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Abstract
Climate change has large effects on the environment like changes in biodiversity and landscapes. One the
biggest causes for these changing landscapes are erosion events; processes in which rocks and soil travels
from one location to another. A lot of studies have been conducted on soil erosion and the effects of soil
erosion on the landscape., However, an inferior number of studies are conducted on rock falls, leaving
gaps in the knowledge on how a rock fall is triggered and where they deposit. One of the areas where a
study on rock fall is conducted, is the Lefka Ori region on Crete, Greece. Here, the displacement of rocks
along different slope transects is measured to get an indication on the rock fall rate in this area. From
these measurements it is difficult to predict future trends in rock fall patterns and if hotspots for
ecotourism like the Samaria gorge should be worried for increased risks of rock falls in future climate
change scenarios.
In this thesis the rock fall of Lefka Ori is modelled with LAPSUS-LS and calibrated with experimental rock
fall data. The results show that the erosion patterns calculated with the model mostly follow the steepest
slopes of the study area. It was found that separate parameter sets for each lithology yielded better results
in erosion rates than unifying the lithology of the study area. The travel distances of stones that were
calculated, resembled the traveled distances from the experimental rock fall data. Overall, for a period of
90 years, LAPSUS-LS was able to mimic erosion rates found in a 9 year experiment in the field.
The introduction of climate change in the area resulted in higher amounts of eroded material and longer
runout distances. Lithologies reacted differently to the change with more erosion on partly Dolomitized
and Recrystaline slopes and debris flows and more stable conditions for the Plattenkalk region.

1. Introduction
1.1.

Introduction to the topic

Climate change is a vexed topic among scientists and the effects of climate change are known to cause a
decline in biodiversity and a change in environments (Filho et al., 2018). These changes in the environment
are mostly due to erosion and deposition from running water to more gradient driven rock falls and
landslides. Erosion is a process in which soil or loose rock is transported from one area to another. This
natural process is caused by activities of erosive agents which are: water, wind, ice, snow, plants, animals
and humans. A global erosion map of 2012 is visible in figure 1, which indicates that large parts of the
continents are prone to higher rates of soil erosion. Borelli et al., 2013, predicted an overall increase in
global soil erosion mainly driven by an increase in croplands. Human influences on erosion are widely
visible on agricultural land. Blavet et al. 2009, studied soil water erosion on French vineyards, with no soil
erosion on scrublands or fallow in the same area. Debris flows occur when the crops have been harvested
and the slopes are barren, resulting in a loss of soil and nutrients on the slopes and an increase of material
in the valleys.

Figure1:SEQ
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Erosion occurs on a local scale where soil is moved after a heavy rainfall event like in Schin op Geul on July
12, 1998 (NRC). Here, deep gullies were visible on agricultural lands, removing soil and nutrients from the
field to the local river causing it to flood. Erosion is also visible on an international scale like in the Saharan
desert. During summer in the Northern Hemisphere, sand particles are often found on cars after a rainfall
event. The atmosphere is filled with sand particles that have been lifted from the Sahel regions and flown
over the Mediterranean sea towards Europe. This phenomenon is important to soil groups in Europe and
can influence nutrient concentrations in soils; J.B. Stuut, 2009.
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In semi-arid climates, water erosion is critical in landscape forming. The rare, but often extreme rainfall
events induce landslides by means of slope saturation if there is a soil present. But erosion is not only
visible on soils, also bare rock undergoes erosion. Hortonian overland flow is rapidly achieved on rocky
slopes with impermeable hard rock underneath a layer of regolith. If the shear stress of a rock exceeds the
shear strength, rock movement starts. Dai et al., 2017 experimented with rainfall on a rocky slope in the
Karst in China. He concluded that the amount of erosion increases with more overland runoff. Water is
therefore an important factor when looking at erosion processes in mountainous areas.
At high altitudes, precipitation is stored as snow packs functioning as a reservoir. This results in less
overland flow in wintertime and a surplus during spring. These snow caps can provoke debris slides by
either (1) avalanches or (2) meltwater. Cappabianca, 2008, describes a risk assessment for avalanches to
elaborate a phenomenon potentially dangerous for humans. Avalanches can be seen as solid material
falling down a slope, triggering other stones along the way. In spring, the melting snow cap results in extra
Hortonian overland flow, provoking more rock flow which expands because of collisions with stationary
material.
Landslides are diverse and occur differently in changing environments. It is therefore important that
experiments are conducted for different environments. Claessens et al., 2007, modelled shallow landslides
in New Zealand and found out that the erosion and deposition processes affect the landscape dynamics.
In areas with more elevation or steeper slopes, erosion events take the form of falling rocks and soils
alongside a slope. There are many different types of rock fall and landslides and they all have their own
failure properties, for example: poorly structured, unstable slopes or shear strength (Hungr and Evans,
2004). Often these events are called debris flows, because it consists of a mixture of soils and gravels. It is
however important to know what type of debris flow occurs in an area as they have different properties.
In an area with deep incisions, rock falls are dominant because the slope is too steep to support soil layers.
Hortonian overland flow is almost instant in these areas and this along with gravity may be the drive for
rock fall. Shallower slopes provide a more suitable environment for soil formation and the grain size is a
dominant distinction in categorizing the type of landslide, with coarser grains being called debris flows and
fine grains called earth flows (Varnes et al., 1978).
Another trigger for rock fall is tectonic movement, especially in areas where minimal soil development has
happened. One of the tectonically most active areas in the Mediterranean is Greece and its adjacent area,
the Aegean Sea (Kostas et al., 1984). The area consists of three main geomorphological units called the
Hellenic Trench in the south, the sedimentary arc and the volcanic arc in the North (figure 2). Between
these features, Paleozoic to Tertiary rocks are f-ed and faulted in several phases of the Alpine Orogeny,
while recent andesitic volcanism took place at the arc of the same name. The consequences of this active
area is studied by Papathanassiou, 2017 and shows the impact of an earthquake and the aftereffect on
the landscape in Lefkada, an island of Greece. Here, rock masses slide down and roads were overflowing
with debris causing costly damage to infrastructure.
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Figure 2: Geomorphological features in Greece. Image taken from Kostas et al., 1984

Crete is the largest, most populated area of Greece, situated on the sedimentary arc (figure 2). Crete has
many mountainous areas from the alpine orogeny like the Dikti Mountains, Idi Range and the Lefka Ori.
The name, Lefka (white) Ori (mountains), suggests that whitish rocks with regolith dominate the landscape
and that during winter, the peaks are covered in snow. The area is known for having steep incisions like
the Samaria Gorge, which makes it a good opportunity to study rock fall. The Samaria gorge is vital for the
island as ecotourism is proposed as an alternative to mass tourism in the growth of tourism in the region
without damaging the environment (Karagiannis, 2005).
With the above concern for rock fall in a high density tourist area and the difficulty to physically see rock
flow, more knowledge is needed on these ongoing processes of erosion and deposition. An experiment
has been established in the year 2008 where individual rock movements had been monitored (Nyktas,
2012). Here, several transects on different slopes and parent materials have been painted so that rock
movement could be visualized. His work mainly focused on vegetation growth in Lefka Ori, but his data on
rock movement could be used as a measure for erosion rates in this thesis. On a quarter of the transects,
platy limestone (Plattenkalk) , was found. This material is deposited in a shallow-water regime on a
carbonate platform (Manutsoglu et al., 2003). Other lithologies found on the transects were re-crystalline
limestone and multi-coloured gravel.
Precipitation data series are studied for relations in different climates, Amanatidis (1993), Pakalidou
(2018). They concluded that the amount of precipitation was declining over the years for areas in Greece.
Also, the return period of extreme events are calculated, which will be key in modelling rock flow change.
The extreme rainfall on Crete, from February 14th to 17th of 2019 is a final event to have a look at. Within
a week the precipitation sum was equal to an entire years’ worth of precipitation.
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These extreme events could trigger an enhanced rock flow event, peeking erosion rates for a short while
and abruptly changing the landscape. No empirical models exist yet that predict movement of a regolith
layer along a mountain slope and for this thesis, the LAPSUS-LS model will be used to predict rock
movement in Lefka Ori.

1.2.

Research Question

My research question for this thesis will be:
-

Using LAPSUS-LS, how will climate change influence rock fall in Lefka Ori, Crete?

To answer this question, the study will address the following sub questions:
-

What mechanisms cause rock fall in this area and how can these be implemented in the model?
How are future climate scenarios described in Lefka Ori and how can these be used to predict
rock fall.

2. Materials
2.1 Creation of Crete
The area of Lefka Ori is located in the south-western mountain range on the island of Crete. As mentioned
before, a lot of mountain ranges on Crete are from the alpine orogeny. Crete is formed from the African
plate going under the Eurasian plate, starting at the end of the Cretaceous (c. 70 Ma in the Mesozoic),
Rackham et al., 1996. The constant grinding and pushing have caused uplift, collapses and faults in the
landscape. Uplift occurred first in the eastern part and ended in the west during the Miocene, causing the
sliding of uplifted masses on to lower areas resulting in so called Nappes, figure 3. These Nappes partly
explain the rhythmicity of the Cretan landscape (Rackham et al., 1996).

Figure 3: Vertical cross-section showing the Nappes in the Cretan landscape, with the Lefka Ori Plattenkalk nappe on the left.
Image taken from Craddock et al., 2009

Crete formed a uniformed landmass with the main land until the subsidence towards the end of the
Miocene. All of Crete, apart from the highest mountain peaks were re-submerged. Clayey, marly
formations were deposited during this period, which continued until the middle Pliocene. Only a short
interval of emergence occurred with the Messinian Salinity, in which the Mediterranean sea almost dried
up completely, leaving Crete as mountain tops of Himalayan proportions.

