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Abstract 
In the last years and the years to come, the South American Andes face numerous challenges, old and new, both 

manmade and natural. Climate change as a catalysator for increasingly heavy storms and precipitation, deforesta-

tion and forest fires weakening the soil structure as well as a rapid growth in informal settlements in steep areas all 

lead to an increasing exposure to risk, especially for the most vulnerable people. The project “Inform@Risk” tries 
to increase the resilience of informal settlements against mass movements in the Andes. The project area is located 

in Medellín, the capital of the region of Antioquia in Colombia. There, the hazard of landslides is especially high due 

to steep slopes and highly weathered dunite rock. Many of Medellín’s informal settlements are located at the ur-
ban/rural border in the east and west of the city, where the slopes are steepest. 

The goal of the project is to develop a low cost, easily reproducible Landslide Early Warning System (LEWS) with a 

high degree of community integration. To achieve this, a multi-disciplinary and multi-actors approach was chosen, 

including scientists both in Colombia and Germany in the fields of landscape architecture, remote sensing, engineer-

ing geology, risk management and geoinformatics, as well as NGOs working closely with the local government and 

the communities at risk. 

Here, the concept for the technical part of the EWS is presented. It consists of an innovative sensor system with a 

combination of linear measurements using Continuous Shear Monitor profiles and extensometers horizontally in the 

ground, as well as a number of sensor nodes distributed in the project area to perform point measurements where 

needed. The sensor nodes are low cost and use the Long Range (LoRa) communication protocol to save energy and 

service time. Additionally, manual sensors will be installed by the community for preliminary measurements, and 

also to increase the risk awareness of the inhabitants. All data of the EWS is collected in the Inform@Risk Cloud and 

displayed via an app which will be developed in the course of the project. Before the installation of the EWS sensors, 

in-depth geological and geotechnical investigations are performed, the first part of which is also presented in this 

issue (Breuninger et al., 2020).  
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1 PROJECT OVERVIEW 

Due to climate change and its effects on draught, 

rainfall intensity and frequency, the probability of 

landslides, especially in the tropical areas of the 

world, has increased heavily over the past years and 

decades. One of the most endangered regions, due 

to its latitude and steep slopes, are the Andes in 

South America. Recent events such as the forest 

fires in many areas in South America further in-

crease the hazard of mass movements (Angarita 

2019). More than 10 million people in the Andes 

are exposed to natural hazards (Peduzzi et al. 

2009). Those numbers are expected to increase, as 

informal settlements in and around cities are rap-

idly growing due to rural depopulation (Davis 

2006; Glade et al. 2006). A resettlement of millions 

of people is not feasible. Therefore, other solutions 

must be found to reduce natural hazards and risk. 

To decrease the devastating impacts of landslides 

in the region, the project “Inform@Risk” is devel-
oping an economically and regionally adapted 

Early Warning System (EWS) for informal settle-

ments. A key goal is to strengthen the resilience of 

residents against the risk of landslides.  

The Department Antioquia and especially its 

capital Medellín located in the Aburrá Valley (VA) 

have suffered the most casualties by landslides in 

Colombia (Corporacíon OSSO 2016). Currently, 

more than 200,000 people are living in informal 

settlements in Medellín. Here, an EWS is a sustain-

able alternative to an almost impossible resettle-

ment of all people at risk.  

EWS for landslides are already common in the 

alpine region (e.g. Zangerl et al. 2010) and have 

also been applied in the Aburrá Valley (e.g. Aristi-

zábal et al. 2010; “SIATA”, www.siata.gov.co). 

However, the focus of the existing projects in the 

Aburrá Valley has been mostly on monitoring and 

warning on a regional scale, whereas site-specific 

warning systems with community involvement and 

evacuation alarms are still rare in urban regions. 

Therefore, the goal of this project is to develop a 

replicable warning system for one neighbourhood, 

that can serve as a prototype for the whole region. 

The project has an urban-lab approach, meaning 

that all the partners, German and Colombian, work 

closely together with the people at risk. The project 

is put through in an area of high landslide hazard, 

but with no active landslides. The focus therefore 

is on detecting newly occurring landslides and 

strengthening the resilience of the people at risk, 

rather than monitoring already active landslides.  

