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Abstract

The investigated area around the Stara Baska settlement (the
island of Krk, NE channel part of the Adriatic Sea) is in a
delicate geodynamic balance. Marine erosion is quite promi-
nent and the recorded cliff retreat between 1966 and 2004
was from 4 to 5 metres. The cliff slopes are formed in talus
breccias. Strong waves and formations of wave-cut notches
are the main causes of the cliff s instability. The secondary
causes are the weathering and erosion of the soil and rocks
on the cliff. The slump of the cliff slope can occur in a rock
mass with higher strength parameters, where the notches

are cut a few metres inward into the toe of the cliff slope.

A combined method for the stability analysis of the coastal
cliffs was tested; this incorporates the cantilever-beam model
and the structure-from-motion (SfM) photogrammetry. This
method can provide highly detailed 3D geometrical data of
the cliff, which can then be used in the calculations of the
stability model. This is particularly important in a stability
analysis of lithologically heterogeneous rocks such as breccias
with varied geometry, which cannot be easily replaced by

a rectangular surface. The simple and useful SfM method
overcomes the limitations of traditional surveys in estimating
the cliff overhang surface and the notch length.

1 INTRODUCTION

The occurrence and extent of coastal cliff erosion are
primarily influenced by the lithology, the rock mass
structure, and its geotechnical properties. These factors
affect the local rates of retreat and the resulting cliff
morphology (Grigss and Trenhaile, 1997). These have
been the subjects of a number of studies. However, the
erosion of hard rock cliffs has received less attention

in previous studies due to their relative stability and
generally slower rates of retreat than those found in soft
rock cliffs. The recession of hard rock cliffs is usually the
result of wave undercutting and the subsequent removal
of debris deposited at the toe of the cliff by marine
processes (Trenhaile, 2002). The most effective erosional
processes take place near the water level, leading to the
development of cliff notches at the base of the cliffs.
These are then found to be responsible for cliff failure due
to the imbalance of the forces and moments in the upper
cliff-face material (Davies et al., 1991; Williams et al.,
1993; Hungr et al., 2001; Matsukura, 2001; Castedo et al.,
2012). Two main types of cliff mass movement are identi-
fied: topples and slides (Sunamura, 1992). Sub-aerial
processes controlled by local climates such as seepage
and surface run-oft erosion can intensify the decay of the
active coastal cliffs and hence their instability.

The cantilever-beam model has been used for a stability
analysis of coastal cliffs with the presence of notches in a
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number of studies (e.g., Thorne and Tovey, 1981; Abam,
1997, Matsukura, 1988, 2001; Kogure et al., 2006; Kogure
and Matsukura, 2010; Castedo et al., 2012). The model
is based on the assumption that the cliff-overhanging
material above the notch acts as cantilever-beam load.
The tensile stresses, which are distributed on the upper
section, and the compressive stress, distributed on the
lower section of the cliff face, are derived from the
model (Timoshenko and Gere, 1972). To calculate the
stresses, input parameters such as the rock density and
the geometry of the cliff face are required. So far the
model was mainly used to estimate the instabilities of
the slopes in cliffs formed in jointed limestones (Kogure,
2006). In that case the cliff and the fallen block cross-
sections have a roughly rectangular shape, which can

be simply represented by a simple rectangular geometry
(Kogure and Matsukura, 2010). The clift’s cross-section
is calculated by multiplying the average cliff height by
the horizontal distance between the retreat point of the
notch and the averaged location of the cliff face.

In the case where the cliffs were formed in lithologically
heterogeneous rocks, such as breccias, the cliff profiles
have an irregular shape and no visible mechanical
discontinuities and hence the geometry parameters,
such as averaged cliff-face location, are difficult to
define. Some authors (Williams et al., 1993; Kogure

and Matsukura, 2010; Castedo et al., 2012) argue that

a precise coastal 3D topography is needed for the clift-
stability analysis and the safety-factor determination.
Field measurements of the 3D topography are extremely
difficult to obtain and in some cases almost impossible
due to the restricted access to the site and the risk of

a cliff collapse. Moreover, the notch geometry is often
difficult to measure with traditional instruments due to
its substantial lengths and low heights. Also, a GPS-RTK
device often does not work in such confined spaces.
Remote sensing methods that overcome these problems
have been mainly focused on analysing historical aerial
photos and satellite images until recently. These, together
with a traditional survey of the location of cliffs tops,
have been used to estimate the amount and the cliff-
retreat rate (Kuhn and Priifer, 2014). However, these
methods are not sufficient to derive the cliff geometry
necessary for the stability models described above.

