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Abstract

Monitoring is an element of landslide early warning systems. Fukuzono’s method, based
on displacement and velocity monitoring, is one of the most popular methods for slope
time of failure (TOF) prediction. This critical literature review aimed to systematically
analyze the state-of-the-art accelerometers used for slope monitoring and TOF prediction.
Two peer-review online article platforms were used to build a database of 50 articles.
Time history analysis showed that from 2014 onwards the interest in accelerometers
has increased and using them as tilt sensors has become a well-accepted approach for
geotechnical monitoring. However, special attention must be paid to calibration and noise
reducing of low-cost sensors. Also, the installation setup may influence measurements. Alert
thresholds and TOF prediction methods based on tilting rates for sensors buried at shallow
depths have been proposed and few real validated cases are reported. These predictions
attempt to find a simple relation between TOF and slope tilting rate, similar as Fukuzono’s
method. Relations between tilting rate and surface displacement is an aspect that remains
unclear. In order to clarify those aspects, more real slope cases should be reported. A more
established use of accelerometers is as a chain of sensors buried in a borehole, similar to a
permanent inclinometer. In these cases, accelerometer data are interpreted as displacement,

in a more traditional way.

1. Introduction

Landslide forecasting is one of the key elements of
Landslides Early Warning Systems (LEWS), which, in turn,
are powerful tools for disaster risk reduction (United Nations
Office for Disaster Risk Reduction, 2023). According to
Intrieri et al. (2019), landslide forecasting comprises the
prediction of the slope failure in spatial or temporal terms.
The temporal prediction aims at determining the time-of-
failure (TOF) and can be performed in global/regional or
slope scales, depending on the monitored parameters. LEWS
based on rainfall monitoring, as presented by Stihli et al.
(2015), Piciullo et al. (2018), Pecoraro et al. (2019) and
Guzzetti et al. (2020), work well to evaluate the likelihood
of potential landslide in large areas (global/regional scales)
but they are not effective to predict failure of an individual
slope (Xie et al., 2020b). Slope-scale predictions are based
on geotechnical monitoring related to displacement and its
derivatives: velocity and acceleration (Intrieri et al., 2019).

One of the most used TOF prediction methods is the
inverse velocity method, developed by Fukuzono (1985),
which is a simple graphical approach to estimate TOF. It is
based on the variation of the inverse velocity (1/v) along time.
Extensometers, inclinometers, global positioning system
(GPS) or robotic total station and interferometric techniques,
such as ground-based interferometric synthetic aperture
radar (GB-InSar) and light detection and ranging (LiDar),
have been successfully used for displacement monitoring
and landslide TOF forecasting with the inverse of velocity
method (Federico et al., 2019; Loew et al., 2016; Ju et al.,
2020; Zhang et al., 2020a).

However, the price of an entire monitoring system
with most of those techniques/instruments is high and can
be unacceptable for wide-scale application. Additionally,
instruments such as extensometers require long cable
connections, which constitute an inconvenient for installation
and maintenance, increasing the cost even more (Uchimura et al.,
2015; Qiao et al., 2020). A field of expertise where slope

“Corresponding author. E-mail address: m211338@dac.unicamp.br

'Universidade Estadual de Campinas, Departamento de Geociéncias, Campinas, SP, Brasil.
Instituto de Pesquisas Tecnologicas, Laboratorio de Infraestrutura em Energia, Sdo Paulo, SP, Brasil.
*Instituto de Pesquisas Tecnologicas, Laboratorio de Cidades, Infraestrutura e Meio Ambiente, Se¢do de Investigagdes, Riscos e Gerenciamento, Sdo Paulo, SP, Brasil.

Submitted on March 26, 2023; Final Acceptance on March 6, 2025; Discussion open until August 31, 2025.

Editor: Renato P. Cunha

https://doi.org/10.28927/SR.2025.003023

This is an Open Access article distributed under the terms of the Creative Commons Attribution License, which permits unrestricted use, distribution, and reproduction in any medium,
oy

provided the original work is properly cited.

Soil. Rocks, Sao Paulo, 2025 48(2):¢2025003023


https://creativecommons.org/licenses/by/4.0/
https://orcid.org/0000-0002-6550-3130
https://orcid.org/0000-0003-2498-2187
https://orcid.org/0000-0002-6846-8596
https://orcid.org/0000-0003-2548-5131
https://orcid.org/0000-0001-5042-0925
https://orcid.org/0000-0002-2264-9711

A literature review about the deployment of accelerometers as non-seismic soil landslide tilting sensors

monitoring and landslide forecasting is needed is civil
protection. However, available budgets in this sector are
usually smaller than in the mining industry. Therefore, when
it comes to risk-management strategies for civil protection,
monitoring systems may represent an unaffordable cost and
developing low-cost monitoring solutions is urgent.

The advances in Internet of Things (IoT) and wireless
sensor network, data transmission and real-time monitoring
enhanced cost-effective solutions for landslide monitoring,
with reliable results (Ooi et al., 2014; Xie et al., 2019;
Abraham et al., 2020a; Wang et al., 2022a). Moreover,
the development of microelectronic technique made it
possible to manufacture new low-cost sensors using micro
electromechanical systems (MEMS) technology. MEMS
sensors have the additional advantages of being smaller and
lighter, as compared to traditional geotechnical monitoring
systems. In this sense, using MEMS accelerometers stands
out as a powerful solution for low-cost LEWS. According
to Uchimura et al. (2010, 2015) and Sheikh et al. (2021)
installation and maintenance of those sensors are easier than
extensometers, for example, which results in lower costs.
Additionally, the use of low-cost sensor networks allows
installation of more sensors for effective slope monitoring
(Abraham et al., 2020b).

Aratijo et al. (2023) pointed out that originally digital
instruments or the digitalization of traditional instruments
have been the main tools for improvement of slope monitoring
methods in recent years. MEMS Accelerometers show
great potential to be used in LEWS. However, there is no
recent work in the literature that systematically explains the
application of accelerometers for slope monitoring as well as
the advantages and limitations of the technique. This paper
aims to fill this gap.

