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ABSTRACT

RESUMEN

Slope failures in the urban area of Tijuana affect many structures and infrastructures every year, causing significant 
losses in various sectors of the economy. This paper presents a practical and innovative procedure for the assessment 
of the stability of shear slopes in a sector of the urban area, based on existing information about the study area, as well 
as on the judgment and experience of the authors. This procedure makes it possible to determine the safety level of 
slopes with different geometries, seismicity, and saturation conditions; and to estimate the probability of instability 
phenomena occurring, based on a correlation between the safety factors and the annual probability of failures, or by 
applying a probabilistic model based on historical records of failures in areas where the conditioning and triggering 
factors of instability are like those of the study area. The application of the approach and procedure in some real cases 
show that they are feasible and could be a very useful tool both for the design of slopes and for the correction of the 
failures that occur in these earth structures.

Las fallas de taludes en el área urbana de Tijuana, afectan cada año gran cantid ad de estructuras e infraestructuras, 
produciendo cuantiosas pérdidas en diversos sectores de la economía. En este trabajo se presenta un procedimiento 
práctico e innovador para evaluar la estabilidad de taludes de corte en un sector del área urbana, basado en información 
existente sobre el área de estudio, así como en el juicio y experiencia de los autores. Dicho procedimiento permite 
determinar el nivel de seguridad de taludes con diferentes geometrías, condiciones de sismicidad y de saturación; y 
estimar la probabilidad de que se presenten fenómenos de inestabilidad, a partir de una correlación entre los factores 
de seguridad y la probabilidad anual de fallas, o mediante la aplicación de un modelo probabilístico basado en los 
registros históricos de fallas ocurridas en zonas donde los factores condicionantes y desencadenantes de inestabilidad 
sean similares a los del área de estudio. La aplicación del enfoque y procedimiento en algunos casos reales, demuestran 
que son viables y que podrían ser una herramienta de mucha utilidad tanto para el diseño de taludes, como para la 
corrección de las fallas que se producen en estas estructuras térreas.
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1. Introduction
Slope failures result from a combination of geomorphological, 
geological, geotechnical, and hydrological conditions, 
as well as geodynamic processes, land use, and human 
activities. The frequency, magnitude, and intensity of natural 
phenomena such as rainfall and earthquakes can also modify 
these conditions. The presence of faults is subject to various 
degrees of uncertainty due to the potentially unstable land 

mass, which may consist of different materials and exhibit 
different types of movements, velocities, and rupture 
mechanisms. Additionally, there are uncertainties related 
to the reliability of the data used to model the problem, as 
well as uncertainties stemming from human factors and the 
mathematical models employed to analyze the problem. 
Anthropogenic transformations caused by accelerated 
growth and inadequate territorial planning in many cities 
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1.2 Conditioning and triggering factors of slope instability

1.2.1 Conditioning factors. These factors are related to terrain 
characteristics that promote instability, with geological, 
geotechnical, geomorphological, and tectonic conditions 
standing out for their significant influence. In the Tijuana 
sub-basin, which extends to the city of San Diego, California 
(United States of America), deposits from the Rosarito Beach 
and San Diego geological formations are present. 

create conditions that lead to geotechnical failures. Especially 
the formation of slopes by means of cuts in the terrain is an 
important triggering factor for instability [2].

Slope failure is the downward movement of a land mass 
along a surface, either flat or curved, with respect to the 
remaining static mass. The causes and mechanisms of slope 
failure are generally progressive over time. The maximum 
shear strength along the rupture surface is typically considered 
applicable to the analysis of early failures, while the residual 
shear strength should be considered when analyzing possible 
reactivation of old movements [3]. To determine whether a 
slope is stable, the factor of safety is generally used, whose 
definition and values along the potential failure surface have 
been widely studied and debated by different authors [4-5-
6-7-8-9].

To address slope instability issues, it is crucial to 
accurately assess its safety level by effectively managing the 
geotechnical fundamentals that govern its stability. There are 
various methods and procedures available to determine the 
factor of safety, and they typically yield similar results when 
properly applied [10-13]. If the factor of safety falls below 
certain admissible limit values that ensure stability, the 
slope is considered potentially unstable. It is then necessary 
to estimate the probability of failure. Three accepted ways 
of estimating slope failure probabilities are reported in the 
technical literature: based on historical data of frequencies 

of observations, from the mathematical model of probability 
theory, or by quantifying subjective probabilities using 
expert judgment.

