occurred debris flows: C =5, 6y 1p—p = 14°, Urpp—p =1m/s,
Orim—r =16°, and Uprp—p = 1.8 m/s [20]. Ref. [20] carried out a sensitivity analysis and
show that a change of the parameter values in a physically acceptable interval 3 < C < 7;
13° < O p—p < 15% 14° < Opppm—g < 18%, 08 < Upm—p < 1.2, 1.5 < Uppm— < 2.1)
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did not significantly vary the results of simulations. In the case of debris-flow of medium
magnitude the conductance coefficient diminishes to 4 because according to the experiments
of [32] and [40], the conductance coefficient increases with the peak discharge of runoff
hydrograph that triggers the event. If the calibrated value of the conductance coefficient for
high-magnitude debris flow is C = 5, that of a smaller-magnitude debris flow is lowered to
C =4, according to [24].

2.5. The Design Scenarios

According to Annex I of the Flood Risk Management Plans (European Flood Directive
2007/60/EC) of the Eastern Alps River Basin Authority, and also [24], there are two
scenarios for debris-flow risk assessment: Maximum Peak Discharge (MPD) and Maximum
Volume (MV), i.e.,, maximum solid-liquid discharge and volume, respectively. The MPD
scenario is triggered by high-intensity, short-duration rainfalls, while the MV scenario is
triggered by low-intensity, long-duration rainfalls. The duration of triggering rainfalls
depends on the shape, size, and morphology of the basins and typically falls within
the intervals of 10-30 min for MPD and 2-8 h for MV. The design rainfalls for these
two scenarios are represented by different types of hyetographs: an alternating block
hyetograph for MPD, which maximizes the peak runoff discharge and, thus, the solid-liquid
peak discharge according to Equations (3) and (4), and a constant intensity hyetograph
for MV, which maximizes the volume of contributing runoff to debris flows and, thus, the
solid-liquid volume according to Equation (2). Detailed information about the triggering
rainfalls can be found in [24]. In the MPD scenario, if the debris flow is in the initial
stages of development, the solid-liquid hydrograph is the scaled hydrograph (Equation (3));
otherwise, if the debris flow is already fully developed, the hydrograph will be triangular.
In the MV scenario, the solid-liquid hydrograph is always the scaled one due to the lower
runoff discharge, which limits sediment entrainment and delays the development of a fully
formed debris flow downstream.

Deposition Area: Scope, Use, and Sizing

Ref. [23] introduced the concept of a deposition area, which is a flat basin without
embankment or berm on the downstream side, aimed at stopping or reducing the sediment
volume transported by debris flows for small-medium and medium-high magnitude events,
respectively. The authors of [23] provided a three-step procedure for designing a deposition
area. The first step involves computing an initial or pre-sizing value of the area, A, and a
horizontal projection of the bottom surface, using a simplified relationship between A and
the design deposition volume, Vp:

Vb 2/3
~kp

where kp is the dimensionless deposition coefficient, assumed to be 0.1. The second step is
the design of the deposition area using this initial value. The third step involves computing
the corresponding deposition volume as the sum of two components: (1) the volume
between the sloping surface of angle ¢; and the bottom surface of the deposition area,
including the lateral banks, and (2) the volume between the sloping surface of angle ¢,
and the channel bottom and banks, as shown in Figure A3 of the Appendix B. The former
volume, Vy, is computed as the difference between the prism Vy and the pyramids with
bases Arp and Ay, with the height approximated by L. The latter volume is computed
as the sum of the prism with height B¢ and the pyramids of bases Acrp and Acrp. The
relationship for computing Vp is

A (7)
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Bp + By |L 1
Vp = %hc - g(ARB + Arp)L—
8)