Accelerometers have been used for many purposes
over the last 20 years: for structural health monitoring
(Fukao et al., 2016; Xiao et al., 2016; Chen et al., 2021), for
seismicity monitoring (Coccia et al., 2010; Wasowski et al.,
2011; Tuetal., 2013; Del Gaudio et al., 2014, 2019) and for
geotechnical monitoring, such as rockslides, rock falls and
debris flows monitoring (Enet et al., 2003; Xu et al., 2011;
Harding et al., 2014; Hu etal., 2018; Feng & Zhuang, 2021).
In this paper we focused on the use of accelerometers for
non-seismic soil landslide monitoring. In this type of use,
measured acceleration is interpreted as tilt or inclination
and these sensors are sometimes called “tilt sensors” or
“tiltmeters”.

We present a critical literature review aiming at
assessing the state of art of using accelerometers to detect soil
landslide impending failure signals in non-seismic situations.
The literature reviewed is limited to slides in soil, which
involve clay and silt rotational and planar slides, gravel,
sand and debris slides and clay and silt compound slides, as
defined by Hungr et al. (2014). The term “landslide” used in
this paper refers to these types of movement. The focus was
placed on answering the following research questions: how

have accelerometers been recently deployed in the laboratory
and in field for slope monitoring, how has the data acquired
by these sensors been interpreted in terms of slope stability
and where are these new techniques being used?

2. Construction of the literature database

Articles were searched in two peer-reviewed online
article platforms to build the literature database: Web of
Science (Clarivate Analytics) and Scopus. Seven keywords
were chosen and divided in three categories to perform
the search: sensor type (“Accelerometer”, “Tilt sensor”,
“Tiltmeter”), object of study (“Landslide”, “Slope”) and final
purpose (“Monitoring”, “Early warning”). No time period
constraints were used in the search.

All possible combinations of one word of each category
using Boolean criterion “AND” were applied to “title”,
“abstract” and “keywords” of the publications in the search
engines of the platforms and a preliminary database of
142 complete articles was obtained. The analytic procedure
shown in Figure 1 was followed to filter the article database.

The first step was to analyze the article’s title and
keywords in order to make a preliminary division of our
database to define the stress condition in which sensors were
used. Dynamic stress articles group gathers articles in which
sensor devices were used to monitor high and sudden frequency
accelerations, as in high seismicity environments, whereas
static stress articles assemble articles in which those sensors
were used in low frequency and long-term vibrations context.

By reading all article’s abstracts it was possible to
classify them in three groups:

*  Seismicity monitoring articles: in this group, sensors
were used to monitor seismicity, in a similar way to
seismometers. These 44 articles are typically related
to landslides triggered by earthquakes. Sensors were
not used to monitor soil movement but seismic
activity or buildings structural integrity;

*  Sensor network deployment and data processing:
refers to the 27 articles that are focused on network
architecture and processing procedure and mathematical
procedures for data analysis;

*  Geotechnical monitoring articles: this group gathers 75
articles which describe situations in which sensors are
used as slope instrumentation to monitor soil kinematics.

The conclusions of all 75 geotechnical monitoring
articles were read in order to analyze how accelerometers
are being used for geotechnical monitoring purposes. After
this step the 25 articles that described other landslide types
monitoring cases, such as debris flows, earth flows, rock
falls or submarine landslides, were excluded. The remaining
50 articles were classified as landslide monitoring articles
and are the object of this paper. All cases in which sensors
were used to monitor up to 1m soil depth were considered
surface monitoring in this literature review. This includes
experimental and real working conditions.
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Search by keywords:

E Wik of Scienis j_, - Sensor type: Accelerometer / Tilt sensor / Tiltmeter
. AND . Article database
- Object of study: landslide / slope (146)
| Science Direct j—’ AND

- Final purpose: early warning / monitoring

Seismicity monitoring
articles (44)

| Dynamic stress
articles (54)

h 4
Sensor network Analyze article's
Read :
deployment and data — < title and
processing (27) Avae keywords
— | Static stress
Geotechnical monitoring articles (92)
articles (75)
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Read | Y
conclusion Landslides (clay and silt
rotational and planar

Other landslides

types monitoring
articles (25)

slides; gravel, sand and

debris slides; clay and
silt compound siles)

monitoring articles (50)

Read the
whole article

Figure 1. Flowchart of the methodology followed to build the database. Numbers in bracket correspond to the quantity of articles in

each group.

3. Literature analysis

3.1 Temporal and geographical analysis

Details of the 50 articles analyzed in detail in this
paper are presented in Otero et al. (2024). Of the 50 articles,
14 were published at conferences and 36 were published in
peer-reviewed journals. They spread in a 17-year period:
from 2006 to 2023, as presented in Figure 2.

Regarding the quantity of articles published per year,
between 2006 and 2013 the literature production concerning
accelerometers for landslide monitoring remained under two
articles per year. In fact, in 2007, 2008, 2011 and 2012 no
articles regarding this issue were published. From 2014 to
2022, the rate increased to more than three articles per year
(second period). 2018 and 2020 are the years with the highest
numbers of publications (7 and 9, respectively).

Between 2006 and 2020, around 30% of the articles
published were related to sensor development whereas 70%
to sensor deployment and landslide monitoring. After 2020,
20% of the articles were related to sensor development and
80% to sensor deployment and landslide monitoring.

Figure 3 shows the geographical distribution for each
approach, based on the first author’s affiliation. The research
was done in four continents and 14 countries. Most of the
articles (35) come from Asia followed by Europe (12), North
America (3) and South America (1). Our research did not
come up with articles from Africa and Oceania.

Considering the 14 countries where research was made,
Japan has the largest number of articles (11) followed by
China (9), Indonesia (5), India (4) and Taiwan (3). Those five
countries make up almost 70% of the database (32 articles).
This denotes that there is a stronger technical interest in Asian
countries in using accelerometers for landslide monitoring
than in Europe and in America.

