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ABSTRACT: Landslides are a frequently occurring geo-hazard in Quito, Ecuador, with over 800 reported from 2005 to 2014, causing 
increasing fatalities and property damage as the city expands. Engineers and communities need more information on urban landslide 
drivers such as informal slope cuttings to understand the hazard and identify mitigation measures. However, the detailed topographic 
data required for such assessments is not shown in existing maps and can be difficult to obtain across wide areas. This study utilized 
drone systems to perform high resolution topographic surveys at a pixel resolution of 10 centimetres in a typical landslide-prone 
community. The survey data was processed to create digital terrain models (DTMs) and ortho-photomosaics which were analysed using 
a geographic information system (GIS) to extract data on land cover, road width, housing structural typologies, and geometries of 
hundreds of cut slopes associated with informal urban development. These data were analysed and combined with geotechnical data to 
generate forty-five slope cross-sections representative of the study area. Physics-based slope stability analysis of the cross-sections was 
carried out using the Combined Hydrology and Stability Model (CHASM). The results quantified the destabilising effect of cutting 
slopes and allowed critical cut slope angles to be determined. The study demonstrates the effectiveness of drones for obtaining data for 
urban landslide assessments and allowing the development of high-resolution models useful for physics-based slope stability modelling. 
This study is relevant for Quito and similar cities where landslide-prone communities are difficult to access. 
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1 INTRODUCTION 

Landslides pose a significant risk to populations and the built 
environment worldwide. From 2004 to 2016, a global dataset of 
non-seismic landslides indicated that slope failures related to 
human activities, such as hillslope cutting, were increasing (Froude 
& Petley 2018). In Ecuador the Municipality of the Metropolitan 
District of Quito (DMQ) reported over 800 landslides in the capital 
city of Quito from 2005 to 2014 – resulting in fatalities and 
millions of dollars in economic losses as well as recovery and 
rehabilitation costs (Municipality of Quito 2015b). Landslides in 
Quito mainly occur during the rainy season from December to May 
(Castelo et al. 2018, Salcedo et al. 2018 and Zapata et al. 2024a) 
when the ground becomes saturated with water and landslides can 
be triggered by intense rainfall events. Other factors contributing 
to slope instability in the Quito area include erosion, deforestation 
and urban expansion (Puente-Sotomayor et al. 2021 and 
Cando Jácome & Martinez-Graña 2018). 

Significant advances in landslide assessment have been made at 
city scales in Quito, such as the development of a landslide 
susceptibility map by the Municipality of Quito (2015a) for use as 
a planning tool and for identifying landslide-prone areas for 
interventions. Actions have included detailed local studies, 
relocating inhabitants in areas of non-mitigable risk, or legalising 
and regularising (providing roads and essential services) informal 
or de facto neighbourhoods where the risk is deemed ‘mitigable’ 
(e.g. Municipality of Quito 2017). Access to city planning 

information is available from the Municipality of Quito 
(https://gobiernoabierto.quito.gob.ec/). 

However, as is typical with city-scale landslide susceptibility 
and hazard maps, the underlying (spatially distributed) data layers 
are not available at the level of detail required for physics-based 
modelling, quantification of urban landslide conditioning and 
triggering factors. To carry out such an assessment requires site-
specific data, especially in informal urban communities where 
localised factors such as slope cutting, changes to drainage and 
ground cover (such as the removal of vegetation) affect slope 
stability (Anderson & Holcombe 2013). In Quito, previous local 
landslide hazard assessments have been carried out in hillside 
communities through close collaboration between academia, 
residents and the municipality. Data collection was carried out by 
traditional means through site investigations, fieldwork and 
reconnaissance walks through the study zones – tasks that require 
face-to-face work with community residents. However, this 
approach was necessarily limited during the lockdowns during the 
COVID-19 pandemic. 

