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ABSTRACT: This case study of the Kamniska Bistrica forest management unit presents a 3D process-based
model for determining forests protecting against rockfall. Modelling was performed using the ArcGIS 9.3.1 tool;
the kinetic energy of rockfalls was calculated using the Conefall friction model. The finished map of pro-
tective forests was compared with the map of protective functions of forests, made by the Slovenia Forest
Service. The protective function map covers 90% of forests classified in the 1% category forests by the mod-
elled map. Taking into consideration the entire forest area in the forest management unit, the maps match
in 48% of cases. The differences appear predominantly in higher altitudes where the protective function
map includes dwarf pine sites, and in lower altitudes where the map does not consider the possibility that
trees can perform their protective functions where the terrain becomes level. The aim of this article is to
draw attention to the possibilities of using the models as tools for determining forests protecting against
rockfalls.
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1 Introduction

1.1 Rockfalls and Protective Function of Forests

Areas with diverse relief often experience dangerous phenomena (torrent floods, avalanches, earth flows
and landslides, debris flows, rock avalanches and rockfalls) that limit activities and endanger property
(Brillyetal. 1999; Horvat et al. 2005; Zorn 2002; Dorren, Seijmonsbergen 2003; Kunc 2008). This article
deals only with rockfalls in which the concept of »rockfall« is understood similarly to Zorn's (2002) use,
in the broad sense of the word and including all kinds of breaks (from minor crumbling of small stones
to major breaks of individual rocks) of solid rock on the slopes where the material freely falls towards the
foot regardless of the quantity of the relocated material.

Technical measures (safety nets and catch fences) are the most common means of protection against
rockfalls. However, the realization of such measures and their maintenance is expensive (Dorren 2003);
such facilities represent foreign objects in the natural environment, affect natural processes in ecosystems
and disrupt the aesthetics of the landscape. The forest can replace technical measures, since it represents
a barrier for rockfalls. The level of success of a forest's protection depends on its structure, tree species,
development phase, undergrowth, quantity and the distribution and structure of deadwood (Dorren 2006;
Stoffel 2006). The enhancement of the protective function of a forest can be affected by appropriate for-
est management measures, e.g. leaving high stumps or regulating stand structure (ZGS OE Ljubljana 2009).
Due to the costs of such measures, it makes sense to carry out these measures only on locations where
the protective function is given or truly needed. The following conditions must be met:

* Property that must be protected;
+ Possibility of a dangerous phenomenon that can endanger the property;
+ Forest that can protect the property.

1.2 Methods of Determining Protective Function of Forests

The Regulation on the forest management and silviculture plans (1998) and Regulation amending the
Regulation (2010) (Regulation ... 2010) differentiates between forests performing protective functions and
forests performing the functions of forest land and stand protection. This article deals with both func-
tions jointly under the term »protective function«, which is understood as every forest role protecting
property from rockfall.

The mapping of these functions is performed by employees of the Slovenia Forest Service (hereinafter
referred to as SFS) on the basis of the Regulation ... (2010) and instructions from the Manual for Making
Forest Management Plans (SFS 2008) comprising measures for determining functions regarding diverse
emphasis levels. The main criteria for protective function evaluation are: defined forest associations, steep
slopes, rockiness, erodible and slide-prone parent material; for the shielding function: steep slopes/high
inclinations, and the presence of infrastructure, residential or economic facilities. While determining the
1% level of protective function emphasis, we must also bear in mind protective forests, classified by the
Regulation on protective forests and forests with a special purpose (Regulation ... 2005).

1.2.1 Modelling in the GIS Environment

Models were developed for determining areas where rockfalls can appear (Guzzettietal. 2002; Agliardi,
Crosta 2003; Marquinez et al. 2003; Zorn and Komac 2004; Petje et al. 2005; Stoffel 2006). Petje etal. (2005)
classify them as dispositional and process ones, while Dorren (2003) classifies them as empirical or static,
process-based and those which are based on the use of geographic information systems (hereinafter referred
to as GIS) or »GIS-based« ones. Dispositional models are used for determining the point of origin of
a rockfall, while the process-based models are used for determining the path of rock mass movement.

In recent years, more accurate geocoded data layers have enabled the use of three-dimensional mod-
els (hereinafter referred to as 3D), where the available raster and vector data layers are primarily applied,
and the aforementioned process models are used for motion path calculation.

Despite the set mapping scales (SES 2008), the current methods of function mapping appear to be
too subjective, since they are based on a field mapping method that depends on the experience and knowl-
edge of individual registrars.
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The aim of this article is to present the method of the 3D process model, modified according to the
model, developed in the framework of the EU project ProAlp (Ducetal. 2007), which can help forestry
profession in mapping protective function of forests.

2 Working methods
2.1 Presentation of the Test Area

The Kamniska Bistrica forest management unit (hereinafter referred to as FMU, in the maps GGE) is situ-
ated in the north of Slovenia, its area is 6,108 ha, 4,283 ha (70%) of which is covered by forests (MKGP 2010).
The central part of the unit comprises the upper valley of the Kamniska Bistrica River with its torrential
effluent's, situated in the Kamniske Alpe area; its characteristics are steep slopes, narrow valleys, numer-
ous dikes, and intense rockiness (SFS OU Ljubljana 2009).

SES determined the 1% level protective function on 3,957 ha of forest area. The protective function of the
1%t emphasis level is performed by the forests on an area of 43 ha, on steep western slopes above the 2-km
segment of the Kamnigka Bistrica road, from the southern FMU border towards the bottom station of
the cable car to Velika planina (Figure 1) (SFS OU Ljubljana 2009). The majority of the infrastructure is
located outside the areas for which the 1° level of the protective function is determined.