According to their main objective regarding landslide
monitoring, these 50 articles were divided in two categories:
sensor deployment and slope monitoring and prototype
development and calibration procedures. Both categories
are discussed following.

3.2 Sensor deployment and slope monitoring

This category gathers 37 articles. They were thoroughly
and completely analyzed in terms of working scale, installation
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them, to articles quantity regarding each approach. (D) prototype development and calibration procedures and (M) sensor deployment
and landslide monitoring.

setup, data acquisition and transmission, associated sensors  two situations were identified: reduced scale experiments in

and time of failure prediction or alert thresholds definition. ~ flumes and full scales experiments. Table 1 presents details
of working conditions and scale.

3.2.1 Working condition and scale In experimental conditions, Ooi et al. (2014), Habil et al.

(2016), Atmajati et al. (2017), Giri et al. (2018), Krokidis et al.

Articles were divided in terms of working conditions: ~ (2018), Xie et al. (2019), Chen & Zhang (2021), Giri et al.

real or experimental. In case of experimental conditions, (2022)and Otero et al. (2022) worked with laboratory flumes
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with dimensions ranging from 0.60 x 0.20 x 0.10 m to 2.00 x
1.49 x 0.50 m (length, width and height/depth, respectively).
Uchimura et al. (2010), Feng et al. (2020a), Xie et al. (2020a,
b), and Qiao et al. (2020) worked with real scale slope models
in laboratory or in the field. In experimental conditions
landslides were triggered by simulating natural conditions,
such as rainfall infiltration or water table elevation.

In real working conditions, natural or built slopes were
monitored under natural weather conditions, like in Chelli et al.
(2006), Ujvari et al. (2009), Garcia et al. (2010), Wang et al.
(2015, 2022a, b), Mentes (2015), Uhlemann et al. (2016),
Jeng & Sue (2016), Dikshit et al. (2018), Artha & Julian
(2018), Bednarczyk (2018), Dikshit & Satyam (2019a, b),
Abraham et al. (2020a, b), Sheikh et al. (2020, 2021) and
Putra et al. (2021),

In papers such as Uchimura et al. (2015), Towhata et al.
(2015), Wang et al. (2017) and Xie et al. (2020a, b) the
authors worked firstly in experimental conditions and then
they validated their results in natural slopes that showed
signs of impending failure.

3.2.2 Installation setup

Accelerometers were used to monitor surface or
subsurface movements. Surface monitoring was more
common than subsurface monitoring (29 articles against
5 articles of available data), as presented in Table 1. Some
research groups attach the sensor to rods or install them into
tubes, while other groups placed directly over the surface or
embedded the sensor directly in the soil at shallow depths
(less than 0.3 m), as presented in Table 2.

In reduced models, accelerometers were simply leaned
over the surface soil, as in Giri et al. (2018, 2022), Feng et al.
(2020a) and Chen et al. (2021), or embedded into the soil up
to 30cm depth. Feng et al. (2020b), Xie et al. (2020a, b) and
Otero et al. (2022) embedded sensors directly into the soil
at shallow depth (from 3 cm to 20 cm). Habil et al. (2016)
and Atmajati et al. (2017) embedded sensors at 20 cm and
30 cm respectively using Polyvinyl Chloride (PVC) pipes.
Uchimura et al. (2010) and Qiao et al. (2020) attached sensors
at the top of up to 30cm length rods.

In real scale models and in natural slopes the most
common way to deploy the sensors is using steel rods.
Some examples of this type of deployment can be found in
Uchimura et al. (2015), Wang et al. (2017, 2022b), Dikshit &
Satyam (2019b) and Xie et al. (2020a, b). Measuring devices
are attached at the top of the rod that is inserted into the soil
at 50 cm to 150 cm depth. Hence, if the soil experiences some
movement, the rods move together, and this is measured by
the devices installed at the top of the rod.

In the cases of subsurface monitoring, sensors are
deployed in boreholes in real slope conditions. Ujvari et al.
(2009), Garcia et al. (2010) and Mentes (2015) installed
sensors at 3m depth with PVC pipes filled with granular soil,
in order for the sensor to be strongly coupled to the ground.

Uhlemann et al. (2016) and Bednarczyk (2018) also
deployed sensors in subsurface conditions, similarly to
inclinometers. Uhlemann et al. (2016) deployed a commercial
solution, developed by Abdoun et al. (2006, 2007), called
“Shape acceleration array (SAA)” at 2.5 m depth and
Bednarczyk (2018) used strings of rigid segments attached
to each other, up to 16 m depths. Each segment contains one
measuring device and the distance between them is 50 cm.
Strings and SAA were installed inside PVC flexible pipes.

Segalini et al. (2014, 2015, 2019) deployed a system
called Modular Underground Monitoring System (MUMS)
that consists in an acceleration sensor chain up to 111 m.
These papers were not retrieved in the literature search,
because this group does not use the terms “Accelerometer”,
“Tilt sensor” and “Tiltmeter” in their articles, but the MUMS
are clearly an array of accelerometers deployed in subsurface
conditions, similarly to inclinometers. For this reason, the
papers produced by this group are discussed in this paper.

3.2.3 Data acquisition and transmission

Data acquisition rate was available in 23 articles
(Table 1). The most common acquisition frequency used
is 1 per ten minutes. This acquisition frequency was first
reported by Uchimura et al. (2010) and the other works that
used the same frequency are from the same research group
(for example, in Towhata et al., 2015; Wang et al., 2015,
2022b; Xie etal., 2019) or are works based on Uchimura et al.
(2010) tilting monitoring proposal, as in Dikshit & Satyam
(2019a, b) and Putra et al. (2021).

