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ABSTRACT

A Probabilistic method was previously used to perform Probabilistic Hazard Zonation in El Salvador using a new proposed probabilistic methodology
(Rodriguez, Yepes 2011). The current project is a case study that uses the same methodology and tries to cover the limitations of the previous and first
application, and applied to two historically unstable landslides in Pipiral, an unstable area in the Central Region of Colombia. The susceptibility angle was
used as the susceptibility function. Rainfall and earthquakes are considered as landslides triggers. Besides zonation, modeling was performed because the
probability model was initially designed to do the zonation of larger areas. A database from “four countries in Central-America and Colombia” of Rainfall
Induced Landslides in Fine-grained soils and a database of “historic and worldwide” Earthquake Induced Landslides, were considered to support the model.
The intensity-duration-frequency (I-D-F) curves for the Pipiral-Colombia were used to define the probability of occurrence of the critical rainfall, and the
seismic hazard analysis of the same area was used to define the probability of occurrence of the critical earthquake.
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Introduction

The approach to the problem of evaluating landslide hazard via
strictly quantitative methods does not have as many references as
semi quantitative and qualitative methods. Then, when it is about
considering rainfall and earthquakes as triggers of landslides, it is
even more difficult to find valid and available references. Several
authors have developed methods that propose methodologies to
evaluate landslide hazard. Mora & Vahrson (1994) for instance,
developed a model in Costa Rica, to easily and in a practical form,
classify landslide risk in seismically active regions, presenting a
guide that allows the engineer to take fast decisions considering
five factors: slope, lithology, soil moisture, rainfall, and factors of
seismic intensity. Rodriguez, Torres & Leon (2004) determined
landslide hazard via a probabilistic method applied to destructive
seismic events up to 2004 in El Salvador using earthquakes as
triggering factor and rainfall and slope angle as susceptibility
factors. Rodriguez & Yepes (2009) also worked in El Salvador
using rainfall and earthquakes as triggering factors and slope angle
as the only susceptibility factor due to the lack of geomechanical
properties information that cover all the area. This last research
used a probabilistic model that considers the occurrence of rainfall
and earthquakes simultaneously but defining that only one of them
will trigger the landslide. This limitation is tried to be covered by
the current research. The probabilistic methodology was used to
perform landslide hazard zonation and two-dimensional modeling
using geomechanical properties close to surface was made to
consider scale differences. The probabilistic model was initially

developed to study large areas like countries. Throughout this
paper, both zonation and modeling are carried out considering
surface properties. This is because the intention is to analyze how
earthquakes and rainfall can trigger landslides. The main intention
of this paper is to contribute and to encourage civil engineers to
use probability in geotechnical engineering and to raise awareness
about the need to work with numerical methodologies for the
assessment of landslide hazard instead of using qualitative methods
that do not actually give precise results [1-5].

General Setting

To work with probability calculations and with the intention
to include variables that can affect slope stability, this work
included: seismic parameters, rainfall parameters, the slope
angle as a susceptibility value for landslide hazard zonation, and
surface friction angle for two-dimensional analysis. Topography,
seismicity, and rainfall information for the two landslides studied
in the current research project, were provided by SGC “Colombian
Geological Survey” and by IDEAM “Institute of Hydrology,
Meteorology and Environmental studies” in Colombia. Two
databases were updated:

* A worldwide historical database of earthquake-induced
landslides, prepared by Rodriguez (1767 B.C. —2002) and Yepes
(2002 — 2007), was updated by Mosquera and Mosquera from
2009 to 2019.

* A historical database of rainfall induced landslides in four
countries of Central America (Guatemala, El Salvador, Nicaragua,
and Honduras) and Colombia prepared by Yepes (1982 — 2007)
was updated by Mosquera and Mosquera from 2009 to 2019.
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A short description of the variables involved in the probability
model and the calculations, the landslide hazard zonation, and
the two-dimensional limit equilibrium analysis is included in this
chapter, as follows:

