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Abstract 

North of the city of Barcelona, a slope adjacent to a road has been showing signs of instability for a few years. 
In the area object of the present study, the road borders an existing river and its pavement has shown damage 
as a consequence of the slowing moving slope. The road, in operation since the ‘90s, has heavy traffic levels, 
hence its good performance and safety is an absolute priority for the local Administration. The paper describes 
a new database facility, specifically designed to control and monitor the unstable slope with the aim of 
guaranteeing the quality as well as the safety of the infrastructure. In order to analyse the slope instability 
phenomenon and to obtain accurate information on its evolution, an extensive system of topographical and 
geotechnical instrumentation was installed in 2017, allowing the determination of the location of the slip surface 
in various sections of the slope. The numerous monitoring data are gathered in a new database facility, which 
allows a real-time visual connection to the site and also stores ground investigation data, activities records, 
technical reports as well as other relevant information about the slope. The database, which has a GIS interface, 
can be used in the future to access data from other sites to display, compare and analyse information from 
different projects. 
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1. Introduction 

When natural slopes are modified by human activities, instability phenomena may arise, leading to significant 
damage to existing infrastructures and natural environments or even to life losses in the worst-case scenarios 
(Alonso et al., 1993; Leroueil, 2001; Tommasi et al. 2005, Fell et al., 2008; Urciuoli & Picarelli, 2008; Alonso et 
al., 2010; Lacasse, 2013; Mohammadi & Taiebat, 2016; among others). The consequences of slopes instabilities 
often have major social, economic and environmental impacts and well-developed Early Warning Systems 
(EWSs) are crucially important in landslide risk management.  

Controlling and monitoring an unstable slope while, at the same time, considering other available information 
on the site is an essential step in landslide analyses and, as a consequence, in successful risk management 
processes. The integration of multiple relevant information (such as the volume involved in the instability 
phenomenon, geological and geotechnical data, history of the construction activities, evolution of the slope 
safety factor, position of the slip surface, evolution of pore water pressures, meteorological data, …) is not an 
easy task but it certainly is extremely important to design efficient EWSs. This work shows the characteristics of 
a new digital platform that was specifically developed to help creating a warning model and eventually a warning 
system (Pecoraro et al. 2019; Ju et al. 2020) for an unstable slope adjacent to a road in the northern area of the 
city of Barcelona, in Spain.  

The road, which is a main Catalan motorway, connects Barcelona to the northern part of the Region and in a 
section that borders an existing river, its pavement has repeatedly shown different degree of damage as a 
consequence of the slowing moving slope adjacent to it. The road was constructed on the occasion of the 1992 
Barcelona Olympics and it did not show any damage until approximately 2004. Over time, the irregularities have 
only involved a section of the road below an old quarry.  

A comprehensive instrumentation system was set in place to monitor the unstable slope, allowing the 
determination of the location of the slip surface in various sections of the slope. Also, InSar (Interferometric 
Synthetic Aperture Radar) technology has been applied to obtain supplementary information on the slope 
movement over the years. The numerous monitoring data, together with ground investigation data, activities 
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records, technical reports as well as other relevant information about the slope are gathered in a new digital 
platform in the form of a database facility.  

The new platform that has an interface based on Geographical information Systems (GIS) functions not only as 
a very efficient monitoring data management system but also as a warning and control system. It not only allows 
all the parties involved to properly follow and analyse the evolution of the instability phenomenon but it can be 
used in the future to access data from other sites to display, compare and analyse information from different 
projects.  

 

2. The slope object of study 

2.1 Description of the case study 

Starting at the city of Barcelona, one of its main northbound motorways follows the valleys of the Congost and 
upper Ter rivers (Fig. 1). In operation since the ‘90s, this motorway has heavy traffic levels so that its good 
performance and safety is and has been an absolute priority for the local Administration.  

