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Abstract 
Due to the problems of instability on the slopes located along the road that connects the city of Tunja with the municipalities of Jenesano, 
Tibaná, Chinavita, Garagoa, and Guateque, this study focused on estimating the threat of landslides triggered by precipitation and seismic 
activity in the aforementioned road corridor. For this purpose, a model was used that considered the topography, geology, geotechnical 
parameters, and variables in terms of historical rainfall, which sometimes exceeded the failure thresholds defined for the area. Similarly, 
reliability techniques and the first order second moment probabilistic method (FOSM) were applied, which allowed the probability of 
failure due to seismic activity in saturated and unsaturated conditions for the calculation of the annual total failure probability to be 
determined. This was then used to determine and categorize the threat in Quantum GIS. 
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Estimación de la amenaza por deslizamientos detonados por 
precipitaciones y actividad sísmica caso de estudio Tunja-Guateque, 

Colombia 
Resumen 
Debido a los problemas de inestabilidad de las laderas presentados en la vía que comunica la ciudad de Tunja con los municipios de 
Jenesano, Tibaná, Chinavita, Garagoa y Guateque, este trabajo se centró en la estimación de la amenaza por deslizamientos detonados por 
la precipitación y actividad sísmica en el corredor vial mencionado. Para este propósito se empleó un modelo que consideró la topografía, 
geología, parámetros geotécnicos y variables en términos de precipitaciones antecedentes, las cuales en ocasiones superaron los umbrales 
de falla definidos para la zona. De la misma manera, se aplicó técnicas de confiabilidad y el método probabilístico de primer orden segundo 
momento (FOSM), los cuales permitieron determinar las probabilidades de falla por actividad sísmica en condición saturada y no saturada 
para el cálculo de la probabilidad de falla total anual, a partir de la cual se categorizó la amenaza y se representó en Quantum GIS. 
 
Palabras clave: deslizamientos; precipitación; actividad sísmica; umbrales de falla; métodos probabilísticos; FOSM; amenaza; SIG. 

 
 
 

1 Introduction 
 
In Colombia, natural phenomena cause many damages 

and losses due to floods and landslides that originate from 
combinations of natural and anthropic factors [1]. 33% of the 
events reported to the National Unit for Disaster Risk 
Management (UNGRD) in 2021 corresponded to some type 
                                                      
How to cite: Peñaloza-Rueda, M.F., Rojas-Mesa, J.K., Leguizamón-Barreto, L.C., A case study for the estimation of the hazard produced by landslides triggered by rainfall and 
seismic activity between Tunja and Guateque, Colombia. DYNA, 90(226), pp. 73-82, April - June, 2023. 

of mass movement [2], with landslides being the main type 
of mass removal process. The aim of this study is to estimate 
the threat of landslides caused by precipitation and seismic 
activity in the Tunja-Guateque road corridor. 

According to the National Institute of Roads (INVIAS), 
due to the winter season that has occurred throughout the 
course of 2022, 340 emergencies have been attended to on 
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national roads; most of which generate total and partial 
closures due to landslides [3].  

Likewise, in the latest landslide threat bulletin from the 
Institute of Hydrology, Meteorology, and Environmental 
Studies (IDEAM), it is confirmed that given the high amount 
of rainfall, there is saturation in the soil which could cause 
landslides in areas with many hillsides and steep slopes. Due 
to the amount of rainfall and the topography of the 
Department of Boyacá, it is considered an area that ranges 
from moderate to high probability of saturation [4]. For the 
case study, the reference levels include average annual 
rainfall between 890 and 1900 mm, with dispersion in each 
of the municipalities that are within the analysis corridor [5]. 