Tijuana, Mexico, is an example of rapid and disorderly 
urban expansion. The urban area has historically experienced 
territorial growth rates of up to 3.5 hectares per day and 
population growth rates of over 6% per year. Currently, 
it is expanding towards areas of irregular topography 
characterized by canyons and steep slopes. Anthropogenic 
factors, together with geomorphological, geological, and 
geotechnical complexity, as well as seismic activity, make 
it difficult to predict the risk of slope failure occurrence 
[13-14]. In Tijuana's urban area, residential and industrial 
developments coexist on potentially unstable slopes and 
on land masses previously affected by landslides [15]. 
This paper presents a procedure for the assessment of the 
stability and probability of failure in a sector of the urban 
area of Tijuana, developed from a practical approach based 
on existing geologic and geotechnical information, the 
historical record of past failures, expert judgment, and the 
authors' experience.

1.1 Shear slope failure in the urban area of Tijuana
Over the past three years, shear slope failures have been 
reported in five urban neighborhoods, resulting in severe 
damage to at least 25 homes and putting nearby structures 
and infrastructure at risk (see Figure 1).

Figure 1. Sites affected by slope failures in the urban area of Tijuana.

The Rosarito Beach Formation lies on continental 
deposits comprising mudstones and lacustrine sandstones. 
The San Diego Formation was subsequently deposited on 
top of it, consisting of two lithostratigraphic units: a lower 
unit mainly composed of fine sandstones, and an upper unit 
formed by sandstones and conglomerates (refer to Figure 2). 
Minch (1967) identified two more members of the San Diego 
Formation. The lower member comprises fine to medium-
grained sandstones with occasional conglomerate lenses, 
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while the upper member consists of medium to coarse-
grained sandstones and sandy conglomerates. Basically, 
the predominant stratigraphy in the urban area comprises 
siltstone-sandstone, basalt, sandstone-conglomerate, 
alluvium, conglomerate, sandstone, and igneous rock [17-18-
19]. However, a significant portion of the city is constructed 
on superficial deposits consisting of boleos, gravels, sands, 
silts, and interbedded clay lenses.

Most of the failures have occurred in lithologic unit 5, 
characterized by marine and non-marine sandstones and 
conglomerates of the San Diego Formation [16]. In their 
natural state, these formations consist of silty and clayey 
sands with gravels and boleos.

2.2 Development of abacuses for determining slope safety 	
      factors
Abacuses were developed based on the minimum safety 

Tijuana's primary geomorphological feature is the river 
that shares its name. The river flows through a plain that is 
approximately 2 km wide and 18 km long. To the northeast 
of the river lies an area of plateaus, while to the southwest, 
a mountainous massif is characterized by a high density of 
dissecting natural drainages. Some of these drainages flow 
towards the Tijuana River, while others flow towards the 
Pacific Ocean [20-14]. The city's expansion in the river 
basin and its tributary micro-watersheds has been facilitated 
by this geomorphology. More than half of the urban area is 
situated on slopes with gradients of over 35%. In these areas, 
water currents cause erosion that weakens the terrain.

Tijuana is situated in a tectonically active zone referred 
to as the "Southern California Shear Zone" [21]. This zone 
is delineated by the Transverse Sierras to the north in the 
western United States, the "Agua Blanca" fault system to the 
south, the "San Andres" fault zone to the east, and the "San 
Clemente" fault system to the west. In the northern region 
of the Baja California peninsula, a complex arrangement 
of seismically active faults, oriented to the northwest, has 
developed, creating a condition of high seismic risk (see 
Figure 2). This tectonic framework serves as a significant 
factor in generating vibrations and inertial forces that 
trigger ground instability phenomena. Several residential 
and industrial zones in the urban area are exposed to high 
vulnerability due to these conditions [22-23].

Figure 2. Geologic map of the San Diego, California, USA - 
Tijuana, Baja California, Mexico area. Source. [16].

Figure 3. Slope and hillside failures recorded in the urban area of 
Tijuana (between 2010 and 2020).

