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Featured Application: This study presents an overview of the several mitigation measures, in-
cluding several check dams and flexible net barriers constructed in a typical Alpine torrential
catchment in northern Slovenia (Europe) in order to protect infrastructure (i.e., ski resort cabin
lift station, access road to the station, downstream settlements) against sediment-related disasters
due to torrential hazards, such as flash floods and debris floods, debris flows, and shallow land-
slides. This newly introduced combination of technical countermeasures in Slovenia withstood
the extreme floods in August 2023.

Abstract: Different sediment-related disasters due to torrential hazards, such as flash floods, debris
flows, and landslides, can occur in an Alpine torrential catchment. When protecting infrastructure
and human lives, different structural and non-structural protection measures can be used to mitigate
permanent and future risks. An overview of the mitigation measures constructed near the Krvavec
ski resort in northwest Slovenia (Central Europe) is presented. In May 2018, an extreme debris flood
occurred in this area, causing significant economic damage. After the May 2018 event, different field
investigations (i.e., geological and topographic surveys) and modeling applications (e.g., hydrological
modeling, debris flow) have been conducted with the purpose of preparing the required input data
for the design of protection measures against such disasters in future—due to climate change, more
disasters are expected to happen in this torrential watershed. The mitigation includes the restoration
of local streams, the construction of a large slit check dam for sediment retention, the construction
of several smaller check dams and the construction of 16 flexible net barriers with an estimated
~8000 m3 retention volume for controlling in-channel erosion in steep torrential streams. Additionally,
in order to observe and monitor potential future extreme events, an extensive monitoring system
has been established in the investigated area. This monitoring system will cover measurements of
flexible net corrosion, the estimation of concrete abrasion at check dams, periodical geodetic surveys
using small drones (UAV), hydro-meteorological measurements using rainfall gauges and water level
sensors. The recent extreme floods of August 2023 also hit this part of Slovenia, and this combination
of technical countermeasures withstood the event and prevented large amounts of coarse debris from
being transported to the downstream section and devastating infrastructure, as was the case in May
2018 during a less extreme event. Therefore, such mitigation measures can also be used in other
torrential catchments in the Alpine environment.

Keywords: torrential hazards; debris flows; flash floods; extreme events; rainfall; mitigation; flexible
net barriers; check dams; monitoring system

1. Introduction

Alpine areas around the world, including the Alps in Europe, are susceptible to differ-
ent gravitational and rainfall-triggered natural hazards, such as shallow and deep-seated
landslides [1,2], dry and wet debris flows [3–5], flash floods [6–9] or a combination of these
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hazards that can be initiated during regular but extreme catastrophic rainfall events [10–12].
The Alps in Europe cover more than 300,000 km2 and are located in several European
countries. Slovenia is one of the countries located in Central Europe, and its north and
northwestern parts are within the Alps. It is expected that climate change will increase both
the magnitude and frequency of extreme torrential events [13,14] that will cover larger areas
during single disaster events. Therefore, different structural and non-structural mitigation
measures should be applied in order to protect existing infrastructure and human lives.
Different types of measures can be used, ranging from so-called grey measures [1,15] to
green-blue [16] solutions and a combination of them (i.e., hybrid solutions [17]). Green
or blue solutions are often promoted in different disciplines [18,19] since they can be re-
lated to multiple benefits, such as increased biodiversity. Moreover, even in torrential risk
management in the Alpine environment, wooden dams were often used in the past for the
stabilization of unstable slopes and torrential channels and limiting sediment transport
from upland parts of torrential watersheds to urban areas. However, classical engineer-
ing grey measures, such as concrete or reinforced concrete check dams [1], are still very
frequently built to mitigate torrential risks. When enhancing knowledge about torrential
processes, detailed observations of natural phenomena are needed, asking for the collection
of relevant field data, such as information about triggering mechanisms, magnitudes of
debris flow and peak discharges of flash floods, or debris flood characteristics, such as
velocities and pressures on infrastructure [20,21]. The pressure and dynamic impact forces
are the most important parameters used for the design of protection measures, such as
flexible net barriers or check dams against debris floods and debris flows [22,23]. The
same applies for some other infrastructure, such as coastal structures used for tsunami
protection [24,25]. Therefore, the main objectives of this study is to: (i) present different
counter measures proposed to mitigate torrential hazards in the Krvavec ski resort area
in northern Slovenia, (ii) to describe the monitoring system used to observe and detect
potential future torrential events, and (iii) present some preliminary results with respect
to functioning of the mitigation countermeasures during the recent extreme August 2023
flood that occurred in Slovenia [26,27]. In Krvavec area, flexible net barriers have been
constructed in torrential channel beds for sediment retention and channel stabilization for
the first time in Slovenia, and, therefore, this cases study shows that this type of torrential
structures can be used as technical countermeasures in steep torrential streams in the Alpine
environment in Slovenia.