The new methods for topographic-data acquisition,
such as LIDAR and those based on structure-for-motion
(StM) photogrammetry (James et al., 2013), enable

the collection of high-accuracy and high-density 3D
spatial data for researching the coastal geomorphol-

ogy. The advantage of the SfM method in comparison
with LIDAR, and other traditional photogrammetric
methods, is that the images can be taken with a readily
available, single digital camera such as 10-megapixel
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Ricoh GR Digital IV. Multiple photographs are taken
from various horizontal and vertical angles (James and
Robson, 2012). Unlike traditional photogrammetric
methods, which need the 3D location and position of
the camera(s), the SfM method solves the problems of
camera position and scene geometry simultaneously
and automatically by using a highly redundant bundle
adjustment based on matching features in multiple
overlapping, offset images (Snavely et al., 2008; Westoby
etal., 2012). It has been demonstrated that this simple
method is highly applicable for studies of gravel beach
dynamics (James et al., 2013) at the Uboka pocket beach
(Fig. 1, location 2), changes in beach slopes at the gravel
beach and erosional processes in talus breccia (Ruzi¢ et
al., 2013) in Mos$¢enicka Draga (Fig. 1, location 3) and
cliff geomorphology (Ruzi¢ et al., 2014) at the site of
Stara Bagka (Fig. 1, location 1).

Figure 1. Study area with the location of Stara Baska (1); loca-
tions of previous researches in Uboka (2), and Mos¢enicka Draga
(3) and the location of mareograph (tidal gauge) Bakar (4).

The north-eastern Adriatic coast is predominantly a
steep, rocky coast formed of karstified carbonate rocks,
compared to the flat south-western Italian side. For this
reason, the geomorphology of this coastal area is more
complex and diverse, comprising a number of coastal
forms on a small scale (Pikelj and Juraci¢, 2013).

The coastal cliffs near Stara Baska in the Kvarner Bay area
in Croatia (Fig. 1, location 1, Fig. 2) are made of talus brec-
cias and have pronounced notches. These cliffs are very
unstable and have significantly retreated during the past
five decades and collapsed rocky blocks are often found on
the beaches fronting the cliffs. Some of the island"s impor-



tant infrastructure, such as the tourist camp in Stara Baska,
is threatened by these cliff collapses. Hence, a prediction
of this type of geohazard is extremely valuable for future
spatial planning and development on this coastline.

The aim of this paper is to examine the stability of

the breccias cliffs at the site in Stara Baska using the
cantilever-beam model (Kogure et al., 2006) in combi-
nation with the SfM method, which is used to derive
the geometrical properties of the cliffs. We examine

the effect of notches on the distribution of the stresses
inside the cliffs as well as on the spatial distribution

of the stresses along the cliff face. The advantage and
limitations of both methods are illustrated as well as the
recommendation for further studies.

2 BACKGROUND TO THE INVESTIGATED SITE

The area around the Stara Baska settlement has a delicate
geodynamic balance, and the coastal cliff’s erosion is
intense. The coastal geomorphology, shown in Figure

2, consists of several headlands and embayments. The
figure also shows the settlement of the village itself and
the camping site on the top of the cliffs.

2.1 Geomorphology and geological setting

The Kvarner area, a semi-enclosed section of the Adri-
atic Sea, is located between the Istrian peninsula and the
Vinodol-Velebit coast. Geographically, the island chains
Cres-Losinj and Krk-Rab-Pag divide it into the Rijeka
Bay; the Kvarner Bay, Kvarneri¢; and the Velebit Channel
(Fig. 1). Intensive morphogenetic processes caused by
tectonic movements and rapid sea-level changes, as well

I. Ruzi¢ et al.: A stability assessment of coastal cliffs using digital imagery

as climatic changes, resulted in the present shape of the
Kvarner area, as well as the shape of Krk Island (Benac
and Juraci¢, 1998; Benac et al., 2013).