1.2.2. Triggering factors. Triggering factors can modify 
initial conditions and significantly affect the stability of 
terrain, leading to slope failures. In the urban area of Tijuana, 
weathering, erosion, and human activity are the most 
important factors that produce destabilizing actions, such as 
changes in terrain geometry, increased loads, modification of 
surface and groundwater flows, changes in vegetation cover, 
and deforestation [15]. The urban landscape is characterized 
by predominant geoforms, large gullies, and deep furrows on 
slopes and hillsides, which reflect the effects of weathering 
and erosion on the exposed ground surface. The anthropic 
factor that most contributes to terrain instabilities and slope 
failures in the urban area of Tijuana is the cutting of slopes 
without prior geotechnical studies or designs.

2. Methodology
The methodology used to formulate a procedure for assessing 
slope stability in urban areas prone to ground instability 
phenomena is described. The methodology encompasses the 
following phases or stages:

•	 Identification of areas susceptible to instability.
•	 Elaboration of abacuses to determine slope safety 

factors.
•	 Analysis and assessment of methods to estimate the 

probability of slope failure.

2.1 Identification of areas susceptible to instability
Based on geological-geotechnical studies and historical 
records of geotechnical instability phenomena, areas 
susceptible to slope failures were identified (see Figure 3).
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factors of cut slopes in areas prone to instability (lithological 
unit 5, see Figure 3). These factors were calculated using 
limit equilibrium methods, taking into account the following 
considerations:

•	 Ranges of values of physical-mechanical parameters 
of the terrain, obtained by laboratory tests and 
analysis, were used (Table 1).

Table 1. Geotechnical parameters considered in the stability 
analysis.

•	 The study analyzed the stability of shear slopes with 
varying heights (H) and inclinations (α) ranging from 
26° to 64°. The seismic accelerations (a) established 
by the NTC of Baja California [24] and different 
levels of ground saturation (S) were taken into 
consideration.

•	 Minimum safety factors were calculated for potential 
fault surfaces located above and below the foot of the 
slope (see Figure 4).

Figure 4. Schematic representation of potential failure surfaces.

2.3 Analysis and assessment of the probability of failure of 	
      slopes
To estimate the probability of failure of shear slopes in the 
areas susceptible to instability described in Section 2.1, the 
following methods were analyzed and assessed:

•	 Probabilistic model using historical records of 
occurring failures (temporal probability of occurrence)

•	 Correlation based on real engineering projects and 
obtained by quantifying expert judgment (probability 
of failure vs. factor of safety).

2.3.1 Temporal probability of occurrence. It can be estimated 
from the historical records of failures occurring in the study 
area. This probability was obtained using the Poisson model 
[25], which is mathematically expressed by equation (1):

 
Where T is the return period, RI is the historical mean 

recurrence interval, t is the time interval of the failure 
database, and N is the number of recorded failures.

2.3.2 Probability of failure vs factor of safety. The correlation 
between the annual probability of failure and the safety 
factor developed by Silva (2008) [26] is proposed for use. 
This correlation is considered adequate as it complies with 
the fundamental considerations of probability theory and 
makes good practical sense (see Figure 5).

Figure 5. Annual probability of failure vs. safety factor. Source. 
[26].

The curves in Figure 5 represent four categories of 
projects based on the level of engineering, ranging from the 
best (category I) to the worst (category IV) [26].

•	 Category I: facilities designed, constructed, and 
operated with state-of-the-art engineering and 
complying with current standards and technical 
specifications.

•	 Category II: facilities designed, constructed, and 
operated using standard engineering practices.

•	 Category III: facilities that did not have design and are 
poorly constructed or operated.

•	 Category IV: facilities with little or no engineering.

3.  Results
3.1 Determination of the safety level
To assess the safety level of slopes composed of silty and 
clayey sands with gravels and boleos of the San Diego 
Formation (refer to Table 1), the proposed safety factors in 
Tables 2 and 3 were utilized. These factors were calculated 
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3.2 Estimation of the probability of failure
If the safety level of the slope is unacceptable because 
the factor of safety is lower than the limit allowed by the 
regulations, it is recommended to estimate the probability of 
failure.

3.2.1 Temporal probability of occurrence. The estimation 
was made using failure data recorded in the lithologic unit 
described as the marine and non-marine sandstones and 
conglomerates of the San Diego Formation (see Figure 3). 
Within this lithologic unit, 13 events have occurred in the last 
21 years, resulting in a historical mean recurrence interval 
(RI) of 1,615 years, and an annual probability of failure 
of approximately 0.619. Figure 7 illustrates the temporal 
probability of occurrence of slope failures for longer return 
periods, calculated using equation (1).

for seismic accelerations stipulated in the technical standard, 
as well as for various levels of soil saturation.