The original contribution of the presented case study lies in the thoughtfully selected
combination of structural measures of different types (flexible ring net barriers in steep
channels, bank stabilization and low check dams in less steep channels, and a reinforced
concrete slit check dam) that can be used as an open-air monitoring site for the effectiveness
of such measures with respect to flexible barriers behavior using: (i) innovative monitoring
devices (i.e., Guards), and (ii) combining estimated sediment transport quantities from
retained debris behind barriers and LiDAR measurements using drones, with concrete
abrasion experiments of diverse concrete specimens subjected to real field conditions. The
successful functioning of the system during the extreme August 2023 event (if compared to
the 2018 debris flood) confirms the proper design of the system and the possibility of using
torrential countermeasures for field research on interactions between natural processes and
torrential structures.

2. Materials and Methods
2.1. Case Study Description: Krvavec Ski Resort Area

The Krvavec ski resort area is part of the Kamnik-Savinja Alps, a mountain range
located in the northern part of Slovenia (Figure 1). The total area of Kamnik-Savinja Alps
in Slovenia is around 1000 km2, and there are several mountains with elevations above
2000 m a.s.l., with the highest one being Grintovec Mountain with an elevation of 2558 m
a.s.l. The Krvavec ski resort stretches from around 1500 m a.s.l. to around 2000 m a.s.l. The
area is characterized by steep slopes and narrow valleys (Figure 2). The cabin lift is the
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main means of transport for skiers in winter during the ski season. As can be seen from
Figure 1, there are two steep torrential ravines (i.e., the Brezovški graben and the Lukenjski
graben) in the upstream slopes from the station of the cabin car. The average longitudinal
channel slope of these two torrents is ~25–30%, and the total catchment area is close to
2 km2 [22]. Around three-quarters of both catchment areas are forested, while the rest are
agricultural areas [22].
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Figure 2. Two photos of the situation in the Brezovški graben and Lukenjski graben torrents, respec-
tively. The channel width is between 1–2 m to several meters.
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The mean annual precipitation at the top of the Krvavec ski resort area (approx. 1700 m
a.s.l.) is around 1620 mm (in the period 2010–2020), with no clear seasonal pattern (Figure 3).
Moreover, there is a clearer pattern in the monthly rainfall erosivity distribution with a
clear peak in the summer period (Figure 3). The rainfall erosivity was calculated based on
the 30-m rainfall data for the 2010–2020 period based on the RUSLE methodology [28] and
using the RIST software [29]. The average annual rainfall erosivity in the 2010–2020 period
was around 3531 MJ × mm × ha−1 × h−1 × year−1, which can be regarded as relatively
large [30]. Therefore, it is evident that hydro-meteorological events can occasionally be
relatively extreme in this alpine part of Slovenia. In combination with steep slopes and
other torrential characteristics, this can lead to rainfall events, such as the one that occurred
in May 2018 (Section 2.2). This local thunderstorm triggered a local debris flood that
partially devastated the valley station of the Krvavec ski resort cable car and interrupted
the local access road to the station [22]—for protection against such torrential events, several
structural protection measures were built in the past [22,23], but most of these torrential
structures were already in relatively bad condition before, and especially after the May
2018 event (Section 2.3).
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Figure 3. Mean monthly precipitation and rainfall erosivity at the Krvavec meteorological station in
the period 2010–2020.

2.2. Extreme Debris Flood in 2018

On 30 May 2018, a relatively extreme rainfall event occurred in this area [22]. Around
50 mm of rainfall fell in around 30 min, corresponding to the statistically estimated return
period of over 50 years. The total event duration was very short (less than 3 h), and the
majority of rainfall was concentrated in around 15–30 min (Figure 4). The rainfall ero-
sivity for this specific event based on the 30-m rainfall data can be estimated to be over
1420 MJ × mm × ha−1 × h−1 × year−1, which is almost half of the total annual rainfall
erosivity and almost twice as large as the average monthly erosivity at the Krvavec meteo-
rological station (Figure 3). Furthermore, in the 2010–2020 period, this was the event with
the second-highest rainfall erosivity. More specifically, the average erosivity per event at
the Krvavec meteorological station was around 90 MJ × mm × ha−1 × h−1 × year−1.