Susceptibility Parameter

In the previous research, in which this current probability model
was applied and analyzed as a first trial (Rodriguez-Yepes, 2011),
it had a notorious limitation, the lack of engineering properties that
could cover all the area of study. Parameters like the friction angle,
the intercept of cohesion, or the shear modulus, are difficult to get,
even in developed countries. These parameters would create an
ideal scenario to evaluate landslide hazard in terms of probability.
Here, two fundamental reasons did not allow the accomplishment
of this task. Firstly, the model was initially conceived for large
areas like a country. Secondly, there is going to be an evident
problem of scale when dealing with geomechanical and this
probability model (SGC, Colombian Geological Survey, 2016).
This second reason has a strong background if it is recognized
that the probability model is associated to the application and
zonation of landslide hazard in large areas, geological areas, and
its consequent geological scale. Then, geomechanical properties
“strength-deformations-permeability” are an engineering
description which is obviously associated to geotechnical areas and
its consequent geotechnical scale. A geotechnical engineering scale
is fundamentally different to a geological scale. So, the probability
methodology for landslide hazard zonation was applied to the two
landslides in Pipiral, a Central small Region of Colombia, using
the slope angle as the susceptibility parameter again. Here, the two
landslides were divided in “2.0%*2.0 m2” and the probability model
was evaluated again. This second trial helped validate the model
and have a better approach to the application of the methodology.
Then, to try to cover the limitation of including geomechanical
properties in this research project, and to make it possible to refer
in more geotechnical engineering terms, two-dimensional limit
equilibrium analysis and Finite Element Analysis were modeled.
The friction angle and the modulus of elasticity were calculated
via correlations with SPT (standard penetration test) results. This
item will be explained in the following chapter, in a more thorough
form [6-10].

Seismicity parameters

Three parameters will be used to calculate the probability of
landslide occurrence due to earthquakes: susceptibility function,
the probability of occurrence of the critical earthquakes, and the
probability that this critical earthquake triggers landslides in a
specific “2.0*%2.0 m2” cell. In this subchapter, the information used
to get these three parameters will be explained, and in the following
chapter, the methodology and corresponding calculations will be
explained in a more thorough way.

* Susceptibility function: the slope angle was used as the
susceptibility function. A normal distribution formulation that
better explains how slope angle influences stability of a slope,
was applied.

* Probability of occurrence of the critical earthquake: here,
the seismic hazard evaluation report for the area that covers the
two landslides was used (SGC, Colombian Geological Survey),
and the probability of occurrence of the critical earthquake was
calculated using the “Gutenberg-Richter” relationship. Seven
seismogenic sources were identified. Seven geological faults
that are close enough to the areas of study to influence them.
The scale and the size of the landslides were the main factors to
choose these seven geological faults. The area of the landslides,
as mentioned above, were divided in “2.0*2.0 m2” cells, and the
geological faults were divided in “2.0 meters” spaces. Figure 1

shows an explanatory scheme of how distances from each cell
in the two landslides to the 2-meter divisions of the geological
faults were measured:

GEOLOGICAL FAULT

LANDSLIDE 2

Distance from a "2*2" square meters
cell to a seismogenic source or geclogical
fault division every 2 meters.

Figure 1: Explanatory Scheme of the measurement of the distance
from the landslide’s cells and the divisions in the geological faults,
to calculate the probability of occurrence of the critical earthquake
(Yepes — Mosquera, 2019)

Figure 2 presents the geological faults, the location of the two
landslides, the location of the specific region in Colombia and
the names of the faults.

““%_. ROADS ™/ MIRADOR FAULT
N/ BAVARIAFAULT 7./ PIPIRAL FAULT
/\/ BUENAVISTA FAULT SERVITA FAULT
N/ LA BLANCA FAULT “ LANDSLIDE 1
A/ Larerorma FAULT @B LANDSLIDE 2

Figure 2: Geological faults from the seismic hazard study and
location of the landslides (left). Location of “El Meta” Department
in the map of Colombia (top right). Names of the faults and
landslides (bottom right). (SGC, Colombian Geological Survey)

Probability that the critical earthquake triggers landslides:
supported and calculated by a historical worldwide database of
earthquake — induced landslides (Rodriguez and Yepes, 1767B.C.
—2007) updated by Mosquera (2007-2019).