In researches developed exclusively in experimental
conditions frequency rates reported are: 1/60 Hz (every
ten minutes) (Uchimura et al., 2010; Qiao et al., 2020),
1 Hz (Xie et al., 2020b), 30 Hz (Giri et al., 2022), 2500 Hz
(Fengetal., 2020b), 4000 Hz (Otero et al., 2022) and 8000 Hz
(Krokidis et al., 2018) whereas in real slope monitoring
conditions frequency rates reported are 1 Hz, 1 per minute
(Garcia et al., 2010), 1 per ten minutes Hz (Uchimura et al.,
2015; Towhata et al., 2015; Wang et al., 2015; Dikshit &
Satyam, 2019a, b; Abraham et al., 2020a, b; Sheikh et al.,
2020; Xie et al., 2020b; Putra et al., 2021), 1 per hour
(Ujvéri et al., 2009; Mentes, 2015; Uhlemann et al., 2016),
1 per 6 hours (Bednarczyk, 2018) and 2 readings per day
(Chelli et al., 2006). We hypothesize that higher acquisition
rate is used in experimental conditions probably because in
these conditions there are no constraints regarding power
supply and data storage.

The highest acquisition rates were used in experiments
that aimed to find a frequency signature for landslides and
micro-cracks development (Krokidis et al., 2018; Feng et al.,
2020a). In those papers data were analyzed in frequency
domain, similar to Feng et al. (2020b), although they do not
present acquisition rate information in this last work. For the
other cases, data were analyzed in time domain, which means
acceleration or tilting variation along time. Otero et al. (2022)
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Table 1. Summary of working conditions and scale, installation setup, acquisition frequency, measured parameter and associated sensors

in each reference.

Dimensions
Reference Scale - Height (m) Installation ~ Acquistion Measured Associated sensors
x length (m) setup frequency parameter
x width (m)
Real conditions Chelli et al. Natural slope NM NM 2/day Tilt Jointmeters, inclinometers,
(2006) incremental extensometers,
piezometers, rain gauges
Ujvéri et al. Natural slope 58.97x222  Subsurface 1/hour Tilt GPS pillars. Rainfall and water
(2009) x 30 lever from stations at other
locations
Uchimura et al. Model slope and Model: 0.5x  Surface Every Tilt (Rotation Volumetric water content
(2010) natural slope 6x1.5 10minutes (mm/m))
(real slope)
Garcia et al. Natural slope NM Subsurface 1 per minute Tilt Pressure transducer (groundwater
(2010) and pore pressure), thermistor,
rainfall from station 2km away
Uchimura et al. Model slope, real NM Surface Every Tilt Volumetric water content;
(2015) slope (failure was 10minutes geomagnetic sensor (tilt
forced) and natural direction); extensometer (for
slope (real unstable comparison)
case)
Towhata et al. Real slope (failure NM Surface Every 10 Tilt Volumetric water content
(2015) forced) and natural minutes (optional)
slope (real unstable
case)
Wang et al. Natural slope (real NM Surface Every 10 Tilt Volumetric water content
(2015) unstable cases) minutes
Mentes (2015) Natural slope NM Subsurface 1/hour Tilt Temperature
Uhlemann et al. Natural slope NM Subsurface  1/hour (SAA  Deformation/ Real time kinematics GPS
(2016) (landslide complex and tiltmeter) Tilt (RTK-GPS), inclinometers,
that is reactivated active waveguides with AE,
from time to time) piezometers
Jeng & Sue Natural slope NM NM M Tilt Inclinometer, crack gages,
(2016) groundwater level wells, settlement
and displacement observation
marks, rebar strain gages, concrete
strain gages, rain gages
Wang et al. Model slope, real slope Surface NM Tilt Volumetric water content,
(2017) (failure was forced) Inclinometer, extensometer
and natural slope (real
unstable case)
Dikshit et al. Natural slope M Surface M Tilt Volumetric water content
(2018)
Artha & Julian Natural slope NM Surface NM Tilt Inclinometer, rainfall sensor
(2018)
Bednarczyk Natural slope NM Subsurface Conventional: Tilt Inclinometer, piezometer,
(2018) every 1-2 weather station, pore-pressure
months and transducers
then 3-6
months.
MEMS tilt
sensor every
6h
Dikshit & Natural slope NM Surface Every 10 Tilt Volumetric water content
Satyam (2019a) minutes
Dikshit & Natural slope NM Surface Every 10 Tilt Volumetric water content
Satyam (2019b) minutes
Abraham et al. Natural slope NM Surface Every 10 Tilt Volumetric water content
(2020a) minutes
Abraham et al. Natural slope NM Surface Every 10 Tilt Volumetric water content
(2020b) minutes
Sheikh et al. Cut slope 30 x 60 x Surface Every 10 Tilt Water level and rainfall gauges;
(2020) 100 minutes pipe strain gauges
Sheikh et al. Natural slope 30 x 60 x Surface Every 10 Tilt Water level and rainfall gauges;
(2021) 100 minutes pipe strain gauges
Putra et al. Natural slope NM Surface Every 10 Tilt Water level, in situ investigations
(2021) minutes
Wang et al. Natural slope M Surface M Tilt (surface) NM
(2022a)
Wang et al. Natural slope, cut NM Surface Every 10 Tilt Inclinometers, water level;
(2022b) slope, landfill minutes volumetric soil water content

