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Abstract: This manuscript presents a relevant practical application of the stability analysis of multi-
face slopes that uses the concept of the restricted daylight envelope in multi-faced slopes (MFS). The
methodology was applied to the back analysis of a case study of a failed slope in mudstones and
sandstones on the Spondylus coast in Ecuador. The instabilities analyzed included several rock cliffs
with dihedral rock faces in mudstones. It is interesting to analyze the failure mechanism of these
natural coastal slopes because, on the Spondylus coast, several hotels and tourist spots are located
near the upper parts of some similar regions. The stereographic projection methodology can simulate
complex geometries and simplify the analysis.

Keywords: sliding; coast; geotechnics; cliff stability; kinematic assessment

1. Introduction and Scope

Stereographic projection methods have been widely extended to slope analysis in
jointed rocks and the possible failure modes [1] since the first studies by Markland in
1972 [2] and John in 1968, 1972 [3,4]. Although 40 years have passed since these works were
published and powerful computer tools have been developed, stereographic projection in
block kinematic analysis is still current. Stereographic projection allows a quick view of the
possible failure modes of the slope, such as planar, wedge, and toppling, and reduces the
analyzed elements to one dimension: planes to curves, straight lines to points, etc. This
research focuses on an analysis of the three-dimensional geometry of slopes with several
faces, which has not been much studied in the literature [1].

Most kinematic analyses of rock slopes only consider the fact that the slope face has a
constant strike (single-faced SFS) [5]. In 2002, Yoon et al. [5] introduced the concept of and
kinematic criterion for multifaceted (also known as multi-faced) slope MFS failure in an
intuitive and highly effective way by focusing on the analysis of planes and vectors, not on
the pole criterion, which is the most common method [1].

“In stereographic projection, the sliding envelope of a multi faced slope (MFS) is the union of
single-face envelopes formed on the surface of the slope” (Yoon et al. [5]). Jordá-Bordehore et al. [1]
proposed to combine the methodology for multi-faced slopes [5] with the most usual
approach for the kinematic assessment of single-faced slope daylight envelope and pole
analysis [6,7].

The aim of this research is to show a real case of a failed slope for which the stability as-
sessment can only be explained using a methodology that unifies the traditional criteria for
rock–slope analysis based on poles [6–9] with the conclusions of the work of Yoon et al. [5]
for MFS, where the criteria for instability were defined using the representation of the poles
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of the plane approach. The unstable sector in stereographic projection is defined using
poles and daylight envelopes [1] instead of planes [5]. The conventional kinematic analysis
using constant-strike slopes cannot explain or assess this case. The suggested methodology
for the back analysis is effective in explaining the mechanism of planar failure of real slopes,
for example, the slate rocks on the Manta coast of Ecuador, and can be extrapolated to other
slopes on the Spondylus coast, many of which are typical situations of multi-faced slopes
(MFS). The coast of Ecuador, like other coasts with outcrops of marked stratification (Flysch
de Zumaia in Spain), presents inlets and outlets, the analysis of which can be approached
with the MFS methodology that we propose in this work. There are few studies on the
kinematic stability of rocky slopes in Ecuador [10–12]. This work reinforces the database
and the methodology proposed by Yoon et al. [5] for the Andean zone.

The stability of rock slopes in superficial situations in relatively competent rock masses
is usually controlled by the equilibrium of the blocks that form them. This equilibrium is
normally studied using kinematic assessment methods that only consider the friction of the
most relevant joints and their orientation with respect to the slope. The main contribution
and objective of this study is to apply the aforementioned approach to a real slope and verify
its effectiveness. It is important to note that this is the first application of this methodology
in the Andes, a mountain range with complex slope stability problems, many of which
are difficult to model. This study demonstrates that this methodology can be an effective
stability methodology.

2. Materials and Methods

The study site is a representative area of the type of failure to be analyzed. Along
the coast of Ecuador, in such places as Montañita, Olón, and Ayangue, we find coastal
cliffs with stability problems linked to the erosion of the waves and tides at the foot of
the cliffs. To adequately analyze the failure mechanism, it is necessary to understand that
many landslides are produced through stratification with tensile cracks in vertical slopes,
but that the classic models do not fit reality well enough because they consider the slope in
the form of a two-dimensional section. This presents a real problem in three dimensions.
Conducting MFS slope studies using 3D models sometimes requires computer programs
that are not yet accessible to many researchers. The methodology proposed in this work
is accessible since it utilizes stereographic projection and reduces the problem to one less
dimension. To show the effectiveness of the methodology, we have chosen a test site where
the typology is easily identified and represents the difficult approach of Yoon et al. [5] in a
very didactic way.