Then, as it was initially proposed by the probability model, this
updated database was classified in the three failure mechanisms
proposed by Keefer (1984): disrupted landslides, coherent
landslides, and lateral spread and flows. The total number of
earthquake-induced landslides available in this updated database
are: 472 disrupted landslide, 141 coherent landslides, and 134
lateral spread and flows. Keefer presented a database of earthquake
induced landslides and a plot of Surface wave magnitude “Ms”
versus Maximum epicentral distance, showing a 0% and 100%
probability of slope failure due to landslides. Rodriguez and Yepes
(2011), following the idea of Keefer, proposed now curves from
0% to 100% each approximately 10%. This was plotted for the
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three failure mechanisms mentioned above. Mosquera and Yepes
(2019) updated these plots, and figure 3 shows the landslide density
curves or probability of failure for the latter mechanism: lateral
spread and flows. There are two points below the 0% curve and one
point above de 100% curve. They were defined as extraordinary
and unusual behavior. They are out of the trend [16-20].

LATERAL SPREAD AND FLOWS

(Km)

al Distance "De"

Maximum Epicentr

10000.0
5.0 55 6.0 6.5 7.0 7.5 8.0 85 9.0

surface-wave magnitude "Ms"

Figure 3: Landslide density curves or probability of landslide
occurrence curves for Earthquake-Induced Landslides — Lateral
Spread and Flows (Earthquake-Induced Landslides, 1767 B.C. —
2019) (Rodriguez - 2002, Yepes - 2009, Mosquera - 2019)

Rainfall parameters

The probability of landslide occurrence due to rainfall will be
thoroughly explained in the next chapter. In this subchapter,
and similar to how earthquake induced landslides are treated,
to calculate the probability of landslide occurrence triggered
by rainfall is composed by three parameters: a susceptibility
function, the probability of occurrence of the critical rainfall,
and the probability that the critical rainfall effectively generates
landslides [21-30].

* Susceptibility function: the same function used for earthquake
induced landslides was used in this case.

* Probability of occurrence of the critical rainfall: here, the
“Intensity-duration-frequency” curves (IDF) that were closer to the
critical landslides evaluated in this project, and in a proper scale,
were used. Two rainfall stations were identified: La Esmeralda
and Servita. Figure 4 shows IDF curves for the “Servita” rainfall
Station for return periods of: 2, 5, 10, 25, 50, 75, 100, and 500
years.

I-D-F CURVES
"SERVITA" RAINFALL STATION
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Duration (min)

Figure 4: Intensity-Duration-Frequency curves for Servita
Rainfall Station. Return periods of 2, 5, 10, 25, 50, 75, 100, and
500 years. (IDEAM, “Institute of Hydrology, Meteorology and
Environmental studies” - Colombia)

* Probability that the critical rainfall triggers a landslide:
supported and calculated by a historical database of rainfall —
induced landslides in four countries of Central America where
fine-grained soils are frequent in all their territory: El Salvador,
Guatemala, Nicaragua, and Honduras (1982 — 2007, Yepes).
This was updated by Mosquera (2007-2019), including historical
rainfall-induced landslides in Colombia.

As it is possible to infer, the criteria for this database are different
from the database for earthquake — induced landslides. In this case,
the criteria were the type of soil, because the saturation of a slope
and the generation of pore water pressure that triggers landslides
works different in fine-grained soils, in coarse-grained soils, and in
rocks. Landslide density curves or probability of occurrence curves
were also defined for rainfall-induced landslides, in a similar form
to earthquake-induced landslides, now plotting Intensity of the
rain that caused the landslides versus the duration of this rain.
Figure 5 shows this plot.

RAINFALL-INDUCED LANDSLIDES

Intensity (mm/h)

0 50 100 150 200 250 300 350 400 450 500 550 600 650 700

Duration (h)

Figure 5: Landslide density curves or probability of landslide
occurrence curves for Rainfall-Induced Landslides — (Rainfall-
Induced Landslides, 1982 —2019) (Yepes, Mosquera — 2019)

Geomechanical parameters from field investigation

As previously mentioned, the probability model was initially
proposed for large areas of study, like a country. In this scenario,
the use of geomechanical properties is not actually appropriate
because of the scale. That is why, in this research project,
zonation and modeling are treated and analyzed separately. In
this subchapter, the use of strength and strain properties will be
addressed: limit equilibrium to calculate factors of safety and finite
element to study deformations of the two landslides.