1 1
+5HhBc + 6H2h(0f89c1<3 + ctgbcLp)
where

H =L tang,
cosfccos@y

sin(6c — ¢2)
hg = Lg tang,

L Bp + 2By

¢~ 3Bp+By
Agrp = 0.5B%ztanfrp

ALB = 0'5B%Btan9LB

The quantities Bp and By; represent the widths of the downstream and upstream
edges of the deposition area, respectively. The quantities Brp and By p are the right and left
enlargements relative to the mouth of the incoming channel, respectively. The angles 6rp
and 0y p are the slopes of the right and left banks of the deposition area, while B¢ and 8¢ are
the width and bed-slope angle of the incoming channel, respectively. fcrp and 6crp denote
the slopes of the right and left banks of the incoming channel, respectively. The values of ¢,
and ¢, proposed in [16] are 15° and 6°, respectively. In scenarios with poor maintenance,
where the deposition area is not emptied after small events, or in cases with two or more
incoming channels, the value of ¢, is reduced to 11° due to the presence of deposits, which
causes preferential flow paths for new incoming flows, preventing homogeneous filling of
the deposition area. In the presence of an upstream sloping part required for directing the
flow along the longitudinal direction, Equation (8) changes. The details of these changes
can be found in [23], which also provided a MATLAB® script for performing the calculation
of the deposition area.

3. Results

The objective of the control works for the basins of Jaron di Sacomedan and Jaron dei
Ross is to guide the flow to areas where sediment volume can be stored. In the first basin,
the debris-flow channel is fixed, while in the second basin, the debris-flow channel must be
diverted. The sizing of the works is based on solid-liquid hydrographs [24] because they
provide an approximate value of the sediment volume that debris flows can transport.

3.1. Solid-Liquid Hydrographs

The catchments that provide the runoff triggering or contributing to debris flow
include one for the Jaron di Sacomedan basin and four for the Jaron dei Ross basin (Figure 1).
The hydrological basin of the Jaron di Sacomedan is closed where the bedrock and the
rocky cliff on the left side end, and the channel becomes erodible and significantly enlarges
(Figure 8b). Catchment 1 of the Jaron dei Ross basin collects all the runoff from the right
side of the Jaron dei Ross, supplying the debris flows routing along DF channel 1 (Figure
2). Catchment 2 collects all the runoff and subsurface flow from the right side of the Jaron
dei Ross basin, concentrating just upstream of the failed wall and initiating the debris
flows. Catchments 3 and 4 consist of the cliff bordering the left side of the debris-flow
channel of Jaron dei Ross and supply runoff to DF channels 2-3 (Figure 2). By using
the same duration-frequency curve for the return period of 300 years as in [24] (due to
the same rain gauge), the results of the hydrological simulations with the parameters
shown in Table 1 are illustrated in Figure 9 for both scenarios. The rainfall used for the
hydrological modeling derives from the rainfall depth frequency curve corresponding to
the return period of 300 years according to the methodology introduced in [24]. The curve
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is obtained using the Peak Over Threshold technique that considers all the values exceeding
a threshold [41,42]. The use of the values exceeding a threshold allows for capturing an
increase in the frequency of the extreme precipitations that determine the occurrence of
debris-flow phenomena. Details on the definition of the threshold can be found in [24],
while those on the POT technique are in Appendix A. Rainfall data used for determining
the rainfall depth frequency curve are those of the of the Rovina Bassa rain gauge managed
by ARPA (Regional Environment Protection Agency) [41]. The solid-liquid hydrographs are
computed for the Jaron di Sacomedan basin and for Catchment 2, following the procedure
outlined in Section 2.3. Both of the hydrographs are of the scaled type for two different
reasons. In the first case, due to the limited supply of debris material, the debris flow cannot
fully develop and remains a hyperconcentrated flow. In the second case, the outlet is close
to the initiation area, so the debris flow is not yet fully developed. The bed-slope angles
of the Jaron di Sacomedan channel (just upstream of the enlargement) and DF channel 1
(upstream of the failed wall) are 14.6° and 33°, respectively, while the widths are 7 and 6 m,
respectively. By applying equation (6), the surface threshold discharge per unit width for
the two basins is 0.064 and 0.046 m? /s, respectively. The runoff threshold discharge is the
sum of the surface threshold discharge and the subsurface discharge per unit width, gs;;,
estimated to be about 0.05 m? /s according to the method proposed in [36]. The threshold
discharges, B(qrr + 0.05), for the two basins are 0.796 and 0.576 m? /s, respectively.
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Figure 9. Simulated runoff hydrographs of the Jaron di Sacomedan basin and Catchments 1-4 of
Jaron dei Ross basin corresponding to the MPD (a) and MV (b).