In the terrestrial part of the Kvarner area, sedimentary
carbonate rocks prevail, whereas siliciclastic rocks are
rare. Pleistocene and Holocene deposits locally cover this
bedrock substrate. The waves in the channel part of the
northern Adriatic Sea are not as high as in the western
open zone due to the relatively short wind fetch. On a
carbonate rocky coast bio-erosional processes prevail
over mechanical erosion and tidal notches are common
features of these processes. In places where the rock mass
is tectonically crushed or karstified, wave-notches and
cliffs evolved. Marine erosion and more rapid cliff reces-
sion are obvious in a less-resistant siliciclastic rocky coast
and Pliocene-Quaternary sediments (Juraci¢ et al., 2009).

The area surrounding Stara Baska consists of Upper
Cretaceous and Palaeogene carbonate rocks. Palacogene
siliciclastic rocks such as marls and flysch outcrop can
be found in a relatively narrow coastal zone. They are
mostly covered by Pliocene-Quaternary sediments
(Benac et al., 2013). The carbonate rocks, such as lime-
stone, dolomitic limestone and dolomitic breccia, have
a different degree of fissuring and form a typical bare
karstic landscape. Research was focused on two embay-
ments carved into Pliocene-Quaternary talus breccias
(Fig. 2). The outcrops of flysch rocks are partially visible
in the narrow coastal zone.

Site research showed that breccias have pronounced

horizontal stratification and the joints were not visible.
Horizontal layers consist of limestone fragments/clasts
from a few millimetres in size to blocks greater than 50

Figure 2. Simplified engineering geological map of the investigated area (red rectangle): 1-carbonate rocks (Upper Cretaceous and
Palaeogene limestones), 2-siliciclastic rock mass (Palacogene marls and flysch) mostly covered by Quaternary talus breccias, 3-Quater-
nary alluvial sediments, 4-periodical surface water flow, 5-partially canalized water flow.
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cm, with prevailing fragments of 1-4 cm in size. The
matrix is reddish silt-sandy cement (20-50% clay) with
a different degree of calcification. A different degree of
calcification has a great influence on the erodibility as
well as on the strength parameters of breccias.

Cliffs formed in talus breccias have an average height of 5
to 6 metres. The top layer at the subsurface, of about 1 m
thickness, is completely weathered and has soil features.
These features are clearly visible in the block fallen from
the cliff, as shown in the photo taken during one of the
field visits (Fig. 3). On the beach in front of the cliffs,
gravel and partially coarse sand sediments prevail. The
average gravel grain size is between 2 and 20 mm.

Figure 3. Recently collapsed cliff (09/01/2014), site location 1
(SL1): 1 - soil (like weathered zone), 2 - talus breccia.

2.2 Climatic conditions

Low and moderate winds intersected with silent periods
are most frequent, while storm winds (speed > 30 m/s)
are rare (Leder et al., 1998). North-eastern wind bora is
predominant and reaches a maximum speed of 30 m/s.
The mean sea level recorded at the nearest tidal gauge

in Bakar (Fig. 1, location 4) is 0.15 m (vertical datum

of the Republic of Croatia - CVD). This is a micro-tidal
environment with a tidal range between 30 and 35 cm
(Benac et al., 2004). The Kvarner area is a semi-enclosed
section of the Adriatic Sea between the Istrian peninsula
and the Vinodol-Velebit coast. This affects the increase in
water levels and wave heights during storms. The storm
surge can increase the water level up to 1.18 m CVD, as
recorded in Bakar on 1 December 2008. The 100-year
return and the 1-year return periods of the storm surge
levels are 1.30 m CVD and 0.80 m CVD, respectively
(Ruzi¢, 2003). The wave heights in the Kvarneri¢ area
near Stara Baska are smaller than in the western open
zone due to the relatively short wind fetch. Hence, the
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north-eastern bora forms moderate waves due to small
fetches, despite having the highest speed. South-east
winds generate the highest waves, as shown in Figure 4.