NM stands for “Not Mentioned”.
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Dimensions
Reference Scale - Height (m) Installation  Acquistion Measured Associated sensors
x length (m) setup frequency parameter
x width (m)
Experimental ~ Laboratory  Ooi et al. (2014) Reduced model 0.60x 1x Surface M Acceleration ~ Porewater pressure transducer
conditions flumes (Flume) 0.452
Habil et al. Reduced model 0.40x0.80x  Surface NM Acceleration Moisture sensor (FC-28-C)
(2016) (Flume) 0.80
Atmajati et al. Reduced model 0.40x2x Surface NM Tilt Soil moisture sensors
(2017) (Flume) 0.45
Giri et al. (2018) Reduced model 0.30x 1.83x  Surface NM Acceleration Pi-cameras
(Flume) 1.49
Krokidis et al. Reduced model 0.08x0.58x  Surface 8000 Hz Acceleration NM
(2018) (Flume) 0.56
Feng et al. Reduced model 0.60 x 15 x Surface 2,5 kHz Applied Self potential; piezometer; soil
(2020a) (Flume) 0.60 acceleration  water content sensors; Cameras
response
Chen & Zhang Reduced model 0.20x0.70x  Surface NM Tilt Shear wave and moisture
(2021) (Flume) 0.30 transducers
Giri et al. (2022) Reduced model 0.30x 1.83x  Surface 30 Hz Acceleration Pi-cameras
(Flume) 1.49 (linear)
Otero et al. Reduced model 0.50x 1.60 x  Subsurface 4000 Hz Tilt NM
(2022) (Flume) 0.50
Different  Xie et al. (2019) Reduced model Flume: 0.38 Surface M Tilt Camera (to measure
scales (flume) and real slope  x 1.165 x displacements)
(artificial rainfall) 0.45
Real slope:
NM
Xie et al. Model 1: flume; Model Surface NM Tilt Camera (flume); Extensometers
(2020a) Model 2: flume; 1:0.38 x (field)
Model 3: model 1.165 x 0.45
slope; Model 4: real Model 2:
slope 0.40 x 0.60
x NM Model
3:2x74x
3.8 Model 4:
NM
Feng et al. Model slope (in field) M Surface M Applied Microphones
(2020b) acceleration
response
Xie et al. Reduced model Flume: 0.38 Surface 1Hz Tilt NM
(2020b) (flume) and model x 1.165 x (laboratory)
slope (artificial 0.45 Field: and 1/60Hz
rainfall) NM (real slope)
Qiao et al. Small scale (flume,  Flume: 0.38 Surface 1/60Hz Tilt NM
(2020) rainfall triggered and x 1.165 x
inclination variation ~ 0.45 Field:
triggered) models and NM

field tests

NM stands for “Not Mentioned”.

Table 2. Summary of article quantity regarding installation setup (when reported in the text).

Installation setup

Directly over surface or

Attached

Sensor chain

shallow depth

Up to 1.5m length

More than 1.5m length  (up to 16 meters depth)

Article quantity 11

3 2

also used high acquisition rates in order to verify if there were
any impulsive signals during failure (that were not found in
their experiments with laboratory flumes).

Regarding data transmission, two ways are reported
in the literature: wire connected directly to a data logger
or via wireless transmission. In this last case, the sensor is
connected to a microcontroller equipped with a communication

interface which sends data to a gateway via wireless
connection. 28 articles showed information regarding
this topic: in 10 cases data were transmitted with wires
to a datalogger and in 18, via wireless transmission. Data
transmission with wires is more common in experimental
conditions in laboratory whilst in real conditions wireless
transmission is more frequent.
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3.2.4 Measured parameter

Most of the analyzed papers focused on measuring
rotational movements (tilting angles): Chelli et al. (2006),
Ujvari et al. (2009), Garcia et al. (2010), Uchimura et al. (2010,
2015), Ooi et al. (2014), Towhata et al. (2015), Mentes (2015),
Uhlemann et al. (2016), Jeng & Sue (2016), Atmajati et al.
(2017), Wang et al. (2015, 2017, 2022a, b), Dikshit et al.
(2018), Artha & Julian (2018), Bednarczyk (2018), Xie et al.
(2019, 2020a, b), Dikshit & Satyam (2019a, b), Abraham et al.
(20204, b), Sheikh et al. (2020, 2021), Qiao et al. (2020),
Chen & Zhang (2021) and Putra et al. (2021).

One concerning issue regarding tilting monitoring is
the relation between surface displacement and tilt variation.
Uchimura et al. (2010) were the first to highlight that tilting
angles may not necessarily imply in surface displacement,
but it was only with Xie et al. (2019) that further studies
were performed to investigate the relationship between
displacement and tilting angle of slope surface in shallow
landslides.

Xie et al. (2019) identified a linear relationship in
reduced model laboratory experiments between tilting
angle and surface displacement. Their findings indicated
that tilting behavior could in fact be used in a similar way
to slope surface displacement as an indication of shallow
landslides. Similar results were found by Xie et al. (2020a)
for rotational movements. However, those authors worked
only in laboratory conditions.

Wang et al. (2022a) acknowledge that there are still
few reported cases on the relationship between landslide
behavior and tilting angle. Sheikh et al. (2021) suggest that
there is a need for a newly developed time failure prediction
model based on tilting behavior for global application. In this
sense, future research should be focused on exploring the
methodology under different natural slope types and weather
conditions.

In the other 8 cases, the measured parameter is
acceleration which can be analyzed in terms of time domain
(Ooi et al., 2014; Habil et al., 2016; Giri et al., 2018, 2022;
Otero et al., 2022) or frequency domain (Krokidis et al.,
2018; Feng et al., 2020a, b).

The variation was analyzed in time domain in each
sensor axis in order to investigate movement kinematics by
Ooi et al. (2014), Habil et al. (2016) and Giri et al. (2018,
2022). Otero et al. (2022) show results in terms of linear
acceleration and also tilting estimated from acceleration.
Krokidis et al. (2018) attempted to find an acceleration
frequency spectrum signature of micro cracks developed before
failure and Feng et al. (2020a, b) analyzed the acceleration
frequency spectrum to identify a landslide frequency signature.

Segalini et al. (2014, 2015, 2019), Uhlemann et al.
(2016) and Bednarczyk (2018) interpreted accelerometers
data in terms of displacement, as they used a sequence of
sensors in a vertical array, and the result is similar to those
acquired from inclinometers.

3.2.5 Aim of sensor deployment

Asunderstanding landslide kinematics is essential to predict
future landslides and to establish alert thresholds, in 17 articles,
sensors were used to monitor the movement while it was happening
in order to qualify the slope deformation: Chelli et al. (2006),
Ujvari etal. (2009), Garcia etal. (2010), Ooi et al. (2014), Mentes
(2015), Habil et al. (2016), Uhlemann et al. (2016), Jeng & Sue
(2016), Giri et al. (2018, 2022), Bednarczyk (2018), Xie et al.
(2019), Feng et al. (2020a, b), Qiao et al. (2020), Chen & Zhang
(2021) and Putraetal. (2021). In some cases, the main objective
of the research was to build a geological model or to perform
back analysis of previous ruptures or to understand triggers
that reactivated movements (Chelli et al., 2006; Garcia et al.,
2010; Mentes, 2015; Uhlemann et al., 2016; Bednarczyk, 2018;
Putra et al., 2021).