Past major natural disasters are known to have occurred in the FMU. Gams and Bat (1983) mention
a rockfall below Cmazevéki Turn, which scattered the rocks over hundred meters across the alluvial fan;
some rocks jumped over patches of forest and became stuck several tens of meters away of the slope bot-
tom. Due to a short but intense rainfall, torrents rose in November 1990 and Kamniska Bistrica flooded.
Forty-eight residential facilities were damaged in the Kamniska Bistrica upper river basin due to torrents
or landslides (Repolusk 1991) on that occasion.

Legend / legenda
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I rorest/gozd

Protective function
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1. level / 0. level
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Gospodarska javna infrastruktura: GURS 2007

Figure 1: Protective function of the forest in the KamniSka Bistrica forest management unit.
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2.2 Modelling and mapping

2.2.1 Preparation of Data Layers

The modelling procedure was performed with the ArcGIS 9.3.1 (ESRI 2010) software. Six geocoded data
layers were included in the model:
+ digital height model with an accuracy of 12.5m (hereinafter referred to as DHM12.5) (GURS 2005),
rockiness map made from the Slovenia's topographic map with a scale of 1:50,000 (GURS 1999). The
layer presents road lines and verges and rock areas,
road map from the joint cadastre of public infrastructure for economic purposes (hereinafter referred
to as the PIEP Building cadastre) (GURS 2007b),
cadastre of buildings on May 25, 2007 (GURS 2007a),
basic geological map of Slovenia with a scale of 1:100,000 (GeoZS 2003),
map of actual land use in 2010 (MKGP 2010).

Mapping of the rockfall reach was performed applying the Conefall software (Jaboyedoff 2003), chosen
for its simplicity of use, enabling application of digital height models of diverse accuracies and having
no limits regarding the size of the test area.

2.2.2 Modelling

A modelled map of protective forests against rockfalls was made according to a 3D process-based model,
composed of three complexes:
+ dispositional model resulting in a map of rockfall activation areas,
+ frictional model resulting in a map of damage potential,
+ motion path model resulting in a modelled map of protective forests.

The aim of the dispositional model is to determine possible areas of rockfall activation, using existing
geocoded data layers.

DHV12.5 represents the basic data layer of the model. Roads were deleted from the map showing road
lines and rocks; thus, the map of rocks was made. Bare rock slopes with inclinations of 43° or more
(Dorren etal. 2005) and areas, covered by forests, with inclinations of 39° or more (Ducetal. 2007) were

DHM 12.5
( inclination map = 43° ] | inclination map = 39° ’ geological map
rockiness map forest coverage map
rock slopes with inclinations = 43° ’ ‘ forests with inclinations = 39° ’ —

v

‘ Rockfall activation areas ’

Figure 2: Process of rockfall activation area determination
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Legend / legenda
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Author of map and contents/
avtor zemljevida in vsebine: Mitja Skudnik

Source of data/vir podatkov:
Digitalni ortofoto: GURS 2006

Figure 3: Map of rockfall activation areas. Rock areas with inclination of 43° and more (yellow) and forests with inclinations of 39° and
more on unstable parental material (green).

DHM 12.5 [ Rockfall activation area

o

‘ map of energy lines ] infrastructure map

! l

[ damage potential map ]

Figure 4: Process of damage potential map making.
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Figure 5: Presentation of the horizontal view on the rockfall travel direction (1) and the cross section of the terrain and rockfall travel ling — 2
(Dorren 2003).

defined as rockfall activation areas. The geological map of Slovenia was also used in the treatment of forests
and the forests growing on stable geological bedrock (limestone, massive or thick strata limestone, ker-
atophyre or porphyry) were excluded.

The dispositional model results in the map of rockfall activation areas (Figure 3). The map of acti-
vation areas and DHM12.5 were used as input data in the Conefall 3D frictional model (Jaboyedoff 2003),
which was used for calculating kinetic energy of rockfall masses.

Algorithms of frictional models operate on principles for calculating the maximal length of rockfall
range in the field, according to the average friction ratio (Figure 5). The friction ratio is equal to the tangent
of the inclination barycenter or the tangent of the rockfall travel angle. According to Heim (1932 quot.
acc. to Petje etal. 2005), the travel angle is angle between horizontal plane and the line connecting the high-
est point of the scar in the rockfall source area and the most distant point where the rocks come to stop.
From the viewpoint of the moving rockfall's energy, this means that the activated rockfall will travel down
the slope all the way to the intersection of the relief line with the so-called energy line that runs from the
rockfall activation area and forms angle  with the horizontal (Dorren etal. 2005).

The Conefall program operates on the aforementioned principle; the difference is that the rockfall trav-
el angle is not represented only as the angle between the horizontal plane and travel line, but is expressed
in the form of angle of the cone that is projected vertically on the surface. In other words, an activated rock-
fall particle can reach any point on the surface located within a certain angle () of the cone (Dorren etal. 2005).

259



Mitja Skudnik, Gal Kusar, Use of 3D process-based model to determine forests protecting against rockfall - case study Kamniska Bistrica

= Legend /legenda

: D GGE Kamniska Bistrica
Kinetic energy/kineti¢na energija
kJ

= High/visoka: 333

Low/nizka: 0

Author of map and contents/
avtor zemljevida in vsebine: Mitja Skudnik

Source of data/vir podatkov:
Digitalni ortofoto: GURS 2006

Legend / legenda
: D GGE Kamnigka Bistrica

Damage potential/$kodni potencial
k]

== High/visok : 234

|

Low/nizek : 0

Author of map and contents/
avtor zemljevida in vsebine: Mitja Skudnik

Source of data/vir podatkov:

Digitalni ortofoto: GURS 2006

Kataster stavb: GURS 2007

Gospodarska javna infrastruktura: GURS 2007

Figure 7: Map of damage potential, showing rockfalls' kinetic energy at impact on infrastructure, expressed in kJ.
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Figure 8: Process of protective forests mapping.

