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ABSTRACT: The evaluation of failure planes on rock slopes is always a great challenge, because of limited accessibility
and natural hazards a failing cliff face could pose. Designing of retaining or protecting structure requires very specific
data: maximal size and mass of rock that can dislocate from the slope, the highest point on the rock face of failure
occurrence, depth of alteration, and a yearly estimate of volume and weight of fallen rocks. Often the devices and methods
used for determining the aforementioned information may seem simplistic or disproportionately small in order to
extrapolate to a large surface of rock slope, but many of them have proven to be efficient over time. One such method is
the stereographic projection of discontinuities. This allows predicting the failure type based on determined pole density of
the orientation of the discontinuity sets, that will be extensively explained in the paper. This study is based on results
collected from two of the most spectacular mountain roads of Romania: the Transfagarasan highway, once described as the
“best driving road in the world” by a famous british TV show, and the Transalpina, which may be less conspicuous, but is
officially the highest road of the country. The paper highlights similarities and differences between resulting input data for
consolidation and maintenance works.

RESUME: L'évaluation des plans de rupture sur les pentes rocheuses est toujours un grand défi, en raison de l'accessibilité
limitée et des risques naturels qu'une falaise défaillante pourrait poser. La conception d'une structure de souténement ou de
protection nécessite des données trés spécifiques: taille et masse maximales de roches pouvant se disloquer de la pente,
point le plus élevé de la paroi rocheuse ou se produit une rupture, profondeur d'altération et estimation annuelle du volume
et du poids des éboulis. Souvent, les dispositifs et les méthodes utilisés pour déterminer les informations susmentionnées
peuvent sembler simplistes ou disproportionnellement petits pour pouvoir étre extrapolés a une grande surface de pente
rocheuse, mais plusieurs d'entre eux se sont révélés efficaces au fil du temps. Une de ces méthodes est la projection
stéréographique de discontinuités. Cela permet de prédire le type de défaillance en fonction de la densité de poles
déterminée par l'orientation des ensembles de discontinuités, qui sera expliquée en détail dans l'article. Cette étude est
basée sur les résultats recueillis sur deux des routes de montagne les plus spectaculaires de Roumanie: l'autoroute
Transfagarasan, autrefois décrite comme la « meilleure route du monde » par une célébre émission de télévision
britannique, et la Transalpina, qui est peut-étre moins visible , mais c'est officiellement la route la plus haute du pays. Le
document met en évidence les similitudes et les différences entre les données d'entrée résultantes pour les travaux de
consolidation et de maintenance.

Keywords: Rock slope failure; stereographic projection; compressive strength of rocks; Carpathian mountains geology.

1 INTRODUCTION

There are several recently published studies that
investigate rock failures. Lagarde et al. (2023)
applied a hidden Markov machine learning model to
seismic data, revealing the temporal evolution of
cracks prior to a major rockslide event in the Swiss
Alps. After prolonged linear increase of the crack
cumulative number, an S-shaped crack rate pattern

occurred in the day before the rockslide. Total crack
boundary length was described as the key factor
controlling failure plane evolution immediately
before mass movement. The study -conclusions
indicated that cracks should be treated as 2-D, rather
than 1-D objects, and that slope failure can be driven
predominantly by internal rather than external
processes. Secanj et al. (2019) presented preliminary
rockfall susceptibility assessment based on remote
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sensing and automated kinematic analysis for the
steep slopes above the Town of Omis. Their results of
the spatial kinematic analysis and with the calculation
of Kinematic Hazard Index, show that the most
critical parts on the slopes for the occurrence of
possible instability mechanisms can be identified.
Resulting rockfall susceptible areas, unstable blocks
and probable instability mechanisms on the
investigated slopes provide the input data that can be
used to determine critical areas for further
deterministic slope stability analysis, as well as for
rockfall hazard and risk assessment.