The analysis of interactions between discontinuity planes and slopes is extremely
complex to solve using 3D models and isometric projection but is considerably simplified
with stereographic projection [1]. We refer the reader to the bibliography for information on
stereographic and kinematic assessments of rock slopes, especially using the MFS approach
as detailed in Yoon et al. [5] and Jorda et al. [1]. The main idea of the methodology is to
use the usual criteria in kinematic analysis for locating poles or planes in some areas of the
stereogram that meet the instability conditions. Any pole or crossing of planes that fall
in this zone implies kinematic instability between these fractures and the slope. What the
MFS methodology does is expand the area known as the “restricted daylight envelope” by
considering the slope not as a single plane but as a curved surface that can be simplified as
an envelope that spans from one tangent plane to another passing through the tip or “nose”
of the concave slope.

The back analysis methodology has been applied in the following way: the model
must be equivalent to reality, and when a slope has failed, the model must indicate a safety
factor ≤ 1. Normally, we assign joint strength parameters according to various approaches,
whether empirical, laboratory, or a combination of both. In this case, we have reconstructed
what slopes and detached blocks looked like in their initial situation before the failure. If
the analysis or calculation indicates a safety factor greater than unity (or the stable zone of
the stereogram), then that means that our calculation is not realistic, and we therefore have
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to modify the resistance parameters of cohesion or friction until the result comes out to a
safety factor of 1, or within the limit of the unstable zone of the stereogram.

The discontinuity friction angle is necessary to draw the friction circle; indeed, it is
required in all kinematic analyses via stereographic projection. Friction (ϕ) is obtained
from the Barton–Bandis failure criterion and onsite mapping [13–15].

3. Study Site

The study site is on the “Spondylus” coast of Ecuador (Figure 1), characterized by
detritic sedimentary formations: siltstones, sandstones, and volcanosedimentary units.
The cliffs in these materials show degradation processes, instability, and failures. The
typical cliff failures at the study sites are summarized in Figure 2. The failed slope that we
analyzed is located at a site named Punta Barbasquillo in the coastal city of Manta. It is
a corner formed by a two-faced slope, and it shows a combination of planar sliding and
toppling failure.
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Figure 2. Panoramic view of Manta’s coastline and its main types of rock cliffs: Images (a,b) hotels
and buildings on top of the coast cliff, (c,d) show the basal strata, (e) shows relevant joints and (f) is
the Punta Barbasquillo.

Figure 2a shows Punta Barbasquillo, vertical slopes, and dipping mudstone strata
between 25 and 40◦. Figure 2b,d are located on Piedra Larga Beach, where there is shallow-
dipping stratification and cliffs with medium-dipping slopes with many circular failures.
Playa Murciélago (bat) beach (Figure 2c) is in a part of Manta’s coast where many hotel
constructions and foundations are located over the unstable cliffs but far enough from
the scarp limit; in some cases, reinforcement of the cliff has been accomplished. We note
the alternation of mudstones and more compact siltstones affected by normal faults in
Figure 2e and the difference in resistance between the cliff and the beach (Figure 2f).
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4. Results
4.1. Observational Results

The study area is located at Barbasquillo Cape (Manta, Ecuador), which is a cliff with
inlets and outlets parallel to the coastThere are usually two or more vertical joints as well
as a sub-horizontal stratification (S0) that is usually the sliding surface of planar failures.
There are also many toppling failures due to vertical normal faults (Figures 2 and 3). Some
tension cracks are “new”, while others have developed following existing normal faults.
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Figure 3a shows a typical failure mode in the cliffs of Piedra Larga Beach near Bar-
basquillo Cape. There are often circular failures through the rock mass, beginning in tension
cracks (previous faults). These circular failures through the rock mass typically occur when
the rock strength is very low, and they are not usual when blocks are formed in competent
rock massifs. The tide line can undermine the toe of these cliffs, but it is not common. More
often, the low tide exposes an extensive rocky platform of competent rock, as in Figure 2f.
The failed rock mass is easily eroded, and in a short time, it is disintegrated by the action of
the waves and tides (Figure 3a(2)). The instabilities continue inland in an iterative process,
and the cliffs gradually lose slices (Figure 3a(3)).
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This process of the unraveling of the slabs and the collapse of the cliff is something
normal and habitual on the Spondylus Coast of Ecuador. The key point is to interpret
how far it can progress in a determined period so that it does not affect infrastructure and
houses located in the upper part of the coastline. The presence of tensile cracks associated
with vertical structural domains is one of the most important mechanisms controlling the
progression and stability of the cliff.