We used the motion angle $32° or the dispersion angle for the calculation on the studied area. For cal-
culating the kinetic energy of the rockfall, the average mass of the rockfall (50kg) was also taken into
account; it was determined with regard to the fact that the borderline volume between stones and rock
is 20 dm? (Mikos etal. 2004) and specific weight of the limestone is 2.300 kg/m? (Perry, 1967, quot. acc.
to Mikos$ etal. 2004).

The Conefall model results in the map of the rolling stones' kinetic energy (Figure 6). The higher the
energy of the rockfall at the impact on the infrastructure is, the higher the damage on the object. Due to
a possible deviation of assessment of the rockfall range, a buffer zone of 25 m was taken into account. The
map of damage potential, or infrastructure potentially endangered by rockfall, was made using the inter-
section of rolling stones' kinetic energy map and the infrastructure map (Figure 7).

The forests in the rockfalls' paths representing a hurdle for these rockfalls, and therefore protect against
them, were determined by the travel path model.

The map of fall direction was made on the basis of the DHM12.5 data layer. The »flow direction« tools
operating on the principle of the D8 method (O'Callaghan, Mark 1984) were used in the ArcMap (ESRI 2010)
program. The algorithm calculates the route of falling in the direction of maximal inclination from the
central point. Using the aforementioned method, problems can arise on slopes where the fall directions
should run in parallel, but merge into a single one (Petje etal. 2005).

The fall direction map and the damage potential map were used in mapping the rockfall accumu-
lation areas. In doing so, the »watershed« tool was used in the ArcGIS program (ESRI 2010). For the program
to be able to calculate these areas, the fall direction map must be included in the model, and the points
for which we want to calculate the watershed or rockfall accumulation must be determined. Points of
potentially endangered infrastructure (damage potential map) were used as accumulation points. In the
way, the map of areas from which the rockfalls roll towards the objects (marked on the damage poten-
tial map) was made. The values of individual watersheds are equal to values of the points towards which
the flow runs, and are equal to the kinetic energy of rockfalls at impact on infrastructure. An intersec-
tion of this map with the map of forests give us map of protective forests (Figure 9) that protect lower
situated infrastructure against rockfalls (hereinafter referred to as modelled map of protective forests).
On the basis of the rockfalls' kinetic energy value at impact, protective forests were classified into four
categories:
 over 149k]J,

+ over 94 to inclusively 149Kk]J,
+ over 39 to inclusively 94 kJ,
* to inclusively 39KJ.
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3 Results
3.1 Modelled map of protective forests

Protective forests (2,842 ha) cover almost a half of the FMU's area. Other forests cover somewhat less than
a quarter and non-forested areas less than a third of the area. Less than a third of protective forests is clas-
sified into the 4th, lowest category of emphasis, it is followed by a third of forests in the 3™ category. The
highest emphasis categories (the 1% and 2™ one) together comprise 23% of protective forests, located pre-
dominantly in the FMU's northern part, with the steepest and rockiest relief (Table 1).

Table 1: Protective forests' area by emphasis categories, with regard to the need for protection against rockfalls.

Category Area
ha % of the entire FMU area
1 458.0 16.1
2. 208.9 74
3. 925.2 326
4. 1,249.7 440
Total 2,841.9 100.0

In all, 12% of all roads and 7% of all houses are located in the forests from the highest two categories
(the 1* and the 2™). The facilities most exposed to damage are located in the northern part of the FMU,
north of Zagana pe¢, in the Konec Valley, and Sivnica area. Here, the forest protects hunting cabins, bivouacs,
and less frequented forest roads. Among the more frequented roads, the segment of the road between
Predkonska and bottom station of cable car to Velika planina are protected. The 3" category of protec-

- Legend / legenda
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Figure 9: Protective forests determined by the model, four different emphasis levels with regard to protection of infrastructure against rockfalls.
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Figure 10: Intersection of the modelled map of protective forests and protective function map by SFS: areas, determined by the modelled
map of protective forests and not determined by the protective function map by SFS (blue), areas determined by the map by SFS and not
determined by the modelled map (light green), areas determined by both maps (dark green), and areas performing no protective function
according to either of the maps (brown).

tive forests also comprises forests on the western part of the FMU (under Kosutna and Dedec) and above
the segment of the road between Mali Predoselj and Dom in Kamniska Bistrica. Dom in Kamniska Bistrica
is also surrounded with forests of the 3™ category. Protective forests of the 4™ category are located around
houses Pri Jerin¢u and settlement Kopisce. Protective forests of all categories protect three quarters of all
roads in FMU and 60% of all houses.

3.2 A comparison and analysis of differences between protective function map
by SFS and modelled map of protective forests

The modelled map of protective forests protecting from rockfalls was compared to the map of protective func-
tion (ZGS 2009) (Figure 10). In doing so, only the forests with the 1** level of protective function emphasis
(amounting to 3,959 ha) were taken into account. For the sake of correct comparison, non-forested land was
excluded, using the map of forests (MKGP 2010). The modelled map of protective forests, comprising 2,842 ha
of land, and a segment of the protective function map by SFS, comprising 3,093 ha of land, were compared.

Table 2: Matrix of conformity of the modelled map of protective forests and protective function map by SFS

Protective forests Area

Both maps 2,055ha (48.0%)
Modelled map of protective forests only 776ha (18.1%)
Map of protective function by SFS only 1,039 ha (24.2%)
None 415ha (9.7%)
Total area 4283ha (100%)
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The maps match on 48% of the area of all forests, according to the modelled map of protective forests
the majority (1,480 ha) of them are in the 34 and 4! category. The protective function map by SFS covers
90% of forests (413 of 458 ha) classified as the most important in rockfall protection by the modelled map
(1% category) and 77% of forests (160 of 209 ha) classified as the 2™ category.

4 Conclusion

Models for determining areas endangered by rockfalls had already been checked in Slovenia, e.g. by: Zorn
and Komac (2004), Petje etal. (2005), Carman and Peternel (2010), and Purovi¢etal. (2005). Due to its
simplicity, the applied 3D model can be used by people with good knowledge of tools in commercial GIS
program environments.