4

Later in the Pliocene and at the beginning of the Pleistocene (2 Ma) further movements caused large blocks
of the crust to subside between faults, forming graben depressions, Rackham (1996). These grabens
formed deep trenches on the north-side of Crete, permanently separating the Island from the mainland.
Further subsidence of graben systems created the deep coastal waters at the north that Crete has today.
The marls are the most extensive rocks found in the lowlands of Crete and often have a hard layer that
goes over the softer marls like a plateau. The softer exposed softer marls can erode into gullies and rarely
form marl gorges that can be found on the south side of the Akrotíri Peninsula, Rackham (1996).
The deposits of flysch are visible between the nappes in figure 3. These flysch have different ages and
show that the western side is younger than the eastern side. The flysch deposits contain fossiliferous
limestones and calcite veins (Craddock et al., 2009). In the eastern part of Crete, these low-altitude flysch
deposits are found up to 700 m whereas on the rest of the island they rarely found higher than 450m.
During glaciation periods, little tectonics took place on Crete. Glaciations and deglaciations never reunited
Crete with the mainland, but enhanced the deposition of aeolianites and river gravel.

2.2 The Study Area
This thesis is not meant to model rock movement on the entire island of Crete, but only a mountainous
area in the South-west corner of the island, figure 4. These mountains can be seen from the atmosphere
because of their whitish colors and are the main feature of the western part of Crete. Their name, Lefka
Ori, means white mountains and this is because of the lithologies that are present in this area which will
be listed later in this thesis. The Lefka Ori region has over 30 peaks above 2000 meters and a top height
with the Pachnes of 2452 meters. Another reason for the name is the fact that the peaks are covered in
snow until late spring, Nyktas (2012).

Figure 4: Google Earth image of the western part of Crete, where the black polygon indicates the border of the study area. The
Samaria gorge is located on the left of the study area. The large white spot indicates the peaks of Lefka Ori. Image taken from:
https://earth.google.com/web/@35.32622929,23.90309614,1111.96528281a,92727.71722469d,35y,0h,0t,0r.

Towards the north there is a very gradual decline towards the cities of Chania and Kissamos, but on the
southern end there are very steep inclines on the coastline. Lefka Ori resembles a moon landscape, or high
desert, like the Mont Ventoux in the “Massif Central” in France in that there is barely any vegetation in
the region. The highest recorded tree was found at an elevation of 1810 m on Mount Avlimonára, which
towers above the Samariá Gorge, Rackham (1996). Most of the slopes are covered in regolith. No
vegetation means that there are no plant driven stable areas on slopes and that most slopes are prone to
water erosion or erosion because of collision and gravity.
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As mentioned before, there are several lithologies covering the study area, each with their own
characteristics. For an overview of the lithologies in the area, figure 5 was created. The largest area is
covered by Plattenkalk. The Samaria Gorge to the west of the study area exposes one of the largest cross
sections of the Plattenkalk in the island, but the lowest parts or top units are not exposed (Manutsoglu,
2003). These hard limestones are thought to have an age from 345 Ma to the Eocene (55Ma), and typically
have bands of green and grey limestones alternating with white chert, Rackham (1996). The Plattenkalk
nappe is also visible in figure 3. They have an intermediate degree of chemical weathering and because of
the layering of Plattenkalk, rectangular clasts result of weathering. This becomes more apparent at higher
altitudes. The limestone has a larger water holding capacity between the fractured rocks and therefore
supports more vegetation than the other lithologies.
Another large area is covered by dolomites. Soil formation is not apparent on this lithology. The Dolomites
are mostly found in the lower areas of Lefka Ori and receive colluvia from the overlying limestone, Nyktas
(2012). Frost weathering at high altitudes weakens the rocks and triggers cracks the most, but less erosion
takes place compared to the limestone areas. The Dolomites have a blacker colour and can be seen from
a far in the area. There are a lot of sinkholes present, linked by numerous fault systems.
Next to the Plattenkalk limestones there are also Recrystaline limestones present in the area. They are
more prone to weathering and erosion than the Dolomites with well-developed dolines, Nyktas (2012). It
can be found at the highest altitudes in the area and forms the most unstable scree slopes. Usually they
are situated on top of the dolomites. There are no layering structures present in the Recrystaline
limestones and the chemical weathering creates red colours. Most of these limestones are Mesozoic (25065 Ma). Lang-term dissolution creates karst features in these landscapes.
The Tripali series can be found above the Plattenkalk limestone and is composed by carbonate sediments
of the Triassic and Jurassic time period (Kalogeraki, 2015). It is only found in the north of the area next to
the Plattenkalk, but can be found more extensive in other areas on Crete . The base of the Tripali series
displays tectonic breccia, which means a stone consisting of broken pieces, of significant thickness (Pavlaki,
2013).
As a last part there are several debris flows separately drawn into the lithology map. These consist of
limestone flowing over dolomite hard rock. These areas are most likely very unstable as only loose material
is present at the surface. With little vegetation the stability of the regolith is mostly based on the shear
strength of the stones outperforming the shear stresses. Only a few bushes provide stability on local scales.
Collisions between rocks can have a larger impact here as there is a smaller change that bed rock is
touched.
The lithology map will be used as the main distinguishing factor for the different types of regolith on slopes.
It is composed of different geological features and put together in a feature class where 7 different
lithologies are distinguished.
There is a DEM available of the study area with a resolution of 5 m (Nyktas, 2012). The study area covers
a 5.5 km by 7 km area and ranges between ~1800 m and 2400 m altitudes. Rock movements in meters of
all transects can be found in the thesis of Krespi (2018), which can be subsumed in the geological units.
The coordinates of the transects are also included as a shapefile.
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Figure 5: A lithology map of the study area in Lefka Ori. Data lithologies from Nyktas, (2012)

2.3 Weather and climate
The large differences in elevation on the island of Crete create a variety of climate settings over short
distances. Varouchakis (2018) analyzed the annual rainfall in Crete for the period between 1981 and 2014.
He divided Crete into a western and eastern part and concluded that on average, the eastern part is drier
than the western part of Crete. This is to be expected because of the higher elevations in the western part,
condensation in air masses takes place in this area, causing increased precipitation in the mountains. In
addition, a clear difference in precipitation between season was visible where 80% of the averaged 793
mm falls during the wet season (October – March). Furthermore it was concluded that the stations on
higher altitudes received over three times the amount of water compared to the stations at very low
altitudes. On average, an increase in precipitation of 1.84 mm/year was found for these years. This is a
reversed trend from the experiment by Amanatidis (1993) who analyzed precipitation data between 1926
to 1990. The seasonal differences in rainfall where found in both analysis.
Another paper by Pakalidou (2018) examined a 124 year precipitation data from Thessaloniki, Greece. She
concluded that a precipitation event of 98.0 mm has a return period of 93 years and an event of 107.3 mm
has a return period of 280 years. This information can be used for future scenarios, in which the extreme
events would occur more often. These extreme events are important in rockfall modelling as they surpass
the critical rainfall amount more often.
7

How do these trends influence the rock fall rates in Lefka Ori? For a mountainous area with peaks
exceeding 2000 m, precipitation comes as (1) rainfall and (2) snow. There are some differences between
these types of precipitation regarding the processes of rock fall. During winter, the peaks of Lefka Ori are
covered in snow for up to 5 months. The snowcaps act as a reservoir on top of mountains where the
overland flow on the regolith is limited, resulting in less shear stress on rocks. When the snowcaps melt,
an increase in overland flow is imminent with an increase in shear stress of rocks. Another way that snow
can influence rockfall is with an avalanche. Snow in its solid form can move rocks down a slope once the
snow mass starts moving.
Extreme rainfall events have similar effects on rock movement in that these events generate a lot of extra
overland flow that increase the shear stress of a rock, with the result that some of the rocks cannot
overcome this increase an ultimately fail. This is mostly the case for the lithologies in the study area apart
from the Plattenkalk. The Plattenkalk has karstic characteristics that help in regulating water, reducing the
extra overland flow.

2.4 LAPSUS-LS
LAPSUS-LS (LAndscape ProcesS modelling at mUlti dimensions and scaleS- LandSliding, Claessens et al.,
2005; 2007), is a physical based landslide model, that will be used in this thesis to predict the amount of
erosion and deposition in Lefka Ori, Crete. This model was originally designed to assess shallow landslide
risks and simulate landscape development in New Zeeland (e.g. Claessens et al., 2006). LAPSUS works on
a timescale of years to decades to model future scenarios. The aim is not to study detailed changes on a
single slope because of local failure during a specific extreme event, but to estimate the overall erosion
and deposition processes and spatial patterns in a large catchment, mountain range or landscape such as
Lefka Ori over decades.
Another publication by Claessen (2013) examines the effect of slope angles on mass movement and how
this is implemented in landscape evolution models. From this research it is clear that extreme events can
cause abrupt changes in slope angle because of an increase in erosion. The LAPSUS model simulates,
amongst others, landsliding and overland flow that include a change in slope angles over time. This model
is used because of the relatively small amount of data that is required and the ease at which parameters
can be changed within the model. Also the change in slope angle for every timestep is preferable since
extreme events can change these drastically.
Rossi et al., 2017, examined the sensitivity of LAPSUS to vegetation and soil parameters and concluded
that the model was suitable for modelling the stability of vegetated slopes. The model was most sensitive
to additional soil cohesion from roots and the soil transmissivity had a limited impact compared to the
bulk density and the friction angles. This thesis does not include the effect of vegetation because most
slopes consist of bare rocks with hardly any bushes present, but the sensitivity of other parameters can be
taken into account for this research.
LAPSUS-LS combines a steady state hydrological model with a deterministic infinite slope stability model
from a grid - based DEM methodology (Claessens et al., 2007). The factor of safety (FoS) used in the infinite
slope stability is defined as the ratio of available shear strength to the shear stress. The soil depth is
interpreted as perpendicular to the slope surface, rather than measured vertically. The factor of safety
FoS can be written as:
𝐹𝑜𝑆 =