Figure 4 shows significant wave-height simulations using
the SWAN model (Booij et al., 1999). The wave simula-
tion was performed for a SE wind speed of 25 m/s (100-
year return period). For illustration purposes, the model
assumes a uniform distribution of wind over the domain
and does not take into account the complex wind field in
the Bay. The area around the Stara Baska settlement has
an approximately 25% lower significant wave height than
the exposed opposite channel part (Fig. 4).

SE(135°%), 25 m/s{const))

Figure 4. Significant wave height (in metres), NE part of
Kvarneri¢ (according to the SWAN wave model).

2.3 Evidence of cliff retreat

The analysis of historical aerial images showed that the
breccias are prone to rapid cliff recession (Ruzi¢ et al.,
2014). The changes in the cliff-top position were identified
by a comparison of geo-referenced aerial images from 1966
and ortho-rectified photos from 2004, shown in Figure 5.
Autodesk RasterDesign software was used for the georefer-
encing. The georeferenced map’s estimated horizontal accu-
racy is up to 0.50 metres due to the distortion of the old
areal images. Visible changes were noticed between these
two aerial surveys. Furthermore, large rocky blocks situated
at the toe of the cliffs indicate earlier local block falls.

In the western embayment, a significant cliff retreat of

up to 5.5 m is found only in the eastern part (Fig. 5c,

near profile 2). This resulted in an increase of the beach
area by about 75 m. The cliff line in the middle part

of the embayment (Fig. 5c, profile 1) did not change
significantly. In this case, the detected changes are smaller
than the possible errors in the image analysis. In the



"Site location

(SL1) [ . Site location 2
(SL2)

2004

Figure 5. Aerial photographs showing considerable coastal
changes between 1966 and 2004: a) geo-referenced aerial photo
from 1966; b) ortho-photo map from 2004; ¢) coastal changes
between 1966 and 2004: 1 - coastline 2004; 2 - coastline 1966;

3 - cliff line 2004; 4 - cliff line 1966. Red line and numbers (Fig.
5¢) indicate analysed profiles.

eastern embayment, the retreat in the cliff-top location is
up to 5 meters at the western side (Fig. 5¢, profiles 4 and
5). The clift near profile 4 has retreated by about 2 metres
since 1966. The beach area increased here up to 265 m?.
This analysis showed that the cliff’s retreat results in an
extension of the beach area. Also, it showed that there is a
noticeable spatial difference in the cliff retreat, which will
be explained later. The stability of the cliffs at the locations
identified here will be further investigated by using the
combined cantilever-beam model and the SfM method.

3 METHODS

For the stability analysis, the cantilever-beam model
given by Kogure et al. (2006) is adopted and briefly
summarized here. Kogure et al. (2006) assessed a cliff-
failure process based on three stages: (1) a developing
of notch forms as a column like a cantilever beam; (2)
this column generates tension cracks on the top surface
of the cliff due to the tensile stress arising from its own
weight; and (3) a vertical extension of the cracks causes
bending failure of this column-shaped mass, which
results in a toppling mode of failure.

I. Ruzi¢ et al.: A stability assessment of coastal cliffs using digital imagery

Point-load tests were carried out using a Digital rock
strength index apparatus (Control 45-D0O550/D).

The density in dry and wet conditions of the selected
samples in talus breccia has been measured according

to standard methods (HRN EN 1097-6). The estimation
of the Geological Strength Index (GSI) has provided us
with the according standard methods (Hoek and Brown,
1991; Hoek, 1996; Marinos and Hoek, 2000).

The maximum bending stress (0y,,,) inside a cliff is
estimated as the ratio of the bending moment (M) and
the modulus of the cliff section (Z) given in Equation 1.

Omax — (1)
1 2
M= Epgbhcln (2)
z=Yw2 03
6

Equations 2 and 3 are used to estimate the bending
moment and the modules for a cliff section with breadth
(b), height (h.) and notch depth (1,,), respectively.