To extract relevant information for landslide hazard and risk 
assessment studies at detailed scales, van Westen et al. (2008) 
suggest that a Digital Elevation Model (DEM) is required with a 
resolution of 1-4 metres obtained from satellite imagery or Laser 
Imaging, Detection And Ranging (LIDAR). However, in urban 
areas the heights and angles of typical cut slopes associated with 
informal housing means that would not always be detectable at this 
resolution: this will be discussed in detail in this paper. 
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This paper presents an innovative methodology that uses high-
precision cartographic inputs generated by drone mapping to 
obtain data for physics-based modelling of urban slope stability in 
informal communities. In this study the community-scale DEMs 
were generated with a resolution of 10 centimetres, enabling the 
identification of urban slope features known to affect slope stability 
including: slope geometry (including slope cuttings), ground 
cover, housing typologies and surface water drainage systems. The 
drone data was analysed to identify the characteristics of the urban 
slope units at household scales within the study area and generate 
cross-sections for parametric slope stability modelling (see 
Bozzolan et al. 2020 for a recent study on parametric slope 
modelling). A key research objective was to demonstrate the 
landslide predictive capacity afforded by the high-resolution drone 
data – especially in urban settings where localised slope stability 
factors are considered important (Froude & Petley 2018, Cando 
Jácome & Martinez-Graña 2018 and Puente-Sotomayor et al. 
2021). Additionally, this study presents drone mapping as a 
suitable alternative for the acquisition of field data in remote and 
difficult to access areas as well as to comply with the social 
distancing requirements during the COVID-19 pandemic. 

2 QUITO STUDY AREA 

Quito is the capital of Ecuador and its largest city with a population 
close to 3 million (INEC 2024). The central urban zone of Quito is 
located between the steep slopes of the Pichincha, Atacazo-
Ninahuilca and Casitahua volcanoes (Bernard & Andrade 2011) to 
the west and the scarps of the Quito seismically active fault system 
to the east (Alvarado et al. 2014). In addition to these geotechnical 
hazards, the rainy season is a driver for multiple simultaneous and 
cascading hydrological hazards such as rainfall-triggered 
landslides and flooding (Municipality of Quito 2015a, 2015b). 

Quito is growing rapidly as population rises. The urban area of 
the city more than doubled between 1986 and 2020 to cover 
352 ± 47 km2 (Watson et al. 2022). Urban development models 
indicate that the average slope angle of developed areas is 
increasing as the city expands in north-south and eastwards 
directions and encroaches onto steep ridges and the lower 
elevations of mountains (Watson et al. 2022 based on data from 
Bonilla-Bedoya et al. 2020). 

The case study community selected for this study is in an area 
of informal urban expansion in the south of the city (Figure 1). The 
community comprises approximately 250 households and is 
situated on the eastern slope of the Puengasí tectonic uplift and part 
of an ancient macro-slide escarpment (Noroña Muñoz 2021). The 
geological and morphological setting of the community, with its 
steep slope angles, the lithology of the ancient landslide, urban land 
use, and hydro-meteorological characteristics means that the area 
is highly susceptible to shallow landslides in the colluvial cangahua 
soils that mantle the slope (Jiménez 2023). The community has 
experienced a growing incidence of landslides and mudflows, 
particularly during winter (Gonzáles Silva 2023 and Yanguicela 
Albán 2023). For instance, in 2019, heavy and prolonged rainfall 
triggered a mudflow that resulted in a landslide, causing damage to 
houses and impacting the neighbourhoods below the slope 
(Municipality of Quito 2019). 
 

 
Figure 1. Quito urban extent in the context of topography and the Quito 
Fault System. Urban extent data to 2015 from Gobierno Abierto, Secretaría 
General de Planificación https://gobiernoabierto.quito.gob.ec/smi/, last 
accessed 22 May 2024, with additional data from Zapata et al. (2024a). 
Topography information from Esri (2024) and the Quito Fault System 
information from Alvarado et al. (2014). The case study community is 
situated on the slopes of the Puengasí tectonic uplift and an ancient 
landslide scarp mapped by Jiménez (2023). 

3  LANDSLIDE ASSESSMENT AND REMOTE SENSING 

3.1 Spatially distributed landslide assessment 

Landslide susceptibility assessments indicate the spatial 
probability of landslides occurrence in a terrain or region 
(Reichenbach et al. 2018) by considering the environmental, or 
conditioning, factors for landslides – including topography, 
drainage and slope angle; slope material type, depth and 
geotechnical properties; ground cover and human activities – and 
(e.g. van Westen 2004, van Westen et al. 2008 and Lui et al. 2021). 
Landslide hazard assessments additionally indicate the probability 
or likelihood of a landslide event within a given timeframe – often 
derived from the probability of a triggering event such as rainfall 
or an earthquake (Recife & Capolongo 2002 and Zêzere et al. 
2004). Hazard assessments also indicate the likely magnitude of 
the landslide, including the mobilized material, which can be used 
to assess the resulting damage (Aleotti & Chowdhury 1999). 

https://gobiernoabierto.quito.gob.ec/smi/
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Landslide susceptibility and hazard assessment at city scales 
requires spatially distributed data of past landslides, landslide 
conditioning factors and triggering factors (van Westen et al. 
2006). Geographical Information Systems (GIS) software is used 
to process this data, calculate or model the landslide susceptibility 
or hazard, and generate maps. 