From 1990 to 2016, 0.7% of the mass movements that 
took place in Colombia were caused by seismic activity. It is 
worth mentioning that the most relevant seismic event 
occurred on June 6, 1994 at a depth of 10 km and a magnitude 
of 6.4 on the Richter scale in the municipality of Páez in the 
Department of Arauca, which generated a mud flow in the 
upper part of the Páez river basin. This movement caused the 
death of 148 dead, resulted in 508 people missing, 207 people 
injured, 1,664 homes destroyed, 6 vehicular bridges 
destroyed, 23 schools destroyed, and 13 affected roads 
equivalent to approximately 100 km of damage according to 
the National System for Disaster Prevention and Attention, 
now UNGRD and INVÍAS [6,7].  

Taking this into account, a direct relationship could be 
established between the emergence of landslides with 
rainfall, which together with seismic activity, reduces shear 
resistance due to the decrease in cohesion of soils susceptible 
to landslides and causes slope instability [8,9]. 

For the analysis of the estimation of the threat in the study 
area, the collection of data from mass movements that have 
been registered was required. This required the critical points 
that present instability in the slopes of the road to be defined. 
The Colombian Geological Service (SGC) has an open data 
portal that allows users to view and obtain information on 
mass removal processes through the Mass Movement 
Information System (SIMMA). This platform has a historical 
catalog that gathers the records of occurrence, place, 
classification, and effects generated by landslides [10]. 
Similarly, an inventory was carried out as a result of the 
technical visits made to the road corridor. 

In order to estimate the threat of landslides triggered by 
rain and seismic activity in the Tunja-Guateque corridor, 
SIMMA landslides were related to the record of accumulated 
daily rainfall obtained from IDEAM to determine the 
probability of slope failure due to rain. Simultaneously, the 
earthquake variable was included as it is represented by the 
horizontal acceleration of the area, defined in the General 
Study of Seismic Hazard of Colombia 2009 [11] to establish 
the probability of failure by this factor. 

With this information, the total failure probability is 
calculated which is symbolized by a categorical threat scale 
proposed by Chowdhury [23] and the SGC methodological 
guide [24]. Likewise, the threat is represented in the Quantum 
Gis Geographic Information Systems (QGIS). This article 
explains the methodology, the information used, and the 
results obtained for the case study. 

 

2 Materials and methodology 
 

2.1 Description of the study area 
 
The project is located in the central area of the country, 

on the Eastern Cordillera of the Andean Region, where the 
Tunja – Guateque corridor is located. The route crosses the 
following municipalities in order from north to south: Tunja, 
Soracá, Jenesano, Tibaná, Chinavita, Garagoa, and 
Guateque. The road corridor begins on Route 55 of the 
National Road Network, which connects the municipalities 
of Soracá-Jenesano-Tibaná-Chinavita, and Garagoa with 
Route 56. 

The Tunja-Guateque road presents slope instability 
problems. Although these roads have been the object of 
studies in different projects, the design and construction of 
stability projects and the monitoring of the road operation by 
the competent entities persist in presenting problems due to 
landslides as a result of climatic conditions and geological 
and geotechnical issues in the area. The project focuses on 
the analysis of the Tunja-Guateque road in the department of 
Boyacá, which has the characteristics presented in Table 1. 

 
2.2 Landslide data 

 
Landslide data that occurred in the Tunja-Guateque 

corridor were obtained from the SIMMA of the Colombian 
Geological Service and from field visits through visual 
inspection of unstable sites and critical points. Before 
processing the data in QGIS, the landslides are filtered, and a 
grid of 500 m is made on each side of the road corridor. This 
grid is made up of square cells of 100 m on each side. For the 
processing, the landslides that are located within the grid 
were taken into account, which correspond to 134 landslides. 

 
2.3 Geological units 

 
The geology and geomorphology of the corridor from the 

city of Tunja to the municipality of Tibaná, is located on the 
Machetá fault, the Guayabal fault in the municipality of 
Chinavita, and the Puente Tabla fault in the municipalities of 
Garagoa and Guateque. The predominant materials in the 
area correspond to colluvial deposits, mass composed of clay 
matrix blocks. From the geological map of Colombia [14], 
the geological units present in the Tunja-Guateque road 
corridor were determined, as shown in Fig. 1. For each type 
of soil present, the resistance and unit weight parameters 
shown in Table 2 were assigned. For each soil, the denomination 
used in the geological map and the corresponding mean (μ) and 
standard deviation (σ) values are presented for each parameter. 