𝜌𝑠
(𝐶 +𝑐𝑜𝑠 𝑐𝑜𝑠 [1 − 𝑊 (𝜌𝑤 )] 𝑡𝑎𝑛 (∅)
𝑠𝑖𝑛𝜃
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where C is the combined cohesion or x_coh, W is a relative wetness index, ∅ the local slope angle in
degrees, 𝜌𝑠 the wet soil bulk density [g/cm3] or x_bd, 𝜌𝑤 the density of water [g/cm3] and 𝜃 the effective
angle of internal friction or x_ifr.
The critical rainfall is the amount of water that is needed to trigger a landslide in a particular cell. This is
calculated from a FoS of 1, which is the threshold for instability. Note that some specific landforms are
unconditionally stable, like a valley floor or flat area, others are unconditionally unstable, like steep rock
outcrops.
The main distinction for this study area is the difference in lithologies. All Grid cells receive a code based
on the lithology they are in. This code links to a set of parameter values that is unique for a lithology. This
way the change in lithology will be the dominant distinctive factor in this study This might trigger the effect
of lithology edges visible in the erosion pattern, but since the rock movement experiment in the field
serves as a calibration method for this thesis, it is the most reliable way to use the model.
From the flowchart in figure 6, all components of the model are stated. The output of LAPSUS-LS consists
of (1) a map with the eroded material and deposition of the material and (2) the new digital elevation
model from which new slopes can be calculated.
This new map can then be used as an input which gives the possibility to model future events. This way,
the model can calculate erosion and deposition for future scenarios. The original model was developed for
shallow land sliding in soil or regolith (e.g.New zeeland, Claessens et al., 2005,2007). However, some of
the original assumptions have to be adapted, as this study is interested in rock fall which has other
characteristics than landslides. If a soil gets saturated a landslide could occur, but this is different for rocks
on a slope. Because there is little to no soil available, cohesion between soil fragments is negligible and
gravity becomes more important for rocks to start moving downslope. The shear strength of a rock is
dependent of its shape and the adjacent surface of the bedrock, while soil particles usually strengthen
each other. In LAPSUS, parameters and characteristics need to be noted for every lithology used:
Transmissivity or x_T [m2/d]. Transmissivity describes the ability for fluid flow within the plane of material
and is defined as the permeability of the rock layer multiplied by the thickness of the layer. Because no
permeability is known for the rocks in Lefka Ori, transmissivity values are taken from the experimental
rock fall data from Nyktas (2012). The transmissivity is needed to calculate the relative wetness index:
𝑊=

𝑅𝑎
𝑏𝑇 𝑠𝑖𝑛𝜃

in which R [md-1] is a steady state rainfall recharge, a [m2] the contributing drainage area,

b [m] the gridsize and 𝜃 [°] the local slope angle. This relative wetness index is used to calculate to factor
of safety in the formula.
Cohesion, C in the formula, or x_coh [-]. The cohesion of a rock is one of the components of the shear
strength that is independent of interparticle friction. All rocks have typical strength values depending on
the cohesion, the friction angle and a range of confining pressure, Goodman (1980). In LAPSUS, the total
cohesion consists of a root cohesion (Cr) and a soil cohesion (Cs) and is dependent on the depth of the soil
layer (h) and the wet bulk density (𝜌𝑠): 𝐶 =

𝐶𝑟+𝐶𝑠
.
ℎ 𝜌𝑠 𝑔

Internal friction, 𝜃 in the formula, or x_ifr [rad], The internal friction of a rock describes the friction angle
which is related to the size and shape of the grains on the surface of the rock. Typically, rock types like
granites and limestones have higher friction angles than schists and marls. The angular shapes of the platy
limestones prevent roll movement at lower slope angles and should be more stable than the Recrystaline
limestones. The friction angle is an important component for the total shear strength of a rock that is
critical in the movement of a rock along a slope.
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Bulk density, 𝜌𝑠 in the formula, or x_bd [g/cm3]. The bulk density of regolith layers depends on the
roughness of the surface, the stone size and the soil availability between stones. It is difficult to measure
the bulk density of sedimentary rocks because of the large variability of stone sizes and roughness of
surfaces. For this experiment all bulk densities are set equal following from a calibration done by Nyktas
(2012). The normal density for lithologies is also hard to note down as these can differ within the same
lithology. Because with increasing pressure in for instance limestones, the density increases thus creating
variations within the limestone.

Figure 6: Flowchart indicating what input data is used for this thesis and what output contributed to the results. Calculation are
done with LAPSUS-LS whereas the Input I contains raster datasets and input II contains a text file.

From the information given by Manditidis (1993) and Pakalidou (2018) it shows that the precipitation
regimes change in the future. The increase in extreme events could influence the amount of erosion on
the slopes, because the water pushes with more force on rocks, increasing the amount of shear stress. As
a result, more rocks could start to move because the increased stresses overrule the shear strength. It is
important to note that data on precipitation cannot be put in LAPSUS-LS directly as there is no separate
input for precipitation. It can however be mimicked into other parameters. Extreme rainfall can influence
the conditioning parameters in the model, mostly the critical rainfall. An increase in Hortonian overland
flow can also influence lithology parameters such as slope limit and cohesion.
Lastly there is the slopelim input parameter in the flowchart of figure 6, which influences the angle of the
slope at which erosion can occur. The angle of the slope directly influences the shear strength of a rock.
Regolith on steeper slopes have to overcome larger gravity forces because of the relatively large vertical
component of the gravitational forces.
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2.5 Experimental rock fall data
In order to calibrate erosion and deposition patterns in the study area, information is needed on the
patterns as they are visible in the landscape. Earlier work has already been done in the area regarding rock
movement by Nyktas (2005). His study was focused on the vegetation of Lefka Ori, but the way that his
experiment was set up proves useful to create a stability factor for every lithology.
Nyktas installed 13 different transects consisting of 10 starting points on slopes with different lithologies
in which rock movements were measured. This was done by painting surface rocks with a coat of red spray
paint as a measure of starting point. The roughly 140 points were documented with their starting locations
in 2007, have been established in 2008 and have been recorded in 2011 and 2017. The starting points have
all been photographed in these years, see figure 7 where the missing rocks are visible as holes in the red
paint. In addition, the distance that the painted rocks moved downwards have been documented as much
as possible for all transects and can be used as an indication for slope instability (Krespi ,2018).
All transects exist as feature classes in ArcGIS, which makes it easy to see what lithology belongs to what
transect. In this thesis, photographs from 2008 and 2017 will be used as this is close to a decade, which is
also the calculation time of LAPSUS-LS. Figure 8 gives an example of a transect and what the position is on
a slope. All starting points are spread out evenly across the transect, starting on the same elevation. All
documented distances are perpendicular to the transect and follow the direction of the slope, which is the
direction of natural movement by gravity or flow. All movements are calculated as distances from the
transect rather than distance from a certain starting point, as it is the shortest distance that the stones
travelled.

Figure 7: Visible here is one of the painted spots in 2008 (left) and the same spot in 2017 (right). There is a
difference between these images, which gives a clear visualization of rock movement. Especially the rock on the
lower right side of the right frame has moved. Images from Nyktas (2012).

Figure 8: Example pf installation of one of the transects along a slope. The large rock with bags indicates the
start of the measurement along a horizontal line. Every painted spot has equal distance between one another
approximately. Image from Nyktas (2012).
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3. Methods
3.1 Erosion rates
A stability factor per lithology is made based on the experiment done by Nyktas (2012). The diameter of
every starting point along a transect is measured with the help of the measuring tape on the images, see
Figure 7. The average diameter of all transects on the same lithology will be used for the extrapolation of
the erosion to the resolution of the DEM, which is 5 m. it is assumed that the measuring tape is flat on the
stones without any bends. Most of the starting points had diameters in the order of 20 cm, but high outliers
were excluded because they would create an underestimation of the erosion rate.
Secondly, the sizes of the rocks present at the slopes are measured via the measuring tape on the images.
An average size per starting point is chosen and it is assumed that the stones are nearly round, meaning
that the depth of the movable layer is similar to the width that can be measured. Painted rocks that cover
over half of a starting point will be excluded due to the large variety compared to the small stones and the
influence they have on the averaging of stone sizes for the lithology.

Figure 9: Satellite image where transects 9, 10 and 11 are clearly visible on the debris flow. Transect 8 covers a smaller recrystaline
slope. Image taken from Nyktas (2012)

To get a feeling for the stability on a slope over the entire height, 2 triplets of transects are chosen to check
an entire slope. For Debris flows, which seem like the most unstable at forehand, transect number 9, 10
and 11 cover an entire mountain slope and are used to see what influence the position on the slope has
on the stability of the rocks, see Figure 9. Transect number 8 in the figure covers a small recrystaline slope,
but because no other transect is in close proximity it cannot be used to see how the position on the slope
influences the stability. For the recrystaline limestones, transects 1, 12 and 13 cover an entire slope, see
Figure 10. Transect number 2 covers a recrystaline slope, but cannot be used for the position dependency.
If the lower transects have more rock movement than the highest transect, it can be assumed that collision
of rocks with other rocks enhance the erosion rate downslope. Because this phenomenon was not widely
visible in the results, it is not used in this thesis. For the transects 9, 10 and 11 this can be explained by the
plane curvature. Because of the convex slope, the flow of stones is not perpendicular to the average slope,
but with a horizontal direction. Also, because of decreasing slope angles, the speed of the moving rocks
will decrease resulting in less collisions.
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Figure 10: Satellite image where transects 1, 12 and 13 are clearly visible on the recrystaline limestones. Transects 2 and 8 cover
two opposite recrystaline slopes. Image taken from Nyktas (2012).