Appl. Sci. 2023, 13, 11136 5 of 15

Appl. Sci. 2023, 13, x FOR PEER REVIEW 5 of 16 
 

station (Figure 3). Furthermore, in the 2010–2020 period, this was the event with the sec-
ond-highest rainfall erosivity. More specifically, the average erosivity per event at the 
Krvavec meteorological station was around 90 MJ × mm × ha−1 × h−1 × year−1. 

 
Figure 4. Measured cumulative rainfall using an optical disdrometer and a pluviograph at the 
Krvavec meteorological station at 1742 m a.s.l. during the extreme event that occurred on 30 May 
2018. 

As indicated by Bezak et al. [22], the extreme rainfall in May 2018 triggered the local 
debris flood and caused intense erosion and sedimentation processes in both Brezovški 
graben and Lukenjski graben torrents. At the valley station of the Krvavec cable car, 
around 10,000 m3 of relatively coarse debris was deposited, and it was assumed that the 
main source of the debris material was the Brezovški graben since the debris material from 
the Lukenjski graben was deposited upstream (before the confluence of the Brezovški gra-
ben and Lukenjski graben torrents) from the valley station of the Krvavec cable car (i.e., 
in the debris flow fan area) [22]. The debris flood caused extensive damage to the existing 
torrential infrastructure in both torrents (Figure 5). Hence, in order to protect the valley 
station of the cable car and the downstream area along the access road to the station, new 
countermeasures needed to be implemented (Section 3.3). 

0
10
20
30
40
50
60
70
80
90

100

17:24:00

17:34:05

17:44:10

17:54:14

18:04:19

18:14:24

18:24:29

18:34:34

18:44:38

18:54:43

19:04:48

Cu
m

ul
at

iv
e 

ra
in

fa
ll 

[m
m

]

30th of May 2018 Time [hh:mm:ss]

Pluvio Disdrometer

Figure 4. Measured cumulative rainfall using an optical disdrometer and a pluviograph at the
Krvavec meteorological station at 1742 m a.s.l. during the extreme event that occurred on 30 May 2018.

As indicated by Bezak et al. [22], the extreme rainfall in May 2018 triggered the local
debris flood and caused intense erosion and sedimentation processes in both Brezovški
graben and Lukenjski graben torrents. At the valley station of the Krvavec cable car, around
10,000 m3 of relatively coarse debris was deposited, and it was assumed that the main
source of the debris material was the Brezovški graben since the debris material from the
Lukenjski graben was deposited upstream (before the confluence of the Brezovški graben
and Lukenjski graben torrents) from the valley station of the Krvavec cable car (i.e., in
the debris flow fan area) [22]. The debris flood caused extensive damage to the existing
torrential infrastructure in both torrents (Figure 5). Hence, in order to protect the valley
station of the cable car and the downstream area along the access road to the station, new
countermeasures needed to be implemented (Section 3.3).
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2.3. Overview of the Mitigation Measures

In both torrents and prior to the May 2018 debris flood, there were several counter-
measures, such as smaller check dams, gabion walls, wooden dams and low weirs already
built to mitigate torrential hazards. However, these objects were destroyed to a large extent
during the May 2018 event (Figure 5). Therefore, in order to mitigate the torrential risk in
the future, new structural measures were planned for both torrents [22,23].

After the May 2018 event, a geological survey was carried out to determine geological
conditions for planning and executing new mitigation measures (Figure 6). The main
objective of the field survey was to estimate the possibility and magnitude of future mass
movement and debris flood events. Areas with deposited debris material and areas with
high erosion potential (Figure S1) were identified to secure input data for debris flood
modeling and countermeasures design process.
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Figure 6. Engineering geological map of the area with the identification of the main sediment sources.