Two-dimensional limit equilibrium and finite Element analysis:
using subsurface exploration performed in the two evaluated
landslides and taking information close to surface to focus on local
and surface failures, limit equilibrium and finite element analysis
were performed. The results are presented in the next chapters.

Due to the difficulty to get samples like Shelby tubes to take to
the lab and perform strength and deformability tests, SPT results
are the only available information.

The friction angle was calculated for the identified layers from
SPT results, using correlations that have been proved valid in
Colombia (Gonzalez, 1999). Also, the modulus of elasticity was
calculated from the same SPT results, using correlations from the
accepted literature (Bowles, 2001)
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The two analyzed landslides have had problems of stability for
several years. Both this reason and the lack of alternatives of
probabilistic and numerical methods to strictly try to find solutions
to these types of problems, inspired this current project.

Analysis Method

The following information was taken from “Rodriguez and Yepes
(2011)” and complemented throughout this paper. Landslide
hazard was defined as failure probability considering rainfall,
earthquake, and slope susceptibility effects. In this subchapter,
the method used to obtain that probability is briefly explained.

Total probability

Total probability of failure of a given slope is obtained using
Equation 1. Equation one is based on Bayes’s Theorem for
mutually exclusive and independent events: earthquakes and
rainfall.

P, (F)=P(R)+P(S)-P(R)*P(S) (1)

“Pt (F)” is the total probability of failure, “P(R)” is the probability
of failure due to rainfalls and “P(S)” is the probability of failure
due to earthquakes.

“P(R)” is obtained using Equation 2, where “p" is the probability
of occurrence of a given critical rainfall, “p/ is the probability
that the critical rainfall induces landslide in the slope, and “S” is
a function that defines the slope susceptibility to Land sliding.

PRy=p*p"™S (2)

“P(S)” is obtained using Equation 3, where “p*” is the probability
of exceedance of a given earthquake magnitude, “p”” is the
probability that the seismic events induce the slope failure, and
“S” the slope susceptibility. In this paper “S” was consider the
same for rainfall and earthquake-induced landslides.

P(S=p*p™*S  (3)

Equations (1), (2), and (3), are probability theory for two events
that are independent and not mutually exclusive. Rainfall and
earthquakes happen to be events with these two specific features.

Results

The probability model presented above and previously applied
to El Salvador (Rodriguez-Yepes, 2011) was applied to the two
problematic and constant landslides also mentioned before,
and located in Pipiral, a small region in Central Colombia. The
following figures show the results of zonation and two-dimensional
analysis.

Landslide hazard Zonation

The following figures show: the probability of failure due to
earthquakes, the probability of failure due to rainfall, and the
total probability including both events as factors that can occur
simultaneously, but with the condition that only one of them will
cause the landslide for a given cell (2.0 * 2.0 m?).

Probability of failure due to earthquakes “P(S)”

TOTAL PROBABILITY OF FAILURE DUE TO EARTHQUAKES
LANDSLIDE 1
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Figure 6: Probability of Failure due to earthquakes for Landslide
1 (Yepes - Mosquera, 2019)
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Figure 7: Probability of Failure due to earthquakes for Landslide
2 (Yepes - Mosquera, 2019)

Probability of failure due to rainfall “P(R)”

PROBABILITY OF FAILURE DUE TO RAINFALL
LANDSLIDE 1
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Figure 8: Probability of Failure due to Rainfall for Landslide 1
(Yepes - Mosquera, 2019)
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Figure 9: Probability of Failure due to Rainfall for Landslide 2
(Yepes - Mosquera, 2019)
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Total Probability of failure “Pt (F)”

The following figure shows the probability of occurrence of the
two events “rainfall and earthquakes”, with the condition that
only one of them will trigger a landslide.

TOTAL PROBABILITY OF FAILURE
LANDSLIDE 1

RETURN PERIOD
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TP () ZP1
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I o085-094
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1444800
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Figure 10: Total Probability of Failure for Landslide 1 (Yepes -
Mosquera, 2019)
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Figure 11: Total Probability of Failure for Landslide 2 (Yepes -
Mosquera, 2019)

Two-dimensional analysis
Table 1 presents the geomechanical properties calculated using
correlations with SPT results.