As mentioned before, precipitation usually falls on the south-western facing flanks of the mountain. To
see if this direction is of influence to the stability of a slope, the aspect is taken into consideration as well.
All transects are available as feature data with coordinates and from the DEM the aspect can be calculated.
Combining these two gives a loss of rocks based on the aspect and lithology. If the results are insufficient,
curvature can be taken into account. Poesen (1997) ran an extensive research on the importance of slope
curvature on erosion in the southeast of Spain. With the help of painted rocks he was able to conclude
that the total curvature is well correlated with soil erosion (r2=0.72) and that this is mostly explained by
profile curvature and less by plan curvature. In his research however, the focus was more on tillage erosion
where rock fragments where present in the soil instead of regolith. Erosion due to the saturation of soil is
more important for tillage erosion compared to the erosion that is visualized in this thesis. His findings can
be used for this research because tillage erosion is partly gradient driven, just not similar to rock sliding.
The division of type of pixel is established with a manually chosen weight number that is shown as weight
in table 1. Two characteristics have been chosen to identify a certain pixel on the map. The first
characteristic is the lithology. Lefka Ori has 7 lithologies with unique parameter sets. The difference in
lithology is the major distinction between areas and each lithology is identified with a tenfold, for instance:
Tripali Series fits in the 20 range and the Debris Flows in the 70 range. Next, a distinction in profile
curvature is used since this is proven to be of importance in rock movement. Each concave slope or flat
slope with a tendency towards a concave slope gets a weight of 1 and every convex slope or flat slope with
a tendency towards a convex slope gets a weight of 2. The curvature and lithology maps are then merged
in ArcGIS to create a raster set with weight values. The complete layout of possible combination can be
seen in table 1.
The parameters for the lithologies have already been calibrated in the work by Nyktas and these will be
used in this study as a base for LAPSUS-LS, visible in table 1. Bulk density is not that relevant for loose
rocks, so these are set to 1.54 for all lithologies. Vrabel et al., 2017 calculated the internal friction for
several gravel and stones which will be kept constant for the lithologies in this thesis.
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Table 1: The parameter values that have been calibrated in the PhD by Nyktas (2012) and that will be used in this study. Also,
weight classes are added here as well as the factor Q indicating relative stability between the lithologies.

Lithology

Plan curvature

Weight
[-]

Coh
[-]

Ifr
[rad]

bd
[g/cm3]

T
[m2/d]

Q
[-]

Plattenkalk

Concave

11

0.40

0.80

1.54

15

15

Convex

12

0.53

0.60

1.54

15

15

Concave

21

0.50

0.60

1.54

20

15

Convex

22

0.67

0.45

1.54

20

15

Concave

31

0.15

0.50

1.54

10

10

Convex

32

0.20

0.38

1.54

10

10

Concave

41

0.50

0.60

1.54

18

12

Convex

42

0.67

0.45

1.54

18

12

Concave

51

0.40

0.60

1.54

18

12

Convex

52

0.53

0.45

1.54

18

12

Concave

61

0.60

0.60

1.54

10

12

Convex

62

0.80

0.45

1.54

10

12

Concave

71

0.15

0.60

1.54

10

8

Convex

72

0.20

0.45

1.54

10

8

Tripali Series
Recrystaline
Dolomites
Partly Dolomitized
Depositional areas
Debris flows

To calculate the overall erosion rates from the stone experiment, the following characteristics are used:
Diameter of painted circle (d): Per lithology, the average diameter of the painted circle is used as a
starting area where erosion can be calculated.
Stone depth (h): The stone depth indicates the depth of the movable layer along a slope. For this thesis,
the average smallest width of painted stones is used to mimic the depth of the layer.
Stone loss: The average stone loss is the fraction of the painted circle where stone movement has
occurred between the starting date and the end of the experiment. This value is averaged for all starting
points per lithology.
Conversion factor (c): The conversion factor calculates the difference between the area of one cell in the
DEM and the area of the painted circles with: 𝑐 =

𝑐𝑒𝑙𝑙 𝑠𝑖𝑧𝑒 2
𝑑
2

𝜋( )2
𝑑 2

The average erosion volume for one cell is then calculated with: 𝑉 = (𝜋 ( 2 ) ∗ 𝑠𝑡𝑜𝑛𝑒 𝑙𝑜𝑠𝑠) ∗ ℎ ∗ 𝑐
Because the experiment time was 9 years, the above calculated erosion volume is after 9 years. For long
term calculations, a period of 45, 90 and 270 years is used.
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3.2 LAPSUS-LS runs
With the regolith parameters covered, LAPSUS-LS can model erosion rates on different slopes. The erosion
rates that have been calculated with the values of the experiment, have to be matched in LAPSUS-LS. The
experiment works as a calibration method for LAPSUS. The matching can be accomplished with the
following changes in the model:
Slopelim: The angle from which deposition starts. All transects show either (1) deposition (when the
painted rocks are underneath other stones), (2) stable (No erosion or deposition occurs and the painted
rocks are similar in both pictures) or (3) erosion (when the painted rocks are shifted downwards).
The matching slope angles from which deposition occurs is used in the model as a determination for
erosion rates. From the experimental rock fall data the minimal slope angle at which erosion was visible
can be used as a slope angle limit in LAPSUS-LS. A value of 0.52 rad is chosen as the slopelim in this thesis
for this is the average angle at which rock movement was visible in the stone experiment for all lithologies.
Critical rainfall, or crrain: This is a relative landslide or rock fall hazard parameter indicating how much
relative precipitation is needed for a slope to start sliding down. Altering the crrain slide threshold in
LAPSUS-LS one changes the amount of precipitation that triggers a landslide on a slope. By combining the
transect coordinates and the critical rainfall output map, this parameter can be altered to match the
transect data. This is done by matching the transect data where erosion took place with the critical rain
value in the resulting map. As a second part to the calibration of the parameter, the traveled distance of
the stones is important. Because this was only a few meters in the 9 year period of the experiment and
the DEM has a 5 m resolution, a 100 year time period is chosen for this part. The deposition areas where
the stones would end up have to be matched by the model and is done by tweaking the crrain value.
From the overall erosion and deposition patterns a runout distance can be calculated for different
lithologies. The runout distance is the travelled distance of a stone along a slope and can be calculated in
ArcGIS with the distance between the most downslope pixel showing erosion and the most downslope
pixel showing deposition. It is assumed that all stones follow the path of steepest descend. Not all stones
travel to the lowest elevation and could be deposited in upslope areas, but this cannot be shown with
LAPSUS-LS. These distances are calculated for different lithologies as well as the control run and a climate
change run, which will become clear in the next paragraph.

3.3 Scenario development
In order to model the total amount of erosion for different environments, a total of 4 scenarios are used
in this experiment. One control experiment with all 7 lithologies and their own parameter set, two
experiments are concerned with the stability and one scenario introduces climate change.
Control run, or control: The 7 different lithologies present in the region of Lefka Ori do not share any
parameter sets. This run is closest to the present situation in Lefka Ori with data from the stone
experiment. For this experiment all values from table 1 are used to calculate the total erosion rates for
different lithologies.
High stability run, or HS: All lithologies are turned into Plattenkalk to see what influence lithology has on
the total erosion rates. Plattenkalk is chosen since it showed the lowest rock movement rate out of all
lithologies. Together with the lithology specific parameter, the slopelim is changed from 0.52 rad to 0.45
rad because of the more shallow slope angles at which the platy Plattenkalk stones would start moving
according to the stone experiment.
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Low stability run, or LS: All lithologies are turned into Debris Flows to see how more rock movement would
fill the valley systems in Lefka Ori. The Debris flow showed the highest erosion rates in the stone
experiment and is the best option to minimize the stability on slopes. The slopelim is changed from 0.52
rad to 0.55 rad to mimic the slope angles at which debris flows started to move in the stone experiment.
Climate change, or CC: As a final part of the experiment, the control run with 7 lithologies is compared to
this run in which climate change is introduced. In this experiment, extreme events are included in the
model by means of decreased combined cohesion. All rocks have typical strength values depending on the
cohesion, friction angle and a range of confining pressure (Goodman, 1980). By lowering the cohesion of
a rock it becomes more prone to moving and this could be used to mimic extreme events.
Nastos et al., 2007 examined timeseries on the number of days with heavy rainfall in Athens, Greece.
Athens and Lefka Ori do not have equal climatological characteristics, but it is the closest environment to
Crete. The timeseries show an increase of 3% of days in a year whit heavy rainfall, here set at over 50mm
on a day. This percentage is taken from only wet days in the year. The increase seems sudden and is visible
from 1990 onwards, figure 11. This increase is assumed to be linear in the future for this experiment. From
the graph it seems that in the past 15 years, the extreme precipitation events increased with 3 percent.

Figure 11: Trend of heavy rainfall days (>50mm) in Athens over the past years. Image taken from Nastos et al. (2007)
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If the increase is assumed constant in the future, the number of days with heavy rainfall would increase
with 24% in a 90 year period (roughly ten times the length of the stone experiment). Because these amount
of heavy rainfall days cannot be put in LAPSUS-LS directly, the combined cohesion is lowered with the
same value, 24%. The results of this change are visible in table 2.

Table 2: Changes in the cohesion based on the increase in number of heavy rainfall days per year.

Lithology
Plattenkalk
Tripali Series
Recrystaline
Dolomites
Partly Dolomitized
Depositional areas
Debris flows

Plan curvature
Concave
Convex
Concave
Convex
Concave
Convex
Concave
Convex
Concave
Convex
Concave
Convex
Concave
Convex

Cohesion control
0.40
0.53
0.50
0.67
0.15
0.20
0.50
0.67
0.40
0.53
0.60
0.80
0.15
0.20

Cohesion CC
0.34
0.45
0.43
0.57
0.13
0.17
0.43
0.57
0.34
0.45
0.50
0.68
0.13
0.17

3.4 Changes along a slope
To see what the increase in precipitation does on the landscape, four slope segments with different
lithologies are chosen for comparison between the control run and the climate change run, figure 12. The
Plattenkalk and partly Dolomitized slope are above one another. These slopes have been chosen as they
showed erosion rates over larger areas. A period of 90 years is chosen as this is best comparable with the
9 year period from Nyktas’ experiment, with a resulting erosion graph for every decade. From these
graphs, the change in surface elevation can be shown in time. These graphs show a change in local slope
angles because of variable erosion rates. Next to the slope angles, areas where erosion switches into
deposition are also visible in these graphs. These graphs give an overview in how different lithologies react
to a change in climate and whether these could have an impact in the landscape. Furthermore, the study
area erosion patterns with the changed values are compared to the current settings and possible
differences can tell if a change in climate has a large impact on the slopes in the landscapes.
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Figure 12: Lithology map with indications of the four slope segments that have been used for comparison between the control
run and the climate change run.