In the other 20 articles, sensors were used for purposes
related to LEWS and slope monitoring during impending failure
in order to identify pre-failure signals: Uchimura et al. (2010),
Uchimura et al. (2015), Towhata et al. (2015), Wang et al.
(2015,2017, 2022a, b), Atmajati et al. (2017) Dikshit et al.
(2018). Krokidis et al. (2018), Artha & Julian (2018), Dikshit
& Satyam (2019a, b), Abraham et al. (2020a, b), Xie et al.
(2020a, b), Sheikh et al. (2020, 2021) and Otero et al.
(2022). Hence, research was focused on studying sensors
signals before landslides happened. Some articles defined
alert thresholds and a few proposed mathematical solutions
to forecast TOF based on tilting behavior, as discussed in
section 3.2.6.

3.2.6 Time of failure prediction or thresholds definition
based on tilting angles

These TOF prediction methods are based on the readings
of individual sensors. Uchimura et al. (2010) noticed that
30 minutes before failure the surface showed abnormal tilting
behavior that could be used to define thresholds. However,
the authors did not propose alert thresholds for early landslide
warning systems based on soil tilting monitoring.

Based on that first work, Uchimura et al. (2015)
published another article with two tilting rates alert levels,
which are precaution (0.01°hour) and warning (0.1%hour).
Alert thresholds were tested in laboratory reduced model
conditions and, after that, validated in real slope conditions.
Towhata et al. (2015) used alert threshold value of 0.1°/
hour for evacuation and they validated the accelerometers
results with extensometers readings in real scale conditions.
Alert thresholds proposed by Uchimura et al. (2015) were
also reported in Wang et al. (2017, 2022b), Dikshit et al.
(2018) and Putra et al. (2021). Dikshit & Satyam (2019a, b)
suggested a third alert level at 1°%hour in their case study in
the Darjeeling Himalayas. Abraham et al. (2020a) defined
alert levels at 0.03°hour and 0.1°hour for their case study
and they used tilt sensors together with rainfall thresholds in
order to achieve a more robust LEWS. Table 3 summarizes
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Table 3. Summary of LEWS thresholds based on tilting rates found in the literature.

Reference Threshold Conditions Installation setup Acquisition Depth
frequency
Uchimura et al. Precaution: 0.01°/  Laboratory (flume)  Surface: steel rod 1 per ten minutes Steel rod: 1 m

(2015)

hour
Warning: 0.1%hour

and real conditions

inserted into the

soil and subsurface:

multi-segment
inclinometer
Surface: steel rod
Surface: steel rod

Surface: steel rod

Surface: steel rod

Surface: steel rod

Surface

Surface: steel rod

1 per ten minutes

Not mentioned

Not mentioned

1 per ten minutes

1 per ten minutes

1 per ten minutes

1 per ten minutes

Multi-segment
inclinometer: 0.75
m

05-1.0m

05-1.0m

1.0 m

1.0-15m

1.0 m

Not mentioned

Not mentioned

Towhata et al. Evacuation: 0.1°/ Real slope
(2015) hour conditions
Wang et al. Same as Real slope
(2017) Uchimura et al. conditions
(2015)
Dikshit et al. Same as Real slope
(2018) Uchimura et al. conditions
(2015)
Dikshit & Satyam Precaution: 0.01°/ Real slope
(2019a, b) hour conditions
Warning: 0.1%hour
Alert: 1%hour
Abraham et al. 0.03°hour Real slope
(2020a) 0.1°hour conditions
Putra et al. Same as Real slope
(2021) Uchimura et al. conditions
(2015)
Wang et al. Same as Real slope
(2022b) Uchimura et al. conditions
(2015)

tilting rates thresholds suggested in the literature together with
experimental conditions, installation setup and sensor depth.

Xie et al. (2020b) pointed out that although tilt
measurements were successfully used to establish alert
thresholds, as previously elucidated, there was a lack of
knowledge regarding failure prediction methods. Therefore,
they established a mathematical relation to estimate time
of failure based on tilting rate. The method is based on a
linear relation between reciprocal tilting rate and time during
acceleration stage before failure, similar to the method
proposed by Fukuzono (1985) and commonly used for TOF
prediction. This method was optimized by Wang et al. (2022a),
who validated it in a real case study in China.

In a similar way, Sheikh et al. (2020) used the alert
thresholds defined by Uchimura et al. (2015) and additionally
they proposed a method for TOF prediction based on tilting
behavior. The authors proposed three regression formulas for
time-prediction based on ground water table change, tilting
rate, rainfall intensity and cumulative rainfall. No information
about validation of the method in real conditions is presented.

3.2.7 Time of failure prediction or thresholds definition
based on displacements in inclinometers

As stated before, some research groups report the
use of a chain of accelerometers inside a borehole to act

as a permanent inclinometer. Most of them report the
interpretation of the data collected in terms of failure
surface depth definition, which is the most common use
for inclinometers.

Segalini et al. (2019) report the use of Fukuzono’s
inverse of velocity method using displacements calculated
from these inclinometers. Authors were able to successfully
forecast the slope failure and to activate alert procedures.
Another paper published by this group (Valletta et al 2023)
proposes a statistical treatment of the observed displacement
velocities in order to establish an alert threshold.

3.2.8 Associated sensors

According to Uhlemann et al. (2016) no single technique
or monitoring device can provide complete landslide
information. Hence, a combination of different techniques
should always be employed. For non-seismic landslides,
the primary parameters of interest are those related to
deformation and pore-water pressure. Information related to
those parameters makes it possible to understand movement
rate and magnitude and changes in effective stress which, in
the end, directly influence slope stability. Table 1 presents
associated sensors used in each reference.