Assessment methods can broadly be categorised as heuristic, 
empirical-statistical or physics-based (see e.g. Aleotti & 
Chowdhury 1999, Corominas et al. 2014 and Reichenbach et al. 
2018). Establishing a statistical relationship between the location, 
magnitude and probability of landslide occurrence necessitates a 
substantial quantity of data, including topography, subsurface 
stratigraphy, temporal variations in subsurface water levels, soil 
mechanical properties, and the probability and intensity of 
triggering factors such as earthquakes and rainfall (van Westen 
2004). In most countries it is difficult to generate hazard maps and 
establish a quantitative magnitude-frequency relationship for 
landslide occurrence due to the absence of adequate landslide 
inventories (van Westen et al. 2006). Therefore, statistical 
susceptibility assessment methods are widely applied (see 
Reichenbach et al. 2018 for a comprehensive review), i.e. locating 
areas where landslide events are likely to occur using any available 
maps of environmental factors and landslide inventories, but 
without considering triggering factors and their probabilities. 
Landslide susceptibility mapping without an inventory uses 
subjective expert opinion to replace the statistical method and 
assess the dominant environmental, or landslide conditioning, 
factors (van Westen et al. 2006). Physics-based landslide hazard 
assessments are data-intensive and require detailed information on 
landslide conditioning and triggering factors (cf. Holcombe et al. 
2016). 

3.2 Acquisition of remote sensed data for landslide assessment 

Remote sensing technologies have become pivotal for spatially 
distributed landslide susceptibility, hazard and risk assessments 
because they can collect much of the data required for analysis 
using GIS. These methods use sensors to gather data on landslides, 
environmental factors and elements at risk, such as buildings and 
infrastructure (Chander et al. 2009). In the case of landslide 
inventories, this can be done by different techniques such as semi-
automatic classifications based on spectral characteristics and 
visual interpretations (e.g. Martha et al. 2013 and van Westen et al. 
2013). High- or very high-resolution images are required. For 
instance, optical images with a resolution greater than 3 metres can 
be obtained from satellites: SPOT, LANDSAT, ASTEROS, and 
IR-1D (van Westen et al. 2008). Synthetic Aperture Radar images 
(SAR) have also proven to be useful (Sentinel 1) for landslide 
mapping (Nava et al. 2022). Very high-resolution images have 
recently become available to purchase from Pleiades Neo 3B from 
Airbus with a resolution of 0.5 metres (Topan et al. 2016), and 
WorldView-4 from DigitalGlobe at 0.31 metres (Alkan 2018). 
Other sensors, such as Light Detection and Ranging (LIDAR) can 
also provide very high-resolution topographic information, less 
than 1 metre, depending on aircraft flight altitude, acquisition 
spacing and terrain difficulty (Pavlis & Bruhn 2011, Szypula 2019 
and Syzdykbayev et al. 2020). 

Topography is one of the most important factors in landslide 
hazard analysis. A DEM and/or the terrain surface Digital Terrain 
Model (DTM), can be obtained through contour line digitisation, 
differential GPS measurements, photogrammetry, Interferometric 

Synthetic Aperture Radar (InSAR) or LIDAR acquisition (e.g. 
Hu 2003 and Mesa-Mingorance & Ariza-López 2020). DEMs with 
global coverage typically have pixel sizes of 10-30 metres – for 
example from ESA Copernicus Sentinel 2 and 3 satellites, and the 
joint NASA-ESA Shuttle Radar Topography Mission (SRTM) 
SAR sensor respectively (Rabus et al. 2003). In the case of 
Ecuador, the DEMs generated by the SIGTIERRAS project using 
airborne LIDAR have an average resolution of 4 metres 
(SIGTIERRAS 2017). However, most freely available global and 
national products are still not at a high enough resolution to capture 
urban topographic features such as cut slopes which may be at sub-
1m pixel sizes. 

In addition to providing landslide inventory data and DEMs, 
aerial images and digital terrain models provide useful ground 
surface information for landslide assessments such as vegetation 
types, urban land use typologies, structures and infrastructure. 
Images are acquired with a variety of techniques and sensors, 
which are transported by satellites, aircraft and drones, each with 
different scales of data collection (Jiang et al. 2022). Drones, have 
operational advantages over other types of aircraft including better 
spatial and temporal resolution, ability to be used below cloud 
cover, and lower costs of image acquisition and processing (Pérez 
et al. 2013 and Simic Milas et al. 2018). 