The raster dataset containing the changes in the DEM can be read by using the pixel inspector tool in
ArcGIS. A square area can be identified with this tool and the values of every cell is shown in a table. For
every decade, the original DEM is subtracted from the newly created DEM before it is used in the pixel
inspector. The exact same cells for all decades can be read so that the same slope segment is visible all the
time. A total area of 6 pixels (30m) by 20 pixels (100m) is used to give an insight in the change along a
slope, figure 13. All cells in the horizontal direction are averaged to compensate for plan curvature along
the slope. In this study the averaged elevation values are compared in a time span of 90 years to see if
erosion takes place at the slope or deposition takes place.

Figure 13: Visualization on how the pixel inspector tool works. The cells within the big square have
values with the difference in height between two DEM’s
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4. Results
4.1.

Erosion rates

An average of stone loss for every transect was estimated with the data from 2008 and 2017. From figure
14 it is clear that there is a difference for stone loss between the different lithologies that contained
transects. The recrystaline seems to have the highest stone loss with some very low outliers and the
Plattenkalk has the lowest average stone loss, but with a high distribution. The debris flow has the smallest
distribution with high stone loss. The debris flow has one transect point with no loss of stones because
there was a little vegetation nearby that could stop stone movement on that spot.

Recrystaline

Plattenkalk

Dolomitized

Debris flow

Figure 14: Stability of a slope based on the percentage of stone loss between 2008 and 2017 for different lithologies.

For the dependency of the exposure to the sun there were two aspects distinguished, the north facing and
south facing slopes. These are however not with a middle point of North (0 degrees) and South (180
degrees), but with the middle in the direction of the major wind direction, between 135 and 305 degrees
for south and between 305 and 135 degrees degrees for north so that the assumed influence of wind
direction and rainfall is measured. The before mentioned curvature profiles have also been looked at
separately and the results are listed in table 3.
Table 3: Loss of stones between 2008 and 2017 distinguished for different landscape characteristics. The curvatures are
calculated with ArcGIS from the 5 m DEM of the study area and the upslope and downslope transects that come from the
recrystaline and debris flow lithologies.

Characteristic
North facing slope (305° - 135°)
South facing slope (135° - 305°)
Convex Profile curvature
Concave profile curvature
Convex plan curvature
Concave plan curvature
Upslope transects
Downslope transects

Loss of stones (%)
68.6 ± 23.6
70.3 ± 21.7
60.8 ± 25.2
79.6 ± 27.7
72.0 ± 28.1
65.2 ± 28.5
82.0 ± 12.9
68.2 ± 15.8
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From the table it is clearly visible that there is little difference in the aspect of the slopes with only a 0.5
percent difference. The curvatures yield larger differences in that the concave profile lost almost 20% more
painted stones than the convex profile. For the plan curvature it is the other way around in that the convex
plan has higher stone loss than the concave plan, table 3. Note the high standard deviations for all stone
loss values. This is mostly caused by the differences in the lithologies. Due to limited observation on some
of the lithologies it was difficult to distinguish between them. The upslope and downslope transects could
only be calculated for the Recrystaline (transect 9,10 and 11) and debris flow (transect 1, 12 and 13)
lithologies as there were multiple transects on the same slope for these instances. Therefore, the average
stone loss might be higher when compared to the entire study area as the debris flow is considered the
least stable.
Not all transects have similar slope angles which could influence results, so a slope dependency is created
with the average slope in degrees, calculated from slope angles in the DEM and stone loss from the
transects (see figure 14). These averaged slope values are comparable to the measured percentages by
Krespi. Here it is visible that there is a slight increase of instability with steeper slopes, from 60% stone loss
on a 12 degree slope to a 70% stone loss on a 30 degree slope. The large variability of stone loss on similar
slope angles makes it difficult to set a particular slope angle as a tipping point for the model. The red,
orange and yellow colors represent transect 9, 10 and 11 of the debris flow. Transect 9 is the most upslope
transect of the three with the steepest slope. On average, the amount of stone loss is highest on this
transect, confirming the overall trend. Because of different lithologies and large varieties in stone sizes,
the overall linear trend has a low R2 of 0.2.

Slope dependency
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Stone loss in 2017 (%)
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Slope (degrees)
Figure 14: Slope dependency for stability of stones. The visible dotted line is a linear trend line. The yellow, orange and red colors
represent the debris flow with 3 transects on different parts of the slope as was visible previously.

The experiment by Nyktas (2012) will eventually be used to calibrate the erosion rates of LAPSUS-LS.
Since the depth of the movable layer is unknown from the images, it is assumed that the average width
of the stones is similar to the average depth of the stones. With this assumption the following erosion
rates are calculated from the experiment, table 3.
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Table 3: Erosion rates calculated from the stone loss for different lithologies.

- Recrystaline
Average diameter (m)
0.29
Average loss (-)
0.69
Stone depth (m)
0.05
Area erosion (m^2)
0.05
Volume erosion (m^3)
0.002
Erosion DEM (m^3)
0.87
Erosion in 45 years (m^3)
4.34
Erosion in 90 years (m^3)
8.68
Erosion in 270 years (m^3)
26.03
Erosion Depth in 270 years (m)
1.04

Plattenkalk
0.22
0.56
0.05
0.02
0.001
0.70
3.52
7.03
21.09
0.84

Debris flow
0.26
0.75
0.05
0.04
0.002
0.94
4.72
9.44
28.31
1.13

dolomitized
0.21
0.63
0.05
0.02
0.001
0.79
3.96
7.93
23.79
0.95

The years of erosion are set specifically to 270 years since one meter of surface will have moved by then.
The debris flows and recrystaline limestone seem to be more prone to erosion as more than one meter of
surface material erodes within 270 years. For the dolomites this is slightly lower on 95 centimeters and
the Plattenkalk being the most stable of the 4 with a 84 centimeter decrease of surface material.
When zoomed in on one slope with more transects, the influence of stone size could be measured.
Transect 9, 10 and 11 from the experiment are all located on the same debris flow with transect 9 being
at the top of the flow and transect 11 having the lowest elevation. Figure 15 gives an overview of the
dependency of stone size to the loss of painted stones on transects 9, 10 and 11. Here, every point
represents a starting point with the respective average stone size. It is visible that the stability of the
stones increase with larger sizes, but not by much. This could be explained with the stones penetrating
deeper into the regolith layer, making them less likely to move, even though triggered by collisions. For
the 7 cm and 10 cm stones, this trend is not visible. Both categories show a high amount of stone loss and
can be explained by the large size. When a relative large stone moves, a higher stone loss is measured
compared to smaller stones. Movement of large stones have a higher impact on the stone loss.
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Figure 15: Stone stability with stone size for the debris flow transects 9,10 and 11. Every point is equal to one starting point The
trend line visible in the graph is a linear trend line.
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4.2.

LAPSUS-LS results

To make sure if it is even relevant to introduce differences in lithologies, runs were made with an unified
study area to see if the results differ from the one where the main lithologies are distinguished. A
unification of the lithologies with a low potential slide scenario is made with the parameter settings of the
“high stability run” and a high potential slide scenario with the parameter settings of the ”low stability
run”. These two parameter settings were chosen to show the large contrast between low and high
stabilities. From figure 16 we see that the different lithologies effectively yield a large difference in total
erosion and deposition amounts for a 100 year period. Here, every point resembles one decade to a total
of 10 decades or 100 years. All positive values indicate deposition and all negative values indicate erosion.
For an overview on all changes during this thesis, see appendix 1.
When the different lithological parameters are introduced , the total erosion and deposition fits in
between the unified runs which is what is expected when the two extremes are chosen for comparison.
The control run is closer to the high stability than to the low stability, because a large portion of the area
is covered by Plattenkalk and only little areas are covered by Debris Flows. The low stability run has the
highest erosion and deposition amounts followed by the climate change run. The high stability run and
control run have lower values and are close to each other. From these results it can be said that making
different parameter sets for all lithologies is important as they have a large impact on the overall erosion
and deposition rates. In general, the total erosion and deposition decline over time which can be caused
by the vanishing of extreme slope angles in the landscape. The steepest slopes erode fastest and over time
these slopes get shallower, reducing the amount of eroded material.
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Figure 16: Graphs showing total erosion and deposition amounts in tons per decade for different runs. Positive numbers
represent deposition while negative values represent erosion. Every point stands for 10 years.

From figure 17 it is clear that the deposition values are lower than the erosion values for every run. The
deposition factor is the part of the eroded material that has deposited. with a value of 0.8 this means that
20% of the eroded material has not deposited. The control run shows the highest factor, whereas the
climate change run has the lowest values. In LAPSUS-LS, all eroded material is re-deposited as soon as the
slope angle decreases to a point where the cell becomes stable. The difference in the balance for the four
scenario’s can be explained by either boundary effects or sink in the area.
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With the boundary effect cells on the border of the study area are modelled to be unstable cells where
the erosion module, eroslid, calculates an amount of erosion. This material is transported outside of the
study area and cannot be re-deposited by the deposition module, sedslid. The calculations for deposition
would stop at the border and therefore, more erosion would take place than deposition. The lower value
for the climate change scenario can be explained by the higher erosion values on he border cells that are
not re-deposited.
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Figure 17: Graphs showing the ratio of eroded material that has deposited downslope. A ratio of 1 means that all eroded
material has deposited and a ratio of 0 means that no eroded material has deposited. .