Table 1: Geomechanical properties for the layers found and
defined with the subsurface exploration

GEMOECHANICAL | STRENGTH DEFORMABILITY
PROPERTIES

MATERIAL 0, | y(KNm) | E (kPa) G (kPa)
Layer 1: residual soil, 27 18 4045 1667
fine grained

Layer 2: colluvial soil 29 22 16502 6374
Layer 3: sedimentary 32 24 19613 7551
rock

Layer 4: igneous rock 35 24 19613 7551

Using the friction angle as the strength property for the factor of

safety, and the modulus of elasticity as the deformability property

for the finite element analysis, the two-dimensional analysis was

carried out. Figure 12 shows, for landslide 1:

*  Top - left plan view of Landslide 1. Three sections, the most
critical in red color

e Top—right: Factor of safety for the most critical section. The
lowest factors of safety are close to surface.

e Bottom — left finite element analysis for the most critical
section. Vectors showing the potential direction of the

landslide. Surface stability problem is the most probable
cause.
*  Bottom right: location of subsurface exploration.

Figure 12: Two-dimensional evaluation. Limit equilibrium and
Finite Element Analysis

For the Finite Element Analysis, as an analysis method that studies
“Stress-strain” behavior before plastic behavior of the slope, each
node of the two landslides has the geomechanical parameters
included in table 1. The deformation vectors in red color shown in
figure 12, present the portion of the slope that has a high potential
of instability. The vectors clearly show that the slope is unstable
close to surface, which is the current and actual geotechnical
behavior of the area.

Figure 13 shows, for landslide 2, factors of safety of 0.748 close
the surface, which indicates problems related with surface stability.

Figure 13: Two-dimensional evaluation. Factor of safety
showing stability problems

For the Limit Equilibrium Analysis, as an analysis method that
studies plastic behavior of the slope, the two landslides have the
geomechanical parameters included in table 1. The factors of safety
shown in figure 13, present the portion of the slope that has a high
potential of instability. The factors of safety clearly show that the
slope is unstable close to surface, which is the current and actual
geotechnical behavior of the area [30-41].

Conclusions

*  This application of the model shows it is a coherent approach
to the current reality of the landslides and the reality of the
past few years.

»  The probability of occurrence of landslide due to earthquakes
(eq. 3) included in the model (eq. 1), is linked to the seismic
hazard analysis of the evaluated area. The methodology can
be applied to a problematic area where the earthquakes are
frequent triggers of landslides.
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The probability of occurrence of landslide due to rainfall (eq.
2) included in the model (eq. 3), is linked to I-D-F curves
of the evaluated area. The methodology can be applied to
a problematic area where rainfall is a frequent trigger of
landslides.

The probability model (eq.3) is ideal for regions where
both rainfall and earthquakes are triggers of landslides.
The summation of dynamic geological processes, frequent
rainfall, variable topography, and complicated earth materials
frequently generate landslides around the world.

Both Finite Element and Limit Equilibrium analysis, although
on a different scale than zonation, show and prove that the
two evaluated areas are in a constant instability.

It is fundamental to recognize the difference between the
information used for zonation and for modeling. For landslide
hazard zonation, the information is mainly “geological-
seismic-hydrological-topographic”. For two-dimensional
modeling, the information is mainly “geotechnical-
pseudostatic-topographic”.

Even though, zonation and modeling come from different
theoretical and scales scenarios, both show the instability
that is currently occurring and has been occurring for several
years in this specific evaluated area of Colombia.

The urgent need to keep on using probability and numerical
methods to evaluate hazard and to consequently evaluate
risk, still requires many efforts, new research ideas, and valid
applications from all the professionals involved in these types
of studies. The use of more numerical methods instead of
“qualitative, empirical” methods, increase the odds of having
a better solution of a problem in civil engineering.

The application of probability methodologies in geotechnical
engineering, as one the numerical options available, is a
genuine way to consider all the variables it is possible to
find in nature.

The probability of failure due to rainfall has values up to
approximately 60%. This may be influenced by the fact that
IDF information comes from only two rainfall stations that
are close to the two studied landslides.

The probability of failure due to earthquakes has values
greater than 90%. This may be because the seismic hazard
analysis has information from seven geological faults. Finally,
the total probability of failure has values up to 90% and more.
A conclusion here is that the problems of stability are mainly
caused and influenced by the seismic behavior.
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