In laboratory experimental conditions where landslide
simulation tests were performed with flumes, Ooi et al.
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(2014) worked with pore pressure transducers, Habil et al.
(2016), Atmajati et al. (2017), Feng et al. (2020a) and Chen &
Zhang (2021) used soil moisture sensors and Uchimura et al.
(2010) used volumetric water content sensors. In this type
of experiment, cameras for digital image correlation are the
most common technique used to monitor soil deformations
(Girietal., 2018, 2022; Xie etal., 2019, 2020a; Otero et al.,
2022). No other sensors for soil deformation were reported
in laboratory experimental conditions. Feng et al. (2020b)
used microphones together with accelerometers to measure
acoustic signals generated by water flow and landslides.
Chen & Zhang (2021) used shear wave sensors to establish
arelationship between shear wave velocity and tilt variation.

In real scale conditions and considering parameters
associated with effective stress monitoring, volumetric water
content is the most common parameter measured in association
with tilting angles, as in Uchimura etal. (2015), Towhata et al.
(2015), Wangetal. (2015,2017,2022b), Dikshit et al. (2018),
Dikshit & Satyam (2019a, b) and Abraham et al. (2020a, b).
Piezometers and water level wells are also commonly used
(Chelli et al., 2006; Garcia et al., 2010; Uhlemann et al.,
2016; Jeng & Sue, 2016; Bednarczyk, 2018; Sheikh et al.,
2020, 2021; Putra et al., 2021; Wang et al., 2022b).

Many authors deployed rainfall gauges in their study
areas, such as Chelli et al. (2006), Jeng & Sue (2016), Artha
& Julian (2018) and Sheikh et al. (2020, 2021). Other authors
used rainfall data from nearby weather stations, as Ujvari et al.
(2009), Garcia et al. (2010) and Bednarczyk (2018).

In fact, Abraham et al. (2020a) suggest that data from
tilt sensors should always be correlated with rainfall and soil
moisture data before arriving at any conclusion because they
identified abrupt changes in tilting data time series data that
were not always related to slope failure.

Regarding soil deformation monitoring, traditional
inclinometers are the most used devices (Chelli et al., 2006;
Uhlemann et al., 2016; Jeng & Sue, 2016; Wang et al., 2017,
2022b; Artha & Julian, 2018; Bednarczyk, 2018). Other devices
used for this purpose are extensometers (Chelli et al., 2006;
Uchimura et al., 2015; Xie et al., 2020a), pipe strain gauges
(Sheikh et al., 2020, 2021), global position satellite (GPS)
techniques (Ujvari etal., 2009; Uhlemann etal., 2016), jointmeter
(Chelli et al., 2006), active waveguides with acoustic emission
(Uhlemann et al., 2016) and crack gauges (Jeng & Sue, 2016).

Magnetometers are reported in Segalini et al. (2011,
2014,2015), Segalini & Carini (2013), Uchimura et al. (2015)
and Giri et al. (2018, 2022). According to these authors, this
sensor can be used to identify the direction towards which
the slope is tilting. However, none of the articles presents
data regarding the direction of the movement based on data
provided by magnetometers.

3.3 Prototype development and calibration procedures

This category gathers 13 articles that do not deal
directly with slope monitoring: 8 articles focus on developing

prototypes in laboratory conditions and 5 others are related
to calibration procedures.

3.3.1 Prototype development

Eight articles are related to prototype development (de
Dios et al., 2009; Marciano et al., 2014; Liu & Lei, 2014;
Alimuddin et al., 2017; Zhang et al., 2018; Wielandt et al.,
2022; Coppola et al., 2022; Freddi et al., 2023).

Five of them present a vertical solution to monitor
landslides (de Dios et al., 2009; Marciano et al., 2014,
Zhang et al., 2018; Wielandt et al., 2022; Freddi et al.,
2023). In terms of deployment, the solution is very similar to
inclinometers, with the advantage of working with wireless
data transmission, allowing to increase temporal reading
resolution when compared to traditional inclinometers.
Columns proposed by de Dios et al. (2009), Marciano et al.
(2014) and Zhang et al. (2018) consist of 50 to 100 cm sensor
segments and each segment is connected to the other with
flexible joints. de Dios et al. (2009) and Marciano et al.
(2014) solutions measure acceleration, and they also attached
soil-water content sensors to the device, whilst Zhang et al.
(2018) solution measures displacements. Wiclandt et al.
(2022) developed a flexible probe with tri-axial accelerometers
that measure deformation. Freddi et al. (2023) present a
solution similar to in-place inclinometers based on MEMS
accelerometer that can reach up to 2 m depth.

Another solution that stands out is the Modular
Underground Monitoring System (MUMS) developed
by Segalini et al. (2011) that measures underground
displacements based on acceleration sensors. MUMS are
quite similar to devices developed by de Dios et al. (2009),
Marciano et al. (2014), Zhang et al. (2018), Wielandt et al.
(2022) and Freddi et al. (2023). Other sensors, such as pore
pressure cells, extensiometer, load cell, among others, can be
accommodated in the system. Sensor nodes are connected to
each other along a single cable. Distance between nodes and
chain length are defined according to the case. The system
was validated in laboratory conditions (Segalini etal., 2011;
Segalini & Carini, 2013) and successfully deployed in real
slopes (Segalini et al., 2014, 2015, 2019) with lengths up
to 111 m.

On the other hand, Zhang et al. (2020b) and Coppola et al.
(2022) present different types of solutions. Zhang et al.
(2020b) proposed a solution where sensors are placed into
a pipe made of spiral steel wire hose. The pipe needs to
be buried throughout the unstable slope body to deform
together with it. The sensors measure acceleration and, after
a mathematical procedure, displacement along the pipe is
calculated. The solution was successfully tested in real
unstable slope conditions.

Coppola et al. (2022) developed a device named
“tension-inclinometer”. The device combines a conventional
tensiometer with an accelerometer placed at the top of the
tensiometer. The tensiometer measures pore-water pressure
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range from -85 kPa to 100 kPa and reaches up to 2 m depth.
The accelerometer measures inclination with an accuracy of
0.05°. The device was successfully tested in flume experiments.