Another explanation for the imbalance between erosion and deposition comes from the sinks in the DEM.
Figure 18 gives an overview of sinks present in the area. The sink holes are mostly present In the North
and West of the Plattenkalk region and also in the southern partly dolomitized area. If a sink is reached,
the model calculates the final deposition or erosion step, but there is no evaluation of the material that
remains in transport. The remaining material is not all deposited into the sink hole, but will get emptied in
the next timestep. For every decade, a part of the eroded material is not deposited in this way. Also, sinks
play a role in the calculations of contributing area, which is already used in the critical rainfall calculations.
Most of the sinks are within the Plattenkalk region, where also a lot of dolines or holes between rocks is
present due to the karstic landscape characteristic. If the sinks are indeed dolines or holes between rocks,
the calculations for erosion and deposition are correct. But if this sink is artificial, the contributing area for
downslope cells is hampered which will influence the calculations of erosion and deposition.
Some areas close to transects contained sinks along a slope that could influence the outcome of the model.
For this reason, the recrystaline calculations are done on a slope in the South of the area with similar
properties, but where no transect is present. It is assumed that the calculated erosion and deposition rates
are similar to the expected erosion and deposition rates on the slope where the actual transect was
present.
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Figure 18: Runoff map of the study area. The darker the color, the more upstream cells contribute to that particular cell. The
red areas indicate areas where most of the sinks are present.

The results of LAPSUS-LS are shown with a logarithmic scale in figure 19 where the upper image displays
the control scenario and the lower image shows the climate change scenario. In general it is visible that
the depositional areas cover larger surfaces than areas that are prone to erosion. For the current situation,
little to no erosion happens in the majority of the study area. This mostly covers the Plattenkalk region in
the North and the dolomites in the center of the study area. From the experimental rock fall experiment
it was concluded that the Plattenkalk was the most stable lithology in the study area which is also visible
in the output of LAPSUS-LS. Some slopes have a large increase in runout distance, meaning the distance
that the material travelled before being deposited. This is mostly true for the Recrystaline lithology and
the Debris flows. In some areas along the eastern border, erosion is visible close to the boundary which
enhances the possibility that not all material is deposited within the area.
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Control

CC

Figure 19: Results of LAPSUS-LS showing the erosion (red) and deposition (green) patterns in the study area. The upper
image is a result from the normal run and the lower image displays the introduction of climate change. The red, green and
blue circles indicate different slopes that have been looked at in more detail.
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A detailed overview of the slope angles is included in figure 20. In the South of the study area, deposition
on both sides of a mountain ridge is visible and the eroded area covers the entire peak. This is an accurate
representation of what happens in Lefka Ori, as the mountains consist mostly of weathered peaks resulting
in flattened tops where loose material is present.

Figure 20: Slope angles of the study area. The red area indicates steep slopes and the blue area indicates shallower areas. The
large blue areas in the North and south west are regions with low elevations.

Some of the mountain ridges are less stable and are clearly visible on the images. The northern slope with
the red circle displays partly dolomitized slopes that protrude over the Plattenkalk areas on the northern
side. A zoomed in image of the area is included in figure 21 . Because these slopes have steeper angles,
more erosion takes place. Material from these slopes move downward into the Plattenkalk regions that
are actually the lowest areas in the region with elevation from 1750 to 1900 meters. Figure 21B shows
that with climate change implemented in LAPSUS-LS, the partly dolomitized material flows onto the
Plattenkalk. A relatively large increase in runout distance is visible for these slopes compared to other
lithologies. Stream patterns are visible in the lower image with the longer runout distance that clearly
highlights where incisions in the slopes happen to be. For the current run this is not as well visible which
is mostly caused by the limiting calculated runout distances. The straight lines in figure 21A show an
unnatural border for the deposited material. Changes in erosion along the slopes mostly translates to
deeper erosion and not to a larger surface area. One would expect that larger areas become unstable with
increasing shear stress on the stones, but that is not necessarily the case in Lefka Ori.
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For the control scenario, the total runout distance for partly dolomitized stones is 400 meters whereas this
is almost 700 meters with the climate change included. This is an increase in runout distance of 75% which
is a large difference with increasing extreme precipitation. This area has a lot of steep slopes >35 degrees,
which can influence the runout distance quite drastically. Stones can acquire more speed on steep slopes,
resulting in more energy and a larger traveled distance. For the climate change scenario, the combined
cohesion is lowered which means that less energy is needed for a stone to start moving, resulting in even
more movement.
The debris flow shows a clear increase in the erodible area compared to the upper image as well as a large
increase in deposition area. The debris flow has a convex plan curvature and because of this curvature the
material is distributed over a wider area. Incisions in the slope become visible in the deposition patterns
which is to be expected as these are the lowest areas on the horizontal slope. Because of the shape of the
slope, it is more difficult to measure an increase in runout distance as there is no clear direction where the
majority of material is deposited. The average runout distance without climate change was 300 meters
whereas this rose to 500 meters with climate influence, resulting in a 40% increase. This number is
considerably lower than the partly dolomitized slopes even though the debris flow is less stable. This
difference can be explained by the shape of the slope. The partly dolomitized slope has a mostly straight
plan curvature, so all deposition is directed in similar directions. The debris flow slope has a convex plan
curvature, so the transported material is diverged into several directions, which is also visible in figure 21F.
The recrystaline reacts differently to climate change as is visible in figure 21C&D . The recrystaline slope
visible here has a relative narrow mountain ridge and erosion from both sides of the ridge can be seen.
The output with climate change shows that a larger portion of the slope is prone to erosion. A portion of
the slope contains a depositional area above an erodible area which could indicate irregularities in the
slopes. The average runout distance between the two runs increases with 33% from 150 meters to 200
meters. Even though the expected erosion rates of the dolomitized and recrystaline stones was similar,
the runout distances have large differences. This can be explained by the longer slope faces of the
dolomitized region where stones have a longer ramp to keep momentum whereas the recrystaline slope
has a shorter ramp before reaching the valley. This can also be seen in the runoff map where the streams
in the dolomitized area are longer than those in the south east region where the recrystaline can be found.
Overall, the deposition patterns follow slopes in the area and large erosion patterns are only visible on
higher elevations. From these images it can be assumed that the slope angles seem to be the dominant
factor for erosion and deposition to occur. Labhart(1999) came to the conclusion that there is an optimum
slope angle at which most erosion events occur that is usually on the steeper slopes. He also found that
the lithology influences these erosion events, which is similar to what is found in this thesis. The lion’s
share of cells susceptible to erosion have rates between 150 and 1500 tons per ha for the 90 year
calculation period. These rates match, albeit somewhat on the higher side, a modelled erosion event in
the Swiss alps, Meusberger (2010). The Swiss erosion events consisted of landslides and another model
was used than in this thesis, but the topography of the two areas is similar.
There are no extensive patterns visible in the valleys which is somewhat caused by the shape of the area.
The Plattenkalk region has karstic properties that create a lot of sinks in the DEM. The runoff map of the
area shows that there are a lot of sinks present in the lower areas of the map which could influence the
erosion an deposition patterns as stated earlier.
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Figure 21: Zoomed in images of the circles on the overall image with on the left the control scenario and on the right the
climate change scenario is introduced. The colored square around the images indicate the area from figure 19.
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4.3.

Slope changes

From the LAPSUS-LS runs over a period of 90 years, changes in the elevation were visible after every
decade for all lithologies. The graphs contain a yellow line, a red line and grey tones in between. The yellow
line indicates the results after one decade and the red line indicates a result after 9 decades. All grey tones
in between show the movement of erosion and deposition zones along the slope. The elevation on the
horizontal axes is relative to the slope in that only a part of the slope is chosen where erosion and
deposition meet. The debris flow and Plattenkalk slope are both in the region where the transects were.
The dolomitized and recrystaline slope had to be moved from the transect as there were sinks in the DEM
close to the transects. From the multiple flow map, new slopes are chosen where clear flow patterns where
visible to minimalize the amount of sinks close to the calculated slopes. The elevation values on the
horizontal axis give an indication of the distance from the first cell in the pixel inspector. Downslope areas
have higher elevation values.
For the recrystaline, figure 22, it is clearly visible that for the control scenario, the erosion on higher
elevations will increase and the deposition as a result will increase on lower elevations. It seems that the
tipping point crawls upwards on the slope throughout time. This can be caused by a change in slope angle
at those heights. Shallower slopes result in deposition instead of erosion. The erosion seems to have a
greater increase than the depositional areas, which can be caused by the longer runout distance. The
eroded material is spread out over larger distances, resulting in a shallower deposition layer. The increase
in layer thickness seems to be at similar pace for all decades except for the tipping zone. After the first
decade, material starts to deposit after 45 meters whereas this deposition line after 90 years is at 40
meters. There seems to be a deposition peak as soon as deposition occurs with a dip afterwards.
For the climate change scenario, clear differences are seen for the new erosion and deposition patterns
compared to the control scenario. The described peak in deposition is even more visible, but shifted
downwards to around 65 to 70 meters. The eroded layers are deeper and cover larger surfaces, indicating
that the slope is less stable than in the normal situation. Where there was no erosion peak visible in the
first run, a clear peak is visible for the climate run around 20 meters. Overall the pattern is shifted to lower
elevations of the slope, with erosion being a more dominant process in the climate run compared to the
normal run.
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Figure 22: Graphs showing the change in elevation for the normal run (upper graph) and the climate change run (lower
graph). All lines indicate the change for a decade with the yellow line being the first decade and the red line being the final
decade of the run.