The solid-liquid hydrographs are used to compute the sediment volume necessary for
sizing the deposition area. Therefore, the values of sediment concentration, c, are not those
required for the hydraulic simulation shown in [24] but should be larger. The sediment
concentration, ¢, for computing the solid-liquid hydrograph of the Jaron di Sacomedan is
assumed to be 0.45 for the MPD scenario. This is because the limited supply of sediments
upstream of the enlargement does not allow the entrainment of large quantities of sediment,
and the reach between the enlargement and the deposition area is short. For the MV
scenario, the of ¢ is diminished to 0.3. The value of the sediment concentration used for
computing the solid-liquid hydrograph for the MPD scenario in the Jaron dei Ross basin
is estimated using the sediment volume derived by the power-law relationship of [43],
Vsep = 77,000 A%;'Ol, where Ap (km?) is the area of the basin corresponding to the fan apex.
This relationship was determined by a statistical distribution of data from debris flows
that occurred, and the coefficient and exponent vary with the percentile. The relationship
used in the present work corresponds to the 99th percentile due to the large quantity of
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sediment lying on the upper part of the Jaron dei Ross basin. The value of Ap for the Jaron
dei Ross basin is 0.67 km?, yielding Vsgp = 51,500 m?. The volume of the debris flow is the
sum of the runoff volume contributing to the debris flow and the sediment volume (under
design conditions, the eroded volume is considered saturated). The sediment concentration
is the ratio between the solid volume Vs (Vs = ¢« Vspp) and the solid-liquid volume Vg; .
The runoff contributing to debris flow is the sum of the corresponding volumes from
Catchments 1-2 that supply the debris flow descending along the DF channel 1. For debris
flow descending along DF channels 2—4, the runoff contributing to debris flow is the sum
from Catchments 2—4, which is smaller than the previous case (Figure 9). Therefore, the
previous case represents the design condition. The sediment concentration for the MPD
scenario is 0.55, smaller than the maximum possible value of 0.66 (0.9c) according to [23].
For the MV scenario, the sediment concentration is smaller than that for the MPD scenario
and is assumed to be 0.4. By using the adopted values of c, the solid-liquid hydrographs
are computed by means of Equation (2) and shown in Figure 10. The sediment volume that
can be deposited is that entrained during the downstream routing, that corresponding to
solid-liquid hydrographs with ¢, according to Table 2. It is estimated by dividing the solid
volume, ¢V, by the sediment concentration at deposition, assumed equal to 0.62 according
to [39] (it is smaller than the rest sediment concentration of the debris material in the upper
part of the basin that is more compacted). Finally, the liquid flow from Catchments 1, 3
and 4 in the absence of debris flow can entrain a large volume of sediment that should
be considered in pre-sizing computations. Therefore, we assume sediment concentration
values of 0.3 and 0.2 for the MPD and MV scenarios respectively. In such cases, the solid-
liquid volume is computed using Equation (2) with the whole runoff volume instead of the
contributing volume to debris flow Vg because the transport process is an high-intensity
sediment transport. The sediment volume corresponding to the MPD scenario for the
Jaron di Sacomedan basin, Jaron dei Ross basin, and Catchments 3 and 4 is 15,000, 51,500,
and 6000 m3, respectively, whereas for the MV scenario, it is 40,000, 73,000 and 11,000 m?,
respectively. Conversely, the values of the sediment concentration used for the hydraulic
modeling are smaller. They are shown together with those for pre-sizing in Table 2. For the
MPD scenario, the value of ¢ for the Jaron di Sacomedan basin is assumed to be 0.3, while
for the Jaron dei Ross is 0.4. The former is due to the limited sediment supply upstream
of input section, while the latter is about 75% of the pre-sizing value, a reasonable value
so that the sediment concentration of debris flow reaches the value corresponding to the
relationship provided by [41] at the apex of the fan. The sediment concentrations for the
MYV scenario are half of those for the MPD scenario. The input solid-liquid hydrographs for
the hydraulic simulations are those shown in Figure 10, but they are scaled with the ratio
between the ¢ values corresponding to the hydraulic simulation and pre-sizing.