 
Table 1. 
Characteristics of the Tunja-Guateque road, department of Boyacá 

Parameter Characteristics 
Length Tunja-Garagoa (secondary) 78 Km 
Length Garagoa-Guateque (primary) 21 Km 
Total length 97 Km 
Territory Boyacá 
Sector Tunja – Guateque 

Route Tunja-Soracá-Jenesano-Tibaná-
Chinavita-Garagoa-Guateque 

Source: Own creation 
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Table 2. 
Soil Properties of soils in the Tunja-Guateque roadway in Boyacá  
Geological 

Unit Description  
Weight unit 

[kN/m3] 
Ang. Of 

friction [o] Cohesion [kN/m2]    

μ Σ μ σ μ σ 

Ksm Black claystones 
and siltstones 18.0 0.9 31.0 3.1 133.4 66.68 

Kit Shales and quartz 
sandstones. 19.17 1.52 24.48 3.32 3.25 4.5 

KPgt Reddish claystones 19.85 1.62 28.15 9.68 44.0 8.48 

Pgc 

Reddish claystones 
with intercalations 
of quartz 
sandstones. 

18.75 0.37 27.75 2.05 17.75 10.96 

Pgt Fine-grained grits 17.95 0.07 33.0 4.24 142.2 31.89 

Qal Alluvial fans and 
colluvial deposits 18.3 0.915 35.0 3.5 127 63.5 

Ngc Conglomerates 
with sand 19.02 0.95 29.2 2.92 10.0 5.0 

Kim Black claystones 
and siltstones 20.22 1.69 25.55 4.38 24.88 5.91 

Source: Own creation. 
 
 

 

Figure 1. Geological Road corridor map Tunja- Guateque from PR0+000 to 
PR97+000. 
Source: Own creation. 

 

Table 3. 
Stations used for precipitation analysis. 

Station Code Category Latitude (N) Longitude (O) Period 
Tibaná  35070040 Pluviometric 5.3152 -73.3959 1958-2021 

Villa luisa  35075030 Ordinary 
Climatological 5.4222 -73.3494 1981-2021 

Somondoco  35070100 Pluviometric 4.9834 -73.433 1962-2021 
Caracol 35070200 Pluviometric 5.05 -73.3833 1979-2021 

Pachavita  35070210 Pluviometric 5.1392 -73.3956 1976-2021 
Chinavita 35070070 Pluviometric 5.1648 -73.3642 1955-2021 

Pila la finca 24030420 Pluviometric 5.5189 -73.3107 1992-2021 
Turmequé  35070030 Pluviometric 5.3177 -73.4963 1957-2021 

Quinchos los  35070060 Pluviometric 5.2195 -73.3479 1971-2021 
Úmbita 35070050 Pluviometric 5.2191 -73.4445 1956-2021  

Source: Own creation 
 
 

2.4 Precipitation data 
 
The daily precipitation data obtained from the ordinary 

fluviometric and climatological stations of IDEAM close to 
each of the registered landslides were downloaded. 

 
2.5 Seismic data 

 
Due to the fact that the area does not have a seismic 

microzoning study, the hazard curve of the capitals defined 
in the General Study of Seismic Hazard of Colombia 2009 
[11] is applied. For the road corridor, there is an acceleration 
of 0.20g from PR+00 to PR4+00 and PR15+00 to PR16+00, 
according to table A.2.3-1 of the Colombian Earthquake 
Resistant Construction Regulation (NSR-10). This is 
considered an intermediate seismic hazard zone and from 
PR4+00 to PR15+00 and from PR16+00 to PR97+00 an 
acceleration of 0.25g is determined which is considered a 
high seismic hazard zone [12]. 