Mitigation measures were roughly divided into three sections, respectively, phases
(Figure 7). The first phase was a restoration of existing concrete structures (channel regula-
tion works) on the Reka torrent, i.e., downstream of the Brezovški and Lukenjski torrents
confluence. The second phase was planning and building a large slit check dam just
downstream at the confluence of both torrents to temporarily retain future mass flows
and slowly dose debris to the downstream section. In this location, there was already a
small check dam, but the capacity of the sediment trap was only about 500 m3, which is
a relatively small capacity compared to possible future events magnitude (volumes). A
new slit check dam is designed with the largest possible sediment capacity in this location
of close to 14,000 m3. The third phase includes measures to reduce erosion potential in
the Brezovški and Lukenjski graben catchments. Both upstream sections have a large
erosion potential, and a large amount of mixed coarse and fine debris material can be
mobilized during future rainfall events. Since the area is hardly assessable even on foot,
non-conventional countermeasures were sought. As an appropriate structure, a flexible
ring-net debris flow barrier was selected, which can be transported to a construction site
with helicopters or forestry cableways. No heavy machinery (such as excavators) is needed
for installation—as it could not be applied—and light machinery was applied (such as
so-called spider excavators). The main objective of the third phase was to reduce in-channel
erosion intensity via stabilization of the torrent channels (side-slopes reduction at the same
time). Geological information shown in Figure 6 was used for the selection of the optimal
locations of the flexible net barriers. All three phases together present a holistic technical
solution for this endangered torrential area and will reduce mass-flow-related hazards for
downstream areas (cabin lift valley station, access road, Grad village, etc.).
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3. Results and Discussion
3.1. Reka Torrent Mitigation Measures (Phase 1)

The Reka torrent was already regulated in the past (in the last few decades), but
mainly concrete and wooden structures were in relatively poor condition, and the May
2018 event severely damaged or destroyed most of them. This section of the Reka torrent is
steep, and the structures such as small check dams, low weirs and bank protections are a
necessity for channel stabilization. During construction phase 1, executed in 2019 and 2020
(pre-COVID-19), some of the structures were renewed, but most of them were completely
reconstructed (Figure 8). Banks with erosion were protected with stone rip-rap structures.
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3.2. New Slit Check Dam (Phase 2)

Due to the high risk of similar or even more severe mass flow events in the future,
a large 10.5 m high check dam with approximately 14,000 m3 sediment trap capacity
was designed on the confluence of Brezovški and Lukenjski torrent. The check dam was
designed as a slit dam to have minimal impact on geomorphological processes in this
section and with the aim of ensuring the sediment connectivity and not to completely
stop the sediment transport process. Therefore, the sediment transport process will not
be completely interrupted, except for extreme events during which large masses of coarse
sediments will be mobilized and could present a significant hazard for downstream areas.
In the dam design phase, geotechnical research (boreholes, laboratory) was carried out to
obtain reliable input data for the dam structural design. Check dam with a construction
height of 10.5 m is designed for the dynamic impact of mass flows. It will be built as a
reinforced concrete structure, covered with a mixture of concrete and rocks, to ensure a
more nature-friendly look.

Together with a new slit check dam, some additional structures will be built to ensure
the stability of the upstream section of the confluence (Figure 9). These sections of both
torrents will be modified to provide larger sediment trap capacity and erosion stability.
The check dam is designed in a location with an access road so that the sediments can be
removed regularly, and the whole sediment trap volume is available.
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3.3. Flexible Net Barriers (Phase 3)

A series of 12 flexible barriers were installed in Brezovški graben (12) and 4 in Lukenjski
graben (4) to prevent side erosion (bank collapses, slumps) and thus to limit sediment
supply from sediment sources (Figure 10). The height of the barriers varies between 2.5
and 6 m, and the sediment trap capacity is between 100 and 800 m3. The top width of the
barriers varies between 9 and 25 m. The total retention volume was estimated for 4 barriers
in the Lukanjski graben to be over 3000 m3 and for 12 barriers in the Brezovški graben to
be close to 5000 m3.
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All the barriers were designed and dimensioned using the DEBFLOW online tool
developed by Geobrugg [31]. The design of the barriers was modified because the deposits
are not intended to be removed after the events, but the main purpose of the barriers is to
reduce channel slope, reduce velocities and support unstable channel banks. Because of
this specific design, not all barriers are designed for debris flow impact, but all of them
are designed for overflowing forces. The upstream barriers and the barriers with larger
distances to the next upstream barriers are designed for debris flow impact, which is one of
the possible scenarios in the phase where barriers will be filling up with sediments. The
final state of the barriers will be, when all of them are filled up, torrential bed slope reduced
and bank erosion mostly mitigated. Based on the topographic characteristics, VX-type
(Geobrugg) barriers were selected [31] (Figure 11). Some of them were customized with
additional ropes and anchors since there was no need to use stronger, more resistant nets,
but only to add some ropes to fulfill all the design requirements (stability, resistance).