3.3 Mapping with Drones (Unmanned Aerial Vehicles, UAVs) 

Drone system surveys are a current focal point in remote sensing 
research, with applications in both geohazard and hydrological 
hazard analysis: ranging from monitoring the geodynamics of 
active faults (e.g. Bolani et al. 2021 and Zhou et al. 2021); studying 
floods and river dynamics (e.g. Wouters et al. 2021, Loli et al. 2022 
and Zingaro et al. 2022); analysing environmental contamination 
from mining activities (e.g. Peña-Ortega et al. 2019); to conducting 
field surveys for the spatial distribution of potential failure modes 
of unstable rock masses (e.g. Bar et al. 2021 and Wang et al. 2021); 
collecting deformation patterns and rupture failure mechanisms in 
landslides (e.g. Chen et al. 2021, Wang et al. 2021 and Liu et al. 
2022), and generating landslide inventories (e.g. Rana & 
Sivakumar Babu 2022). 

Currently, drones also have a wide variety of applications in 
civil engineering due to their low cost, measurement capability, 
and safety (Albeaino et al. 2019). The second largest market for 
drone use in 2020 being architecture and construction engineering 
(Nwaogu et al. 2023). These applications range from monitoring 
and inspections of civil infrastructure to site management and 
maintenance and post-disaster analysis in damage assessments 
(e.g. see the reviews of Liu et al. 2014, Albeaino et al. 2019, 
Greenwood et al. 2019 and Freeman et al. 2021). Freeman et al. 
(2021) provide an extensive and detailed review of applications 
aerial robotic technologies in civil engineering, aiming in part to 
determine in which applications these technologies are ‘emerging’ 
or ‘established’. 

This paper reports on the use of a drone system survey is used 
to obtain remote sensing data for urban landslide hazard modelling 
in the context of the case study community in south Quito, and as 
part of a multi-hazard disaster resilience project in the region. The 
methodology developed is presented in the following section. 
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4 METHODOLOGY 

4.1 Design of a slope mapping and modelling methodology 

The objective of this study was to develop a methodology for 
collecting relevant data on the conditioning factors for the 
occurrence of urban landslides, especially the data that would 
typically be obtained during fieldwork through visual inspection 
and on-site measurements, such as slope geometry, land coverage 
and use, information on drainage, structural typologies of homes, 
etc. Another motivation was that during the COVID-19 pandemic, 
social distancing measures were in place in many countries 
worldwide, including Ecuador. Thus, the methodology of remote 
data collection using drone technology was an initiative developed 
during the implementation of the first stage of the Tomorrow's 
Cities Urban Disaster Risk Hub project, funded by the United 
Kingdom Research and Innovation (UKRI) and the Global 
Challenge Research Fund (GCRF) (https://tomorrowscities.org/), 
which aimed to collaborate in low- and middle-income countries 
with local, national and global partners to strengthen the 
governance of risk management based on multi-scale and multi-
disciplinary understanding of multiple hazards in rapidly 
expanding urban cities such as Quito (Galasso et al. 2021). A 
companion paper details the communication of the landslide 
research from Quito in the Tomorrow’s Cities project to a range of 
stakeholders (Zapata et al. 2024b). 

The methodology is described in this section as follows: 
(i) acquisition of very high-definition images using drone surveys; 
(ii) analysis of the cartographic products in GIS to create large 
volumes of information about the urban landslide conditioning 
factors; (iii) statistical analysis of these datasets, along with 
geotechnical data, and determination of probabilistic density 
functions; (iv) development of simulation input datasets for the 
physics-based Combined Hydrology And Stability Model 
(CHASM); (v) parametric modelling to identify most influential 
landslide conditioning factors in the study case community; and 
(iv) identification of potential landslide mitigation measures. 

4.2 Drone survey method 

The equipment used was a commercial drone from the DJI brand, 
model Matrice 200 RTK, which, under the barometric and 
meteorological conditions of the city of Quito (2800 mASL), can 
fly for 25 minutes before the batteries need recharging. This 
allowed the drone to survey areas of approximately 2 square 
kilometres in flight missions with the capture of 150 ortho-
photographs at a flight height of 120 metres above ground level, 
without considering topographic obstacles (DJI 2018). The frontal 
and lateral overlap between photographs was 60% with automatic 
capture at 2-second intervals, maintaining an average flight speed 
of 10 m/s (DJI 2018). The software provided by the manufacturer, 
was used to program automatic missions. The sensor used to 
acquire photographs was a Zenmuse x4s model RGB camera with 
a 20-megapixel definition (DJI 2018). 