 
2.6 Definition of critical rainfall thresholds 

 
To compare the effect of precipitation with landslides, the 

accumulated rainfall for each event was evaluated. In order 
to find the critical threshold, the possible combinations of 
accumulated rainfall (LA) of 1, 3, 5, and 7 days were plotted 
against the antecedent accumulated rainfall (LAA) of 5, 10, 
15, 30, 60, 90, and 120 days for each of the 134 landslides. 
Subsequently, descriptive statistics were applied to 
determine the scenario that presents the greatest number of 
landslides and the least amount of dispersion within the 
rainfall ranges [9, 16]. It was found that the failure threshold 
for the case studied corresponds to the LA scenario of 3 days 
with an LAA of 15 days, where 54% of the landslides are 
found and is represented by the following equation: 

 
𝑅𝑅3 = 20 − 0.202𝑅𝑅15 (1) 

 
 The failure threshold equation was applied to each of the 

landslides. Mobile windows for LAA of 15 and LA of 3 days 
were calculated with the organized fluviometric information. 
Soil was considered saturated if: 

 
𝑅𝑅3𝑚𝑚 ≥ 𝑅𝑅3 (2) 
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Figure 2. Proposed failure threshold for the road corridor Tunja- Guateque. 
Source: Own creation 

 
 

Table 4.  
Distribution of landslides that exceed the saturation threshold in the Tunja-
Guateque road corridor. 

Zone  Set Threshold Number 
A P15<99 Did not exceeded threshold 32 
B P15<33 Exceeded threshold 0 
C 33<P15<99 Exceeded threshold 65 
D P15>99 Exceeded threshold 37 

Source: Own creation 
 
 
Where 𝑅𝑅3𝑚𝑚 corresponds to 3 days of accumulated rain 

provided by the data of the ordinary fluviometric and 
climatological stations used and 𝑅𝑅3 is the accumulated 
rainfall calculated from the equation (1) [17]. Table 4 shows 
the distribution of how many landslides of the 134 that have 
occurred in the road corridor exceed the saturation threshold. 

 
2.7 Analysis of seismic activity 

 
To determine the effect of seismic activity, a pseudostatic 

method was used in which the force of the earthquake is 
represented by a fraction of the weight of the mass that slides 
along the fault surface [8]. Below are the expressions used 
for the infinite slope model used in this case study, 
calculating the Dynamic Safety Factor (FSD). 

 

𝐹𝐹𝐹𝐹𝐹𝐹 =
𝑐𝑐

𝛾𝛾𝛾𝛾(𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 + 𝐴𝐴ℎ𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠) +
(𝛾𝛾𝛾𝛾 − 𝛾𝛾𝑤𝑤𝛾𝛾𝑤𝑤)𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠𝑡𝑡𝑎𝑎𝑠𝑠𝑎𝑎
𝛾𝛾𝛾𝛾(𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 + 𝐴𝐴ℎ𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠)    (3) 

 
Where H is the depth of the failure surface [m], 𝛾𝛾𝑤𝑤 

depth of the water table measured from the top of the slope 
[m], c is the soil cohesion [kPa], φ is the internal friction 
angle of the soil [ º], γ is the unit weight of the soil 
[kN/m3], 𝛾𝛾𝑤𝑤 is the unit weight of water [kN/m3], α is the 
slope of the terrain [º] and 𝐴𝐴ℎ is the characteristic 
acceleration of the study area. 

This pseudostatic analysis was applied to different 
depths of the fault surface and water table. In order to 
carry out a deep analysis, different depths of the fault 
surface at 5, 10, and 20m and different heights of the water 
table of 0, 3, and 5m were considered. So, equation (3) was 
taken and the FSD was calculated for each of the depths to 

be analyzed, and a decrease in the FSD was observed as 
the water table and the depth of the fault surface increased. 

 
2.8 Reliability and probability of failures 

 
To calculate the probability of failure, the First Order 

Second Moment method, FOSM, was applied. The mean 
value of the dependent variable is found from the mean 
values of the independent variables. The moments of 
equation (3) were analyzed with respect to the independent 
variables, which in this case were the angle of friction, unit 
weight, and cohesion. Next, the standard deviation was 
calculated in terms of the calculated moments of the 
dependent variable with respect to each independent variable 
and the variance of the input parameters [15]. 

