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ABSTRACT: Quito, Ecuador, is a rapidly expanding multi-hazard environment at increased risk of rainfall-triggered 
landslides. In such cities, information on the impact of urbanisation on slopes and rainfall intensity-duration thresholds for 
triggering landslides can be valuable for resilient urban planning. However, rainfall thresholds are usually generated from 
empirical landslide data, which is often unavailable. This paper presents an overview of recent stochastic landslide 
modelling work, enabling regional sensitivity analysis and the development of rainfall thresholds based on tens-of-
thousands of physics-based slope stability simulations. Typical landslide-prone communities in north Quito are 
characterised in terms of degree of urbanisation, slope geometry, soil properties and rainfall scenarios. Soil data came from 
the new Quito soil geotechnical database and drone mapping successfully resolved slope geometries and more detailed 
information such as construction materials and slope features. An overview of the modelling methodology is presented. 
The key findings of the simulation study are that slope cutting, followed by removal of vegetation are the key drivers of 
slope instability. These findings are discussed in the context of recommendations for land use policy in the studied areas. 

 

RÉSUMÉ: Quito, en Équateur, est un environnement multi-risques en expansion rapide, exposé à un risque accru de 
glissements de terrain provoqués par les précipitations. Les informations sur l’impact de l’urbanisation sur les pentes et les 
seuils d’intensité et de durée des précipitations déclencheurs de glissements de terrain peuvent être précieuses pour la 
planification urbaine. Cependant, les seuils de précipitations sont généralement générés à partir de données empiriques, 
souvenousat indisponibles. Cet article présente un aperçu des récents travaux de modélisation stochastique des glissements 
de thterrain, permettant une analyse de sensibilité régionale et le développement de seuils de précipitations basés sur des 
dizaines de milliers de simulations. Les communautés typiques sujettes aux glissements de terrain du nord de Quito sont 
caractérisées en termes de degré d’urbanisation, de géométrie des pentes, de propriétés du sol et de scénarios de 
précipitations. Les données pédologiques proviennent de la nouvelle base de données géotechniques des sols de Quito; la 
cartographie par drone a réussi à résoudre les géométries des pentes et des informations plus détaillées telles que les 
matériaux de construction et les caractéristiques des pentes. Un aperçu de la méthodologie de modélisation est présenté. 
Les principales conclusions de l'étude de simulation sont que la réduction des pentes, suivie de l'élimination de la 
végétation, sont les principaux facteurs d'instabilité des pentes. Ces résultats sont discutés dans le contexte de 
recommandations pour la politique d’aménagement du territoire dans les zones étudiées. 
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1 INTRODUCTION 

Quito, Ecuador is a multi-hazard environment and is 
subject to the effects of volcanic eruptions, seismic 
events and rainfall-triggered landslides (cf. O’Rourke 
and Crespo 1988). Municipal engineers and planners 
require hazard assessments to support effective 
disaster risk management practices and policies for 

today and the future, as urban development continues. 
Although there is a strong culture of geotechnical 
testing in the area, a dataset suitable for wide-area 
landslide hazard assessment was not readily 
accessible until the recent compilation, publication 
and statistical analysis of a new database 
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QUITO/GEO-299 (Hen-Jones et al. 2022; Othman et 
al. 2023a, b). 

The development of this database followed the 
six-step methodology for data collection and curation 
in data-scarce regions presented by Vardanega et al. 
(2023, p.1268-9) summarised as follows: (1) assess 
the geotechnical-data landscape; (2) make use of 
local knowledge; (3) understand local practice; (4) 
undertake data harmonization and cleaning activities; 
(5) carry-out benchmarking analysis; (6) release the 
data. The new QUITO/GEO-299 database (Othman et 
al. 2023a) has enabled physics-based modelling and 
investigation of landslides in south Quito using the 
Combined Hydrology And Stability Model, CHASM 
(Zapata et al. 2023). 

In this paper, geotechnical parameter distributions 
from the database are combined with data on slope 
geometries, rainfall, and slope features of three 
hillside communities in north Quito to enable 
stochastic CHASM modelling of landslide scenarios. 
The simulation outputs are analysed to find dominant 
slope instability drivers and rainfall intensity-duration 
thresholds likely to trigger urban landslides in north 
Quito. Triggering threshold estimation is usually only 
possible where landslide inventories are available 
(e.g., Larsen and Simon, 1993; Guzzetti et al., 2008). 
Identification of landslide drivers and thresholds can 
support landslide early warning and resilient land use 
practice and policy.  

2 QUITO LANDSLIDE MODELLING 

As part of the Tomorrow’s Cities project (see Galasso 
et al. 2021) Hen-Jones et al. (2024), studied three 
communities in the northern parts of Quito. A 
stochastic modelling approach was adopted to allow a 
wide range of combinations of potential landslide 
preparatory and triggering factors to be investigated. 
The following simulation input data was prepared: 

1) strata geotechnical properties: soil parameter 
ranges and distributions were determined from the 
new Quito geotechnical database, including effective 
strength parameters, hydraulic conductivity, and unit 
weight – more information on these geotechnical 
properties and their fitting parameters can be found in 
Hen-Jones et al. (2022) and Othman et al. (2023b).  

2) natural and urban slope geometry: slope 
geometry data was derived from drone surveys 
carried out as part of community participatory 
activities that had been adapted due to the constraints 
on field work due to the Covid-19 pandemic. This 
was successful in capturing detailed information on 
the heights and angles of cut slopes associated with 
houses and roads (Hen-Jones et al. 2022). These data 

were statistically analysed to give distribution 
parameters for stochastic modelling. 