The drone flights were carried out through a participatory 
process with the inhabitants of the case study communities. 
Assemblies were set up by community leaders and a citizen science 
approach was adopted in which researchers, social leaders, 
community members and municipal technicians were all included 
in the dialogue with the objective of collecting information and co-
creating datasets for use in the landslide hazard assessment. 

Additionally, the drone equipment was displayed, and the drone 
flight dynamics to take photographs were demonstrated. Once the 
scope of the studies was explained, the assembly was asked for 
permission to carry out this type of activity. With the agreement of 
the community assemblies, automatic drone flights were carried 
out, during which the inhabitants could observe the drone fly and 
collect photographs. The assemblies were held in open spaces with 
social distancing measures in place. 

4.3 Drone Survey Data Processing and Analysis 

After the data acquisition, the set of photographs was processed 
using the structure-from-motion photogrammetry method (James 
et al. 2019) to create point clouds, ortho-photomosaics and Digital 
Elevation Models, achieving a final definition of 10 centimetres 
per pixel (Figure 2). 

 
The urbanisation features and surface cover were analysed 

using GIS software. The minimum sampling unit was the dwelling. 
In the first instance, the lots or housing units were defined to which 
a unique code was assigned without mentioning information about 
the owner or clues that would allow identification of the exact 

 
Figure 2. DEM created from drone mapping survey for the case study 
community and showing great detail the cutting of hillsides to build roads 
and houses. Yellow dots show landslides identified in the area. The DEM 
was processing using the structure-from-motion photogrammetry method 
(James et al. 2019). Visual inspections were performed on the roughness 
model generated from DEM in the freely available software QGIS, version 
3.26 (QGIS Development Team 2022). 

https://tomorrowscities.org/
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location of the lot. This was done to safeguard residents’ anonymity 
(see section 4.4). Key parameters were extracted for each property 
(Table 1). For the case study community in south Quito, 
information was collected for over 250 houses and surrounding 
roads. Probability density functions were determined based on the 
data to define more precisely the ranges in which the highest 
concentrations of data occur and the statistical distribution of these 
conditioning factor values. A visual inspection of the orthophoto 
mosaic and extraction of geometric measurements from the DTM 
was done simultaneously. Table 1 shows the data extracted. 
 
Table 1. Data extracted from drone-mapped DEM and ortho-photomosaics  

Type of data Characteristics Assessment method 

Land surface 
coverage 

Gardens, orchards, bare 
soil, cement 

Visually determined 

Land use Housing, agriculture Visually determined 

Cut slope 
heights and 
angles 

Upslope and downslope of 
houses and roads 

Cross-sections 
extracted in GIS and 
dimensions calculated 
using trigonometry 

Structural 
typology of 
house (affects 
loading on the 
slope) 

GEM Building taxonomy 
v2.0 (Brzev et al. 2013) 
Unreinforced/ reinforced 
masonry, porches and 
wooden panels. Number of 
storeys. 

Visually determined 

House 
footprint  

Building area, orientation 
and length relative to slope 

Extracted in GIS 

Roof 
characteristics 

Roof type, presence/ 
absence of guttering and 
rainwater harvesting 

Visually determined 

Water 
management 

Unconnected drains, septic 
tanks, connection to 
municipal sewerage 
system. 

Visually determined 

Landslide 
size 

Area, length, width Extracted in GIS 

Landslide 
characteristics 

Landslide type, material, 
indication of recent activity 

Visually determined 

4.4 Community Engagement and Ethical Framework 

Citizen assemblies were held before, during and after the drone 
mapping process and the wider research project. This was in 
accordance with the University of East Anglia’s Ethical Research 
requirements (UEA 2016) and specifically related to transparency 
in disseminating the objectives and scope, seeking permission to 
enter the neighbourhood, carry out the drone flights and collect 
information, and for dissemination of the results. In addition, this 
project maintained anonymity of the data collected since no 
specific data from the dwellings were used, but rather average or 
representative values for the entire sector derived from statistical 
analysis and inspection of the dataset. 