On the test area, the model has shown that a half of the area is covered by forests protecting the lower
situated infrastructure against rockfalls. According to the modelled map, the forests of primary impor-
tance for protection against rockfalls are situated at the very end of the Kamniska Bistrica valley, which
was also observed by Gams and Bat (1983).

The reasons for the differences between the executed modelled map of protective forests and that pro-
tective function map which is being mapped and maintained by SFS according to the Regulation ... (2010)
above all lie in the fact that the characteristics of a terrain (slope, erodibility) and vegetation association
(can cover a larger area) are taken into account in mapping of the protective function of forests, while the
fact that trees can also perform their protective function in lower positions where the terrain already becomes
level is ignored. Forests representing obstacles on the path of potential rockfalls whose activation site is locat-
ed outside of the forest space are not included in the group of forests with protective functions. The advantage
of the modelled map of protective forests is its determining the areas where damage to property and dan-
ger for people can occur and excluding other areas. This enables performing silvicultural measures for
enhancing protective functions only in those stands that actually perform this function. The protective func-
tion map by SFS, in contrast, excludes large areas where rockfalls can occur but cause no damage.

The deficiency of the modelled endangerment maps is their applicability on the regional level only;
their direct applicability on the local level is minor. The reliability of maps made on the basis of GIS mod-
els depends on quality of the cartographic bases used and the applied method (Zorn and Komac 2004).
In our case, sites of rockfall origins were determined on the basis of a topographic map with a scale of
1:50,000. We expect the accuracy of the precipitous rock faces to be substantially improved by using newer
technologies of relief recording (e.g. lidar data; Kobler etal. 2006). The geological map also represents a lim-
itation of use of similar models, since we only used a map with a scale of 1:250,000 (Buser 2010).

When modelling travel paths, it would make sense to include the characteristics of the slope into the
model, since the friction force affects the rocks rolling downwards. The type of rock, slope texture, and char-
acteristics of present vegetation significantly affect the roughness of the terrain and the reach of the rockfall
(Dorren 2003). On the basis of forest inventory data, we could acquire information on forest structure,
since the forest significantly affects the length of the rockfall path (Dorren etal. 2007).

The aim of the presented modelled map is to draw attention to the possibilities of process models'
application in forest space and the use of similar models needed for location models of forests protect-
ing against rockfalls. Thus, we would facilitate the work in the forestry profession and new methods would
be introduced into mapping procedures for determining these forests. By using these models, we can pre-
dict paths of rockfalls and major damage locations more accurately, locate stands where silvicultural measures
for function enhancing should be performed (e.g. leaving 1-m high stumps after felling, intentionally leav-
ing felled trees on the rockfall path), and thus support damage protection.
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1 Uvod

1.1 Podori in varovalna funkcija gozdov

Na obmodjih z razgibanim reliefom so pogosti nevarni pojavi (hudourniske poplave, snezni plazovi, zemelj-
ski usadi in plazovi, drobirski tokovi ter kamniti plazovi in skalni podori), ki omejujejo dejavnosti in ogrozajo
premozenje (Brilly in ostali 1999; Horvat in ostali 2005; Zorn 2002; Dorren, Seijmonsbergen 2003; Kunc 2008).
Clanek obravnava le skalne podore (v nadaljevanju podore), ki jih podobno kot Zorn (2002), razume v &ir-
$em pomenu besede in pod pojmom skalni podor uposteva vse vrste porusitev (od manjsega krusenja
kamenja do ve¢jih porusitev posameznih skal) trdne kamnine na pobo¢jih, kjer gradivo prosto pada proti
vznoZzju ne glede na koli¢ino premaknjenega gradiva.

Najpogostejsi nacini varovanja pred podori so tehni¢ni ukrepi (varovalne mreZe in za$¢itne ograje).
Izvedba ukrepov in vzdrZevanje varovalnih objektov pa je drago (Dorren 2003), hkrati pa taks$ni objekti
predstavljajo tujek v naravnem okolju, vplivajo na naravne procese v ekosistemih ter motijo estetski vidik
krajine. Gozd lahko nadomesti tehni¢ne ukrepe, saj predstavlja ovire podorom. Kako uspesno gozd varu-
je, je odvisno od strukture gozda, drevesnih vrst, razvojne faze, podrasti, koli¢ine, razporeditve in
strukture odmrlega drevja (Dorren 2006; Stoffel 2006). Na krepitev varovalne funkcije gozda se lahko vpli-
va z ustreznimi gozdnogojitvenimi ukrepi, npr. s pus¢anjem visokih panjev ali z uravnavanjem sestojne
zgradbe (ZGS OE Ljubljana 2009). Zaradi stro$kov je te ukrepe smiselno izvajati le tam, kjer je varovalna
funkcija resni¢no prisotna oz. potrebna. Izpolnjeni morajo biti pogoji in sicer mora obstajati:

* premozenje, ki ga je potrebno varovati,
+ moznost nevarnega pojava, ki lahko ogrozi premozenje,
+ gozd, ki lahko varuje premozenje.

1.2 Metode dolocanja varovalne funkcije gozdov

Pravilnik o gozdnogospodarskih in gozdnogojitvenih nacrtih (1998) z dopolnitvami (2010) (Pravil -
nik ... 2010) razlikuje med gozdovi, ki opravljajo zasc¢itno funkcijo ter gozdovi, ki opravljajo funkcijo
varovanja gozdnih zemljis¢ in sestojev. V tem ¢lanku obravnavamo obe funkciji skupaj pod imenom varo-
valna funkcija, ki se razume kot vsaka vloga gozda, ki varuje ali §¢iti premozenje pred podori.