2 INVESTIGATION METHOD

Stereographic projection is the classical approach for
the analysis of rock discontinuities. The concept and
the graphical methods are widely used in rock
engineering education to illustrate the orientation of
planes of discontinuity and occurrence of failures.
Described in Rock Slope Engineering by Hoek and
Bray (1974), stereographic projection is a technique
used to represent and analyze 3-D orientation data in
a 2-D format. In this projection, a reference sphere is
employed, with its equatorial plane positioned
horizontally and its orientation fixed relative to the
north. Among various projection methods, the
equatorial projection is the preferred choice for
plotting and analyzing discontinuity data in most
cases. Equal area stereonets find particular utility in
structural geology because they eliminate statistical
bias when dealing with large datasets. They ensure
that area preservation is maintained, meaning that, for
instance, each 2-degree polygon on the stereonet
possesses the same area. In structural geology, it is
customary to consider the stereonet as a lower-
hemisphere projection because all structural elements
are assumed to be inclined below the horizontal
plane.

Percent
per 1% area

Figure 1. Plot of poles and great circles on stereonet
(Schmidt) (km 132+760-132+860).
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When representing a plane, such as a discontinuity
surface, its intersection with the lower half of the
reference sphere delineates a distinctive line on the
stereonet (Wylie & Mah, 2004). This line typically
takes the form of a circular arc known as a "great
circle." Accurately plotting this great circle requires
knowledge of both the dip direction and dip angle.
The software Steronet v. 11 was used to plot the
structural geology data (Allmendinger et all.2012,
Cardozo & Allmendiger, 2013). Data collection in the
field was done taking into account the ISRM 1981a
guidelines.

2.1  Overview and geological conditions

Both studied areas are situated in the South
Carpathians. The Transfagarasan was built in in the
1970s as a strategic military route, connecting
Transylvania and Wallachia. The investigated areas
are high above a steep valley. Excavation of rock
slopes involved heavy blasting. Since 2009, the
Transalpina has held the title of Romania's highest
paved road, reaching an elevation of 7,037 feet (2,145
meters) above sea level at the Urdele Pass. Stretching
for 92 miles (148 kilometers), the road meanders
from Novaci in the southern region to Sebes in the
northern part, as it navigates its path through the
magnificent Parang Mountains within the Southern
Carpathians. Throughout the ages, it has played
pivotal roles in facilitating trade, communication, and
transportation.

The geological structure of the South Carpathians
is very complex, with an intricate pile of tectonic
nappes, overthrusted from west eastward. The
lithology consists of metamorphic rocks, mainly
gneisses and mica schist (Mutihac,1990).

2.2 Transfagarasan

On the Transfagarasan three road segments were
investigated. In the highest one (km 124+754-
124+855), two sets of discontinuities were separated
with mean dip direction and inclination of
052.6°/45.6°, respectively 063°/71°. The lithology is
formed by mica schist, with irregular blocks and
maximum block size of 5 m®. The discontinuity
spacing is moderate to wide, with medium
persistence. In the middle segment (km 125+000-
125+215), three sets of discontinuities were
identified. The first discontinuity set is given by
schistosity, with mean dip direction of 346.6° and
inclination of 71°. The second and the third set of
discontinuities have mean dip direction and
inclination of 274.4°/61.4°, respectively 244.6°/64.8°.
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Figure 2. An overview of the first segment on
Transfagarasan (km 124+754-124+855). Notice the steep
mountain slope, protected by a rock shed in the most
dangerous area.

The lithology is formed by gneisses and mica
schist, with the maximum block size of 7 m>. At the
lower end of this segment, there is a fault, with the
fault zone, affected by parallel, close to moderate
spaced discontinuities, with medium persistence. The
fault zone is dump, but with no free water observed
(rating IV). The filing material consists of saturated
sand and clay. The fault does not seem to play an
important role in overall slope stability; however it
provides some small to medium blocks.
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Figure 3. Observed or assumed weathering profile for the
highest segment between km [124+754-124+855 on
Transfagarasan Highway.

In the lowest segment (132+590-132+860), two
set of discontinuities were identified, with mean dip
direction and inclination of 358.3°/55° and
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240.4°/75°. The lithology is formed by gneisses and
sericite chlorite schist, mica schist, with the
maximum block size of 3.36 m®. The lower part of
the segment is more affected by blasting, providing in
general, small to medium blocks. This area is
particularly unstable. A contour of the observed or
assumed weathering profile for the highest segment
between km 124+754-124+855 can be seen in Figure
3, together with the chosen retaining and protection
systems.

