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Abstract
The main objective of this work was to develop geological, geotechnical, structural and hydraulic studies for the
formulation and design of mitigation works for the threat of earth mass movements in the Salto del Cabrón in the city
of Cartagena de Indias. The methodology included the detailed topographic survey of the 12 hectares of the work
area, a geophysical information survey was carried out through three (3) lines of Seismic Refraction / MASW, two
(2) electrical resistivity tomographys and 59 sections with GPR. With the geophysical information they were defined
shear wave velocities of each stratum, its extension, the definition of the types of subsoil profiles and the resistivity
contrasts. And for the results of the GPR in particular, the estimation of cracking depths, especially in the upper part
of Salto del Cabrón.
Then the geological characterization of the area was developed, whose works included routes established in the N-S
and E-W direction, following existing paths or trails and drains within the study area, to define the lithological units
present and their structural features. Data were collected from ten (10) trenches. In addition to the five units defined,
a large gully stands out as the most visible and most incident morphodynamic feature for the instability of the study
area as it is a huge sliding scar due to the same development of the gully process.
Geotechnically for the characterization, were made boreholes with Rotopercussion equipment, applying the Standard
Penetration Test (SPT) and manual excavations, information was obtained for a total of 26 exploration points with
depths between 5m and 26m and the corresponding laboratory tests. For the limestone layer, for example, a wet unit
weight of 21kN/m3 was defined, an undrained cohesion value of 26kN/m2, an internal friction angle of 33°, an elastic
modulus of 87000 kN/m2. Likewise, the parameters for the Limo-sandy and Middle Clay strata, with which the
proposed alternatives were calculated and modeled.
The stability analyzes proposed on the slopes that make up the southern flank of the Salto del Cabrón Sector, together
with the studies of various disciplines carried out, yielded mitigation measures through effective techniques such as
the execution of pre-tensioned anchors. In general, it is necessary that all the designed works be carried out,
preferably in the dry season. Initially the entity in charge of the construction of the project reports the construction
of 66 anchors in the upper part of the Salto del Cabrón. The anchors were designed with a length of 20m of which
8m correspond to the free anchor length and 12m to the fixed anchor length, with an inclination of 15°.
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1 INTRODUCTION
This document summarizes the methodological
process and the results obtained in the framework
of the Consultancy “Studies of Stability of Slopes
and Designs of Mitigation Works for the sector of
the Salto del Cabrón del Cerro de la Popa” carried
out through an Inter-Administrative Agreement
with the Mayor's Office of Cartagena.
The area of interest was characterized
considering its geology, geomorphology, vegetal
coverage, its geotechnics, hydrological and
hydrogeological. Also through identification of the
different instability processes and failure
mechanisms on slopes or that arise from the
collection of thematic information of the sector, at
scale 1: 500. In the same way, corrective measures
were formulated and mitigation works were
designed for the treatment of El Salto del Cabrón to
reduce the movement rate of unstable areas.
The studies carried out allowed the formulation
and design of mitigation structures to the latent
natural threat associated with the landslide's in the
sector in question, especially due to the presence of
cracks with an aperture of 5mm to 10mm and depth
close to 10m , evidenced on the surface of the rock
mass located in the upper part of Salto del Cabrón,
where the Convent of the Order of the Augustinian
Recollects has been located since the beginning of
the 17th century. One of the main measures of
stabilization of the rock mass materialized through
the construction of a system of concrete screens
launched of 24 Mpa compressive strength,
combined with the execution of pre-tensioned
anchors of a maximum load of 45 tons.
2 LOCATION OF AREA OF STUDY
The study area corresponds to the southern flank
of Cerro de la Popa, in a sector called “El Salto del
Cabrón”, which has an estimated extension of
twelve (12) hectares in steep terrain. The Salto del
Cabrón is located in the La Popa hill, to the
nororient of the Cartagena city (Figure 1). With an
approximate extension of ten hectares it has been
affected by mass movement processes, water
erosion and strong anthropic intervention.
According to Aguilar-Collazo & González
(2016) it is a high hill whose maximum height
approaches 150m in its southern part near the
convent of the Augustinian Recoletos, it is
elongated towards the north with a straight slope of
5 ° to 10 °, the same structural slope of the
limestone of the Popa limestone formation; It has a

series of nearby foothills arranged on both sides of
the main formation (e.g. Las Peyé hills). This hill
has historically been affected by denudational
processes that include moderate to intense erosion
processes and PRM, in the case of the Salto del
Cabrón mainly due to rock falls and debris flow, as
well as the effect of strong anthropic intervention.

Figure 1. Location of area of study. Image taken and modified
from Google Earth, 2017.