Kartiranje funkcij opravljajo usluzbenci Zavoda za gozdove Slovenije (v nadaljevanju ZGS) na pod-
lagi Pravilnika ... (2010) in navodil Priro¢nika za izdelavo gozdnogospodarskih nacrtov (ZGS 2008), ki
vsebuje merila za dolo¢anje funkcij pri razli¢nih stopnjah poudarjenosti. Glavni kriteriji za ovrednote-
nje varovalne funkcije so opredeljene gozdne zdruzbe, veliki nakloni, skalovitost, erodibilna in plazljiva
mati¢na podlaga. Pri ovrednotenju zas¢itne funkcije pa strme brezine — veliki nakloni in prisotnost infra-
strukturnih, stanovanjskih ali gospodarskih objektov. Pri dolocanju 1. stopnje poudarjenosti varovalne
ali zasc¢itne funkcije je treba upostevati tudi varovalne gozdove, doloc¢ene z Uredbo o varovalnih gozdo -
vih in gozdovih s posebnim pomenom (Uredba ... 2005).

1.2.1 Modeliranje v okolju GIS

Za dolocitev povrsin, kjer se lahko pojavijo podori, so bili razviti modeli (Guzzetti in ostali 2002; Agliar-
di, Crosta 2003; Marquinez in ostali 2003; Zorn in Komac 2004; Petje in ostali 2005; Stoffel 2006), ki jih
Petje in ostali (2005) delijo na dispozicijske in procesne, medtem ko jih Dorren (2003) deli na empiri¢ne
oz. statisti¢ne, procesne in pa tiste, ki temeljijo na uporabi geografskih informacijskih sistemov (v nada-
ljevanju GIS-ov) oz. GIS-based. Dispozicijski modeli se uporabljajo za dolocitev mesta izvora podora, procesni
pa za doloditev poti gibanja skalnih mas.

Natan¢nejsi geokodirani podatkovni sloji v zadnjih letih omogocajo uporabo tridimenzionalnih mode-
lov (v nadaljevanju 3D), kjer uporabljajo predvsem razpoloZljive rastrske in vektorske podatkovne sloje,
za ra¢unanje poti gibanja pa se posluzujejo prej omenjenih procesnih modelov.

Sedanje metode kartiranja funkciji se kljub dolo¢enim merilom za kartiranje (ZGS 2008), zdijo preve¢
subjektivne, saj temeljijo na metodi terenskega kartiranja, ki je odvisna od izkusenj in znanja popisovalca.
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Cilj prispevka je predstaviti metodo 3D procesnega modela, prirejenega po modelu, ki je bil razvit
v okviru EU projekta ProAlp (Duc in ostali 2007), ki lahko predstavlja pomo¢ gozdarski stroki pri karti-
ranju varovalne funkcije gozda.

2 Metode dela

2.1 Predstavitev testnega obmocja

Gozdnogospodarska enota (v nadaljevanju GGE) Kamnigka Bistrica leZi na severu Slovenije, povrsina eno-
te je 6.108 ha, od tega 4.283 ha (70 %) porascajo gozdovi (MKGP 2010). Osrednji del enote zajema zgornji
del doline reke Kamniske Bistrice s hudourniskimi pritoki, ki lezi v obmo¢ju Kamniskih Alp, za katerega
so znacilni strmi bregovi, ozke doline, $tevilni jarki in moc¢na skalovitost (ZGS OE Ljubljana 2009).

ZGS je varovalno funkcijo 1. stopnje dolocil na 3.957 ha gozdnega prostora. Zascitno funkcijo 1. stop-
nje poudarjenosti opravljajo gozdovi na povrsini 43 ha, na strmih zahodnih pobo¢jih nad 2 km odsekom
ceste Kamniska Bistrica, od juzne meje GGE proti spodnji postaji nihalke na Veliko planino (slika 1). (ZGS
OE Ljubljana 2009). Ve¢ina infrastrukture lezi zunaj obmodji, kjer je dolocena 1. stopnja varovalne ali zas-
citne funkcije.

Slika 1: GGE KamniSka Bistrica: Varovalna in zaS€itna funkcija gozda.
Glej angleski del prispevka.

Iz preteklosti so v GGE Ze znane vecje naravne nesre¢e. Gams in Bat (1983) omenjata, da se je pod
Cmazevékim turnom sprozil podor, ki je razsul skalovje vec sto metrov po vriaju, nekaj skal pa je presko-
¢ilo zaplate gozda in obti¢alo ve¢ deset metrov dale¢ od vznozja pobocja. Novembra 1990 so zaradi
kratkotrajnega, a mo¢nega deZevja mo¢no narasli hudourniki in Kamniska Bistrica je poplavila. Takrat
je bilo v zgornjem porecju Kamniske Bistrice zaradi hudournikov ali plazov poskodovanih 48 stanovanj-
skih objektov (Repolusk 1991).

2.2 Modeliranje in izdelava kart

2.2.1 Priprava podatkovnih slojev

Postopek modeliranja je potekal s programskim orodjem ArcGIS 9.3.1 (ESRI 2010). V model je bilo vklju-
¢enih $est geokodiranih podatkovnih slojev:
+ digitalni model visin natan¢nosti 12,5 metrov (v nadaljevanju DMV12,5) (GURS 2005),
+ karta skalovitosti, ki je bila izdelana iz drzavne topografske karte v merilu 1:50.000 (GURS 1999). Sloj

prikazuje linije in obrobe cest ter skalovita obmogja,
+ karta cest iz zbirnega katastra gospodarske javne infrastrukture (v nadaljevanju GJI) (GURS 2007b),
« kataster stavb na dan 25.5.2007 (GURS 2007a),
+ osnovna geoloska karta Slovenije v merilu 1:100.000 (GeoZS 2003),
+ karta dejanske rabe tal iz leta 2010 (MKGP 2010).

Za izdelavo karte dosega podorov je bilo uporabljeno programsko orodje Conefall (Jaboyedoff 2003),

ki je bilo izbrano zaradi enostavnosti uporabe in omogoca uporabo digitalnih modelov vi$in razli¢ne natanc-
nosti ter nima omejitve glede velikosti testne povrsine.