Figure 3b shows schematically the most typical failure mode in the Barbasquillo Cape
area and Murcielago (bats) Beach. The failure process in those locations is a combination
of planar sliding and toppling. The marine erosion of the lower part of the cliff and the
detachment of some toe slices collaborate to trigger the cliff failure process. Depending on
the case, this can be toppling, sliding, or a combination of both. In the case of stratification
dipping more than 35◦, the failure process is mainly planar, and vertical joints act as tension
cracks (Figure 2b,f). Once the slice is detached (Figure 3b), the remaining cliff face angle is
normally 90◦, but it can also overhang at 110–120◦, with a clear toppling tendency. Figure 3
summarizes the process leading to the failure scheme of Figure 2f.

Figure 2e highlights a normal fault in mudstones and siltstones. These vertical joints
and faults collaborate to trigger cliff instabilities depending on the orientation and dip
of the rock face. Figure 2b,f show horizontal strata with layers with diverse grades of
resistance to weathering.

Figure 2d shows the beginning of the eroding process of a competent but fractured rock
mass. These zones, when exposed to the iterative effects of sea waves and tides, form holes
on the base part of the cliffs. This can trigger toppling failures and the filling with water
and weathering of joints in planar failures. Figure 2c indicates the opposite phenomenon,
that is, the lower part of the cliff is more resistant than the upper parts, causing extended
horizontal platforms (Figure 2f). The image in Figure 2f is a transition between failure
modes of Figure 3a,b where it is possible to notice a clear structural component in the sliding
through the dipping stratification S0 to the sea. Over that plane, failure can be of three
types, depending on the resistance and weathering of the rock mass of the cliff: (1) planar
failure with tension crack; (2) toppling; and (3) circular failure through the rock mass.

The wide-platform beach, which can be seen in many cases (see Figure 2b,c), comprises
a level of strong mudstone and sandstone just over the tide line, and these strata dip almost
horizontally. In the areas where this platform dips 30–40 degrees, the morphology is that of
a ridge of sharp escarpments (Figure 3b).

In Figure 3a, it is possible to notice a scheme showing a circular sliding mode and
degradation of the weathered terrain and low-quality geomechanical properties on Piedra
Larga Beach. In Figure 3a, (1) indicates the center of a circular failure, 2 and 3 progressive
failure surfaces. Figure 3b shows a schematic of the rupture process in the cliff and the
kinematic failures of block toppling and/or planar sliding in Punta Barbasquillo. In
Figure 3b, (1) indicates the lower soft layer easily eroded, (2) is the detached block and
(3) the final cliff coastline.

4.2. Planar Failure in the Two-Faced Cliff of Punta Barbasquillo Cape in Manta (Ecuador)

The slope of Figure 4 is the subject of the present study and is a combination of planar
sliding and toppling of strata triggered by a set of subvertical discontinuities dipping
inland. Barbasquillo Punta (Cape) is a very characteristic planar failure sliding through
the stratification. The failure surface does not reach the upper-horizontal part of the cliff
because of its low continuity and persistence. It is cut by a vertical fault and some more
conjugated joints that delimit a unique block of some cubic meters in volume (Figure 4).
This block fell in precedent times and has been completely removed by sea action—erosion
and weathering. The peculiarity of this cliff is that it has a dihedral shape similar to a
“nose”. This falls under the category of two-faced slopes (see methodology in [1,5]), with
the left side of the “nose” watching the cliff from the sea—the left-side slope (LS) has a dip
direction of N 050◦ E and a dip of 70◦. The right side (RS) has a dip direction of N 365 E
and dips around 70◦ (Figure 4).
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stereogram of the slope and main joint set.

Figure 4a shows Punta Barbasquillo Beach before the cliff failure. Figure 4b is the
stereographical representation of the main joints, while Figure 4c is the actual situation
indicating the main joint sets determined on the two-faced slope of Barbasquillo. In Figure 4,
stratification, or S0, is shown in red, and the joint set named J2, which forms the tension
crack and induces the progressive strata toppling, and the third joint set, J1, vertical and
minor, are shown in blue.

4.3. Kinematic Assessment

The main join sets are summarized in Table 1, which have been recognized in the
geomechanical station (that is, an in situ geomechanical data and parameter observation
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point) in the back analysis of the failed slope. The field strength of discontinuities (C, ϕ)
was assessed using the Barton–Bandis [13,14] criterion and in situ data (Schmidt hammer,
JRC Barton’s comb, etc.). An evaluation of the resistance of the joints has been proposed
using parameters that can be obtained in the field without carrying out laboratory tests.
For this reason, within the input of the Barton–Bandis criteria, a purely field methodology
has been chosen to obtain the joint resistance and roughness.