Appl. Sci. 2023, 13, x FOR PEER REVIEW 10 of 16 
 

All the barriers were designed and dimensioned using the DEBFLOW online tool 
developed by Geobrugg [31]. The design of the barriers was modified because the deposits 
are not intended to be removed after the events, but the main purpose of the barriers is to 
reduce channel slope, reduce velocities and support unstable channel banks. Because of 
this specific design, not all barriers are designed for debris flow impact, but all of them 
are designed for overflowing forces. The upstream barriers and the barriers with larger 
distances to the next upstream barriers are designed for debris flow impact, which is one 
of the possible scenarios in the phase where barriers will be filling up with sediments. The 
final state of the barriers will be, when all of them are filled up, torrential bed slope re-
duced and bank erosion mostly mitigated. Based on the topographic characteristics, VX-
type (Geobrugg) barriers were selected [31] (Figure 11). Some of them were customized 
with additional ropes and anchors since there was no need to use stronger, more resistant 
nets, but only to add some ropes to fulfill all the design requirements (stability, resistance). 

Special equipment was used for the installation of the barriers. Logging lifts were 
installed to transport the construction material to the construction sites. Most of the work 
was performed manually (drilling, installation) (Figures S2–S5). 

 
Figure 11. Example of a designed VX barrier. 

3.4. Ongoing Monitoring 
The monitoring system of torrential processes in the Krvavec area can be divided into 

the following parts: 
• Measuring local rainfall using one tipping bucket as a rainfall gauge (resolution 0.1 

mm) (will be installed at the top of Brezovški graben torrent); 
• The Brezovški graben is regularly surveyed using Unmanned Aerial Vehicles (UAV 

drones), and surface changes (eroded slopes and new deposits upstream of the flex-
ible barriers) between the two field measurements are determined from a difference 
between two consecutive LiDAR maps of the torrent. These measurements will ex-
plicitly tell us about erosion and sedimentation dynamics in the torrential channel 
and reveal the efficacy of the built flexible net barriers to retain coarse torrential de-
bris. After they are filled up with coarse debris, they will support unstable torrential 

Figure 11. Example of a designed VX barrier.



Appl. Sci. 2023, 13, 11136 10 of 15

Special equipment was used for the installation of the barriers. Logging lifts were
installed to transport the construction material to the construction sites. Most of the work
was performed manually (drilling, installation) (Figures S2–S5).

3.4. Ongoing Monitoring

The monitoring system of torrential processes in the Krvavec area can be divided into
the following parts:

• Measuring local rainfall using one tipping bucket as a rainfall gauge (resolution
0.1 mm) (will be installed at the top of Brezovški graben torrent);

• The Brezovški graben is regularly surveyed using Unmanned Aerial Vehicles (UAV
drones), and surface changes (eroded slopes and new deposits upstream of the flexible
barriers) between the two field measurements are determined from a difference be-
tween two consecutive LiDAR maps of the torrent. These measurements will explicitly
tell us about erosion and sedimentation dynamics in the torrential channel and reveal
the efficacy of the built flexible net barriers to retain coarse torrential debris. After
they are filled up with coarse debris, they will support unstable torrential flanks, and
sediment transport to downstream sections closer to the cable car station will increase
again;

• Six devices, called Guards®, were installed on four flexible barriers in the Brezovški
graben (barriers 1, 3, 7, 8, 9, and 12) and on two flexible barriers in the Lukanjski
graben (barriers 2 and 6). Introduced in late 2020, a Guard® is a waterproof, small,
battery-powered autonomous device (2.6 kg, battery life estimated to be between 7
and 10 years), easily installed on the suspension rope of a selected protection barrier
for permanent monitoring (24/7) of its environmental and physical status under the
toughest conditions [32]. It monitors corrosion (due to air pollution) and movements
(due to debris or rock impacts) of the flexible nets, as well as reporting events, such as a
rockfall or a debris flow via a mobile network (i.e., GSM, UMTS, LTE) to a dashboard on
your computer—without a need to go to the field site. It is, in essence, an IoT (Internet-
of-Things) smart data logger developed to estimate corrosion damage to a single rope
within flexible net barriers [33], but it is additionally equipped with an impact sensor
unit, measuring accelerations of up to 200 g and forces to up of 294 kN. The Guards®