2.2.2 Modeliranje

Modelna karta varovalnih gozdov pred podori, je bila izdelana po 3D procesnem modelu, sestavljenem
iz treh sklopov:
+ dispozicijski model, katerega rezultat je karta obmocij spros¢anja podorov,
+ trenjski model, katerega rezultat je karta skodnega potenciala,
+ model poti gibanja, katerega rezultat je modelna karta varovalnih gozdov.

Cilj dispozicijskega modela je bil s pomocjo obstojecih geokodiranih podatkovnih slojev dolo¢iti mozna
obmog¢ja spros¢anja podorov.
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DMV 12,5

v v

[ karta naklonov = 43° ] [ karta naklonov = 39° ] geoloska karta

karta skalovitosti karta gozdnatosti

v v

[ skalnestene z nakloni > 43° ] [ gozdovi z nakloni na = 39° ] <

Lo

[ Obmogja spro§¢anja podorov ]

Slika 2: Postopek dolocitve obmocij sproStanja podorov.

Osnovni podatkovni sloj modela predstavlja DMV12,5. Iz karte, ki prikazuje linije cest in obmocja
skalovij, se je izbrisalo ceste in se tako izdelalo karto skalovij. Kot obmo¢ja sproscanja podorov se je defi-
niralo neporasla obmoc¢ja strmih sten z nakloni 43° ali ve¢ (Dorren in ostali 2005) in z gozdovi porasla
obmo¢ja z nakloni 39° in ve¢ (Duc in ostali 2007). Pri obravnavi gozdov se je upostevalo tudi geolosko
karto Slovenije tako, da se je izlo¢ilo gozdove, ki rastejo na stabilni geoloski podlagi (apnenec, masivni
ali debelo skladovni apnenec, keratofir, porfir ali porfirit).

Slika 3: Karta obmogij sproStanja podorov. Obmocgja skalnih sten z nakloni 43° in ve¢ (rumena) ter gozdovi z nakloni 39° in ve€ na labilni
maticni podlagi (zelena).
Glej angleski del prispevka.

DMV 12,5 ‘ Obmogje spros¢anja podorov

b
Cemn >

[ karta energijskih linij ] karta infrastrukture

! l

[ karta $kodnega potenciala ]

Slika 4: Postopek izdelave karte Skodnega potenciala.
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Rezultat dispozicijskega modela je karta obmocij spros¢anja podorov (slika 3). Karto obmocij spros-
¢anja in DMV 12,5 se je uporabilo kot vhodna podatka v 3D trenjski model Conefall (Jaboyedoff 2003),
ki smo ga uporabili za izra¢une kineti¢ne energije podornih mas.

Algoritmi trenjskih modelov delujejo na principih ra¢unanja maksimalne dolZine dosega podora na
terenu glede na povprecen koeficient trenja (slika 5). Koeficient trenja je enak tangensu naklona tezisc¢a
ali tangensu kota gibanja sklanega podora. Kot gibanja je po Heimu (1932 cit. po Petje in ostali 2005) kot
med horizontalno ravnino in ¢rto, ki povezuje najvisjo to¢ko odlomnega roba izvora podora, in najbolj
oddaljeno tocko, kjer se skale ustavijo. Z vidika energije premikajocega se podora to pomeni, da bo spro-
Zen podor potoval po pobodju vse do presecisca linije reliefa s tako imenovano energijsko linijo (ang. energy
line), ki poteka od obmo¢ja sproscanja podorov in tvori kot s horizontalo (Dorren in ostali 2005).

Slika 5: 1 — prikaz vodoravnega pogleda na smer gibanja podora, 2 — presek terena in linije gibanja podora (Dorren 2003).
Glej angleski del prispevka.

Program Conefall deluje na prej opisanem principu s to razliko, da kot gibanja podora ne predstav-
lja samo kot med horizontalno ravnino in linijo gibanja, ampak je izrazen v obliki kota stozca, ki je vertikalno
projiciran na povrsino. To pomeni, da delec podora, ki se sprozi, lahko doseze katerokoli to¢ko na povrs-
ju, ki je znotraj dolocenega kota () stozca (Dorren in ostali 2005). Za izra¢un na obravnavanem obmocdju
smo uporabili kot gibanja  32° oziroma posipni kot. Za ra¢unanje kineti¢ne energije podora se je upo-
$tevala tudi povpre¢na masa podora (50kg), pri dolo¢itvi katere se je upostevalo, da je mejna prostornina
med kamenjem in skalo 20 dm® (Miko$ in ostali 2004) in specifi¢na teza apnenca 2.300 kg/m? (Perry 1967,
cit. po Miko§ in ostali 2004).

Slika 6: S programom Conefall izratunana kineticna energija podorov.
Glej angleski del prispevka.

Rezultat Conefall modela je karta kineti¢ne energije kotalecega kamenja (slika 6). Ve¢ja, kot je kine-
ti¢na energija podora ob trku v infrastrukturo, ve¢ja je $koda na objektu. Zaradi moznega odstopanja ocen
o dosegu podora se je pri karti infrastrukture upostevalo tamponsko cono 25 m. S presekom karte kineti¢-
ne energije kotale¢ega kamenja s karto infrastrukture, smo izdelali karto $kodnega potenciala ali potencialno
ogrozene infrastrukture pred podori (slika 7).

Slika 7: Karta Skodnega potenciala, ki prikazuje kineti¢no energijo podorov ob trku z infrastrukturo, izrazeno v kJ.
Glej angleski del prispevka.

DMV 12,5

[ karta $kodnega potenciala ]
[ karta smeri padanja ] — ZLIVNA OBMOCJA karta gozdnatosti

[ MODELNA KARTA VAROVALNIH GOZDOV J

Slika 8: Postopek izdelave karte varovalnih gozdov.
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Z modelom poti gibanja se je dolocilo gozdove preko katerih poteka gibanje podorov, ki zato pred-
stavljajo oviro podorom in zato varujejo pred podori.