The clift height (h,) is defined as the vertical distance
between the retreat point of a notch (the deepest point of
a notch) and the top surface of a cliff. The notch depth [,
is defined as the horizontal distance between the retreat
point of a notch and an averaged cliff face. For cliffs
with tension cracks present on the top of the cliff, only
the height that experiences the tensile and comparative
stresses would be taken into account. Figure 8 shows the
stress distribution inside a cliff with no tension cracks
(Fig. 8a) and with tension cracks (Fig. 8b).

A structure-from-motion (SfM) photogrammetric
method was used to obtain parameters such as the area
of the cliff-overhang material, the height of the cliff face
and the length of the notch (Ruzi¢ et al., 2014). These are
derived from geo-referenced 3D point clouds generated
from approximately 200 images using the Autodesk
ReCap online service (https://recap360.autodesk.com/).
The images were collected using a single 10-megapixel
Ricoh GR Digital IV camera equipped with a high-
contrast 6-mm £/1.9 GR lens, and focusing on embay-
ments as shown in Figure 5b (i.e., SL1 and SL2). Special
care was needed to acquire sharp and well-focused images
from a variety of locations covering a range of vertical
and horizontal angles. Also, visual checks were used to
select images to upload to the Autodesk ReCap online
service and for 3D point cloud verification, as suggested
by Podobnikar (2009). Cloud Compare software (http://
www.danielgm.net/cc/) was used for the point cloud geo-
referencing. A small number of ground-control points
(GCPs) were measured in the field using Real Time Kine-
matic GPS (RTK-GPS) after the images were taken. These
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were then used for the transformation of coordinates
from a relative to an absolute coordinate system (e.g.,
Westoby et al., 2012). It is important to point out that all
the images were taken within a period of less than two
hours. Complete field measurements, including RTK-GPS
surveys, took about six hours for a two-person team.

4 RESULTS

4.1 Properties of the material in the cliff

The stability analysis was based on laboratory-derived
data. The material bulk density in dry conditions is 24.5
kN/m?, and 25.3 kN/m? in wet conditions. The uniaxial
comprehensive strengths are USC = 29.21-70.21 MPa
in dry conditions and USC = 19.82-62.10 MPa in wet
conditions. The estimated Geological Strength Index

is GSI = 25-35, and the internal friction angle is F =
28-35° (mi = 20) (Hoek and Brown, 1991; Hoek, 1996;
Marinos and Hoek, 2000).

It is difficult to estimate the geological parameters in litho-
logically very heterogeneous rocks like breccia. A correla-

tion between the heterogeneous breccias compressive and
tensile strengths cannot be unambiguously defined.

4.2 Cliff geometry derived from the photogrammetry

An example of a high-density 3D point cloud, derived
from a set of photo images taken on the sites SL1 and SL2
are shown in Figure 5. Different parts of a cliff and beach,
such as the cliff face, notches, vegetation on the top of the
clift, the upper and lower beach, and their structures are
clearly identifiable from the cloud. The locations of the cliff
and notches and their geometrical properties are obtained
from a geo-referenced 3D point cloud. The spatial varia-
tion in the cliff geometry is clearly illustrated in Figure 6.
The high-resolution of the images and the colour provide
additional information about the spatial variation of the
cliff geomorphology and the vegetation cover.

Cliff cross-sections obtained from a geo-referenced point
cloud at a number of locations marked in Figure 6 are

shown in Figure 7. All the profiles have vertical convex clift
faces fronted by a gently sloping beach. They can be cate-
gorized as those that do not have notches (Profiles 1 and 4)
and those with pronounced notches and a cliff overhang
(Profiles, 2, 3 and 5). For Profile 1 the cliff base is at 1.8 m
above sea level and a half metre above the 100-year storm
surge level. The beach width taken from the mean sea level
to the toe of the cliff is 11.4 m. For Profile 4 the cliff base is
1.2 m above the sea and the beach width is 5.5 m. The cliff
notch is not visible from the derived cliff profile. However,
the photorealistic 3D point cloud (Fig. 6) indicates that the
cliff undercut is filled with sediments.