3 METHODOLOGY
Each relevant activity developed in the
framework of the referenced study is described
below.
3.1 Topographic data collection
The Cerro de la Popa is considered the
most prominent elevation of the city of
Cartagena with an approximate height of
150 meters above the sea level, it is located
3.0km east of the Historic Center. The study
area is easily located in polar coordinates as
shown in the Figure 2.

Figure 2. Coordinates of the study area.

The topographic survey included identify
of the perimeter in which converge the
strata
detected
through
previous
explorations converge, such as the
limestone mantle and sandstone.
In addition, the topographic survey
included detailed record of the level
changes, and the location of existing
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structures and visible cracks in the study
area of the Salto del Cabrón.
Special care was taken to establish the
details of the relief, topographic accidents
and location of existing infrastructure (e.g.
roads, retaining walls, rain channels,
houses), and the cracks visible in the rock
mass were identified (Figure 3).

Electrical tomography: In addition, two (2)
electrical resistivity tomograpyhs with a length of
90m and exploration depth of 27m for the first and
length of 300 meters and research depth of 80
meters for the second were acquired, processed and
interpreted as shown in Figure 5. The data analysis
also includes the interpretation of the resistivities
resulting from the tomographys to relate the data
with the lithology present in the area.
The Electrical Tomographs were carried out with
DUK-2ª Multi-electrode Electrical Resistivity
Tomography - 60 Channel and 5 Amp power
equipment, using the arrangement of symmetric
Wenner electrodes with a depth of investigation of
27m (Tomography No.1) and 80m (Tomography
No.2) approximately. The interpretation was made
through the Geogiga RIMAGER program (Canada)
that allows 2D model investments.

Figure 3. General topography scheme.

3.2 Characterization through Geophysical
tests
Three (3) Seismic Refraction / MASW lines, two
(2) electrical resistivity tomographs and 59 sections
with GPR were acquired, tests described below.
Seismic Lines: The three (3) lines of Seismic
Refraction / MASW were acquired with a variable
separation (3m to 5m) between receivers and a
variable length (69m and 115m), conveniently
located in the study area, as shown in Figure 4, with
source activated at each end of the lines and passive
source taking advantage of ambient noise. The
seismic records acquired were of good quality, with
an acceptable level of environmental and cultural
noise.

Figure 4. Location of seismic lines in the study area. Image
taken and modified from Google Earth, 2017.

Figure 5. Location of electrical tomography.

Sections with GPR: In the study areas, 59
sections of GPR (Figure 6) were carried out, in
which it includes 15 lines for a total of 1326m of
track for georadar with time window of 50ns and
60ns, 32 traces per second and 512 samples per
trace. The data was processed with the REFLEX
2D QUICK program to remove noise and provide
better resolution, normalize horizontal distance and
estimate depth.

Figure 6. Cerro la Popa Monastery Plant - Salto del Cabrón
(GPR Exploration Travel Lines).
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3.3 Geological characterization
Geological studies include routes established in
the N - S and E - W direction, following existing
paths or trails and drains within the study area, with
the purpose of defining the lithological units
present and their structural features. In total, ten
(10) geological uncovers were executed through
small excavations and trenches.
The Figure 7 shows the geological map resulting
from this stage of the study.

shows an example of the case of samples recovered
from the limestone in the upper part.

Figure 8. Location Map exploration points, Salto del Cabrón.
Figure 7. Geological map of Salto del Cabrón.

3.4 Geotechnical characterization
According to the geotechnical exploration
program results for this study, including boreholes
with Rotopercussion equipment, applying the
standard penetration test (SPT), trenches, and the
corresponding laboratory tests, was made the
characterization of the geomechanical properties of
the subsoil in the Salto del Cabrón Sector and its
area of influence (12 ha).
There are a total of 26 exploration points with
depths between 5m and 26m. During the execution
of the tests, samples were taken every time there
was a change in stratigraphy to perform laboratory
tests such as: natural soil moisture, limits, particle
sizes, specific gravity, unconfined compression and
direct shear testing. The samples obtained were
classified according to the regulations of the
S.U.C.S system.
The main objective of the laboratory tests was to
determine the index, mechanical and deformation
properties of the samples of recovered soils and to
elaborate typical representative stratigraphic
profiles that allow the soil stability conditions to be
evaluated.
The exploration points were distributed in such a
way as to allow the general characterization of the
study area, as shown in the Figure 8. The Figure 9

Figure 9. Samples recovered during underground exploration
using Rotopercussion equipment.