4.5 Parametric slope stability modelling method 

Based on the statistical analysis of these datasets, values of each 

conditioning factor were selected and combined to generate forty-
five typical slope cross-sections representative of those in the 
community. The stability of each cross-section in response to a 24-
hour rainfall event was simulated using the Combined Slope 
Stability and Hydrology Model (CHASM). The dynamic 
hydrological component of CHASM represents the processes of 
rainfall infiltration; unsaturated and saturated seepage using the 
one-dimensional formulation of Richard’s Equation (Richards 
1931) and two-dimensional formulation of Darcy’s Law (Darcy 
1856); and pore water pressures (including matric suction) over 
time. The slope stability component of CHASM incorporates the 
pore water pressures into a limit equilibrium analysis using 
Bishop’s circular method of slices (Bishop 1955). An automated 
slice circle search is used to identify the potential failure plane with 
the minimum factor of safety, F. The limit equilibrium approach 
used in CHASM means it is suitable for analysis of slopes with 
deep soils such as those of the study site. A full description of the 
model formulation can be found in Anderson & Howes (1985) and 
Wilkinson et al. (2002). CHASM has been applied and verified in 
various studies, e.g. Anderson (1990) and Bozzolan et al. (2020). 

Using this parametric CHASM simulation approach allowed the 
influence of different landslide conditioning factors on slope 
stability to be explored. Of particular interest to this study was the 
influence of the local slope geometry factors mapped by the drone 
survey, i.e. the cut slopes, which would not usually be detected or 
included in a conventional GIS-based landslide assessment. 
Furthermore, cut slopes are typically associated with informal 
urbanisation, so quantifying their impact on slope stability is 
important for community-based initiatives to improve slope safety 
and promote more sustainable, resilient urban development. 
Previous landslides in Quito, and studies of cut slope stability more 
widely, also indicated the influence of soil strength of the upper 
soil stratum – colluvial cangahua, in the case of the case study area 
(cf. Holcombe et al. 2016, Hen-Jones et al. 2022, Jiménez 2023 and 
Zapata et al. 2023a). Therefore, for the CHASM parametric 
simulations, the model input factor values for the cut slope angle, 
and the effective cohesion and effect friction angle of the colluvial 
cangahua were varied based on their statistical distributions. 

Apart from cut slope angle, apparent cohesion and effective 
friction angle, all other input factor values were held ‘static’, i.e., a 
single value was selected from the statistical distributions (natural 
slope angle, cut slope height and house/ road width), expert 
observations (land cover type, water table depth and soil thickness) 
or citizen science measurements (saturated hydraulic 
conductivity). A single design storm was used as the dynamic 
forcing for the simulations. The rainfall intensity and duration was 
based on a storm event known to have triggered a landslide within 
the community in 2021. Further details of the selection of these 
input factor values for the modelling can be found in Zapata et al. 
(2023a) along with a list of the data sources. 

5 SIMULATION RESULTS 

5.1 Drone data analysis and model input factor value selection  

The statistical distributions of the natural slope angle, and the cut 
slope heights, angles and widths, were analysed using data from 
the drone survey. The natural slope of the community was found to 
vary between 20° to 40°, with most of the housing being on slopes 
of around 25°. The cut slopes associated with houses were typically 
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2 m in height, while along the roads there could be found higher 
cuttings of up to 6 m. For housing on natural slope angles of 25°, 
the majority of cut slope angles ranged from 35° to near vertical, 
with most cuts being over 56°. 

From the drone survey results the CHASM simulation input 
files were built to represent the cross-sections of typical urbanised 
slope units within the community. The parametric exploration 
focused on the influence on slope stability of cut slope angles 
measured via the drone survey. Cut slope angles of 35°, 56° and 
85° were selected for analysis to represent the typical range within 
the community. The geotechnical strength parameters of the 
uppermost material stratum – the colluvial cangahua soil – were 
also varied due to their known influence on cut slope stability (see 
Zapata et al. 2023a). The following values were selected from 
analysis of the Quito Geotechnical Database (Othman et al. 2023a, 
2023b): effective cohesion, c' = 5, 15, 30, 65 kPa and effective 
friction angle, ϕ' = 24, 34 and 44°. A saturated hydraulic 
conductivity of ksat = 1x10-5 m/s was assigned to the colluvial 
cangahua stratum based on double ring infiltration experiments in 
the area (Zapata et al. 2023b). For each CHASM simulation a 24-
hour rainfall of 10 mm/h intensity was imposed, representing an 
observed landslide-triggering rainfall event in the community in 
2021. Table 2 provides a summary of slope dataset and CHASM 
input factor values selected for the parametric analysis. 

 

Table 2. Summary of slope data from drone mapping and other sources, 
and selection of input parameter values for CHASM simulations (data 
sources as given in Zapata et al. 2023a).  