Since this probabilistic method was applied, where the 
uncertainty of the geotechnical parameters is modeled. The 
use of reliability techniques is recommended, in which 
reliability is interpreted as the efficiency of a system when 
performing the functions for which it was designed. This was 
determined by means of a reliability index that relates the 
probability of failure and the safety factor calculated with 
equation (3), taking 1 as the critical value [18,19]. This is how 
it is defined by Baecher and Christian [20] through the 
following expression: 

 

𝛽𝛽 =
(𝐸𝐸[𝐹𝐹𝐹𝐹𝐹𝐹] − 1)

𝜎𝜎[𝐹𝐹𝐹𝐹𝐹𝐹]  (4) 

 
Where E[FSD] is given by equation (3), and σ[FSD] is 

the standard deviation of FSD. It should be clarified that 
equation (4) corresponding to the reliability index that is 
applied to the FSD formula, in which the independent 
variables have a behavior that adjusts to the normal 
Probability Distribution Function (PDF). 

According to the above, we have the function of random 
variables 𝐹𝐹𝐹𝐹𝐹𝐹 = 𝑓𝑓(𝑋𝑋1,𝑋𝑋2, … ,𝑋𝑋𝑛𝑛), the expected value of the 
function is: 

 
𝐸𝐸[𝐹𝐹𝐹𝐹𝐹𝐹] = 𝑓𝑓(𝑋𝑋1���,𝑋𝑋2���, … ,𝑋𝑋𝑛𝑛����) (5) 

 
Where 𝑋𝑋1���,𝑋𝑋2���, … ,𝑋𝑋𝑛𝑛���� correspond to the mean value of 

each independent variable, in this case cohesion, friction 
angle, and unit weight.  

 

𝑉𝑉[𝐹𝐹𝐹𝐹𝐹𝐹] = ��
𝜕𝜕𝑓𝑓
𝜕𝜕𝑋𝑋𝑖𝑖

�
2

𝑉𝑉(𝑋𝑋𝑖𝑖) 
𝑛𝑛

𝑖𝑖=1

 (6) 

 
Where 𝑉𝑉(𝑋𝑋𝑖𝑖) is the variance of each of the independent 

variables 𝑋𝑋𝑖𝑖, in this case cohesion, friction angle and unit 
weight. 𝐸𝐸[𝐹𝐹𝐹𝐹𝐹𝐹] is the mean of 𝑓𝑓 calculated from equation (3) 
and 𝑉𝑉[𝐹𝐹𝐹𝐹𝐹𝐹] is the variance of 𝑓𝑓. In order to find the failure 
probabilities and by obtaining 𝐸𝐸[𝐹𝐹𝐹𝐹𝐹𝐹] 𝑦𝑦 𝜎𝜎[𝐹𝐹𝐹𝐹𝐹𝐹], the 
reliability index was calculated at different depths of the 
water table. Thus, 𝛾𝛾𝑤𝑤 = 0 𝑚𝑚  was considered as the 
unsaturated condition and 𝛾𝛾𝑤𝑤 = 5 𝑚𝑚 as the critical saturated 
condition. In order to apply the normal PDF and obtain the 
probability of failure for the two mentioned conditions. 
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2.9 Probability of total failure 
 
For the calculation of the probability of total failure, it 

was considered to apply the total probability theorem used by 
Hidalgo [15], where two conditions are considered. One 
where the water level coincides with the failure surface, the 
critical condition being saturated, and another when the slope 
is not saturated, that is, the water level is zero. The failure 
probability of a slope is defined by Fenton and Griffiths [21] 
as follows: 

 
𝑃𝑃𝑓𝑓𝑓𝑓 = 𝑃𝑃𝑓𝑓𝑓𝑓 ∗ 𝑃𝑃𝑓𝑓 + 𝑃𝑃𝑓𝑓𝑛𝑛𝑓𝑓 ∗ (1 − 𝑃𝑃𝑓𝑓) (7) 

 
Where 𝑃𝑃𝑓𝑓𝑓𝑓  is the probability of total failure, 𝑃𝑃𝑓𝑓𝑓𝑓  is the 

probability of slope failure due to seismic activity in 
saturated condition, 𝑃𝑃𝑓𝑓𝑛𝑛𝑓𝑓 is the probability of failure in 
unsaturated condition, 𝑃𝑃𝑓𝑓 is the probability of soil 
saturation and (1-𝑃𝑃𝑓𝑓) is the probability that the soil is not 
saturated. 