In a small area along the Congost valley (Fig. 1), which is approximately 500 m long, the road has been showing 
signs of instability since the year 2004. Studies to determine the origin of these instabilities began in 2008, 
initially focusing only on the road platform itself. From the year 2017, when major repair works were carried out 
on the motorway, the Contractor was able to verify that the signs of instability were actually caused by the fact 
that the road was undergoing movements in the transverse direction, produced by the displacement of the slope 
adjacent to it (Fig. 2). 

At the top of the slope, there is an old quarry transformed into a waste disposal facility since the completion of 
its extraction work in 2003 (Fig. 2). The results of the last geotechnical studies, carried out in the area, lead to 
the conclusion that the signs of instability observed in the motorway derive exclusively from the phenomenon 
of instability that affects the slope, which mobilises a total volume of approximately 4 million cubic metres of 
ground, according to the latest available monitoring data. 

In order to limit the risks associated with the unstable slope, in 2018 the disposal of waste into the old quarry 
was stopped and the entire unstable area of the slope was extensively monitored, including the old quarry itself, 
in order to define the actual limits of the unstable mass. Once it was verified that the slope was indeed at risk of 
mobilization, with consequent damage to the road itself and its surroundings, several possible actions were 
studied and evaluated to stabilize the slope. Finally, among all the actions considered, the most appropriate one 
was to increase the safety factor of the slope, in terms of time, flexibility and costs, was the removal of the 
quarry filling waste material and the periodic pumping of the water present at the base of the disposal. 

2.2 Location and ground conditions 

The lithological sequence of the slope in the area of study includes the following materials from the most recent 
to the oldest (Fig. 2): 

• Anthropic fills 

• Quaternary colluvial materials (sandy clays with gravel) 

• Alternation of decametric to centimetric banks of dolostones and limestones (which are Middle Triassic 
carbonate materials mined in the old quarry) 

• Lutites, argillites and versicoloured laminated sandstones with millimetric veins of fibrous gypsum (from the 
Lower Triassic period) 

According to the monitoring data, the slip surface of the slope is about 40 m deep and it is mainly found within 
the lithological level of lutites, affecting a total volume of approximately 4 million cubic meters of ground. The 
unstable area directly affects the motorway (along a longitudinal section approximately 500 m long) as well as 
roughly the entire area of the old quarry (Fig. 2). Indirectly, it also involves the Congost valley and riverbed (Fig. 
2), an industrial estate nearby, as well as some power and telecommunications lines. 
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Figure 1: Plan view of the northbound motorway following the valleys of the Congost and upper Ter rivers. 

 

Figure 2: Plan view of the northbound motorway following the valleys of the Congost and upper Ter rivers. 

 

3. Field Monitoring 

A comprehensive instrumentation is installed on site to monitor the area under study. Biaxial inclinometers for 
measuring subsurface horizontal movements are used at various points of the slope. Topographic surveys are 
carried out through geometric and GPS levelling techniques and automatic prisms are also present in the 
structures located within the unstable slope. Open standpipe and vibrating wire piezometers are employed for 
measuring pore water pressures at different depths, as well as controlling the pore water pressures at the slip 
surface. Finally, load cells are used for assessing the response of several anchors located in a small area at the 
base of the slope and InSAR techniques have been employed for mapping slope deformations since 2017. 

The field monitoring data is providing valuable information on the evolution of the instability phenomenon and 
the effectiveness of the protective measures adopted. Figure 3, for example, shows a gradual reduction in the 
movement rate from the start of the unloading operations (in December 2018) at the top of the slope (Fig. 3). 
At the end of January 2020, the instability phenomenon underwent a significant acceleration (Fig. 3), on the 
occasion of a heavy storm that occurred at a time when the unloading activities, concerning the waste material 
excavation from the old quarry, were temporarily suspended. This event clearly showed that the slope was and 
in fact still is active, having a factor of safety around 1. 