The cliff profiles 2, 3 and 5 have pronounced notches at
the cliff toe. The 100-year surge water level reaches the
notches at Profiles 2 and 3, but this is not the case with
Profile 5, which is about 40 cm above it. The beach width
is 5.6 m and 0.8 m in Profile 2 and Profile 3, respectively.
The largest width of the beach is 7.7 m, found at Profile 5.

4.3 Results of stability analysis

The cross-section geometry derived from the StM
photogrammetry was used to calculate parameters such
as the cliff area, the cliff overhanging material weight
and the centre of gravity. These are then used in the
cantilever-beam model for an estimation of the cliff’s
maximum bending stress (or_,x) using equation 1. The
wet density of breccias of 25.3 kN/m? was taken into
account. The estimates for profiles 2, 3 and 5 are given
in Table 1 (row 11) and Figure 8a illustrates the distribu-
tion of stresses for Profile 3.

The stresses are calculated by considering the ‘proper’
area of the profile rather than a rectangular approxima-
tion in the momentum equation (2). These are given

in Table 1 in the 15™ row. All the profiles’ calculations
of stresses are corrected for the presence of a soil layer
on the top of the cliff. As the soil does not support
tensile stresses, it leads to an increase of the tensile

and compressive stresses in the underlying rock. These
increased stresses were calculated following Kogure et
al’s (2010) approach for cliffs with pronounced cracks.
The method reduces the critical height of a cross-section

1

2

4 5

Figure 6. Photorealistic 3D point clouds shown from different angles with marked profiles (red lines)-
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Figure 7. Cross-sections perpendicular to the coastline, profiles
1-5 (Figs.6 and 10); characteristic sea levels: mean sea level
(blue) and 100-year storm surge (magenta).

for a tensile crack depth. Here, the critical height of a
cross-section was reduced by the thickness of a soil layer
(Fig. 8b). From the 3D point cloud shown in Figure 6,
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Figure 8. Stress distribution inside a cliff (profile 3) with no
tension crack (a) and with a tension crack - soil layer (b), and the
main variables used in the calculation.

the depth of the top soil layer was estimated to be 1 m
(as shown in Fig. 8), and the critical height was reduced
accordingly (Table 1, row 13).

4.4 Distribution of stresses along the cliff face

The detailed cliff geometry derived from the point cloud
allowed precise geometrical parameters for the spatial
distribution of the stresses along the cliff face. The section
around Profile 3 was considered, as it has the widest cliff
notch and may be considered as a 3D phenomenon.

Two cross-sections on each side from the current Profile
3, with a 2 m offset between them, were chosen (Fig. 9a)
for a stability analysis. Figure 9b shows the difference

in chosen profiles in terms of the notch length and the
cross-sectional area.

Table 2 gives a summary of the estimates, parameters
and calculated values for all the cross-sections. The
largest stresses are found between profiles 3-3 (0.352
MPa/m') and 3-4 (0.356 MPa/m'). The section stresses
decrease approximately 16 times between profiles 3-4
and 3-5, the distance of which is only 2 metres. This
clearly correlates with the length of the cliff notches,
which is the deepest between profiles 3-2 and 3-4.
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Table 1. The cliff (beam) model input parameters and the resulting sections stress.

) Profile
Property Symbol Unit 5 3 5
Bulk density y kN/m? 25.30 25.30 25.30
8 Cliff area m? 16.20 23.04 33.09
g Notch depth I, m 3.73 5.16 6.56
& Centroid distance Ig m 1.56 2.21 2.71
§ CIiff weight G kN/m! 409.90 582.90 837.10
5 Momentum M kNm/m! 640.70 1290.60 2269.20
Cliff height h, m 5.78 5.69 6.92
= o 2 Depth of tensile crack ah, m 0.00 0.00 0.00
é ;9’, % g Bearing cross-section height he-ah, m 5.78 5.69 6.92
§ § ‘g‘ ; Centre of masses Z m? 5.57 5.39 7.98
k= Tensile stress o kN/m?/m! 115.10 239.30 284.30
é c ’Jg‘ D'epth of tensilc.s crack' ah, m 1.00 1.00 1.00
5% 8 Bearing cross-section height he-ah, m 4.78 4.69 5.92
= § § Centre of masses zZ m’ 3.81 3.66 5.84
=2 s Tensile stress 4 kN/m*/m’ 168.20 352.40 388.50