For the debris flow, figure 23, the erosion layer depth seems to increase at similar pace throughout the 90
year period. There is a larger difference in the distance at which the tipping point changes for the debris
flow compared to all other lithologies, which could indicate the relative instability of the debris flow. There
is an increasing deposition layer on lower elevations, but a distinct peak in deposition is not visible for the
debris flow. The dip in the eroded layer around 20 meters could indicate a change in slope angle. The
overall length of the deposition layer is longer, hence the only slight decline in the trend at the end of the
graph. This is also true for the eroded layer.
For the climate change scenario, the debris flow slope reacts differently than other lithologies in that the
deposited layer shrunk by a large margin from a thickness of 2 meters to a thickness of just over 1 meter.
The erosion pattern is similar for both runs with a minimum visible around the 20 meter mark. The tipping
point shifted from 50 meters to 60 meters, which is less than on the recrystaline slope.
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Figure 23: Graphs showing the change in elevation for the normal run (upper graph) and the climate change run (lower
graph). All lines indicate the change for a decade with the yellow line being the first decade and the red line being the final
decade of the run.

If we look at the Plattenkalk lithology, figure 24, a different pattern appears. The change in depth of the
layers are very irregular compared to other lithologies. The overall eroded layer is around 1 meter except
for a peak between 35 and 55 meters. This erosion peak starts at 50 meters after 10 tears and climbs up
Graphs showing the change in elevation for the control scenario (upper graph) and the climate change
scenario (lower graph). All lines indicate the change for a decade with the yellow line being the first decade
and the red line being the final decade of the run towards 45 meters after 90 years. The depth of the
deposited material is shallow compared to the eroded layer and ends at the bottom of the zoomed-in
slope. The transport distance of the stones looks smaller than the distance on other lithologies. The
deposition area is very stable after 30 years and nothing happens in the elevation in the area between 60
to 100 meters.
The Plattenkalk shows very unusual results when compared to other lithologies. The somewhat stable
deposited layer grows rapidly when introduced to climate change. The tipping point also shifted upwards
instead of downslope like other lithologies in the study area. The deposited layer grows unevenly in the
second run with unnatural looking saw patterns. The tipping point remains stable in the landscape for both
runs and the peak in erosion can still be found directly upslope of the tipping point.
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Figure 24: Graphs showing the change in elevation for the normal run (upper graph) and the climate change run (lower
graph). All lines indicate the change for a decade with the yellow line being the first decade and the red line being the final
decade of the run.

From figure 25 it is visible that the partly dolomitized slope has the deepest eroded layer out of all
lithologies with about 2.5 meters decline in 90 years. The deposited material covers a larger area of the
slope and almost ends at the end of the 100 meter covered area. The eroded layer is very small compared
to other slopes with only erosion visible in the first 35 meters. Similar to the recrystaline and the debris
flow there is a upslope climb of the tipping point visible albeit less visible than on the debris flow slope.
For the second run on the partly Dolomitized slope, a downward shift is visible compared to the first run.
The elevation changes remain similar, but the eroded layer covers a larger part of the slope length
compared to the first run. Also, the change in eroded material thickness is smoother in the second run
than in the first run. The deposited material has a similar thickness, but on the second run the large runout
distance in the deposited material is not visible.
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Figure 25: Graphs showing the change in elevation for the normal run (upper graph) and the climate change run (lower
graph). All lines indicate the change for a decade with the yellow line being the first decade and the red line being the final
decade of the run.
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5. Discussion
5.1.

Stone experiment

The stone experiment that yielded the erosion rates for this thesis had some assumptions that were critical
in getting the rates. All photographs are taken from a top down view, so it is difficult to see the depth of
the movable layer of regolith which is necessary for the calculation of erosion rates. In this experiment,
the average shape of stones is assumed oval, where the width in the images is used as the depth of the
movable layer. For the Plattenkalk lithology, this could give different results, as the shape of stones is more
platy than other lithologies. Changing the depth of the stones from 5cm in this experiment to a possible
2cm for the platy material, the total erosion over 90 years would change from 84cm to 73cm, which is a
decrease of 13%. The model parameters are calibrated from the erodible layer depth and a change of 13%
can hamper the effects of erosion and deposition on the slopes. For the overall image on erosion patterns,
these differences are less significant as the Plattenkalk showed the least erosion out of all lithologies.
During the stone experiment, possible heavy rainfall events and earthquakes could have had a large effect
on the movement of stones. These events and their impact on the erosion rates are not documented and
it is assumed that the calculated erosion rates from the stone experiment are comparable to the erosion
rates of an average decade.
From the total of 7 lithologies, only 4 lithologies have multiple transects with data on stone movement.
For the remaining 3 lithologies, Dolomites, Tripali-series and the depositional areas, data from Nyktas’
calculations are used as input parameters. For the depositional areas and the dolomites, little change was
noted between the “low stability” and “high stability” scenarios and therefore the available parameter
data was sufficient for this thesis. For the Tripali-series, data on stone movement could yield better erosion
and deposition patterns for practical situations.

5.2.

LAPSUS-LS runs

This experiment focused mainly on the ability of LAPSUS-LS to model erosion and deposition patterns for
a material that it was not originally designed for. Normally, LAPSUS-LS is used for shallow landslides, but
here it is used to model regolith movement along much steeper slopes. The model was able to calculate
similar erosion rates as found in the stone experiment as well as similar distances that stones might have
moved down. The lithologies are however still treated as if it were different soils, so physical collisions
between stones and the resulting increasing in moving material is not included. The fact that the most
upslope transects yielded the highest stone loss out of the 3 transects indicates that an increase in stone
transportation via collisions is not important on these slopes.
Earthquakes can have large impacts on the environment, especially on places were little vegetation exists
to stop moving stones. In this thesis, LAPSUS-LS is calibrated with data found in a stone experiment that
was done over a time period of 9 years in Lefka Ori, Crete. Within these 9 years, no activities of earth
vibrations or earthquakes have been monitored, so it is assumed that these events did not happen during
the experiment. Therefore, no earthquakes are modelled in this thesis. Another issue that could prove
problematic in long term calculations is the thickness of the regolith layers. As of now, LAPSUS-LS does not
calculate newly formed regolith from eroded hard rock on mountain ridges. The regolith layers in this
thesis have infinite depth and keep eroding in the 90 year time period. Loose material is visible from the
highest peaks, so the calculated erosion on mountain ridges is still plausible. But for long term runs with
calculations of several hundred year, the depth of eroded material will become untrustworthy given the
regolith depths.
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5.3.

Slope changes

As was already stated in this thesis, the Recrystaline and partly Dolomitized slopes had to be altered from
the slopes where transects were present, because of the possible sink along the slopes. This would change
the erosion an deposition patterns and the slope calculations would turn out differently. The slope changes
were done with the pixel inspector on an area of 30 meters horizontal by 100 meters vertical based on the
position of the transect. For the recrystaline and partly Dolomitized slopes these areas are selected
following the tipping points from where erosion changes into deposition. This is chosen because it would
be the most interesting area where the most change could be visible.
Taking the average elevation change for the horizontal plane removes the influence of local lows along the
slope and gives a better indication of the overall change in elevation of the slope. There are no slopes
where erosion and deposition follow similar elevation lines in the study area, so it was difficult to cover a
larger slope face than a 30 meter horizontal distance. For more detailed information on slopes this works
well and the results show interesting changes where erosion backing is visible. For the overall picture this
is deceiving as a difference for convex and concave profiles could not be given. With the 5 m DEM and the
karstic characteristic of the landscape it was difficult to find uniform slopes for more landscape scaled
elevation differences.

6. Conclusion
LAPSUS-LS was able to calculate erosion and deposition patterns that resembled values documented in
other experiments. The model was able to calculate erosion and deposition in Lefka Ori over a period of
90 years for 7 different lithologies including a custom multiplier for each lithology. It was found that
separate parameter sets for each lithology yielded better results in erosion rates than unifying the lithology
of the study area. The travel distances that stones had taken were also calculated by LAPSUS-LS in the
runout distance and closely resembled the traveled distances from the stone experiment done by Nyktas.
Furthermore, a correlation was found between the steepness of the slopes and the areas where erosion
was evident. Large differences between these lithologies were noted with the Plattenkalk region being the
most stable with little erosion in the entire region.
An overall increase in runout distance was noted between the control run and the climate change scenario
with a 75% increase for the partly dolomitized area and around 38% increase for the Debris flows and
Recrystaline areas. On a local scale along a slope most lithologies showed an increase in erosion at lower
levels of the mountain slope for the climate change scenario compared to the control run. Only the
Plattenkalk slopes showed reduced erosion rates in the climate change scenario, but is likely to be caused
by the deposition of upslope dolomitized material.
Overall, LAPSUS-LS is able to calculate patterns that can be found in a landscape where soil is replaced
with regolith. An increase in extreme precipitation events yield expected results where more erosion and
larger runout distances can be seen. The debris flow and especially the partly Dolomitized regions are most
sensitive to the change in climate because of their steeper and longer slopes.