The barrio Bello Oriente at the eastern slope of 

the city of Medellín was chosen as a test site for the 

Inform@Risk project (Fig. 1). It is an informal set-

tlement located at the city border in an area of high 

landslide hazard. The slope is up to 60° steep and 

consists of a thick layer (up to 40 metres) of resid-

ual soil covering the dunite bedrock (Echeverri et 

al. 2012). 

 

 

The instrumental backbone of the EWS will be a 

geotechnical monitoring system, which will consist 

of geotechnical, hydrological and deformation 

measurement systems linked together in a geosen-

sor network, mainly based on LoRa wireless tech-

nology. 

The project “Inform@Risk” is a collaboration of 
three German universities (Leibnitz-University of 

Hanover, Technical University of Munich and 

Figure 1: Urban area of Medellín in the Cordillera Central of 
Colombia. The Project area Bello Oriente is highlighted in 
red. 

http://www.siata.gov.co/
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Deggendorf Institute of Technology), the German 

Aerospace Center (DLR), two small-sized German 

enterprises and several partners of the City of Me-

dellín, including the University EAFIT (URBAM 

Institute), the Municipal Disaster Management 

Agency of Medellín (DAGRD), the municipal 

Planning Department, two community based or-

ganizations (Convivamos & Tejearañas), the Geo-

logical Society of Colombia and the Early Warning 

System of Medellín (SIATA).  

2 LANDSLIDE PROCESSES IN MEDELLÍN 

2.1 Landslide history in Medellín 
In the last 50 years, more than half a million fam-

ilies were affected by landslides in Colombia (Ser-
vicio Geológico Colombiano 2017). This is partic-
ularly relevant in Medellín. Here, more than 1300 
people have died by landslides since 1920 (Corpo-
racíon OSSO 2016). This is partially due to the in-
creased informal urbanization of steep areas in the 
last century and especially in the last decades. Fig-
ure 2 shows the landslides where more than 10 peo-
ple were reported as missing, wounded or dead 
since 1920 in Medellín (Corporacíon OSSO 2016). 

Figure 2. Landslides with more than 10 casualties reported in 
Medellín from 1920 to 2019 (Corporacíon OSSO 2016). 

Landslide risk and casualties are expected to in-
crease over the next years, as, on the one hand, the 
population density on the slopes will rise further, 
and, on the other hand, the effects of climate change 
will lead to more extreme weather events, espe-
cially in terms of high precipitation. 

2.2 North-Eastern slopes of Medellin 

The slopes in the northeast of the city are espe-
cially prone to landslides (Fig. 3). Two of the most 
devastating landslides in terms of human loss oc-
curred in this area: “Villa Tina” on Sep. 27, 1987 
causing more than 500 deaths with a moving mass 
of 40,000 cubic metres (Ojeda & Donnelly 2006); 
and “La Gabriela” on Dec. 05, 2010, causing 85 
deaths (Echeverri et al. 2012). This higher risk in 
the east is caused mostly by three factors: 

1. The steep slopes in this part of the valley  
2. Deeply weathered ultramafic rocks (dun-

ites) which appear in the east of the city 
(see also Breuninger et al., 2020)  

3. High density of informal settlements 

Figure 3 shows an overview of the landslide risk 
in the whole city, as evaluated by the municipality 
in the course of the “Masterplan” (POT Decreto 
No. 1626, Alcaldía de Medellín 2014). The high- 
risk areas in the northeast of the city are highlighted 
in red. 

2.3 Previous Risk Assessment Studies  
Landslide hazard evaluations and risk estima-

tions have been conducted in Colombia and in Me-
dellín. The scale has been mostly city scale or even 
larger (e.g. Aburrá Valley) or the whole of Colom-
bia (e.g. Hidalgo & Vega 2014, Vega et al 2017, 
Van Westen and Terlien 1996). A general hazard 
map for landslides in Colombia in the scale of 
1:100,000 has been produced by Servicio Geo-
lógico Colombiano (2017). Also, the previously 
mentioned “Masterplan” includes hazard maps 
with scales of 1:5,000 to 1:10,000. For risk estima-
tion and early warning, mostly GIS-based ap-
proaches have been used so far, as presented by 
Huggel et al. (2010).  

Figure 3. Overview of the landslide risk in the city of Medel-
lín. After Alcaldía de Medellín (2014).  
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At local level, after the Master Plan of 2014, the 
municipality started developing “detail risk stud-
ies” at scale 1:2.000 in several high-risk polygons 
of the city of Medellín. Additionally, several uni-
versities have developed local hazard studies. 