report events when a barrier is moved due to inflowing debris or sediments (even
single surges in the case of a wet debris flow), or a single falling/rolling large rock
hits it, but also due to strong winds or even wild animals. Such reports are then
compared to local weather (wind, air temperature, and rainfall data) to differentiate
among causes for barrier movements. The installed Guards® started operating in
March 2023, and until the end of July, occasional activities were reported. In total, in
this period, there were 42 entries in the cloud-based database that were associated
with an increase in force on the flexible net barriers. The measured force ranged from
around 1 g to around 17 g. In this period, there were 6 days when the reported number
of events was larger than 1 (Table S1). It can be seen that on days with more than
one activity detected by Guards, there was either strong wind or a storm in that area
(Table S1). Furthermore, the maximum 30-m wind speed and rainfall were above
average (Figure S6). However, the reported 30-m rainfall values shown in Table S1 all
have a return period of less than 5 years according to the intensity-duration-frequency
(IDF) curves for that location (i.e., the 30-m rainfall rate with a 5-year return period
equals 25 mm). It can also be seen that there are some days where the activity detected
by the Guards® was not driven by extreme wind or precipitation (Table S1). Some
events were also detected on the days without rainfall (Table S1). During the period
of Guard® operation, there were some days when wind speed was relatively high,
or 30-m rainfall rates were relatively high, but there was no activity detected by the
Guards® (Figure S6). The Guards® also continuously measure some other parameters,
such as temperature, humidity or corrosion (Figure S7);
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• A field test site for concrete abrasion measurements due to sediment transport in
torrential streams; in the bottom of the Brezovški graben a concrete flat ramp appr.
2.5 × 4.5 m was built in with an array of the total eight concrete square 5 cm thick
plates (4 × 2 smaller concrete plates of the dimensions 50 × 50 cm prepared from four
different concrete mixtures—two plates of each mixture) (Figure 12). One concrete
mixture was a typical one used in torrent control works in Slovenia, and the other
ones were prepared with additives, such as microsilica and steel fibers, to enhance
their abrasion resistance. The plates are leveled in height with the ramp, not cast into
the ramp but put in place so that they can be easily removed after the end of the field
test. The ramp and the plates are regularly measured by terrestrial laser scanning to
estimate abrasion depth on the plates due to overflowing sediments. Since flexible
barriers were put in place in late 2022, concrete abrasion is rather limited and cannot
be reported in this article yet. We expect that in situ measurements of concrete plate
abrasion will correspond well with the standardized laboratory tests for underwater
abrasion of concrete [34]. Positive experiences regarding concrete abrasion resistance
of different concrete mixtures typically used for hydraulic structures were gathered in
the past on the Lower Sava River in Slovenia [35].
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3.5. August 2023 Extreme Flood

On 3–4 August 2023, extreme rainfall caused intense erosion processes and mass
movements, such as debris flows, slumps and landslide slips, and especially large and
devastating floods in many parts of Slovenia [26,27]. The Krvavec meteorological station
measured 30 mm in 30 min, 165 mm in 12 h and 196 mm of rainfall in 24 h, and rainfall
erosivity for this event was over 1500 MJ × mm × ha−1 × h−1 × year−1—approximately
50% of the mean annual rainfall erosivity for this station and larger than during the pre-
vious extreme event (i.e., 2018). The return period of 12 h rainfall amount was estimated
to be over 250 years. The 12 h rainfall intensity was also larger than the one associated
with empirical rainfall threshold curves for the initiation of shallow landslides and debris
flows—e.g., the one proposed by Caine in 1980 [36–38]. Hence, numerous smaller land-
slides, slumps and soil slips occurred in this area, and flexible net barriers were able to
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retain the eroded material (Figure 13) and stabilize the channel bed without excessive chan-
nel incision. Consequently, the cabin car ski lift was not affected, as was the case during
the May 2018 event, and no significant damage was caused in this part of the catchment
(Figure 13). Based on the field geodetic survey using drones, it was estimated that around
19,000 m3 of material was eroded during the August 2023 event, and the majority of the
debris material was trapped by the flexible net barriers.
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4. Conclusions