CHASM input factor* 

(units) 
Range 

Statistical 

Distribution 

Values for 

simulation 

Urban slope geometry and land cover from drone mapping 

Natural slope angle (°) 20-40 Gamma  25 

Cut slope angle (°) 35-90 Weibull 35, 56, 85 

Cut slope height (m) 0.5-6 Gamma 2 

House/ road width (m) 3-11 Gamma  6.4 

Land cover - - Bare soil 

Data from observations, field tests & Quito geotechnical database 

Apparent effective cohesion, c′ 
(kPa) 

5-100 Log Normal  5, 15, 30, 65 

Effective friction angle, ϕ′ (°) 20-55 Normal  24, 34, 44 

Saturated hydraulic 
conductivity, ksat (m/s) 

1x10-5 - 
1x10-10 

- 1x10-5 

Thickness of colluvial 
cangahua stratum (m) 

5-20 - 10 

Initial water table depth (m) - - 10 

Rain intensity (mm/h) - - 10 

Rain duration (h) - - 24 

*van Genuchten parameters for a sandy loam from Hodnett & Tomasella 
(2002) were used for the soil water characteristic curve as in Zapata et al. 
(2023a) 
 

5.2 Results of slope stability model simulations 

A total of forty-five CHASM simulations were run using the input 
parameter values from the right-hand column of Table 2. A further 
9 simulations were run in which the top 1 m of the colluvial 
cangahua soil was modelled with c' = 0 kPa to represent a scenario 
in which it was fully weathered. Each simulation represented a 
360-hour period of time with the rainfall forcing imposed during 
hours 168-192. For each simulation the minimum slope factor of 
safety, F, was recorded along the associated simulation timestep in 
hours. Any slope simulated with F < 1 before the rainfall was 
imposed were assumed to be inherently unstable and to represent 
an unrealistic combination of the input parameter values. The 
results from the CHASM parametric modelling process are 
summarised in Table 3. See Figure 3a for a representation of the 
CHASM cross-section for the slope with an 85° cut slope. 
 

Table 3. CHASM simulations showing the effect of variations in cut slope 
angles at the study site. Results show the minimum F with associated 
simulation hour in parenthesis. A dash (-) indicates F < 1 before the rain 
started. Dark shading, F < 1; light shading, 1 ≥ F ≥ 1.4; no shading, F > 1.4. 
Note: Terzaghi & Peck (1948) suggest 1.3 < F < 1.5 for design of slopes. ϕ' (°) c' (kPa) 85° cut  56° cut 35° cut  

24 

0* 0.51(-) 0.63(-) 0.87(-) 

5 1.02(194) 1.38(212) 1.33(225) 

15 1.75(218) 1.66(210) 1.67(221) 

30 2.19(211) 2.07(212) 2.08(209) 

65 3.21(211) 3.05(194) 3.04(209) 

34 

0* 0.68(-) 0.88(-) 1.17(-) 

5 1.18(194) 1.87(193) 1.79(225) 

15 2.3(194) 2.27(212) 2.31(198) 

30 2.85(210) 2.69(212) 2.71(208) 

65 3.63(354) 3.41(194) 3.64(209) 

44 

0* 0.91(-) 2.2(-) 1.58(-) 

5 1.37(193) 2.28(192) 2.28(199) 

15 2.56(193) 3.05(212) 3.03(277) 

30 3.59(352) 3.39(341) 3.51(210) 

65 3.83(352) 3.58(350) 4.14(206) 

* c′ = 0 kPa applies where the uppermost 1 m of the colluvial cangahua 
was assumed fully weathered. In these simulations the colluvial 
cangahua below 1 m depth was modelled with c′ = 5 kPa. 

The CHASM results indicate that the soil strength of the slope 
material has a strong influence on F. For instance, where c' = 0 kPa 
and ϕ' ≤ 34° in the top 1 m of the soil F is typically less than 1 
before rainfall occurs indicating inherent instability in this 
weathered surface layer. Table 3 shows that F generally increases 
as c' and ϕ' increase. However, the importance of cut slopes 
becomes apparent where the soil has a low but non-zero effective 
apparent cohesion of c' = 5 kPa. In these cases, the critical slip 
surface simulated by CHASM is found within the cut slope where 
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the angle of the cut is 85°; and F < 1.4 (note that Terzaghi & Peck 
1948: article 51, suggest 1.3 < F < 1.5 for geotechnical design of 
slopes) indicating that these steep cuts are only marginally safe and 
have the potential for localised failures affecting individual houses 
(Figure 3b). The less steep cuts of 35° and 56° in slopes with c' = 
5 kPa do not show the same potential for localised cut slope failure. 
Instead, the critical slip surface is much deeper and larger, 
encompassing the natural slope as well as the cut slope, with 
F > 1.4 (i.e. ‘safe’) in all but two of the cases. The slightly counter-
intuitive decrease in F when comparing some of the 56° cuts with 
35° cuts in the same material (where c' and ϕ' are the same) is likely 
related to the slight difference in mass of these slices in Bishop’s 
circular failure analysis (Bishop 1955), and the centre of rotation 
of the critical slip surface obtained from the CHASM analysis. 