From September 2020 until the end of February this year, the excavation and removal of the material from the 
waste disposal site have been resumed and, as a consequence, monitoring data have shown an appreciable 
reduction in the slope movement rate (Fig. 3), which has gone from values of 40mm/month associated to the 
heavy storm to the current average values of about 0.5mm/month. In total, the reduction of weight from the 
upper part of the slope, and therefore of its destabilizing forces, has involved the removal of about 400,000 m3 
of material, which represent around 10% of the overall unstable volume. 
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Figure 3: Plot of the evolution of slope movement and excavated volume with time. 

 

4. Database 

In order to study and control the slope instability phenomenon as well as to obtain accurate information on its 
evolution, an extensive field monitoring system was installed in 2017. The location of the slip surface in various 
sections of the slope was thereby determined and the evolution of pore water pressures at its location has been 
controlled without interruption since then, through the information provided by the installed piezometric 
sensors. As already mentioned, InSAR analysis has also been employed to obtain supplementary information on 
the evolution of the unstable area and the slope movement over the years. InSAR data helped essentially to 
improve the characterisation of the landslide mechanism as well as to better identify and map the active slow 
deforming slope (Cascini et al., 2010; Tofani et al., 2013, Singleton et al., 2014). 

In order to minimise any possible damage in the area nearby the unstable slope, a warning system was to be 
developed to manage the landslide risk in the best possible way. Such a system required not only an early 
detection of any potential landslide along with its mapping, but also the characterisation of the site and its long-
term monitoring (Tofani et al., 2010; Singleton et al., 2014).  

The collected information about the instability phenomenon was rapidly growing with time making it difficult to 
handle or make readily available to all parties involved. Hence, the Administration took the decision to develop 
a platform where all the information would be gathered and that could be accessed from any computer or 
electronic device having an internet connection. The aim was to create a warning system based on a platform 
that would allow a thorough control of the unstable slope by enabling the analysis of all past and present 
available data as well as efficiently manage all real time measurements. The platform would hence give access 
not only to monitoring data but also to other relevant information about the site such as ground investigation 
data, activities records, technical reports as well as a real-time visual connection to the slope area. 

4.1 Technical characteristics of the platform 

Because the local Administration already owns a geotechnical asset management platform where it gathers 
geotechnical data from different projects, the new platform had to necessarily be compatible with the existing 
one and also meet special requirements. As a result, the new platform had to be designed using a REST 
(Representational State Transfer) architectural style with applications that collect data, such as OpenRosa, 
Xform, XLSform, transforming and storing information in a GeoJSON format, so to allow the location of 
georeferenced data (Butler et al., 2016). The new platform contains Node.js (JavaScript-based platform) 
applications packaged with their environment and dependencies into a Docker container that runs on a shared 
operating system. In terms of cartography, the platform uses Google maps and Google Street View to visualize 
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information against a background of maps and drawings (Fig. 6). Finally, the database is managed with the 
Mongo DB engine as a document-object mapper. 

The new software has a GPLv3 (General Public License) type of license, hence it is a free software for all users 
with an open source, guarantying the freedom to share and change future versions of it. The platform allows to 
export files formats such as comma-separated values (cvs), excel, shape (geospatial vector data) or geojson 
(open standard geospatial data) formats. Different programming languages are used in the backend (data 
access) and frontend (presentation) layers or for database procedures and some auxiliary scripts. 

Data is mainly stored in an open source object-relational (PostgreSQL) database, using the PostGIS spatial 
database extender to add location support for geographic objects. Data is then subdivided into the 6 following 
functional schemes: 

• Identity: User / Role / Group Management 

• Goal: Entity / Relationship definition tables 

• Main: List of works 

• Geo: Geospatial data 

• Dyn: Dynamic elements and attributes, changing based on the current object properties 

• Readings: Measurements and Monitoring Devices 

The platform, in its final version, works in Docker/Kubernetes containers on a dedicated host in the Hetzener 
service provider, even though it can be implemented in any similar service provider. The Docker open platform 
allows building individual containers, whereas the Kubernetes platform allows organizing and managing several 
of them. Containers enable to pack apps, libraries and other dependencies while supplying an isolated 
environment to run services. 

