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ABSTRACT 

The amount of eroded material is vital information for understanding weathering processes in rock 
masses that contain soft rock members, especially for the purpose of forecasting and retrograde 
analysis of slope geometry development. On steep slopes and cuts it is often not possible to easily 
and precisely determine slope geometry without using modern surveying technology such as TLS.  
Series of observations on man-made cuts at 14 pilot sites in the area of city of Split were made and 
selected results of that monitoring are presented in this paper. 
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1. INTRODUCTION 

Along the east Adriatic coast the 
occurrence of soft rock is associated with 
sedimentary deposits known as flysch. It 
represents a complex geological and 
sedimentary environment made of 
different lithological components, whereas 
only few, depending on their mineral 
composition, are extremely susceptible to 
weathering and erosion (Miščević & 
Vlastelica, 2014). Precisely, the diversity 
of components in the flysch rock mass 
emphasises the issue of differential 
weathering and small to medium scale 
rock falls on cuts in this strata (Figure 1).  

 The paper focuses on the existent cuts 
made in the wider area of the town Split. 
The exogenous processes that take place 
(weathering, surface layer erosion, 
localised slides, rock falls, etc.) have 
causal effect on the security, maintenance 

costs of the objects situated at the foot of 
the slope, and the stability of objects at 
the top (Figure 2). 

 Observing the cuts in soft rock by the 
use of terrestrial laser scanner (TLS) is the 
basis for understanding the erosion 
process in this rock type. Although it has 
been available for some time, the 
relatively high price has made the TLS 
miss the wider practical usage in geology 
and other disciplines. According to the 
available literature there are only few 
similar studies in this field (e.g. Petrie & 
Toth, 2008). 

 The results of this study, weather the 
methodology approach or definite findings 
for similar/same rock mass type, could be 
used to analyse stability and slope 
geometry development in existent and 
future cuts. 
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Figure 1. Rockfall caused by long term 
differential weathering, Town of Omiš. 

 

 
Figure 2. Cut in flysch, location Žnjan, City 
of Split, Croatia. 

  

2. METHODOLOGY 

2.1. Terrestrial Laser Scanning 
Terrestrial Laser Scanning (TLS) is a term 
for surveying by which it is possible to 
obtain large quantity of data (coordinates 
of points), unlike any other conventional 
surveying methods (i.e. total stations). In 
addition to the term TLS, the term 
frequently used is LiDAR (Light Detection 
and Ranging), which is usually associated 
with obtaining data from the air (eg. using 
an aircraft as a platform) or the definition 
of the technology itself. 

 With TLS a large amount of processed 
data is obtained, which is called cloud of 
points (Kordić, 2014). When checkpoints 
are referenced in the known coordinate 
system, then the whole cloud of points can 
be oriented in the same system. The 

points can be further specified with colour, 
i.e. RGB component can be defined and 
associated, when scanners have an 
integrated and calibrated digital camera.  

2.2. Comparison of point clouds from 
different epochs 

The change in morphology of cuts is 
carried out by comparing the point clouds 
from different epochs using the following 
methodology (Abellan et al 2011, Lim et 
all 2009): 

 Obtaining a reference point cloud 
(Combine multiple point clouds in case of 
more scanning positions. Preferably 
georeferencing is done to determine 
spatial orientation of a cut). 

 Creating a Triangle Irregular Network 
(TIN) model of the surface of the cut - 
reference surface (S0). 

 Obtaining new point cloud after a 
certain period (PC1, PC2, ..., PCn) 

 Preparing the data for alignment 
between the multiple epochs (defining 
alignment matrix). 

 Comparing of the PCi with the S0. 

 Calculating the difference for each 
different epoch. 

 Creating cross-section for comparison 
or directly comparing point cloud with S0 in 
3D. 

 The alignment matrix is defined by 
using a fixed object in the environment 
(buildings near of cuts or geological 
members which are not subject to 
weathering in engineering time scale), in 
following four steps: 

 Identification of the stable part of the 
cut or an object in vicinity of the cut. 