Table 1. Joint sets in the slope analyzed in Punta Barbasquillo.

Join Set Kind of Joint Dip Dir (Degrees) Dip (Degrees)
K Fisher Statistical

Distribution
Joint Cohesion

and Friction

S0 Stratification-sliding surface 004◦ 36◦ 106
C = 0
ϕ =34◦

J1 Joint 264◦ 88◦ 2816
J2 Joint—tensión crack 176◦ 50◦ 38

The two front faces of the slope as well as the main joint sets were represented using
stereographic projection (Figures 5 and 6). The results of the kinematic assessment indicate
that the slope was unstable. The instability can be observed in the joint S0 poles located
inside the restricted daylight envelope (Figure 5). The toppling risk that could exist in the
cliff before the planar failure was analyzed using projection (see Figure 7). The potential
toppling of J2 towards the left (LS) and right (RS) sides of the cliff was also analyzed.
The kinematic assessment shows a potential but not important risk: the pole of the joint
J2 is not inside the daylight envelope but very close to the limit zone. The J2 should
therefore be considered a tension crack. Once planar sliding has occurred, the new slope
face overhanging the vertical could trigger both block and flexural toppling (Figure 7b), as
can be concluded from the new and wider daylight pole envelope.
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Image (a) shows the actual potential toppling failure for the right and left sides of the cliff: the slope
dip angle is 70 degrees. Image (b) shows an unstable J2 joint because the pole falls into the yellow
envelope: that was the initial situation when the cliff was vertical (90 degrees dip).
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Figure 6a shows the daylight envelope for a single-face LS (Left Side). In Figure 6b,
the expanded daylight envelopes for both left and right faces (LS-RS) are shown, while in
Figure 6c, it is proposed that the daylight envelope is restricted by the friction cone. The
pole of the bedding plane is inside the restricted daylight envelope, so the plane should be
considered unstable, as can be deduced by the slope slide failure.

Figure 7a shows the stereoplot assessment of the potential toppling risk in Barbasquillo
before the planar sliding. Figure 7b shows the stereoplot assessment of the potential
toppling risk in Barbasquillo on the RS slope face in the present situation after planar
sliding has occurred.

5. Discussion

We carried out a back analysis of a failed multi-face (MFS) round convex slope. The
MFS approach, which combines a multi-face approach and a restricted envelope for poles,
can reflect the actual situation and process of the unstable cliff. Often, “real” unstable
cliffs show complex geometries such as double-, multi-, or even round-face slopes. These
cases can be analyzed by Hemispherical Projection Methods (HPMs) and the kinematic
analysis method proposed by Markland [2] and John [3,4]. The analysis of envelopes in the
kinematic approach is an efficient and visually very fast way of knowing whether or not a
fracture or set can pose a stability problem on a slope in joined rock masses.

In this manuscript, all the slopes are natural cliffs that have suffered collapse, land-
slides, and progressive toppling controlled by discontinuities. The particularity of the
study is the analysis of clearly three-dimensional geometries through stereographic projec-
tion. This methodology is clearly applicable to road-cut slopes since it is effective on high
mountain routes with many curves.

6. Conclusions

This work is one of the few applications of the multi-faced slope (MFS) kinematic
analysis methodology of Yoon et al. [5], together with that of Jordá et al. [1], and the
only one to date in South America. It also reinforces the idea of aligning the technique
with [12,13]; in these works poles are used instead of planes. [5].

Although it may seem complicated and not very intuitive, representing multi-faced
slopes (MFS) in stereography greatly simplifies complex situations. It also allows a quick
and effective analysis of an unstable situation. The alternative to this approach is that of
models and numerical codes of discontinuities and fractured media, which are not very user
friendly and extremely time-consuming. These methods are ineffective for the purpose of
this study and for the typology of kinematic breaks clearly identifiable with a stereographic
model. In addition, stereographic slope models allow you to easily design a stable slope
simply by modifying its slope and seeing the result immediately on the stereogram. The
methodology developed and applied here has multiple applications on variable-geometry
slopes and curved faces. Among others, we find this type of situation on mountain roads
that contour geological structures, and it is also very frequent on coastal cliffs, in river
canyons, and in mountain gorges.

The MFS kinematic approximation is sufficiently conservative and yields reliable
results, simulating complex realities in a simple and accurate way. Future lines of research
may be aimed at other types of slopes in order to expand the method’s database.
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