In 2010, the local municipality and the Environ-
mental Agency of the Metropolitan Area (AMVA) 
created an EWS for Medellin and the Aburrá Val-
ley called “SIATA” (Sistema de Alerta Temprana 
de Medellín y el Valle de Aburrá, 
www.siata.gov.co). This system consists of differ-
ent monitoring datasets including weather and pre-
cipitation, air quality and seismic data.  

Most of the above approaches are based on data 
with a regional scale and therefore only allow a 
general probabilistic hazard assessment, which is 
not sufficient for a site-specific alarm or early 
warning (Thiebes and Glade 2016).  

2.4 Expected types of landslides 
The majority of landslides in the northeast of 

Medellín are rotational slides in the deeply weath-
ered soils on top of the dunite. On the upper parts 
of the valley, translational slides and sometimes 
rockfalls are more prominent because the rock sur-
face is generally shallower there. Also, flash floods 
occur, which usually follow the predefined mor-
phology of the creeks or ravines.  

Based on the existing geological information, 
shallow to medium depth (2–20 m) rotational slides 
with medium to big size (10–100 m in width) are 
expected to be the most probable type of landslide 
to occur in the project area. The landslides usually 
are triggered either by rainfall or seismic events. 
One main trigger is also anthropogenic activity like 
construction or leaky water pipes and septic tanks.  

When initialized, the slides are expected to have 
a wide range of possible velocity profiles, from 
continuously slow creeping movements, to slides 
with rapid acceleration and complete detachment. 
Based on probabilistic models, the most probable 
locations for landslide events can be determined, 
however, the exact location of a future event re-
mains unknown. 

3 CONCEPTUAL APPROACH FOR THE 
EWS 

For the development of the Inform@Risk land-
side EWS, a people centered approach was chosen, 
involving the four EWS components: (1) risk 
knowledge, (2) monitoring and warning, (3) warn-
ing dissemination and communication and (4) re-
sponse capability (UNISDR, 2006). This demands 

that the affected residents, community-based or-
ganizations, local authorities and scientists are ac-
tively involved in the development process, includ-
ing their participation in monthly round table meet-
ings and participatory workshops, as well as the no-
table integration of the early warning and evacua-
tion elements in the public space of the settlement. 
This approach increases the landslide hazard 
awareness of the residents and hopefully the ac-
ceptance of the EWS, thereby increasing the possi-
bility of a long-term operation of the system – long 
after the research project has ended. 

The technical element of the EWS will be based 
on an integrative approach, including detailed geo-
logical investigations and analysis techniques, 
manual as well as state of the art automatic geotech-
nical monitoring technology, advanced data analy-
sis methods and modern data dissemination, public 
participation and crowdsourcing via smartphone 
app. 

In this article, the focus will be on the geologi-
cal/geotechnical element of the EWS: how can a re-
liable, spatially and temporally precise early warn-
ing be issued, which will allow people to get out of 
harm’s way in case of a landslide event?  

The general idea is to be able to predict the future 
behavior of the observed landslide prone area, 
based on detailed geological models, which have 
been calibrated by observational data from ge-
otechnical laboratory tests and a dense geosensor 
network. By including the triggering process in the 
consideration (e.g. intense precipitation leading to 
high ground water levels), it is feasible to issue first 
general notifications, several days to hours in ad-
vance of a critical phase concerning the stability of 
the slope. When the onset of slow, but increasing 
movements is detected, spatially precise evacua-
tion-alarms can be issued probably hours to 
minutes prior the event. Note that landslides trig-
gered by earthquakes can naturally not be predicted 
by this system due to their quick initiation after an 
event. 

The first essential step in the development of the 
proposed landslide EWS is therefore a detailed ge-
ological investigation, including landslide phenom-
ena mapping, electric resistivity tomography meas-
urements, geotechnical characterization of the dif-
ferent geological units and numerical landslide 
modelling (see Breuninger et al. 2020, this issue). 
The goal of these investigations is to develop a de-
tailed understanding of the landslide processes to 
be expected in the project area, especially concern-

http://www.siata.gov.co/
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ing their dimension (magnitude), spatial distribu-
tion, probability of occurrence and trigger mecha-
nisms. 