 Removal of the part of the point cloud 
where the changes take place 
(detachment and deposition) and any 
unwanted measurements (vegetation, 
moving objects, etc.). 

 Alignment of the chosen stable part 
using Iterative Closest Point (ICP) 
algorithm, which defines the alignment 
matrix of the point cloud. 
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 Using the alignment matrix on the 
original point cloud. 

 Distance of each point in PCi and S0 is 
calculated using the "Data vs. reference 
comparison", (Polyworks v12), wherein 
the direction of comparison is determined 
by the direction of the vector perpendicular 
to the reference plane P0. 

2.3. Fisher-Lehmann mathematical 
model of erosion of vertical cuts 
 This model (Figure 3) is a combination 
of Fishers (1866) mathematical description 
of the degradation of abandoned, initially 
vertical, cuts in layers of chalk without 
accumulation of eroded material at the 
base of the cut, and Lehmann (1933) 
generalized model, which introduces the 
possibility of initial inclination of the slope 
and the accumulation of eroded material 
at the foot of the cut. 

 

 
 

Figure 3. Fisher-Lehmann mathematical 
model of erosion of a vertical cut. 

 Expression for determining convex core 
of intact rock mass takes the following 
form (Hutchinson 1998): 
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where: h/cm  ;   cbacak  ; 

 bacahbl  ; ctgαa  ; ctgβb  ; h - 

height of the cut, - talus angle and  - 
angle of the initial slope cut. The 
parameter c is a constant needed for 
exact derivation: 
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and it is a measure of permanent increase 
of volume. 

Change in slope angle  can be described 
by introducing the following: 
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where Ry,s is average annual erosion. 

 According to observations by Vlastelica 
(2015), it is possible to notice a very quick 
initial change in morphology of the cut; 
however it can equally be attributed to the 
initial stress redistribution in rock mass 
and local instabilities, which depend on 
the stratification and the quality of 
excavation. 

 Taking into account this observation, 
instead of the parameter Ry,s, a non-linear 
function Ry,s=Ry,s(t) can be introduced, or 
the linear criterion described with 
expression (3) can be replaced with the bi-
linear criteria: 

   
 


















sy,Rctgβhultyultttifulty
sy,Rctgβhultyt1t ifsy,Rctgβh

1tt0 ifsy,Rnctgβh

0tctgβh

ty (4) 

where: n = coefficient of the initial 
relaxation of the cut; t1 = period within the 
effects of initial relaxation of the cut 
(Miščević & Vlastelica, 2012). 

3. PILOT SITE LOCATIONS 

In order to determine the rates of erosion 
of the cuts, 14 locations in the area of Split 
are selected (Figure 4). Locations have 
different geological settings, as well as 
orientations of cuttings and layering. Basic 
information about the pilot locations are 
shown in Table 1.  

 The main aim of observations that are 
carried out is to determine the quantity of 
eroded material (i.e. the rate of erosion 
progression). However, equally important 
objective is to define the parameter of 
permanent increase of volume, since it is 
the main parameter for all known 
mathematical models that helps to define 
the profile of cuts due to erosion during 
different time periods. 

convex boundary 
of intact rock 
mass 

Initial cut 

Geometry at 
time step t 
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Figure 4. The position of the pilot locations (cuts) on the geological map of the city of Split 

 
Table 1. Basic information about the pilot locations 

 Pilot location 
Cut 

orientation 
z/z 

Orientation 
of bedding 

planes 
mp/mp 

Height 
H (m) 

Monitoring period 
(mm.yyyy. - 
mm.yyyy.) 

1 Žnjan 1 255/79 180/58-74 7.7 
(5.6-9.8)

03.2012. – 09.2014. 

2 Žnjan 2 270/73 170/80 5.0 03.2014. – 09.2014. 