Table 2. Values of the sediment concentration of the input hydrographs of both the scenarios used for
the pre-sizing and for the hydraulic simulations.

Pre-Sizing Hydraulic Simulations
Basin MPD MV MPD MV
Jaron di Sacomedan channel 0.45 0.3 0.3 0.15
Jaron dei Ross channel 1 0.55 0.4 0.4 0.3

Catchments 1, 3, 4 0.3 0.2 - -
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Figure 10. Computed solid-liquid hydrographs of the Jaron di Sacomedan basin and Catchment 2 of
the Jaron dei Ross basin corresponding to the MPD (a) and MV (b).

3.2. Control Works on the Upper Part of Jaron Dei Ross Basin

The debris-flow channel was dammed by a wall, diverting the flow along DF channel
1 (Figure 3). Over the years, this solution failed because the wall was first subjected to
piping, and then, in 2018, it partially failed due to the impact of a debris flow originating
at the foot of the cliffs, while DF channel 1 was interrupted by a rockslide below its head.
Finally, the rockfall of 2021 also determined the failure of the remaining part of the wall.
All these events lead to the reactivation of the old debris-flow channel. Therefore, a new
solution needs to be approached. This is the starting point for control works in the upper
part of the Jaron dei Ross basin. The solution to the ephemeral channels that form at the
base of the cliffs and incise the upper part of the scree involves the construction of an
intake to divert the possible flow from the ephemeral channels to DF channel 1 (Figure 11).
This also includes separating the intake-head of DF channel 1 from the active channel
by constructing a bank supported by four mechanically stabilized earth retaining walls,
built using the debris material in situ (Figure 11a). In this way, any ephemeral channels
forming on the upper part of the scree of the Jaron dei Ross and converging toward the old
wall position are drained by DF channel 1, with the subsurface flow being drained by the
material composing the retaining walls. If the debris material from a rock failure covers the
ephemeral channels, the flow is still intercepted by the intake and diverted to DF channel
1. If the debris material from a rock failure interrupts DF channel 1, the flow overtops the
bank supported by the retaining walls and is conveyed along the old DF channel of Jaron
dei Ross. Considering the potential occurrence of debris-flow events before the restoration
of DF channel 1, three DF channels (2—4, shown in Figure 2) are built to divert the flow to a
new deposition area. The number of DF channels is redundant to account for the possibility
of multiple debris-flow events or rock failures that can block them. DF channels 2—4 are
designed to each convey a 300-year return event, that is, the peak discharge of Figure 10,
which also ensures a freeboard of 1.5 m.
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Figure 11. Plan view of control works in the upper part of the Jaron dei Ross scree with the red lines
delimiting the new channel, (a) together with the cross and longitudinal sections of DF channel 1 (b)
and the mechanically stabilized earth-retaining wall (c).

3.3. Control Works on the Lower Part of Jaron Di Sacomedan and Jaron Dei Ross Basins

The existing deposition area is extended upstream to enlarge it and to better intercept
DF channels 1-3. Because the lower ends of the Jaron di Sacomedan and DF channels 1-4
are at different elevations, the deposition area is composed of two flat parts separated by a
sloping section inclined at 20° (Figure 12). The sloping part also serves to direct the flow
along the longitudinal direction for a better filling of the lower flat part of the deposition
area. The deposition area is sized using the three-step procedure proposed in [23] and
outlined in Deposition Area: Scope, Use, and Sizing Section. The initial or pre-sizing value
of the area is determined using Equation (7). The deposition volume is the sum of the
sediment volumes transported by debris flows along the channels of Sacomedan and DF 1:
40,000 + 73,000 + 11,000 m3. The largest value of this sum corresponds to the MV scenario
and is 124,000 m>. It yields