Based on the geologic investigations the required 
observation targets and exact system characteristics 
(e.g. spatial and temporal resolution) of the geosen-
sor network will be defined. The geosensor net-
work then should reliably detect any potentially de-
veloping landslide in the project area. Based on the 
current understanding of the landslide processes 
(see point 3.3) following preliminary observation 
targets have been defined: 

1. Surface deformation measurements (relative 
or absolute, e.g. inclination, crack-opening, 
extension) with a spatial density of ideally 
one measurement per 100 to 1600 m² (10 x 
10 to 40 x 40 m) and mm accuracy. This will 
allow an area wide detection of slow slope 
movements which are expected to precede a 
major failure. 

2. Subsurface deformation measurements at the 
most probable landslide occurrence locations 
for the assessment of the landslide depth. 

3. Hydrogeological observations (groundwater 
levels) within the most relevant hydrogeo-
logical units for the characterization of the 
groundwater flow regime. 

4. Local and regional, ideally spatially distrib-
uted meteorological observations (e.g. prec-
ipitation from rainfall radar) for the determi-
nation of the rainfall in the catchment area of 
the site. 

5. Where reasonable, additional geotechnical 
observations, which might indicate the onset 
of a landslide (e.g. earth pressure behind re-
tention walls and other structures) should be 
included. 

Additional requirements of the system include a 
high cost-effectiveness, easy handling and low 
maintenance work and cost. Ideally the system can 
be maintained by the residents themselves with oc-
casional support of the local authorities. 

4 GEOSENSOR NETWORK 

A first draft of the layout of a geosensor network 
that would fulfill most of the requirements listed 
above is shown in Figure 5. The main components 
are Continuous Shear Monitor (CSM), wire exten-
someters and other state of the art deformation and 
geotechnical sensors, which are linked together in 
a geosensor network using LoRa low power com-
munication infrastructure. 

4.1  Continuous Shear Monitor - CSM 
The CSM is a specialized development of the 

Time Domain Reflectometry (TDR) technology for 
geotechnical applications. TDR is an electrical en-
gineering measuring technique developed in the 
1960s for locating cable faults and breaks in coaxial 
cables (in German-speaking countries often re-
ferred to as "cable radar"). With the CSM method, 
that in addition to the measurement technology it-
self includes procedures for the cable installation 
and signal processing, shear deformations (defor-
mations perpendicular to the measuring or cable-
axis) along a measuring cable can be monitored. 
Therefore, the method is particularly suitable for 
deformation monitoring in landslides and embank-
ment failures. 

The TDR measuring device examines the char-
acteristic impedance (wave impedance) of a coaxial 
cable. For this purpose, short voltage pulses of a 
few milliseconds duration are fed into the coaxial 
measuring cable with an ultra-sharp signal edge. 
These signals then propagate through the cable un-
til they are partially or totally reflected at the cable 
end or at a fault in the cable. The reflections are 
recorded by the TDR device and compared to the 
output signal.  

If a reflection occurs, the distance to the measur-
ing device can be determined over its transit time 
(time between emission of the measuring signal 
and reception of the reflection), since the measur-
ing signals propagate within a coaxial cable at a 
constant speed. By analyzing the signals caused by 
cable deformation, information about the amount 
and type of deformation can be obtained. 

4.2 LoRa Sensor Nodes 
The nodes provide point measurements in the ar-

eas between the horizontal CSM measurements. 
The sensor nodes are being built on basis of an Ar-
duino system (Arduino MKR WAN 1310) as an 
open source hardware solution, the circuitry of 
which will be published and open for reproduction. 
The node firmware is written on the Arduino pro-
gramming environment, which is based on the C 
programming language, which also will be distrib-
uted as open source. The nodes communicate to 
central stations using the standardized LoRaWAN 
communication protocol (LoRa Alliance 2018). 
Thus there are no retrictions in which LoRa gate-
way and server software solution is used. There are 
open source server software solutions (e.g. The 
Things Network (www.thethingsnetwork.org) or 
ChirpStack (www.chirpstack.io)) available. In total 

http://www.thethingsnetwork.org/
http://www.chirpstack.io)/
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the costs to implement such a LoRa Sensor Net-
work are very low.  

Depending on the type of sensors needed, there 
will be different types of sensor nodes, which for 
example will include a 16 or 24 bit A/D converter 
to connect high precision sensors like piezometers 
or crack meters. Each node is equipped with an ac-
celerometer, magnetometer and a gyroscope to per-
form tilt and acceleration measurements (e.g. on 
walls or other structures that will move if a land-
slide occurs).  