3 Trstenik 1 161/90 170/90 4.0 03.2014. – 09.2014. 

4 Duilovo 1 190/55-60 5/25 25.0 03.2012. – 09.2014. 

5 Gripe 1 95/74-80 180/85 5.5 03.2014. – 09.2014. 

6 Kaštelet 1 165/68 30/45 16.0 03.2014. – 09.2014. 

7 Kaštelet 2 142/79 30/45 6.3 
(3.5-7.5)

03.2014. – 09.2014. 

8 10. kolovoz 1 130/72 30/40 12.0 03.2014. – 09.2014. 

9 10. kolovoz 2 230/65 25/30 7.5 03.2014. – 09.2014. 

10 10. kolovoz 3 285/77 10/40 7.0 03.2014. – 09.2014. 

11 10. kolovoz 4 210/78 25/40 13.0 03.2014. – 09.2014. 

12 10. kolovoz 5 210/78 30/35 22.5 03.2014. – 09.2014. 

13 Duće 1 190/69 140/60 4.0 04.2012. – 09.2013. 

14 Duće 2 
90270/ 
45-65 

140/60 Up to 
100.0 

04.2012. – 09.2014. 



 

 335

4. RESULTS 

4.1. Presentation of results 
The paper shows results of comparisons 
of point clouds for two selected pilot sites 
are presented. These comparisons can be 
displayed three-dimensionally, as a field of 
differences in the face of the cut, or two-
dimensionally through selected 
representative cross-sections. 

 In 3D the distances are shown 
throughthe field of values. Negative values 
indicate a lack of material in a given epoch 
(erosion), or separation of larger rock 
fragments. Positive values indicate the 
accumulation of eroded material in the 
form of talus at the base of the cut or 
larger blocks due to rockfall. The positive 
shift towards the instrument, if it is in the 

open face of cuts, may indicate a 
displacement that preceded the rockfall. 

4.2. Pilot location “Žnjan 1” 
The change in the morphology of the cut 
at pilot location “Žnjan 1” for the selected 
time period of observation (7.3.2012.- 
10.03.2014.) is shown in Figure 5. Rockfall 
zones with higher amount of detachment 
due to secondary cracks are shown by 
white arrows in Figure 5.a, while an area 
that is exclusively under the influence of 
erosion is indicated by a dotted line. 

 The change is shown with values 
ranging from -1.0 to 1.0 m, therefore in the 
central part of the cut it is not possible to 
discern a change after another epoch 
observations. For that reason the central 
part of the cut is shown in a larger scale (-
0.4 to 0 m) in Figure 6. 

 

(a) 7.3.2012. - 21.3.2013. (b) 7.3.2012. - 27.9.2013. 

(c) 7.3.2012. - 10.3.2014. (d) 7.3.2012. - 3.10.2014. 

 
Figure 5. Comparison of point clouds at the pilot site "Žnjan 1" for selected epochs of 

measurement (a - d) with the reference surface S0 

2m 

Detachment Accumulation 
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(a) 7.3.2012. - 21.3.2013. (b) 7.3.2012. - 27.9.2013. 

(c) 7.3.2012. - 10.3.2014. (d) 7.3.2012. - 3.10.2014. 

 
Figure 6. Comparison of point clouds for the middle part of the cut at the pilot site "Žnjan 1" for 

selected epochs of measurement (a - d) with the reference surface S0 

 

 It can be noticed that the erosion of the 
surface is not uniform, although it could be 
assumed it is so, solely by visual 
observation. Also, it should be noted that 
the erosion of cuts in flysch sequence 
could be also affected by methodology of 
excavation, susceptibility to material 
fragmentation, the presence of secondary 
cracks and incidence thin-layered resistant 
members. 