2/3 2/3
a=(2 — (12,00 = 13,900 m? (10)
kp 0.1

By using the initial value of A = 13,900 m?, we used GIS to design the deposition area
with a value of A ~ 16,000 m? (Figure 12). This value of A is much larger than the initial
one because the deposition area intercepts up to five debris-flow channels, resulting in
non-uniform deposition in the area due to preferential flow paths so that the deposition
surface has a smaller inclination, and therefore the deposition volume is also smaller [23].
The sediment volume that can be stored is computed using Equation (8) with ¢ = 11° for
considering the non-uniform deposition instead of ¢; = 15°. The result is 132,000 m3, and
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the deposition area can store all the sediment volume arriving from the Sacomedan and DF
channels 1-3. In the case of DF channel 4, it can only partially store the sediment volume of
a debris flow routing along DF channel 4. In this last scenario, the sediment volume that
does not deposit on the lower flat part of the deposition area is trapped by the retention
basin where the channel starting from the downstream border of the deposition area ends.

Figure 12. The new deposition area that intercepts the Sacomedan and the DF channels 1-4.

3.4. Analysis of the Proposed Solution, Its Sizing and Check

The proposed solution starts on the upper part of the Jaron dei Ross basin, where the
debris flows from ephemeral channels are collected by a diversion channel and conveyed
to a deposition area for the detention of the transported sediment volume. The potential
occurrence of large rock failures and scree slides that interrupt the diversion channel is
considered by building three other diversion channels for directing the debris flow to the
deposition area. The other channels also provide safety during the restoration works after
the occurrence of debris-flow events that fill DF channel 1 with sediment. The proposed
solution shows the following advantages: (1) it is driven by the morphology of the terrain
and avoids the building of concrete structures; (2) the channels are excavated on the fan,
and the excavated debris is used to raise the downstream bank of each channel, imposing
equality between terrain digging and filling; (3) the easy adjustement of the excavated
works after observing debris-flow behavior; (4) the use of debris material, after an in-situ
sieving for having uniform material, for building the mechanically stabilized earth retaining
walls: respect to a concrete structure this dramatically reduces the costs and timing for
its building, as well as those corresponding to the maintenance efforts; (5) the presence
of DF channels 2—4 channelizes the debris flow along fixed path if the damming of DF
channel 1 causes an avulsion, therefore avoiding uncontrolled and undesired flow paths
[44,45]. The disadvantages include the maintenance of the efficiency of DF channels 1-4, by
periodic surveys and possible restoration works after local rock and slope failures from the
upstream side.
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The use of the same deposition area for collecting the sediment volume of debris flows
from two different basins represents an opportunity in terms of the proposed solution. The
threats are limited because of the use of more diversion channels and the large size of the
deposition area; the detention volume is a bit larger than the estimated sediment volume
transported by the two debris flows (132,000 vs. 124,000 m3), and the same detention
volume was computed using the smallest value of @1, so that there is a reserve for storing
a large value of sediment volume. When the deposition area is filled, a temporary early
warning system can be installed to protect the road. Finally, the adopted method for
sizing the channels and the deposition area using the sediment volume of the solid-liquid
hydrographs provides a consistent reduction of the design timing with respect to the use of
hydraulic simulations, ensuring a satisfactory degree of reliability because of the adopted
values of the sediment concentration. This is, somehow, confirmed by the hydraulic
modeling corresponding to the two scenarios. Here, for the sake of simplicity, we show the
two cases of input solid-liquid and liquid flows to DF channel 1 (liquid hydrograph from
Catchment 1 and solid-liquid hydrograph from Catchment 2) and DF channel 2 (liquid
hydrographs from Catchments 3 and 4) respectively, and liquid input to DF channel 1
(liquid hydrograph from Catchment 1) and solid-liquid and liquid inputs to DF channel 2
(solid-liquid hydrograph from Catchment 2 and liquid hydrographs from Catchments 3
and 4), respectively. The routing of solid-liquid and liquid flows along DF channel 3 is, in
fact, similar to that along DF channel 2. The solid-liquid flow routing along DF channel
4 does lead to a partial filling of the two deposition areas, so this case does not represent
the more costly conditions for the works in the upper part of the basin. Figures 13 and 14
show the results of the hydraulic modeling for the two cases and both the scenarios: the
maximum flow depth and the erosion-deposition depth, respectively. In all the simulations,
the flow is inside of the channel, and the freeboard is ensured.