The stability analysis in terms of probability of failure 
by earthquake involves seismic activity when considering 
a failure surface at a depth of 5 meters and a water table 
of 0 and 5 meters, which represents the unsaturated and 
saturated condition, respectively. Similarly, the 
calculation of 𝑃𝑃𝑓𝑓 was carried out by counting the number 
of times that the saturation threshold was exceeded for 
each slip. This number of events was divided by the total 
number of events that exceeded the threshold in the road 
corridor, to obtain the exceedance probability and finally 
the Poisson Distribution was applied to determine the 
marginal probability that the soil is saturated [22]. 

Fig. 3-a, 3-b, 3-c, and 3-d represent the distribution of 
the probability of soil saturation in the Tunja-Guateque 
road corridor. It was observed that in the areas where 
there is a greater probability of saturation, coincides with 
the location of landslides, which confirms that the main 
triggering factor in these events was precipitation. 
Similarly, it was observed in Fig. 3-a that from PR0+000 
to PR25+000 there were greater probabilities of 
saturation. This sector coincides with the municipalities 
of Tunja, Soracá, and Boyacá which present more than 
1000 mm of average precipitation annually. A similar 
effect is observed in Fig. 3b in PR70+000, which 
coincides with the municipality of Garagoa, which has an 
average rainfall of more than 1,300 mm per year [5]. After 
calculating each one of the probabilities to find the 
probability of total failure described in equation (7), the 
probability of total annual failure corresponding to a 
return time of 475 years was calculated. 

 
2.10 Threat categorization 

 
The threat was categorized based on the probability of 

total annual failure, according to Chowdhury [23] the threat 
is very high when (annual PF>0.2), high (0.02-0.2), medium 
(0.002-0 .02), low (0.002 -0.0002), and very low (<0.0002). 
In order to have a perspective of the categorization of the 
threat in the analyzed road corridor, Table 5 was made where 
it is observed that the threat is medium at 0.14, low at 0.65, 
and very low at 0.20. 

Table 5. 
Relative frequency of hazard categorization in the road corridor Tunja- 
Guateque according to Chowdhury [23] 

Categorization according to Chowdhury  

Medium 0.14 

Low 0.65 

Very Low 0.2 
Source: Own creation 

 
 

Table 6.  
Relative frequency of hazard categorization in the Tunja-Guateque road 
corridor according to the SGC Methodological Guide [24]. 

Categorization according to SGC 
Low 0.39 
Medium 0.61 

Source: Own creation 
 
 
Similarly, the criterion of the SGC Methodological Guide 

[24] was used, which states that the level of threat can be 
classified based on the annual probability of failure at high 
(annual PF>0.16), medium (0.001 -0.16), and low (<0.001). 

The categorization was carried out by the two proposed 
sources and in Table 6, it was observed that according to the 
Methodological Guide of the SGC, the threat from landslides 
triggered by precipitation and seismic activity is at 0.61 
which is a medium and at 0.39 the threat is low. Therefore, 
the SGC Methodological Guide is more sensitive to the total 
annual failure probability data. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3-a. Distribution of the probability of soil saturation in the Tunja-
Guateque road corridor from PR0+000 to PR30+000. 
Source: Own creation 
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Figure 3-b. Distribution of the probability of soil saturation in the Tunja-
Guateque road corridor from PR30+000 to PR55+000. 
Source: Own creation 

 
 

 
Figure 3-c. Distribution of the probability of soil saturation in the Tunja-
Guateque road corridor from PR55+000 to PR75+000. 
Source: Own creation 

 
 

2.11 Model programming 
 
A model was made to represent the threat of the road 

corridor analyzed in the QGIS software through the 
probability calculations obtained for different scenarios and 
taking into account the types of detonating agents that have 
been studied in this study as a result of precipitation. and 
seismic activity. 