Table 2. Safety factors for different seismic accelerations (a).

Table 3. Factors of safety for different percentages of soil saturation.

Figures 6(a) and 6(b) show the abacuses of minimum 
factors of safety performance for different accelerations and 
soil saturation levels, respectively.

Figure 6. Minimum factors of safety vs slope inclination. (a) 
For different seismic accelerations; (b) for different ground 

saturations.

Table 4 shows the recommended inclinations to achieve 
acceptable safety levels for slopes with heights not exceeding 
20m.

Table 4. Recommended slopes for cut slopes with H ≤ 20m in the 
analyzed terrain.

Practical procedure for the assessment of the stability and probability of failure of cut slopes in the urban area of Tijuana, Mexico
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Figure 7. Temporal probability of occurrence vs. return period.

Figure 8. Location of slopes analyzed on the geologic map of 
Tijuana.

Based on the results of studies conducted subsequent 
to the failures, data were acquired regarding the existing 
structures and infrastructure at the affected sites, as well 
as the geometric, geotechnical, hydrological, and seismic 
conditions of the slopes at the time of the failures. Utilizing 
this information, the proposed procedure was implemented, 
leading to the determination of the category of the projects 
and facilities situated at the sites of the failed slopes. 
Additionally, the safety factors and annual probabilities of 
failure at the time of the collapse were identified (refer to 
Table 5).

Table 5. Results of the application of the proposed procedure on 
the analyzed slopes

The results validate the proposed procedure because they 
indicate that the slopes had very low safety levels and a very 
high probability of failure.

4. Discussion
The design and construction of cut slopes in terrain with 
irregular topography and complex geological and geotechnical 
conditions have been difficult tasks for engineers throughout 
history. However, when these scenarios are found in urban 
areas where various natural and anthropogenic factors are 
combined and the occurrence of failures can affect not only 
many structures and infrastructure, but also the lives of 
many people; it is imperative to include risk analysis and 
assessment at all stages of the project, with special emphasis 
on decision making. Geotechnical engineers face the great 
challenge of correctly determining safety levels, estimating 
failure probabilities, and making risk-based decisions to 
avoid or mitigate the negative impact of slope failures on 
physical assets, lifelines, and people in urban areas around 
the world.

The aim of this work is to provide engineers with a 
practical and reliable tool for designing and correcting 
failures in earth structures, specifically cut slopes in the 
urban area of Tijuana. The presented procedure assesses 
slope stability by determining safety levels and estimating 
the probability of failure occurrence. It was elaborated using 

As can be seen, the probability of occurrence of cut 
slope failures in the study area is very high (between 0.46 
and 1.00) for return periods shorter than the lifetime of any 
engineering project.

3.2.2 Probability of failure vs factor of safety. To use the 
correlation between the annual probability of failure and 
the factor of safety explained in section 2.3.2, the following 
procedure is proposed:

•	 Categorize the projects and facilities where the slopes 
under analysis are located. Prioritize geotechnical 
aspects during the study, design, and construction 
phases for the slopes, structures, and infrastructures in 
their immediate vicinity.

•	 Determine the factor of safety of the slopes, using 
Tables 2 and 3, or Figures 6(a) and 6(b).

•	 Estimate the annual probability of slope failure from 
the factors of safety and project categories using 
Figure 5.

3.3 Application of the procedure
To test the feasibility and practicability of the procedure, three 
slopes in the urban area where failures occurred between 
December 2019 and July 2020 were analyzed (Figure 8).
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existing geological and geotechnical data and information 
on the study area, historical records of past failures, expert 
judgment, and the experience of the authors.

5. Conclusions
The city of Tijuana, Mexico experiences slope instability due 
to complex geomorphological, geological, and geotechnical 
conditions, as well as rapid and unplanned urban growth. 
The application of the procedure in three slopes where 
failures occurred recently, demonstrated its viability, 
feasibility, and reliability, since it was found that, at the time 
of the failures, the slopes presented very low levels of safety 
and, consequently, a very high probability of occurrence of 
failures. The study area has experienced a significant number 
of failures in the past 20 years. It is important to note that the 
presented results and recommendations are only applicable 
to shear slopes in the lithologic unit consisting of marine and 
non-marine sandstones and conglomerates of the San Diego 
Formation. Similar approaches and procedures, applicable 
to other lithologic units in the urban area of Tijuana, will be 
presented in subsequent works.
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