Figure 13. The results of hydraulic modeling in terms of maximum flow depth. The case of a solid-
liquid input into the Sacomedan channel, solid-liquid and liquid inputs into DF channel 1, and liquid
input into DF channel 2 for the MPD (a) and MV (b) scenarios, respectively; the case of solid-liquid
input into the Sacomedan channel, liquid input into DF channel 1, and solid-liquid and liquid inputs
into DF channel 2 for the MV (c) and MV (d)) scenarios, respectively.
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Figure 14. The results of hydraulic modeling in terms of deposition and erosion depths. The case
of solid-liquid input into the Sacomedan channel, solid-liquid and liquid inputs into DF channel 1,
and liquid input into DF channel 2 for the MPD (a) and MV (b) scenarios, respectively; the case of
solid-liquid input into the Sacomedan channel, liquid input into DF channel 1, and solid-liquid and
liquid inputs into DF channel 2 for the MV (c) and MV (d) scenarios, respectively.

The results of the sediment volumes entrained along channels and deposited in the
deposition areas are shown in Table 3, together with the corresponding estimated and
design values. The estimated values are those corresponding to the product cVsy /0.62
with Vg1 computed using Equation (2) and ¢ according to Table 2. The design value is the
deposition volume corresponding to the designed area. The simulated deposition volumes
for both scenarios are smaller than the design value, with those of the MPD scenario
smaller than those of MV scenario. The largest value of the simulated deposition volume is
106,000 m® (MV scenario and input-solid flow to DF channel 1), which is about 20% smaller
than the design value of 132,000 m3. This confirms the sizing of the deposition area and
also shows the availability of a reserve volume for stopping debris material transported
by following events of debris-flow occurring before the emptying of the deposition area.
The lower values of the simulated deposition volume with respect to the sizing version are
explained by the outflow from the deposition area. The hydraulic simulations, on the other
side also show that the estimated sediment volume entrained on the single channels by
means of the pre-sizing values of sediment concentration in Table 2 are different from those
simulated. In particular, for the MPD scenario, the sediment volume entrained on the Jaron
di Sacomedan channel is much larger (more than 100 %) than the estimated value, whereas
that on the Jaron dei Ross DF channels 1 and 2 is much smaller (about the 50%). The
sediment volume entrained on DF channels 1 and 2 when stressed by an input liquid flow
is also much larger than the estimated volume. A reason for this discrepancy, could be the
very large value of the input-solid liquid discharge to the Jaron di Sacomedan channel: the
entrainment is, in fact, somehow proportional to the value of the input discharge according
to [32,40]. For the MV scenario the sediment volume entrained in all the channels stressed
by an input solid-liquid flow is about 15-25 % smaller than the estimated volume. The
simulated deposition volume is smaller for the case of solid-liquid input into the Jaron
dei Ross DF channel 1 for both scenarios. Finally, Table 3 also shows that the sum of
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the entrained sediment volume is larger than that deposited on the deposition area for
both scenarios. The net difference provides useful information about the sizing of the
downstream retention basin.

Table 3. Comparison between the sizing and simulated values of the sediment volumes (m3) trapped
in the deposition area for both scenarios.