Iz podatkovnega sloja DMV12,5 se je izdelalo karto smeri padanja. V programu ArcMap (ESRI 2010)
se je uporabilo orodje smer toka (ang. flow direction), ki deluje po principu metode D8 (O'Callaghan,
Mark 1984). Algoritem izra¢una pot padanja v smeri najve¢jega naklona iz centralne tocke. Pri omenje-
ni metodi se lahko pri pobo¢jih, kjer bi morale potekati smeri padanja vzporedno, pojavijo tezave, da se
vzporedne smeri padanja zdruZijo v eno (Petje in ostali 2005).

Karto smeri padanja in karto skodnega potenciala se je uporabilo za izdelavo karte obmocij stekanja
podorov. Pri tem se je v programu ArcGIS uporabilo orodje za izdelavo prispevnih obmocij (ang. waters-
hed) (ESRI 2010). Da lahko program izra¢una ta obmodja, je potrebno v model vkljuciti karto smeri padanja
in dolo¢iti tocke, za katere se zeli izrac¢unati prispevno obmocdje oz. stekanje podorov. Kot tocke stekanja
se je uporabilo tocke potencialno ogrozene infrastrukture (karto skodnega potenciala). S tem se je izde-
lalo karto obmodij, iz katerih se podori kotalijo proti objektom oznacenim na karti $kodnega potenciala.
Vrednosti posameznih obmocdij stekanja so enake vrednostim tock, h katerim poteka stekanje in so ena-
ke koli¢ini kineti¢ne energije podora ob trku v infrastrukturni objekt. Po preseku te karte s karto gozdov
se je dobilo karto varovalnih gozdov (slika 9), ki §¢itijo niZje leZeco infrastrukturo pred podori (v nada-
ljevanju: modelna karta varovalnih gozdov). Varovalne gozdove se je na podlagi vrednosti kineti¢ne energije
podora ob trku razvrstilo v $tiri kategorije:

* 1.nad 149Kk]J,

+ 2.nad 94 do vklju¢no 149Kk]J,
+ 3.nad 39 do vklju¢no 94 k],
* 4. do vklju¢no 39KkJ.

3 Rezultati

3.1 Modelna karta varovalnih gozdov

Varovalni gozdovi (2.842 ha) pokrivajo skoraj polovico povrsine GGE. Ostali gozdovi pokrivajo slabo cetr-
tino, slabo tretjino pa negozdne povrsine. Med varovalnimi gozdovi jih je slaba polovica uvr$cenih v 4.,
najnizjo kategorijo poudarjenosti, sledi ji tretjina gozdov s 3. kategorijo. Najvisji kategoriji poudarjeno-
sti (1. in 2.) ima skupaj 23 % varovalnih gozdov, ti se nahajajo predvsem v severnem delu GGE, kjer je
relief najbolj strm in skalovit (Preglednica 1).

Slika 9: Varovalni gozdovi dologeni z modelom, s Stirimi razlicnimi stopnjami poudarjenosti glede na varovanije infrastrukture pred podori.
Glej angleski del prispevka.

Preglednica 1: Povrsina varovalnih gozdov po kategorijah poudarjenosti glede na potrebe po za3€iti pred podori.

kategorija povrina
ha % od vse povrSine GGE
1. 458,0 16,1
2. 208,9 74
3. 925,2 32,6
4. 1249,7 44,0
skupaj 28419 100,0

V gozdovih z najvisjima kategorijama (1. 1in 2.) je 12 % vseh cest ter 7 % vseh his. Poskodbam najbolj
izpostavljeni objekti se nahajajo v severnem delu GGE in sicer severno od Zagane pedi, v dolini Konec in
na obmodju Sivnice. Tu gozd varuje lovske koce, bivake in manj prometne gozdne ceste. Od bolj promet-
nih cest varuje odsek ceste med Predkonjsko in spodnjo postajo nihalke na Veliko planino. V 3. kategorijo
varovalnih gozdov so uvrsceni tudi gozdovi na zahodnem obmocdju GGE (pod Kosutno in Dedcem) in
nad delom ceste med Malim Predosljem in Domom v Kamniski Bistrici. Tudi Dom v Kamniski Bistrici
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obdajajo gozdovi 3. kategorije. Varovalni gozdovi 4. kategorije se nahajajo okoli hi$ Pri Jerin¢ku in zaselka
Kopisca. Varovalni gozdovi vseh kategorij varujejo kar 3/4 vseh cest v GGE in 60 % vseh his.

3.2 Primerjava in analiza razlik karte varovalne funkcije Z6S in modelne karte
varovalnih gozdov

Modelno karto varovalnih gozdov, ki varujejo pred podori, se je primerjalo s karto varovalne funkcije
(ZGS 2009) (slika 10). Pri tem se je upostevalo le gozdove, kjer sta varovalna in za$¢itna funkcija poudar-
jenina 1. stopnji (povrsina teh gozdov je 3959 ha). Zaradi korektne primerjave se je s pomocjo karte gozdov
(MKGP 2010) izlocilo negozdna zemljis¢a. Primerjalo se je modelno karto varovalnih gozdov, ki zajema
2842 ha zemlji$¢a in izsek karte varovalne funkcije ZGS, ki pokriva 3093 ha zemljis¢.