4 RESULTS AND DISCUSSION
In the following subsections are the relevant
results of the study by activity.
4.1 Geophysical Research Analysis
Seismic Lines: Refractive tomography allowed
differentiating several strata of the subsoil, with a
maximum investigation depth of 45m. Through the
technique of Multichannel Analysis of Surface
Waves of Active Source it was possible to calculate
the S-wave velocity for the profiles, and in general
they show well-defined dispersion spectra, which
reduces the uncertainty in the S-wave velocity
values as a function of the depth. A research depth
of 50 m was achieved.
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Each site has special characteristics, while sites
1 and 3 are on the hardest strata, site 2 is located in
the area of deposits of eroded material. As
described below:
Site 1: Vs30m (m/s) = 599; Profile Type = C;
Description = refractors were detected up to 18m
deep. The shallowest stratum corresponds to the
limestone unit of La Popa (limestones associated
with reef origin), with an average thickness of 10m,
with a P wave velocity less than 900m/s.
Underlying the previous one, a stratum of
calcareous sand intercalations was detected,
embedded in a clayey matrix, with a P wave
velocity greater than 900m/s.
Site 2: Vs30m (m/s) = 408; Profile Type = C;
Description = Refractive tomography allowed to
detect refractors up to 12m deep. The shallow layer
corresponds to weathered sandy deposits,
associated with hydrogravitational events, favored
by undermining due to the occurrence of heavy
rains; It has a low average P-wave speed of 500m/s.
The underlying stratum corresponds to fine-grained
brownish limolites; It has a P-wave speed greater
than 750m/s.
Site 3: Vs30m (m/s) = 399; Profile Type = C;
Description = Refractive tomography allowed
refractors to be detected up to 25m deep, showing
three well-marked strata. The shallowest stratum
corresponds to the limestone unit of La Popa
(limestone associated with reef origin), with an
average thickness of 7m, has a P wave velocity less
than 850m/s. Underlying the previous one, we find
a layer of intercalations of calcareous sand,
embedded in a clay matrix, with a P wave speed
between 850m/s and 1000m/s; It has an average
thickness of 7m. The deepest stratum detected
corresponds to sandstone materials embedded in
clay matrix, with a P wave velocity greater than
1000m/s
The seismic records of the different LSRs
allowed to observe the first arrival wave train in the
entire line; the signal-to-noise ratio was good since
environmental and cultural noise, despite having a
medium level, did not affect during the test. Figure
10 shows the refractive tomography and the Vp
velocity model of the LSR-01; the depth of study
was 18m, not being able to detect refractors below
that depth.

Figure 10. Refractive tomography of the LSR-01 line.

Figure 11 and Figure 12 show the refractive
tomography and the velocity model Vp for the
LSR-02 and for the LSR-03 respectively. Which,
together with the dispersion spectrum and the
chosen dispersion curve, which is well defined,
clearly shows the predominance of the fundamental
mode.

Figure 11. Refractive tomography of the LSR-02 line.

Figure 12. Refractive tomography of the LSR-03 line.
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Electrical tomography: The tomography No. 1
(Figure 13), allows to demonstrate the well-defined
resistivity contrasts. On the surface you can see the
presence of limestone rock which, due to its
resistivity from 75 Ohm to 100 Ohm•m, defines a
soft rock with a high clay content in its pores.

Figure 13. Electrical tomography of the subsoil No.1.

The tomography No. 2 (Figure 14), allows to
demonstrate the well-defined resistivity contrasts.
Throughout the tomography, contrasts of low
resistivities (<14 Ohm•m) can be observed, which
were correlated and associated with clay and silty
materials.

Figure 14. Electrical tomography of the subsoil No.2.

Sections with GPR: The GRP sections registered
in the north-eastern part of the monastery towards
Salto del Cabrón, present anomalies that may be
due to fractures or changes of material in the
subsoil. The information obtained through GPR
exploration at a depth of 15m, does not allow
establishing contact between limestone rock and
calcareous sands (according to information
collected by previous studies), therefore, it is
recommended to conduct studies of this type at
greater depth.
To know the behavior of the fractures evidenced
in the GRP # LINE 39 / PR02 sections, it is
recommended to perform GPR scanning with
higher resolution antennas (1000 MHz or higher
antennas).
4.2 Geological and Geotechnical Analysis
Within the specific study area, the presence of
both the limestone Unit represented in the upper
part of the hill by a level of coral limestone, as well