4.2 Independent modules within the platform 

Three independent modules were generated within the new platform, one deals with document management 
and it is based on QGIS (a free and open source Geographic Information System), another one refers to the 
monitoring data and the last one relates to BIM (Building Information Modelling) and 3D representations. 

The module that deals with document management allows the integration of geological mapping, InSAR data, 
previous studies, projects, monitoring plans, contingency plans, information on monitoring instruments and 
boreholes linked to a GIS area or point, drone images, aerial photographs and images of cross sections of the 
slope in a pdf format. It also contains information on geotechnical data with a direct link to pdf files, that can be 
viewed or downloaded, and excel files that allow automatic acquisition of numerical data. 

 

Figure 4: Webcam installed at the site to allow a real-time visual connection. 

The module about monitoring data (Fig. 6) includes all automatic and manual instrumentation of the site, 
allowing the creation of graphs on the evolution of observed values with time on the same platform as well as 
to export data in excel format. This module also contains relevant information on the monitoring plan such as 
the different (Notice, Alert and Alarm) threshold values as well as a notification system which is activated any 
time a threshold limit is reached. It works as a warning system that notifies all involved parties by email, sms 
(Short Message Service) or the WhatsApp platform and allows a real-time visual connection to the site through 
a direct link to a webcam. Data from a Meteorological Station are also accessible to study the influence of 
atmospheric temperature and relative humidity on the measurements and instability phenomena. To visualize 
easily the evolution of the slope movement, it is possible to create (on a monthly basis) a plan view with vectors 
indicating both the direction and magnitude of the movement (Fig. 5) derived from the data from inclinometers 
and automatic prisms. Finally, a control panel is accessible containing a summary of representative observed 
values of piezometers, automatic prisms and inclinometers measurements (Fig. 6). 
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Figure 5: Plan with vectors indicating the direction and magnitude of the slope movement. 

 

Figure 6: View of the new platform showing some of the available tools associated to the monitoring module. 

The module on BIM and 3D representations integrates Digital Elevation Models (DEMs) of referenced slope 
sections as they have changed with time, BIM models of the unloading process in the upper part of the slope, 
geotechnical information and data collected during field inspections corresponding to different construction 
phases. This module also allows to automatically generate a visual inspection report containing information on 
the data collected. 

The platform, as it has been developed, allows not only collecting but also importing and exporting data in Excel, 
PDF, CAD, Shape or IFC (Industry Foundation Classes) formats. Multi-selection data query is possible with the 
use of filters and elements/attributes as well as the creation of a simplified borehole profile from Excel data or 
a geological profile from different selected boreholes. 

 

5. Conclusions 

A slope adjacent to a main northbound motorway in the north of Barcelona, Spain, is slowly moving 
perpendicularly to the axis of the road. The observed movement, monitored since 2017, indicate the presence 
of a slip surface that generally crosses the Lower Triassic lutites, reaching a maximum depth of around 40 m. In 
order to reduce the movement rate and increase the safety factor of the slope, the decision was taken to unload 
the top of the slope by partially excavating the filling waste material in an old quarry and pumping the water 
from the area. 
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To be able to follow the evolution of the slope movement and gain knowledge about the observed instability 
phenomenon, a comprehensive monitoring system was used and a new digital platform has been developed not 
only to efficiently handle and store the instrumentation data but also to control the landslide risk. The platform, 
designed in the form of a database facility, is able to create BIM models that change as modifications are made 
on site, allowing a comprehensive management of large infrastructures operations. The final product, integrated 
in the geotechnical asset management platform owned by the local Administration, represents a powerful tool 
for both industrial and academic purposes. 
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