Slika 10: Presek modelne karte varovalnih gozdov in karte varovalne funkcije ZGS: povrSine, ki jih dolo¢a modelna karta varovalnih gozdov
in jih ne doloca karta varovalne funkcije ZGS (modra), povrSine, ki jih dologa karta ZGS in jih ne dolota modelna karta (svetlo zelena), povrsine,
ki jih opredeljujeta obe karti (temno zelena) in povrSine, ki ne opravljajo varovalne funkcije po nobeni od kart (rjava).
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Preglednica 2: Matrika ujemanja modelne karte varovalnih gozdov in karte varovalne funkcije ZGS

varovalni gozdovi povrsina

obe karti 2055ha (48,0 %)
samo modelna karta varovalnih gozdov 776ha (18,1 %)
samo karta varovalne funkcije ZGS 1039ha (24,2 %)
nobena 415ha (9,7 %)
skupaj povrsina 4283ha (100 %)

Karti se ujemata na 48 % povrsine vseh gozdov, od tega jih je glede na modelno karto varovalnih goz-
dov velika vecina (1480 ha) v 3. in 4. kategoriji. Karta varovalne funkcije ZGS prekriva kar 90 % gozdov
(413 0od 458 ha), ki so bili z modelno karto oznaceni kot najpomembnejsi pri varovanju pred podori (1. ka-
tegorija) in 77 % gozdov (160 od 209 ha), ki so bili oznaceni kot 2. kategorija.

4 Sklep

Modele za dolo¢itev obmocij, ki jih ogrozajo podori so v Sloveniji Ze preverili, npr.: Zorn in Komac (2004),
Petje in ostali (2005), Carman in Peternel (2010) ter Purovic in ostali (2005). Uporabljen 3D procesni model
je, zaradi enostavnosti, mogoce uporabljati Ze ob bolj$em poznavanju orodij v komercialnih GIS program -
skih okoljih.

Model je na testnem obmocju pokazal, da polovico povrsine obmodja prekrivajo gozdovi, ki varuje-
jo nizje leze¢o infrastrukturo pred podori. Pri varovanju pred podori so po modelni karti najpomembnejsi
gozdovi na samem koncu doline Kamniske Bistrice, kar sta na podlagi terenskega kartiranja ugotovila tudi
Gams in Bat (1983).

Vzroki za razlike med izdelano modelno karto varovalnih gozdov in karto varovale funkcije, ki jo po
navodilih Pravilnika ... (2010) izdeluje in vzdrzuje Zavod za gozdove Slovenije, so predvsem v tem, da se
pri kartiranju varovalne in zas¢itne funkcije gozdov upostevajo znacilnosti terena (naklon, erodibilnost)
in znacilnosti vegetacijske zdruzbe (lahko pokriva vedje obmocje), medtem ko se ne uposteva, da drevesa
opravljajo svojo varovalno funkcijo tudi v nizjih legah, kjer se sicer teren Ze izravna. Med gozdove z varo-
valno funkcijo tudi niso vkljueni gozdovi, ki predstavljajo prepreke na poti moznih podorov, katerih mesto
proZenja se nahaja izven gozdnega prostora. Prednost modelne karte varovalnih gozdov je v tem, da dolo -
¢a obmodja, kjer lahko pride do $kod premozenja in nevarnosti za ljudi, ostala obmocja pa izloca. S tem
je omogoceno izvajanje gozdnogojitvenih ukrepov za krepitev varovalne funkcije le v tistih sestojih, ki to
funkcijo dejansko opravljajo. Nasprotno pa karta varovalne funkcije ZGS izloca velika obmocja, kjer do
podorov sicer lahko prihaja, vendar ti ne povzrocajo skode.
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Pomanjkljivost modelnih karte ogroZenosti je, da so uporabne le na regionalni ravni, na krajevni rav-
ni pa je njihova neposredna uporabnost majhna. Zanesljivost kart, ki nastanejo na podlagi GIS modelov,
je odvisna od kakovosti uporabljenih kartografskih podlag in uporabljene metode (Zorn in Komac 2004).
V nasem primeru so bila izvorna obmodja podorov doloc¢ena na podlagi topografske karte v merilu 1:50.000.
Pric¢akujemo, da se bo natan¢nost dolo¢anja obmocij prepadnih sten bistveno izboljsala z uporabo novej-
$ih tehnologij snemanja reliefa (npr. lidarskih podatkov; Kobler in ostali 2006). Omejitev pri uporabi
podobnih modelov je tudi geoloska karta, saj razpolagamo le s karto z merilom kartiranja 1:250.000 (Bu-
ser 2010).

Pri modeliranju poti gibanja bi bilo zaradi sile trenja, ki vpliva na skalni blok ob kotaljenju navzdol,
smiselno v modelu upostevati tudi lastnosti pobo¢ja. Vrsta kamnine, razbrazdanost pobo¢ja in znacilno-
sti prisotne vegetacije namre¢ pomembno vplivajo hrapavost terena in na doseg podora (Dorren 2003).
Na podlagi podatkov gozdne inventure bi lahko pridobili informacije o strukturi gozda, saj gozd znacil-
no vpliva na dolzino poti podora (Dorren in ostali 2007).

Namen prikazane modelne karte je opozoriti na moznosti uporabe procesnih modelov v gozdnem
prostoru in uporabe podobnih modelov za potrebe ocen lokacij gozdov, ki varujejo pred podori. S tem
bi olajsali delo gozdarski stroki, v postopke kartiranja pa bi se vpeljalo nove metode za dolocanje teh goz -
dov. S pomocjo modelov lahko bolje napovedujemo poti podorov in mesta najvecjih skod in tako lociramo
sestoje, v katerih naj se izvaja gozdnogojitvene ukrepe za krepitev funkcij (npr. pus¢anje 1 m visokih panjev
pri secnji, namensko pus¢anje posekanih dreves na poti skalnih podorov) in s tem storiti veliko za pre-
precevanje skod.

5 Lahvala
V raziskavi uporabljen GIS model je prirejen po modelu, razvitem v okviru EU projekta ProAlp in v ka-
terem je Gozdarski institut Slovenije sodeloval v letih 2006—08. Raziskava je potekal tudi v okviru projekta

MANFRED/Alpski prostor. Avtorja se ZGS zahvaljujeva za karto funkcij gozdov. Zahvaljujeva se sode-
lavcema dr. Andreji Ferreira in dr. Marku Kovacu ter recenzentom za pregled ¢lanka in koristne nasvete.
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