3) urban slope features: drone surveys provided 
detailed information on house construction materials, 
urban drainage features and vegetation. Figure 1 
indicates how urban slope features are represented in 
the CHASM urban slope analysis functions 
developed by Bozzolan et al. (2020). All simulations 
were run with and without the presence of vegetation. 

4) design storms: rainfall intensity and duration 
ranges were sampled to generate the rainfall inputs 
that provide the dynamic driver for the hydrological 
response and stability of each slope in CHASM. 
 

 
Figure 1. Urban properties of informal housing included in 

the slope stability analysis (from Bozzolan et al. 2020, used 

under the terms of the cc-by 4.0 licence). 

 
The parameter ranges in the above four categories 

were stochastically sampled to generate tens-of-
thousands of slope and rainfall scenarios representing 
the case-study communities. In each case CHASM 
was used to estimate the minimum slope factor of 
safety (FoS), where FoS < 1 defined slope failure (i.e. 
a landslide). CHASM uses Bishop’s (1955) method 
of slices (a limit equilibrium method, LEM) and 
accompanying hydrological models (Darcy, 1856; 
Richards, 1931). More details on CHASM can be 
found in Wilkinson et al. (2002). 

Global Sensitivity Analysis (GSA) and Regional 
Sensitivity Analysis (RSA) of the CHASM input 
factors and output FoS values were undertaken, 
allowing the effect of different input parameters on 
slope stability to be investigated. This analysis was 
carried out in Matlab using the SAFE Toolbox 
(Sarrazin et al. 2017; Noacco et al. 2019). 

3 URBANISATION SCENARIOS 

In this study, the effect of the urbanisation process on 
slope stability was assessed (Fig. 2) by representing 
the following stages: (Urb0) the initial plain slope; 
(Urb1) addition of a road; (Urb2) addition of sparse 
housing – this situation describes the first North 
Quito case study community. The other two 
communities are examples of subsequent urbanisation 
stages, either: (Urb3) unplanned/informal, high 
density urbanisation, or (Urb4) planned, low density 
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Figure 2. Modelled urbanisation scenarios on the N-S ridges of the Quito Fault System (from Hen-Jones et al. 2024). 

Urbanisation in east Quito often proceeds downslope from fault ridges or plateaus to lower elevations as the city expands. 

 
urbanisation. Informal settlements often have 
makeshift drainage, adding to other destabilising 
factors including deforestation, blockage of natural 
drainage with solid waste, poor quality construction 
materials and poor engineering practices (Hen-Jones 
et al. 2024). Surface drainage features were modelled 
accordingly, as described in Hen-Jones et al. (2024). 

4 RESULTS AND DISCUSSION 

Hen-Jones et al. (2024) presents the full discussion of 
the results of this study. The sensitivity analysis 
revealed five key input factors dominating slope 
stability response: natural slope angle, effective 
cohesion, saturated hydraulic conductivity, height of 
the water table and rainfall duration. The influence of 
effective friction angle on slope stability did not 
feature strongly in the analysis. Given the importance 
of rainfall duration, rainfall-intensity duration 
thresholds were developed for north Quito, using the 
simulation results for all urbanisation stages (Urb0 to 
Urb4). Often intensity-duration thresholds are 
developed from smaller empirical datasets (see Table 
2) rather than synthetic datasets, and usually 
presented in the form of Eq. (1): 

 
where I = rainfall intensity (mm/hr); D = effective 
rainfall duration (hrs); a and b are fitting parameters. 
Thresholds were drawn at various percentiles of data 
capture as presented in Table 1. These can be 
compared to those from previous studies summarised 
in Table 2. The ranges of a and b values shown in 
these tables are broadly comparable but reflect 
significantly smaller datasets where empirical 
landslide and rainfall data are concerned (Table 2). 

Table 1. Fitting parameters for Eq. 1 rainfall intensity 

duration thresholds (data from Hen-Jones et al. 2024). 

Percentile a b 

95 44.52 0.17 
99 25.79 0.21 

99.5 46.81 0.48 
99.9 20.08 0.45 
100 20.57 0.77 

 
Table 2. Fitting parameters for I-D thresholds from 

previous studies. 

Reference Location a b 
Larsen and Simon 

(1993) 
Puerto Rico 91.46 0.82 

Ahmad (2003) Jamaica 11.5 0.26 
Guzzetti et al. (2008) Worldwide 6.68 0.52 
 
A comparison of slope failure rates between the 

different modelled scenarios reveals that the most 
significant factor driving instability is the act of 
cutting into the slope (increase in failure rate from 
2% to 6% for a plain, vegetated slope, Urb0), also 
observed in Bozzolan et al. (2020) which investigated 
the stability of informal housing in the humid tropics. 
The next most important parameter is the removal of 
slope vegetation (increase in failure rate from 6% to 
13% for a slope with a road cut present, Urb1). 
Further urbanisation to include an additional road and 
minimal housing (Urb2) has a negligible effect on the 
failure rate, the slope stability already having been 
critically influenced by the initial road cut. When 
considering vegetated slopes, the unplanned, high 
density housing scenario (Urb3) gives a significant 
increase in failure rate compared to the minimal 
housing scenario (Urb2) of 4%, however, considering 
bare slopes, the absolute increase is only 1%. 
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5 CONCLUSIONS 

Stochastic simulations have been used to develop I-D 
thresholds for north Quito, comparing reasonably 
with past studies. The most important factor affecting 
stability in the modelled communities is slope 
cutting, followed by vegetation removal. Analysis 
supports the importance of revegetation as a landslide 
management policy and highlights the merit of urban 
planning for new settlements. 
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