Profiles 3-1 and 3-5 are the cliff-boundary profiles, the
cliff overhanging material area and the section height
ratio is restricted and its stresses are limited (0.035 and
0.023 MPa/m!). The tensile stresses are in places larger
than 300 kN/m?, which are approaching the critical
stresses for these types of rocks. It is also shown that this
combined method can identify much closer locations
with maximum stresses. The strength of the tensile
stresses and their distribution result in a non-uniform
cliff recession, also seen from the analysis of the histori-
cal aerial photographs.

5 DISCUSSION

Assuming that the cliff collapse is solely the result of the
notch length and amount of material overhanging the

notch, the proposed combined method could be useful

for estimating the stresses in the cliff face and its stability.

In particular, it is shown that the use of the SfM method
can examine a number of cliff profiles at different spatial
distances in order to identify a critical profile. So far, the
stability analysis was based on a limited number of cliff
profiles and was very much dependent on the subjective
choice of a critical profile when taking measurements in the
field. Another advantage is that we can estimate the length
of the notch much more easily. As an illustration, the tensile
stresses at Profile 5 are calculated by taking into account
the ‘assumed rectangular cliff area’ and three different
values for the notch length: the minimum, maximum and
mean value, as suggested by Kogureet et al. (2006). Those
stresses calculations are made by using the cliff height hc
and the notch length In following Kogure et al. (2006) and

b)
X
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i 34
i 35
5 /
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L | i | | i
8 6 ) 2 0 2 4
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Figure 9. Cliff profiles (3-1 to 3-5 with an offset of 2m between each other) parallel to profile 3:
a) 3D point cloud; b) 2D profiles delivered from 3D point cloud.

32. Acta Geotechnica Slovenica, 2015/2



I. Ruzi¢ et al.: A stability assessment of coastal cliffs using digital imagery

Table 2. Tensile-stress calculation parameters from profile 3-1 to 3-5.

Property Symbol Unit Profile 3
3-1 3-2 3-3 3-4 3-5
Bulk density y kN/m? 25.30 25.30 25.30 25.30 25.30
éj Cliff area 2 4.40 20.62 23.04 23.15 3.87
g Notch depth I, m 2.35 5.1 5.16 5.42 2.46
g Centroid distance Ig m 0.73 1.97 2.21 2.20 0.68
33 CIiff weight G kN/m! 11130 52170 58290 58570  97.90
8 Momentum M kNm/m! 81.00 1027.70 1290.60 1286.70 66.80
Cliff height h, m 4.75 6.29 5.69 5.66 522
) Depth of tensile crack ah, m 0.00 0.00 0.00 0.00 0.00
é E’, % g Bearing cross-section height he-ah, m 4.75 6.29 5.69 5.66 5.22
§ § ‘g‘ g Centre of masses VA 3 3.75 6.60 5.39 5.33 4.54
2 Tensile stress o kN/m*m! 216 155.8 2393 2413 14.7
é c ’Jg‘ D.epth of tensﬂ(.e crack. ah, m 1.00 1.00 1.00 1.00 1.00
5% 8 Bearing cross-section height he-ah, m 3.75 5.29 4.69 4.66 4.22
£73 § Centre of masses 4 } 2.34 4.67 3.66 3.61 2.97
- Tensile stress o kN/m*/m' 347 220.2 3524 356.1 22.5

described in the previous section. The results are given

in Table 3 (row 6) and there is a significant difference
between these estimates. These are then compared with
the calculated tensile stresses, taking the measured area
into account. The difference is 29% when the mean notch
length is taken into account. If the mean notch length In is
overestimated, differences might be even higher, as shown
in Table 3. This again highlights the importance of obtain-
ing accurate cliff-geometry parameters.