Scenario of the Maximum Debris-Flow Peak Discharge

solid-liquid inputs to Sacomedan channel and DF channel 1

Zone

net entrained volume

estimated volume net deposited volume design volume

Sacomedan channel
DF channel 1
DF channel 2

53,500 15,000 - -
32,500 51,500 - -
8900 6000 - -

Deposition area

- - 87,000

132,000

solid-liquid inputs to Sacomedan channel and DF channel 2

Zone

net entrained volume

estimated volume net deposited volume

design volume

Sacomedan channel
DF channel 1
DF channel 2

51,600 15,000 -
25,300 6000 -
27,500 51,500 -

Deposition area

- - 93,300

132,000

Scenario of the Maximum Debris-Flow Volume

solid-liquid inputs to Sacomedan channel and DF channel 1

Zone

net entrained volume

estimated volume net deposited volume design volume

Sacomedan channel
DF channel 1
DF channel 2

31,900 40,000 - -
59,900 73,000 - -
9600 11,000 - -

Deposition area

- - 81,700 132,000

solid-liquid inputs to Sacomedan channel and DF channel 2

Zone

net entrained volume

estimated volume net deposited volume design volume

Sacomedan channel
DF channel 1
DF channel 2

29,600 40,000 - -
19,100 11,000 - -
66,600 73,000 - -

Deposition area

- - 106,100 132,000

4. Discussion

Traditional control works typically intercept debris flows along their path and store
the sediment volume. However, in this case, it is not feasible, and the flow must be
diverted into a channel that guides it toward an area where the sediment can be stored.
The present case is unique because the head of the diversion channel cuts through a scree
at the base of rocky cliffs that are frequently subject to failures. The falling debris alters
the morphology of the scree, causing debris-flow channels that form at the base of the
cliffs after intense precipitation to become ephemeral as they are eventually covered by the
failed material. A more permanent debris-flow channel forms further downstream, where
the subsurface flow from the large part of the scree converges, as shown by the electrical
tomography. This explains the failure of the solution adopted in 1980: a wall damming the
head of the debris-flow channel was subjected to piping and failed twice. To overcome
this issue, an embankment supported by four mechanically stabilized earth-retaining walls
is constructed to block the channel and form the left bank of the diversion channel (DF
channel 1 in Figure 2). The embankment and retaining walls are made of debris material,
allowing for easy drainage of subsurface flow. In addition, an intake is built upstream
of the embankment to drain any ephemeral channels that may form at the base of the
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cliff. In the event of a large cliff failure filling the diversion channel, three other diversion
channels (DF channels 2—4 in Figure 2) are constructed downstream of the retaining walls.
All these diversion channels direct the flow to a deposition area designed to also collect
the debris flow from the Jaron di Sacomedan basin. The deposition area consists of two
flat parts separated by a sloping section, as the mouths of all channels (DF channels 14
and the Sacomedan one) are at different elevations. The sizing of this area follows the
framework proposed in [24], which has been updated to estimate the sediment volume
transported by debris flows without requiring hydraulic simulations of debris-flow routing.
The sizing value of the deposition volume for the deposition area exceeds the simulated
values because there is always an outflow from the deposition area. This provides a reserve
volume for the detention of further sediments transported by following events before the
end of the restoration works. The hydraulic simulations show that the estimated entrained
sediment volume on debris-flow channels in the MPD scenario is much different from
the sizing value. This is explained by the influence of the input discharge values and
morphology. Essentially, this work demonstrates the planning and sizing of control works
in a site with dynamic morphology where previous attempts failed. The proposed solution
adapts to the changing landscape and provides an update to the framework in [24] for
sizing the works without carrying out preliminary hydraulic simulations.