as the Detritic Unit on the slopes where a level of
silt with calcareous sand (Limos arenosos
calcáreos) has been identified and towards the
lower part where a set of Clays (Arcillolitas)
predominates with intercalations of silt and fine
sand, the latter especially towards the base of the
sequence.
The following is the generalized stratigraphic
sequence in the study area, from base to the top:
● Level of Clays (Arcillolitas) and Lower
Silties (Limolitas inferiores) (ArcLim).
● Level of limestone sandy slime (Limos
arenosos calcáreos) (LimArCal).
● Coral Limestone Level (Clza).
● Limestone colluvial deposits (ClvCal)
● Recent landslide deposits (Qfd)
In the specific case of the study area, the
stratification at the level of lower Limo-clay
materials is observed sub-horizontal, while in the
limestones a tendency with a slight inclination
towards the NE of 3-100 has been identified. In
general, for the area of study defined as Salto del
Cabrón, on Cerro La Popa, the geological units
present seem to have a structural disposition
slightly towards the East.
The morphodynamic processes present in the
study area are strongly related to the lithological
characteristics
of
surface
formations,
geomorphological characteristics and structural
features, anthropic action in deforestation and/or
water and climate management.
For this sector of the Salto de Cabrón, they
correspond to the most visible and most incident
morphodynamic feature for the instability of the
study area (Figure 15). It is a huge sliding scar
product of the same development of the process of
the gully, which in its interior conserves two
narrow strips that despite the episodes of landslides
occurred are maintained.
Grooves are also identified, which are presented
as a process distributed in several sectors of the
study area, mainly in areas where there is no
vegetation cover, in the area of gullies and
restricted to lower clay silt materials. Erosive
scarps, falling or falling off blocks and that together
with the sliding escarpments help to build the map
of morphodynamic processes as shown in Figure
16.
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5 MITIGATION STRUCTURES
Works comprised of a anchored wall in the upper
part of Salto del Cabrón, a series of Anchored
Walls on piles in certain identified areas of greatest
threat, as well as hydraulic management to prevent
erosion through channels with gabion dams were
proposed, the revegetalization, the implementation
of geotextile (geomantos) and complementary
drainage works in the lower part of the area. Below
are the proposed alternatives.
The analysis for the design of the anchors was
based on the determination of geomechanical
parameters, on the reports of the GPR through
which the depth of the possible fault surface and the
terrain configuration were determined. Once the
fault surface on the wall was evaluated (Figure 17),
the anchor was structurally designed (Figure 18).
Figure 15. General view of the process and development of
large gullies in the study area.

Figure 17. Wedge of failure for the proposed system.

Figure 16. Map of Morphodynamic processes identified for
the Salto del Cabrón area.

The results of the geotechnical laboratory tests
carried out for the samples recovered from direct
exploration, allowed to relate the recovered
materials through indirect exploration, geological
modifications of the study area and the parameters
chosen for the designs, as summarized in the Table
1.
Table 1. Parameters chosen for the design.
Strata
1
2
3

Unit weight above Unit weight
Cohesion Friction
E
the water table
below water
Poisson ratio
(kN/m2)
(°)
(kN/m2)
(kN/m3)
table (kN/m3)
Limestones
19
21
26
33
87000
0.3
Silt-sandy
16
18
50
23
20000
0.35
Medium clay
17
19
80
22
55000
0.4
Soil type

Figure 18. Anchoring detail of the anchored wall in the upper
part of Salto del Cabrón.

The construction of a wall anchored in the upper
part of Salto del Cabrón, a series of retaining walls
supported on piles an anchored in certain identified
areas of greatest threat (Figure 19), as well as
hydraulic management to prevent erosion through
channels with gabion dams, was proposed (Figure
20), revegetalization, the implementation of
geotextile (geomantos) and complementary
drainage structures in the lower part of the area.
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Until the end of 2019, 66 anchors had been built
(Figure 22).

Figure 19. Proposed walls for management in the middle part
the Salto del Cabrón.

Figure 22. Anchor plane executed.

6 CONCLUSIONS

Figure 20. Dams in gabions, sedimentation pool, sump and
chanel for hydraulic and erosion management in the area of
interest.

The condition of calamity declared by the
District of Cartagena allowed to generate a
budgetary disposition to execute a part of the
works, specifically the one of the construction of
the anchors in the high part. The drilling and
installation of the anchors were given, including the
tension and concrete covering of the wall (Figure
21).

Figure 21. Construction process of the anchors in the wall of
the upper part of Salto del Cabrón.

The stability analyzes proposed on the slopes
that make up the southern flank of the Salto del
Cabrón Sector, together with the studies of various
disciplines carried out, allowed mitigation
measures through effective techniques such as the
execution of pre-tensioned anchors. An integral
intervention is required at the level of the
stabilization works regarding the partial execution
that has been done to date. The authorities were
recommended to build all the works designed and
that their planning consider execution in the dry
season.
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