After building the geosensor network within this 
project, the objective is to publish the hardware and 
software of the sensors, so that local risk manage-
ment agencies in afflicted areas can easily build 
their own sensor network, provided there is a LoRa 
gateway nearby. 

4.3 Manual Sensors set up by the community 

Before the installation of the automatic instru-
ments described before, several manual monitoring 
instruments are installed in different parts of the 
project area by the Colombian partners including 
the local community. These sensors have two main 
objectives: first, to train people into landslide mon-
itoring using simple instruments built by them-
selves; second, to raise landslide risk awareness in 
the general community while they get used to see-
ing and working with landslide monitoring instru-
ments. 

The instruments consist of handmade extensom-
eters and crack monitors. The first ones are in-
stalled in several parts of the project area that pre-
sents superficial cracks and the seconds are in-
stalled inside houses along the area (Fig. 4). 

5 DATA ANALYSIS & EARLY WARNING 

All data collected from the LoRa geosensor net-
work and the CSM lines will be immediately trans-
ferred to an off-site central server (Inform@Risk 
Cloud), where it is processed and analyzed in near 
real time.  

First the raw data is checked for its plausibility 
by applying valid data ranges and comparing the 
data to typical data patters (timeseries) expected ac-
cording to the observed landslide process. The lat-
ter has to be defined individually for each sensor 
and sensor location. Based on this each dataset is 
categorized as “valid, natural behavior”, “unusual 
behavior” (e.g. tampering) and “invalid behavior” 
(e.g. sensor failure). Only valid data is passed on to 
further processing.  

The goal then is to 1. evaluate the short to me-
dium term hazard level based on current rainfall 
and groundwater data, which indicates how proba-
ble a slope failure in the near future is, 2. issue pre-
cise and localized early warnings if an onset of 
movement is detected and 3. issue alarms and evac-
uation orders if certain deformation rates are sur-
passed.  

The thresholds for the short to medium term haz-
ard level for instance will be based on the ground-
water sensitivity determined in limit equilibrium 
analyses. This allows to assess a critical groundwa-
ter level which potentially will trigger a landslide. 
Depending on the medium to long-term rainfall, 
different assumptions concerning the current state 
of the soil water content, consistency and conse-
quently the strength parameters of the analyzed soil 
will be applied, resulting in different thresholds for 
critical groundwater levels depending on the pre-
ceding amount of medium to long-term rainfall. As 
soon as the sensor network detects an onset of 
movement, a leveled early warning is issued. De-
pending on the rate of deformation and the affected 
area different actors (experts, trained community 
members, first responders, complete community) 
are informed. 

If a critical acceleration is detected in several 
neighboring sensor nodes, then an evacuation alert 
is issued to the community members located 
downslope of the landslide via a smartphone app 
and, as eminent threat to life is assumed, via acous-
tic warnings (siren). 

The exact definition of the warning levels, warn-
ing content and the information dissemination 
paths will be developed in a participatory process, 
ensuring that if possible, each actor gets the re-
quired information at the right point in time. 

Figure 4. Example of manual monitoring instruments, as im-
plemented in Bello Oriente. 
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Figure 5: Schematic layout of the proposed landslide early warning system for informal settlements. The system mainly relies on 
Continuous Shear Monitor (CSM) measurements and state of the art geotechnical and deformation sensors, which are distributed 
throughout the project area. The CSM system can locate and assess the deformation amount of shear deformation along coaxial 
cables, which are buried into trenches. In order to be able to measure large deformation amounts up to over 1 m, wire extensom-
eters are installed parallel to the CSM measurements. The communication within the geosensor network is facilitated by LoRa 
technology – a comparably new low power, long range communication technology. Subsurface deformations and groundwater 
levels are monitored using CSM and piezometers respectively, which therefore need to be installed into boreholes. All data is 
transferred to the onsite central station and into the Inform@Risk Cloud, where the data is analyzed. 
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6 CURRENT STATE OF PROJECT 

The “Inform@Risk” project started in March 

2019 and is expected to finish in March 2022. The 

first months have been focused on selecting the 

site, developing geologic and geoelectric cam-

paigns, organize and develop several monthly 

meetings and workshops with the local community 

and all the partners of the project in order to plan 

the activities and build trust. 

The year 2020 will focus on doing more work-

shops in order to define the monitoring sites and 

design the public spaces, developing geologic and 

drilling campaigns, and the installation of the mon-

itoring instrumentation. 
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