 

 

Figure 3. (a) Representation of CHASM cross-section for the slope with 
an 85° cutting (based on Zapata et al. 2023a); (b) Modelled slip surfaces 
for the case of a colluvial cangahua soil with ϕ' = 24° and c' = 5 kPa 
versus c' = 15 kPa and respective minimum values of F = 1.02 and 1.75 
(see Table 3). Pressure heads are for hour 194. 

6 DISCUSSION 

Several of the slope stability conditioning factors relevant to 
landslide hazard assessment and physics-based modelling of slopes 
in urban areas are influenced by human actions and urbanisation 
processes, one of these being the slope geometry, which is 
modified by cuts in slopes for the construction of roads and houses. 
In this research, drone mapping allowed over 250 slopes in road 
cuts and house cuts to be measured and modelled, using a 
parametric simulation approach and a physics-based model, to 
estimate the influence of the variation in the cutting angle on the 
stability of these slopes. 

The geometry of a slope, like any ground surface shape, is 
represented in the Digital Elevation Model (DEM), and the quality 
of the pixels in the DEM directly influences the accuracy of this 

representation. For drone-mapped DEMs in the case study 
communities in Quito, a pixel quality of 10 centimetres was 
obtained, allowing the observation in great detail and measurement 
of cut slopes which are not visible in lower resolution DEMs. 
However, access to such high-definition data, in turn, represents a 
problem of information overload. In the case of slope geometry, 
having centimetre-quality information generates very detailed 
profiles with variable slope angles. For this reason, although this 
study has fully detailed information on the slopes evaluated, the 
geometry was simplified to a representative angle for each cut 
slope, which is a straight line that joins the cut slope crest and toe. 

Through parametric modelling in CHASM, it was observed that 
the presence of steep cut slopes (85°) has an important influence 
on the slope factor of safety, F, in soil conditions with low values 
of effective apparent cohesion (0 or 5 kPa) and effective internal 
friction angles (24°). For these soils, it is inferred that the cutting 
angle is the primary factor in slope stability. On the other hand, for 
slopes where the soils have higher geotechnical strengths with 
effective cohesion higher than 5 kPa and effective internal friction 
angles over 24°, the slopes are generally simulated as stable (F > 
1.4) and the surface with the minimum F becomes larger and 
deeper within the colluvial cangahua; thus affecting a wider area 
of the slope and no longer being just located within the cut slope. 
In these cases, although the cut slope is no longer found to be 
unstable, the removal of the material and resulting effect on the 
shape and loading of the slope affects the stability of the wider 
slope, generating a change in the centre of rotation of the Bishop 
(1955) circular failure surface used by CHASM. Future studies 
should explore the influence of cut slopes with respect to non-
circular failure planes. 

7 SUMMARY & CONCLUSIONS 

In recent decades, remote sensing has proven to be a useful tool for 
extracting detailed information of slopes in landslide risk studies. 
Although in the beginning, the cartographic products obtained 
using satellites or aircraft were used for studies of large areas, 
nowadays, with the development and access to drone technology, 
it is possible to create very high-quality cartographic products at 
centimetre detail. Information can then be extracted semi-
automatically through the use of GIS tools for a large number of 
slope units, with statistical analysis allowing trends and patterns in 
landslide hazard conditioning factors to be recognised.  
Parametric physics-based modelling of slope stability using these 
representative parameters allows the behaviour of these classes of 
typical slopes to be estimated for entire areas and thus provide 
relevant results for the safe and resilient management of urban 
expansion areas. In the case study reported here, the importance of 
including drone-mapped cut slopes in urban slope stability 
assessments has been shown; especially where the soil strength of 
the material is low, and the cut slopes are steep. In addition, drones 
collect valuable information for landslide hazard assessment in 
urban settings where house-by-house surveys and community 
walkthroughs are not possible. 
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