 Average amount of eroded material in 
the central part of the studied cut is shown 
in Table 2. It is possible to notice a trend 
of increase in the amount of eroded 
material for this location, with a fluctuation 
between "winter" and "summer" six-month 
period. Since this cut has a west 
orientation, on the micro-location that is 
protected from the dominant wind in this 
area (bora and south wind), it is 
reasonable to assume that a dominant 

influence in this case is the amount and 
frequency of rainfall. 

Table 2. Average erosion in a typical cross-
section at the pilot site "Žnjan 1" 
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Erosion 
(cm) 

2.3 1.9 2.6 2.4 2.8      - 

Annual 
erosion 

Ry (cm/yr) 
4.2 5.0 5.5* 

 Indeed, by examining the documents of 
the State Meteorological Survey a trend of 
increased rainfall in the area of Split 
(measuring station Marjan) was noted 
during the TLS scanning period. At the 
beginning of observation in summer of 

2m 

Detachment
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2012 there was a long dry season with no 
recorded rainfall, while the summer of 
2014 had twice the amount of rainfall than 
average (more than 300 mm per square 
meter). 

 Another way of presenting results is by 
cross sections. This way 2D mathematical 
model can be used as a tool for forecast 
or retrograde analysis of the geometry of 
the cut. As a result of a two year period 
observation (7.3.2012.-10.3.2014.), 
representative cross-sections are created 
(Figure 7). Result of a numerical 
calculation based on the Fisher-Lehmann 
model of erosion of the cut is shown in 
Figure 8. 

 
Figure 8. Results of observation carried out on 
pilot location "Žnjan 1".  
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Figure 9. Fisher-Lehmann model based on the 
results of observations carried out on pilot 
location "Žnjan 1". 

 Field observations on this and other 
pilot sites reveal that, after the initial 
relaxation of cuts, Fisher-Lehmann model 
correctly describes the change in the 
profile of cuts in soft rocks that occur 
alone or in the flysch sequence in the area 
of Dalmatia. 

 

4.3. Pilot location “Trstenik 1” 

 Pilot site "Trstenik 1" is located 300m 
northwest of the location "Žnjan 1", with 
similar geological settings. In this case 
thicker layers of sandstone are also 
absent, however the plane of the cut is 
directed to the south, almost parallel to the 
bedding layers. Although initial slope 
angle of the cut is not known, since the 
excavation is probably carried out for the 
construction of the building it can be 
assumed to be carried out vertically. 

 In this case erosion is further enhanced 
by toppling of thin bedded marls. The 
change of the morphology of the cut for a 
six month period (31.03.2014.-
04.10.2014.) is shown in Figure 10 a-d. 

 In this case the average change is not 
possible to estimate because it can be 
confused with toppling of layers on some 
parts of the slope. For example, in 
selected typical cross section total change 
is 8 cm, which corresponds to the 
thickness of layers, plus the possible shift 
of the layer prior to collapse. 

 When the results of the difference 
between the first two epochs are shown in 
the range of value from -0.03 to 0.03 m 
(Figure 11.e), shift toward the instrument 
on the order of 1 to 2 cm (yellow to red 
areas indicated by the arrows) on the free 
face of the cut can be noticed in some 
areas. Later on, in the following epoch of 
measurement, in the same positions 
rockfall or toppling is recorded.  

 With this data it is conclusively proven 
that the above events are preceded by a 
shift on the free part of the excavation. 
Therefore, with timely and frequent 
observation with TLS these events can be 
observed and predicted. 

 

 

Fisher-Lehmann 

Translated Fisher-Lehmann 
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(a) Referent surface 31.3.2014. 

 

(b) 31.3.2014. - 23.6.2014. 

(scale -0.4 to 0.4 m) 

 

(c) 31.3.2014. - 4.10.2014. 

(scale -0.4 to 0.4 m) 

 

(d) Characteristic cross sections 

(e) 31.3.2014. - 23.6.2014.  

(scale -0.03 to 0.03 m) 

 

(f) 31.3.2014. - 4.10.2014.  