The SfM method can be used to estimate the depth of
the top-soil layer on the basis of the colour difference in
the 3D point cloud. However, these estimates are more
uncertain as they are based on the information from

the cliff front, which might have different settings than
the cliff critical profile. It is not possible to obtain the
depth across the profile from the images or, for example,

estimate the length of the cracks on the back of the

cliff overhang. Figure 10 shows the maximum tensile
stresses as function of a range of soil depths (0-2m). The
estimates are calculated for Profiles 3-1 to 3-5. The cliff
section tensile stresses increase significantly due to the
increase of the soil cover thickness on the top of the cliff
(Fig. 10, profiles 3-3 and 3-4). For example, an increase
of 160% in the tensile stresses is obtained if the soil
depth increases from 0 (no soil) to 1m. Hence, further
work should focus on improvements to these estimates.

There are some limitations to this methodology, which
will require further consideration in the future. An
assumption was made that the density is constant along
the whole cliff face, despite breccias being lithologically
heterogeneous rocks and therefore having a spatially
varied density. The density can also vary with time.

Table 3. The effect of the notch length on estimates of the tensile stresses.

Profile 5
Property Symbol Unit In_min In_max In_mean
Notch depth L, m 5.02 6.56 5.79
Cliff height h, m 6.92 6.92 6.92
Bulk density y kN/m? 25.30 25.30 25.30
Momentum M kNm/m! 2206 3767 2935
Centre of cliff masse Z m> 7.98 7.98 7.98
Tensile stress (equations 1-3) o kN/m?/m! 276.40 472.00 367.70
Tensile stress (real area) o KN/m?/m! 284.30 284.30 284.30
Tensile stress difference % -3% 66% 29%
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So far the stability method, adopted here, does not take
into account other parameters and effects that might
influence the stability of cliffs. Secondary processes such
as rock weathering, soil erosion and subaerial processes
are not included. Furthermore, the method does not
take into account processes that might influence the
formation and stability of notches, such as wave impact,
salt-water weathering, wetting and drying and beach
sediment abrasion. Figure 7 illustrates that the sea level
reaches the notches at several locations. The narrow
gravel beach absorbs most of the wave’s mechanical
energy during normal conditions. However, during an
extremely high water level, waves reach the cliff’s toe and
can contribute to the cliff ‘s undercut formation and the
cliff’s retreat. According to the expected sea-level rise
and more frequent events of extreme high water levels
(Aqua Alta) in the Kvarner area (Antonioli et al., 2007),
the sea level and waves will reach the cliff toe more
frequently. This could contribute to the acceleration

of marine erosion and cliff retreat. It is important to
investigate how to incorporate the dynamic processes of
changes in cliff geometry into the stability model.

6 CONCLUSIONS

The investigated area around the Stara Bagka settlement
is in a delicate geodynamic balance. The comparison

of ortho-rectified aerial photos from 1966 and 2004
showed that marine erosion is quite prominent and

the cliff retreat has been between 4 and 5 metres with a
simultaneous expansion of the beach surface. The main
cause of the cliff slopes’ instability is the occurrence of
strong waves and the formation of wave-cut notches.
Secondary causes are the weathering and erosion of the
soil and rocks on the slope surface of the cliff. The slump
of the cliff’s slope can occur in a rock mass with better
strength parameters, where the notches are cut a few
metres inward into the toe of the cliff slope.

Profile 3
700,0

600,0

The new combined method for the stability analysis of
coastal cliffs was tested and had incorporated the canti-
lever-beam model and the structure-from-motion (SfM)
photogrammetry. The StM photogrammetry can provide
highly detailed 3D cliff geometrical data, which can then
be utilized with the stability model. This is particularly
important in a stability analysis of rocks such as breccias
with a varied geometry, which cannot be easily replaced
by a rectangular surface. The SfM method overcomes the
limitations of traditional surveys in estimating the clift
overhang surface and the notch length. It has been demon-
strated that the tensile stresses estimated by using ‘real’ and
‘assumed rectangular’ cliff areas may differ significantly.
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