5. Conclusions

Usual works for controlling debris flow are positioned in the medium and lower parts
of a basin where slopes are gentler and their construction, as well as the maintenance
activity, is facilitated. In the case of the Jaron dei Ross basin, this is not possible because
of the lack of space for the detention of the sediment volume transported by debris flows.
Therefore, the debris flow must be redirected to another place where the construction of a
detention basin is suitable. The morphological variability of the upper part of the Jaron
dei Ross basin for which ephemeral debris-flow channels can originate and end leads
to the solution of a main debris-flow channel that can intercept all of them and convey
the debris flow to a suitable location where a deposition area can store the transported
sediment volume. Safety requirements mandate the construction of three other debris-
flow channels for the redirection of debris flow to prevent the case of the filling of the
main diversion channel with deposits of sediment from slide or from the stopping of
small-magnitude and inertia debris-flow events. In addition, the location of the deposition
area was chosen to collect debris flow from the neighboring basin of Jaron di Sacomedan,
therefore concentrating both the control works and restoration activities within a unique
point. Finally, a pre-existing framework for the sizing of the control works is updated to
speed up the sizing procedure in such a complex situation.
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Appendix A. Depth Frequency Curve

The sampling of annual maximum events is a simple methodology to apply and
ensures the fulfillment of conditions of independence and the identical distribution of
events, but it is limited, as it considers only one value for each time block. In doing so, there
is a possibility that very intense precipitation events with precipitation heights lower than
the annual maximum value but higher than the annual maximum values observed in other
years may be excluded from the analysis. To avoid this, the Peaks Over Threshold (POT)
technique was developed [41]. The fundamental idea behind this method is to analyze
the extremes of a quantity X based on exceedances, that is, when given a set of data (x;,
X2, ..., Xp), consider those values, x;, to be greater than a threshold value, xy. The quantity
Y; = x; — xg is called the exceedance, value, or excess above the threshold.

The analysis involves fitting two distributions: the first determines the number of
events in the observed time period, and the second is used for exceedances. When the
number of observations tends to infinity, the distribution of the number of events above
the threshold, assuming they are uncorrelated and independent, approximates a Poisson
distribution:

_ A

p(m) = ) (A1)

where m is the number of events above the threshold, and A is the ratio between the number
of exceedances m and the number of observed years N. At the same time, it can be assumed
that the distribution of exceedances follows a Generalized Pareto (GP) distribution:

Gy)=1-(1 +é‘%)_w (A2)

where ¢ is the shape parameter, and ¢ is the scale parameter of the distribution, which are
to be calibrated by fitting the distribution to the observed exceedances y. The parameters {
and o were estimated using the method of linear moments or L-Moments [46]. This method
was chosen because linear moments are calculated as a linear function of the sample data
and are almost unbiased for all probability distributions and for small sample sizes [47].
The expressions for the linear moments are
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Iy =bo, I = 2by — by (A3)
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br:ml( . ) by (Jr )xj:m (A4)
j=r+1
from which we derive the parameters of the GP distribution:
xo — 11 + 21

=2 =h(1-0)(2-0) (A5)

Once the distributions are calibrated on the sample, it is possible to calculate the
precipitation, &, related to the design return period, Tg, as

cf 1 7¢

In this approach, the choice of the threshold value xy becomes fundamental. It must
be sufficiently high to allow compliance with the assumptions of extreme value theory but
also to allow for the creation of a sufficiently large and statistically significant sample.

Appendix B

Figure Al. A general view (a) of the wall subjected to piping with the particular of foundation (b).
The images were taken on 2012 (courtesy of R. Mezzomo).



GeoHazards 2024, 5

1367

section_1
Z13575
“
51355‘0 |
£13525
= ‘\_ ™
T1350.0 o
3 1347
& 347.5
0 20 40 60 80
Progressive distances (m)
section_3
i
£1335
E
21330/
[=
@
F=
21325
a ot
0 20 40 60 8
Progressive distances (m)
section_5
2132(]
w
©
E1315
w
=
=)
‘w1310
E=
=
i}
91305

Progressive distances (m)

0 20 40 60 80

100

section_2

0 20 40 60 80

100
Progressive distances (m)
section_4

Z1325.0
o
£1322.5
£13200
o
213175
513150
o

1312.5"

0 20

8 100
Progressive distances (m)

Figure A2. Areal view of the mouth of the Sacomedan channel (left) with the in-time variations of

the cross-sections.
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