2.3 Transalpina

On Transalpina six road segments were investigated.
On the first segment (km 80+500-81+000) the
lithology consists of gneisses with subordinate
pegmatites, migmatites and amphibolite. The outcrop
was a quarry not long ago. The slope face is at an
angle between 45-60°. On the southern side of the
quarry, there is an old magmatic intrusion. The
schistosity plane dips towards NE, at 30-50°. Apart
from the plane of schistosity, there are two sets of
discontinuities dipping towards S and SW at 70-80°.
Many discontinuities have at least 3 m persistence.
The outcropping rocks are in general from fresh to
slightly weathered, apart from the rocks at the top,
that are moderately weathered. The maximum block
size observed in the quarry is 20 m?, but this is very
likely the result of blasting. Most of the blocks are
below 2 m? in volume. The maximum falling height
is about 40 m.

The second segment (km 88+500-89+000)
consists of fragmented and moderately altered
gneisses. The rocks are highly affected by tectonics,
and possibly blasting, with discontinuities dipping at
high angles either towards E or W. The schistosity
plane dips at 30-40° towards W. Because of the
numerous discontinuities the maximum block size is
below 1 m®. The maximum falling height is 15 m.

The third segment (km 91+000-91+800) consists
of mica schist followed by gneisses. Most rocks are
moderately weathered, with the depth of weathering
extending beyond 5 m. The are large blocks slipped
over each other and precarious stabilized by
vegetative cover. The lack of outcrops made it
impossible to take compass reading. The maximum
block size that reached the road is 2 m>. In this area,
there is a real risk of triggering a landslide, involving
large blocks if any intervention is made without a
careful planning.

The fourth road segment (km102+750-103+000)
consists of slightly weathered gneisses and
subordinate pegmatites. The weathered zone is below
2 m. The maximum block size is quite small 0.5 m>.
The schistosity plane dips towards SW, at 30-50°.
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Apart from that, there is a set of discontinuities
dipping almost at 90°, either towards NNE or SSW.
Between km 102+950-102+980, the schistosity plane
daylights on the slope face.

The fifth road segment (112-+000-114-+000)
consists of slightly weathered gneisses and scree. At
km 1124210, the slope face is almost vertical, with
large unstable block. We were able to make only a
small number of compass readings. The slope face
with unstable scree, could fail in favourable
conditions, but the size of blocks is small.

The sixth road segment (km 126+000-128-+000)
comprises areas with scree, with rock fragments
caught in an argillaceous matrix (km 126+260-
126+355; 127+330-127+240; 127+505-127+640) and
arecas with steeper slopes with mica schist and
gneisses (km 126+490-127+020). The area with scree
is in places protected with old gabions. This area is
prone shallow circular failure. The area with steep
slope is protected by an old wire mesh, which is
broken in places, because of falling rocks, and
inadequate wire mesh.

H g

Figure 4. Closed spaced discontinuities on Transalpina
favouring wedge failure. The slope is protected by a wire
mesh that is teared-off in places.

2.4 Compressive strength

Estimation of the compressive strength of the rocks
was done by uniaxial compressive strength (UCS)
and point load test. The UCS of gneisses and
amphibolite was between 68-165 MPa, and for mica
schist 50-130 MPa. For some moderately weathered
mica schist from Transalpina, the UCS was as low as
20 MPa. The moderately weathered rocks had UCS
value well below the slightly weathered or fresh
rocks.
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3 CONCLUSIONS

The lithology of both area is very similar consisting
of metamorphic rock, dominated by mica schist and
gneisses. The Transfagarasan section belongs to a
different tectonic unit, Supragetic Nappe, whereas
Transalpina section belongs to Getic Nappe
(Mutihac,1990). Transalpina section seems more
affected by tectonics, with old igneous intrusions,
folding and faulting. As a result, Transalpina section
appear to be more affected by weathering. The
discontinuity spacing is smaller on Transalpina,
resulting in smaller falling block size. Wedge failure
type predominate in both areas, but on Transalpina
section, circular failure is likely on slopes covered by
scree.

Although not part of the projects budget, the
investition in these protection systems would have
benefitted from using monitoring equipment that may
have been installed in the slopes to measure
displacements, strains, stresses or water pressure over
time.
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