35

References
Amanatidis, G; Paliatsos, A.G.; Repapis, C.C.; Bartzis, J.G. “Decreasing Precipitation Trend in the
Marathon area, Greece “. INTERNATIONAL JOURNAL OF CLIMATOLOGY, vol. 13, pp. 191 201
(1993)
Blavet, D.; De Noni, G.; Le Bissonnais, Y.; leonard, M.; Maillo, L.; Laurent, J.Y.; Asseline, J.; Leprun,
J.C.; Arshad, M.A.; Roose, E. 2009. “Effect of land use and management on the early stages of soil

water erosion in French Mediterranean vineyards”. Soil and Tillage Research. Vol. 106, pp. 124-136.
Borrelli P., Robinson D.A., Fleischer L.R., Lugato E., Ballabio C., Alewell C., Meusburger K., Modugno, S.,
Schutt, B. Ferro, V. Bagarello, V. Van Oost, K., Montanarella, L., Panagos P. 2017. An assessment of
the global impact of 21st century land use change on soil erosion. Nature Communications, 8 (1):
art. no. 2013
Cappabianca, F., Barbolini, M., Natale, L., 2008, Snow avalanche risk assessment and mapping: A new
method based on a combination of statistical analysis, avalanche dynamics simulation and
empirically-based vulnerability relations integrated in a GIS platform. Cold Regions Science and
Technology 54, 193–205. https://www.sciencedirect.com/journal/cold-regions-science-andtechnology/vol/54/issue/3
Claessens, L., Heuvelink, G.B.M., Schoorl, J.M., Veldkamp, A., 2005. DEM resolution effects on shallow
landslide hazard and soil redistribution modelling. Earth Surface Processes and Landforms 30,
461-477. https://doi.org/10.1002/esp.1155
Claessens, L., Schoorl, J.M. and A. Veldkamp. 2007. Modelling the location of shallow landslides and
their effects on landscape dynamics in large watersheds: an application for Northern New Zealand.
Geomorphology 87 (1-2), 16–27. https://doi.org/10.1016/j.geomorph.2006.06.039
Claessens, L., Temme, A.J.A.M., Schoorl, J.M., 2013. Mass-movement causes: changes in slope angle.
In: Shroder, J. (Editor in Chief), Marston, R.A., Stoffel, M. (Eds.), Treatise on Geomorphology.
Academic Press, San Diego, CA, vol. 7, Mountain and Hillslope Geomorphology, pp. 212–216
Craddock, J.P.; Klein, T.; Kowalczyk, G.; Zulauf, G. 2009. “Calcite twinning strains in Alpine orogen
flysch: Implications for thrust-nappe mechanics and the geodynamics of Crete”. Lithosphere ; 1
(3): 174–191. doi: https://doi.org/10.1130/L31.1
Dai, Q., Peng, X., Yang, Z., Zhao, L., 2017. Runoff and erosion processes on bare slopes in the Karst
Rocky Desertification Area. Catena 152, 218-226.
https://www.sciencedirect.com/journal/catena/vol/152/suppl/C
Filho, W.L,, (2018) “ Climate Change Impacts and Adaptation Strategies for Coastal Communities”,
Springer International Publishing, 1620-2010.
Goodman, R.E., (1980), “Introduction to Rock Mechanics”, John Wiley & Sons, New York, 478p.
Hungr, O.; Evans, S.G. (2004). “The occurrence and classification of massive rock slope failure”.
Felsblau, 22(2), 16-23.
Karagiannis, Stephanos, (2005) "Kreta — Absage an den Massentourismus — Förderung des
Ökotourismus", Tourism Review, Vol. 60 Issue: 2, pp.16-20, https://doi.org/10.1108/eb058452.
Kostas, C.; Makropoulos, C.;Burton, P.W.; (1984). “Greek tectonics and seismicity”, Tectonophysics,
Vol. 106, pp. 274-304.
Krespi, D. (2018) Thesis subject: “ Slope stability and rock fall rates in a Mediterranean mountain
range (Lefka Ori, Crete)”.

36

Labhart, T.P., 1999. Planning tool: Geological-tectonical Map Aarmassiv, Gotthardmassiv and Tavetscher
Massiv. In: Löw, S.W.R. (Ed.), Pre-exploration and Prediction of the Base Tunnel at the Gotthard and
the Lötschberg
Lange, Y. (1998, 12 June. “ Limburg ligt niet wakker van eroderend landschap”, NRC. Gotten from
https://www.nrc.nl/nieuws/1998/06/12/limburg-ligt-niet-wakker-van-eroderend-landschap7402694-a2779.
Manutsoglu, E.; Soujon, A.; Jacobshagen, V. (2003); “Tectonic structure and fabric development of the
Plattenkalk unit around the Samaria gorge, Western Crete, Greece”. Zdtsch Geol Ges 154, pp. 85100.
K. Meusburger, K; Konz, N; Schaub, M; Alewell, C. “Soil erosion modelled with USLE and PESERA using
QuickBird derived vegetation parameters in an alpine catchment”. International Journal of Applied
Earth Observation and Geoinformation 12 (2010) 208–215.
Nastos, P.T., Zerefos, C.S., 2007. “On extreme daily precipitation totals at Athens, Greece”. Adv.
Geosci., 10, pp: 59-66. www.adv-geosci.net/10/59/2007/
Nyktas, P. “Dynamic feedbacks between landform, landscape processes and vegetation patterns: a
modelling framework to predict the distribution of plant species in Lefka Ori, Crete, Greece”. Diss.
University of Reading, 2012.
Pakalidou, N.; Karacosta, P. “Study of very long-period extreme precipitation records in Thessaloniki,
Greece”. Atmospheric Research 208(2018), 106-115.
Papathanassiou, G.; Valkaniotis, S.; Ganas, A.; Grendas, N.; kollia, E. (2017). “The November 17th,
2015 Lefkada (Greece) strike-slip earthquake: Field mapping of generated failures and
assessment of macroseismic intensity ESI-07”. Engineering Geology, Vol. 220, pp. 13-30.
Pavlaki, A.; Meladiotis, I.; Pavlakis, P. (2013) “Applicability of the "Lefka Ori" Western Crete region
"GeoFactors" Interaction Matrix (GFIM) as a key to understanding the engineering geological
condtions.” Bulletin of the Geological Society of Greece, 47(4), 1820-1833. DOI:
10.12681/bgsg.11061

Poesen, J; Wesemael, van, B; a, Govers, G; Martinez-Fernandez, J.M; Desmet, P; Vandaele, K; Quine, T;
Degraer, G. “Patterns of rock fragment cover generated by tillage erosion”. Geomorphology 18
(1997) 183-197
Rackham, O., & Moody, J.(1996). “The making of the Cretan landscape”. Manchester University Press.
Rossi, L.M.W., Rapidel, B., Roupsard, O., Villatoro-sánchez, M., Mao, Z., Nespoulous, J., Perez, J.,
Prieto, I., Roumet, C., Metselaar, K., Schoorl, J.M., Claessens, L., Stokes, A. 2017. Sensitivity of
the landslide model LAPSUS_LS to vegetation and soil parameters. Ecological Engineering 109,
249-255. https://doi.org/10.1016/j.ecoleng.2017.08.010
Stuut, J.B.; Smalley, I.; O’Hara-Dhand, K. 2008. “Aeolian dust in Europe: African sources and
European deposits”. Quaternary International, vol. 198, pp. 234-245.
Varnes, D.J., 1978, Slope movement types and processes, in Schuster, R.L., and Krizek, R.J., eds.,
Landslides—Analysis and control: National Research Council, Washington, D.C., Transportation
Research Board, Special Report 176, p. 11–33.
Varouchakis, E.A; Corzo, G.A; Karatzas, G.P; Kotsopoulou, A. “Spatio-temporal analysis of annual

rainfall in Crete, Greece”. Acta Geophysica (2018) 66:319–328 https://doi.org/10.1007/s11600-0180128-z
Vrábel, J., Jagelcak, J., Zamecnik, J., Caban, J. (2017). “Influence of Emergency Braking on Changes
of the Axle Load of Vehicles Transporting Solid Bulk Substrates”. Procedia Engineering, vol. 187,
pp. 89-99. 10.1016/j.proeng.2017.04.354.

37

Appendix
Run

Change

Results

Erosion

Start
run
Slope limit
run

-

-

-23039

Changing the slope limit from 0.5 to
0.25 radials. All other parameter are
the same as the starting run above.
The crrain was changed from 0.2 to
0.1. All other parameters stayed the
same as the start run

Erosion rates were very high, but the
deposition did not change that much.
High impact on erosion values.
Halving the crrain changed both erosion
and deposition in similar style. Overall the
values were lower, but patterns stayed
the same.
Little change in overall erosion and
deposition, but better fit for stone
experiment.
No effect on the overall erosion and
deposition values. Patterns were the
same as the starting run.

-150813 25116

-18751

Critical
rainfall run

Concave
change run
Stream
capacity
run

Difference between convex and
concave where concave areas had a
decrease in friction of 25%
Changing the stream capacity from
500 to 400 to see what impact the
parameter has.

Deposition
change
1

Balance

6.546

1.238

-125697

16566

0.814

0.817

-2185

-22488

19893

0.976

0.981

-2595

-23039

20287

1

1

-2752

Eventually, no return period of erosion and deposition is chosen for better comparison between the
scenario’s. Slopelimit seems to have a larger impact on the overall values which is used as a dominant
feature in the thesis (ranging from 0.45 and 0.55 for different stability scenarios)
A slope limit of 0.66 was chosen for the runs with a return period so that the overall erosion and
deposition values remained low and the change in erosion on steeper slopes could be investigated. This
is not used in the experiment because of the limited erosion and deposition patterns. Since this thesis
focused on patterns on larger scales.

Deposition Erosion
change
20287
1

-2752

Change
Changing the slidemap
from 0 to -1 to see how a
longer return period
influences the results. The
graph on the right was
made with a slopelim
value of 0.66

Results
Large differences in a period
of 4 decades as the eroded
material cannot transport
every decade, but rather
once every 4 decades. Values
are slightly lower because of
this return period. After 1
decade, almost no erosion or
deposition is visible for 3
decades. (green and red lines
include new slidemap
change)

Slidemap run
3000

total movement in tonnes

Run
Slidemap
run

2000
1000
0
1

2

3

4

7

8

9

10

7

8

9

10

Time in decades

Slide_build run
3000

total movement in tonnes

The period of little erosion
and deposition is reduced
from 4 decades to 2 decades,
resulting in less abrupt
changes in the values. The
extremes in the graph match
the continuous line better
than the slidemap run.
(green and red lines include
slide_build change).

6

-2000
-3000

Slide_build Changing the slide_build
run
value from 4 to 2 to see
what changes a return
period has on the overall
values. The graph on the
right was made with a
slopelim value of 0.66

5

-1000

2000
1000
0
1

2

3

4

5

6

-1000
-2000
-3000

Time in decades