 
Figura 3-d. Distribution of the probability of soil saturation in the Tunja-
Guateque road corridor from PR75+000 to PR97+00. 
Source: Own creation 

 
 

3 Analysis of results 
 
When performing the pseudostatic analysis for a 

failure surface depth of 5 m and a water table height 
between 0 m and 3 m, the FSD decrease is 23.37%. For a 
water table height between 3 m and 5 m the decrease of 
FSD is 18.46%. For a failure surface depth of 10 m and a 
water table height between 0 m and 3 m, the FSD decrease 
is 12.96%, and for a water table height between 3 m and 
5 m, the FSD decrease is 9.46%. For a fault surface depth 
of 20 m and a water table height between 0 m and 3 m, 
the FSD decrease is 6.86%, and for a water table height 
between 3 m and 5 m, the FSD decrease is 4.79%. 
Considering the above, as the water table increases its 
depth, the FSD decreases. 

Taking into account that the landslides recorded in the 
road corridor are superficial due to the volume of the 
material that has slid, a failure surface depth of 5 m was 
considered, and the probability of failure due to an 
earthquake was calculated in an unsaturated condition 
with a water table at 𝛾𝛾𝑤𝑤 = 0 𝑚𝑚 and saturated with a water 
table at 𝛾𝛾𝑤𝑤 = 5 𝑚𝑚. 

In Fig. 4-a, 4-b, 4-c, and 4d, the failure probability 
distribution in unsaturated condition 𝑃𝑃𝑓𝑓𝑛𝑛𝑓𝑓  was represented 
and was determined that in areas where it is higher 
coincided with the data from Fig. 1 from PR10+000 to 
PR20+000 and PR55+000 to PR65+000. This Geological 
Unit belongs to an area resulting from the weathering of 
the rocks of the Arenitas de las Juntas Formation and is 
characterized by having geomechanical properties of a 
soil with a low cohesion level that is likely that due to the 
fact that there is a greater probability of failure in the 
unsaturated condition from the areas represented in red. 
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Similarly, the probability of failure in a saturated 
condition 𝑃𝑃𝑓𝑓𝑓𝑓, was analyzed, and was determined that the 
area where 𝑃𝑃𝑓𝑓𝑓𝑓 are greater than 0.60 coincides with the 
area where they have a topography with slopes between 
20°-40°, considering a direct relationship with the 
topography and the saturated condition of the soil. Taking 
into account the above, all the probabilities necessary to 
calculate the probability of total failure 𝑃𝑃𝑓𝑓𝑓𝑓 , according to 
equation (7), obtained values between 7.726𝑥𝑥10−6 and 
0.998. Therefore, it is considered that the probability of 
total failure incorporates the two triggering factors 
studied. 

However, the greatest probabilities of total failure 
occur from PR9+000 to PR18+000, due to the high 
probability of soil saturation due to the behavior of 
precipitation in this zone At the height of PR30+000 and 
PR60+000 there was a higher probability of failure due to 
the passage of the Guayabal Fault combined with abrupt 
slope changes and pronounced topography as well as from 
PR80+000 to PR90+000 due to the passage of the Puente 
de Tabla Fault. 

Similarly, the probability of total annual failure 
corresponding to a return time of 475 years was calculated 
and the results were between 1.626𝑥𝑥10−8𝑎𝑎𝑠𝑠𝑎𝑎 2.102𝑥𝑥10−3. 

According to the probabilities obtained and considering 
that the landslide hazard can be classified based on the annual 
probability of failure as high (annual PF>0.16), medium 
(0.001-0.16), and low (<0.001) according to the SGC 
Methodological Guide [24]. The Tunja-Guateque road 
corridor was classified as 39% in low threat conditions due 
to landslides caused by precipitation and earthquakes, and 
61% in medium threat conditions. 