(scale -0.4 to 0.4 m) 

 

 

Figure 10. Comparison of point clouds at the pilot site "Trstenik 1" for selected epochs of 

measurement. 

Detachment Accumulation 

Accumulation (displacement) Detachment
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4.4. Result summary 

Selected results of observations are 
presented in Table 3. On each of the 14 
pilot sites there is a possibility of local 

deviations through reinterpretation of 
characteristic profiles or influence of 
stronger members in the flysch sequence. 

 
Table 3. Summary of the most important results of observations by TLS on selected pilot locations 

 
Pilot location 

Height 
H (m) 

Angle of 
the free 

face 
Talus angle Average erosion 

1 Žnjan 1 
7,7 

(5,6-9,8) 81 37 5,0 cm/year 

2 Žnjan 2 5,0 73 37 2,6 / 6 months 

3 Trstenik 1 4,0 90 37 Not applicable 

4 Duilovo 1 25,0 55-70 - 20 cm/2,5 years 

5 Gripe 1 5,5 74 36 1,5 cm/6 months 

6 Kaštelet 1 16,0 68 37 4,5 cm/6 months 

7 Kaštelet 2 
6,3 

(3,5-7,5) 77 35 N/A 

8 10. kolovoz 1 12,0 72 38 3,4 cm/6 months 

9 10. kolovoz 2 7,5 65 36 3,0 cm/6 months 

10 10. kolovoz 3 7,0 77 36 3,0 cm/6 months 

11 10. kolovoz 4 13,0 78 38 3,0 cm/6 months 

12 10. kolovoz 5 22,5 78 38 3,0 cm/6 months 

13 Duće 1 4,0 65 35 N/A 

14 Duće 2 do 100,0 - - 2-5cm/10 months 

Remark: For complete data please refer to Vlastelica (2015) 

 

5. CONCLUSIONS 

Except for the results of direct geometrical 
comparisons, this paper proposes a 
modified setup of long term monitoring for 
this type of rock mass. After the first scan 
is georeferenced, by using software with 
ICP algorithm and detecting fixed objects 
on or near the slope, it is possible to use 
only the TLS for all other data acquisitions 
on the monitored cut. 

 The most prominent results are 
recorded through slope angles of the cut 

and scree deposit at the foot of the slope, 
as well as average erosion rate over each 
time interval, depending on the mass rock 
or soft/hard layer ratio. 

 Angle of the free face of the cut, in this 
work, ranges from 70 to 80 except when 
a milder angle of the initial slope was 
used. The angle of the talus ranges from 
35 to 38, regardless of the type of 
material or the ratio of the softer and 
harder layers of the flysch sequence. Even 
after many years of observations (e.g. for 
location "Gripe 1" after 40 years) the basic 
relations of the free face and talus 
coincide with similar examples with shorter 
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intervals. The average annual erosion at 
all locations varies from 3 to 7 cm/year 
(average of 5 cm/year), up to 10 cm/year 
for coastal cliffs ("Duilovo 1" and "Kaštelet 
1"). These values are a rough guideline, 
set out on more than one profile for each 
selected location as the average value for 
a short period of observation. Locally 
higher values can occur. 

 For a full analysis of the time depended 
stability, it is always necessary to consider 
the possibility of local instability 
phenomena such as: sliding on primary or 
secondary fracture systems (e.g. "Žnjan 
1"), toppling (e.g. "Trstenik 1"), landslides 
caused by differential weathering and 
erosion (e.g. "10. Kolovoz 4") or large 
scale landslides (e.g. "Duilovo 1"). 

 Pertaining to the observations made on 
“Žnjan 1” (Figure 8), Fisher-Lehmann 
model (Figure 9) as one of the most 
common mathematical models for erosion 
was tested. It can be concluded that this 
model has full applicable value for this 
type of materials. 

 The results of this study, weather the 
methodology approach or definite findings 
for similar rock mass type, could be used 
to analyse stability of existent and future 
cuts. 
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