This study presents an overview of torrential hazard mitigation measures used to
mitigate the torrential hazards in a typical Alpine catchment in Slovenia based on post-
extreme-event surveys and modeling results. The implementation of countermeasures
was divided into three phases: (i) channel regulation work in the downstream part of
the watershed, (ii) the construction of a large slit check dam with a retention volume of
approximately 14,000 m3 for sediment retention, and (iii) the implementation of 16 flexible
net barriers with an estimated retention volume of 8000 m3 in both torrents in the upstream
part of the watershed. It should be noted that phase (ii) is currently ongoing, while phases (i)
and (iii) have already been completed. In the scope of the conducted measures, an extensive
monitoring system has also been established that will enable us to explore characteristics
of torrential hazards in the future. The monitoring system includes a rain gauge, a video
recording system, periodical UAV surveys, Guards®, and a field test site to measure concrete
abrasion. The preliminary results have indicated that activity detected by Guards® was
caused either by strong wind or heavy rainfall. However, not all thunderstorms caused
any torrential erosion activities. Hence, further research is needed to better evaluate the
triggering factors of torrential hazards. Field abrasion experiments need more time to be
effective since, so far, flexible net barriers have substantially reduced sediment transport
over the concrete plates—this will be a rather long-term experiment.

The main scientific and applied contribution of this study is to clearly present and
show examples of good practices in sediment management in a typical Alpine catchment
that could also be used in other parts of the country. The recent August 2023 flood event
has shown that the executed structural (grey) mitigation measures effectively limited
excessive sediment erosion and transport from steep torrential channels to downstream
areas; they withstood high dynamic loads and, as such, are able to cope with extreme
hydro-meteorological events above design discharges determined for a 100-year return
period [28]. After the August 2023 event, there was no significant damage to the Krvavec
cabin car ski lift (Figure 13)—contrary to substantial damages during the less intense May
2018 event [23]. Also, the rainfall erosivity for the 2023 event was larger than the one for
the 2018 event, when there was significant damage at the Krvavec cabin car ski lift ([23]).
Therefore, such structural (grey) measures (e.g., flexible net barriers) could be applied in
steep torrential catchments in similar geological settings and those that are difficult to
access with heavy machinery and hence the construction of torrential concrete check-dams
is more challenging.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/app132011136/s1, Figure S1: Torrential unstable conditions in the
Brezovški torrent; Figure S2: Drilling process (left) and steel anchors (right); Figure S3: Construction
site in the Brezovški graben torrent; Figure S4: Series of flexible barriers on the Brezovški torrent;
Figure S5: Series of flexible barriers on the Brezovški torrent; Figure S6: Maximum 30-m wind
speed and rainfall rate for the period of Guard®operation and identification of days when the
Guards®detected some activity. Wind speed and rainfall data are obtained from the nearby Krvavec
station; Figure S7: Some additional parameters measured by the Guards® during the one-month
period; Table S1: Main characteristics of events detected by Guards®. The information about strong
winds and storms was obtained from the climatological station at Ljubljana Brnik, while 30-m
precipitation and wind speed data were obtained from the nearby meteorological station at Krvavec.

Author Contributions: J.S., M.M. and N.B.: conceptualization, methodology, writing—original draft
preparation. All authors have read and agreed to the published version of the manuscript.

Funding: The check dam design and design of other mitigation measures were financed by the
Slovenian Water Agency. Geobrugg AG, Romanshorn, Switzerland, supported the installation of the
GUARD measuring equipment. The authors’ research work was supported by the Slovenian Research
and Innovation Agency (ARIS) through grants P2-0180, J1-3024, J1-2477, J6-4628, and N2-0313.

Institutional Review Board Statement: Not applicable.

https://www.mdpi.com/article/10.3390/app132011136/s1
https://www.mdpi.com/article/10.3390/app132011136/s1


Appl. Sci. 2023, 13, 11136 14 of 15

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: We would like to acknowledge the Slovenian Environment Agency’s (ARSO)
support for making available the hydro-meteorological data. The slit check dam design and the
design of other mitigation measures were financed by the Slovenian Water Agency. Geobrugg AG
supported the installation of measuring equipment (i.e., Guards).

Conflicts of Interest: The authors declare no conflict of interest.

References
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