 

 
Figure 4-a. Failure probability distribution in unsaturated condition 
𝑃𝑃𝑓𝑓𝑛𝑛𝑓𝑓Tunja-Guateque road corridor from PR0+000 to PR30+000. 
Source: Own creation 

 
Figure 4-b.  Failure probability distribution in unsaturated condition 
𝑃𝑃𝑓𝑓𝑛𝑛𝑓𝑓Tunja-Guateque road corridor from PR30+000 to PR55+000. 
Source: Own creation 

 
 
 

 
Figure 4-c.  Failure probability distribution in unsaturated condition 
𝑃𝑃𝑓𝑓𝑛𝑛𝑓𝑓Tunja-Guateque road corridor from PR55+000 to PR75+000. 
Source: Own creation 
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Figure 4-d.  Failure probability distribution in unsaturated condition 
𝑃𝑃𝑓𝑓𝑛𝑛𝑓𝑓Tunja-Guateque road corridor from PR75+000 to PR97+000. 
Source: Own creation 

 
 

 
Figure 5-a. Distribution of the Tunja-Guateque road corridor threat from 
PR0+000 to PR30+000. 
Source: Own creation 

 
 
The distribution of the hazard in the road corridor is 

represented in Fig. 5-a, 5-b, 5-c, and 5-d where it is observed 
that the areas where the hazard condition is medium coincide 
with the areas where the probability of saturation increases 
according to Fig. 3-a, 3-b, 3-c, and 3d. That said, it is a good 

idea to reaffirm that the consistency of the model is 
satisfactory, since the critical areas where there are greater 
probabilities of saturation (precipitation) and failure in the 
different conditions (seismic activity) coincide with a 
medium threat categorization being the most critical 
presented in the road corridor. 

 

 
Figure 5-b. Distribution of the Tunja-Guateque road corridor threat from the 
PR30+000 to PR55+000 
Source: Own creation 

 
 

 
Figure 5-c. Distribution of the Tunja-Guateque road corridor threat from the 
PR55+000 al PR70+000 
Source: Own creation 
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Figure 5-d. Distribution of the Tunja-Guateque road corridor threat from the 
PR70+000 to PR97+000 
Source: Own creation 

 
 

4 Conclusions 
 
The failure threshold due to precipitation corresponds to 

3 days of accumulated rain with prior accumulated rain of 15 
days, where 54% of the landslides were found and is given 
by the equation 𝑅𝑅3 = 20 − 0.20𝑅𝑅15. 

The calculated safety factors are directly impacted by the 
depth of the failure surface and the saturated condition of the 
soils as a result of the level of precipitation. 

It was observed that the areas of the road corridor where 
there is a higher probability of total failure are directly related 
to areas where the topography is pronounced, and slopes are 
greater than 20°. It can be established that the landslides 
presented in the Tunja-Guateque road corridor are not 
triggered only by a triggering agent, be it precipitation or 
seismic activity, but rather a mixture of them and exacerbated 
by the topography present in the area. 

The model allowed the estimation of the threat in terms 
of probabilities, which allowed them to be appropriately 
categorized. As a result, it was determined that 39% of the 
Tunja-Guateque road corridor were considered to be low 
threat conditions due to landslides caused by precipitation 
and earthquakes and 61% in medium threat conditions. 

 
5 Recommendations 

 
It is recommended to continue with the study of the road 

corridor in such a way that the adequate analysis and risk 
assessment are achieved with the purpose of proposing and 
implementing an Early Warning System consistent with the 
present conditions. 

It is suggested that this methodology, which aims to 
achieve the estimation and analysis of threat, vulnerability, 
susceptibility, and risk, can be considered as a route selection 
criterion for the definition of the layout of road infrastructure 
projects in the prevailing conditions of climatic variability in 
such a way so as to seek to reduce the damages and losses 
that may occur in these types of projects. 
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