3.3.2 Calibration procedures

When considering the use of low-cost sensors for
landslide monitoring, Cina et al. (2019) highlight the need
to perform calibration procedures to improve accelerometers
accuracy and remove bias. According to the authors, systematic
errors affect the sensors’ performance characteristics.
Additionally, Cmielewski et al. (2013) emphasize that it is
also fundamental to check sensor stability and repeatability.
Hence, Cmielewski et al. (2013) and Cina et al. (2019)
present calibration procedures that were used in laboratory
conditions. Cina et al. (2019) reported that their proposal
improves sensor accuracy by one order of magnitude.

Concerning sensor readings verification, Salam et al.
(2016) developed a tilt calibrator to test accelerometers
readings. It consists of a tilt motor that provides inclination
while accelerometers measure tilt variation.

Another important aspect regarding sensor calibration
is related to signal noises. Weerasinghe et al. (2018) point
out that even when sensors are at rest readings can be noisy
and unstable in long term. The authors used Kalman filters
to remove noise components and suggest that only after
filtration data can be used for further calculation.

The other 43 articles of the database do not mention
any concerns about accuracy, bias, sensor stability, readings
repeatability, sensor readings verification or concern with
signal noises. Although this issue has not been the main
focus of the majority of our database, it is a relevant aspect
to be considered when using accelerometers.

4. Discussion and perspectives

Our literature review shows that using accelerometers
for landslide monitoring has become more frequent over the
last two decades. Uchimura et al. (2010) can be considered
the pioneering article on the subject and it is the basis
of other works published after it, which in many cases
involve definition of alert thresholds based on tilting rate
with success (Uchimura et al., 2015; Towhata et al., 2015;
Wang et al., 2017, 2022a, b; Dikshit et al., 2018; Dikshit &
Satyam, 2019a, b; Abraham et al., 2020a; Xie et al., 2020a;
Sheikh et al., 2020, 2021).

Accelerometers are millimetric devices and, as pointed
out by Otero et al (2022), they are capable of detecting
rotations at particle scale and adding value to traditional
geotechnical monitoring, which is usually based on
macroscopic measurements. However, one aspect that needs
to be highlighted is that all the threshold values reported
so far are based on the signals provided by accelerometers
attached to a rod and then embedded in the soil. In other
words, the values proposed so far are based on macroscopic

movements/behavior of the slope and there is still room for
research concerning the use of these instruments to monitor
microscopic scale movements.

One challenge related to using accelerometers for
slope monitoring is that the relation between acceleration or
tilt angle and displacement is not very clear. Some authors
have already proposed mathematical relations with good
results. However, users should know that this relation may
need detailed analysis site by site. Tilt angle readings can
also be influenced by the installation setup (surface, shallow
rod or deep rod).

Regarding landslide early detection based on
accelerometers, authors have made efforts to develop TOF
predictions since 2020 (Sheikh et al., 2020; Xie et al., 2020b;
Wang et al., 2022a). A few successful cases were reported in
the literature in very recent years, that show the great potential
of establish thresholds based on slope tilt rate.

These predictions attempt to find a simple relation
between slope tilting rate and time and are similar to
Fukuzono’s method. The authors succeed with their proposals
in their study cases. However, Zhang et al. (2020a) made a
critical review of 50 soil or rock landslides cases and found
out that in 30 of them the difference between TOF predicted
with Fukuzono’s method calculated from slope displacement
and real TOF was more than one day, ranging from 1.26 day
to 86.24 days. Factors such as measurement errors and
environmental noise contributed to that difference, that may
directly affect the reliability of the system. Unsuccessful cases
of TOF predictions based on slope tilting are expected to be
reported in technical literature in the future.

Another important aspect is the development of low-
cost monitoring systems. Asia is the continent with the
highest number of landslides reports and fatalities. India,
the Philippines, China, Nepal and Indonesia have the highest
numbers of reports. (Kirschbaum et al., 2015). In fact, most
of the papers that highlight that accelerometers have lower
costs than traditional geotechnical monitoring techniques come
from Asian countries (de Dios et al., 2009; Uchimura et al.,
2010; Ooi etal.,2014; Wang et al., 2017, 2022a; Dikshit et al.,
2018; Xie et al., 2019; Abraham et al., 2020a; Sheikh et al.,
2021). This explains the investments in the development of
new technologies in these countries. Developing low-cost
monitoring systems is also particularly interesting for low-
income countries, where the cost of a traditional monitoring
geotechnical system can be unaffordable.

Accelerometers also take advantage from wireless data
transmission technologies that reduce the need of long wires.
This results in easier and less expensive deployment and
sensor maintenance, which in the end contributes to lower
costs. Nevertheless, special attention must be paid to calibrate
low-cost accelerometers and reduce noise and sensor bias.

Finally, it is highly recommended to associate other types
of sensors with accelerometers in order to develop more robust
systems, because changes in monitoring acceleration data may
not be always related to slope failure. In non-seismic rainfall
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triggered landslides, the most common associated sensors are
soil moisture sensors and rainfall gauges. Those types of sensors
are used because water directly influences slope stability.

5. Conclusions

Since 2006 efforts have been made to develop new
geotechnical monitoring techniques based on accelerometers.

From 2015 onwards, tilting alert levels and TOF
prediction methods based on accelerometers readings have
been proposed and validated by many authors, in laboratories
and in real conditions. Research groups from Asia are leading
this effort. Nevertheless, the literature review revealed that,
unlike existing proposals based on displacement monitoring
with various sensors, alert levels and TOF prediction based
on tilt angles are still immature. Aspects related to sensor
installation and the relation between slope displacement and
measured tilt still need to be investigated. More successful
and unsuccessful real-scale cases need to be reported, so
that these aspects can be clarified. Moreover, even though
sensors were always placed at shallow depths. Different
research groups use different installation procedures, and
their results are not necessarily comparable.

As interpreting accelerometers measurements in
terms of tilt angles is a growing, but still developing area
of expertise for slope monitoring, accelerometers should
always be associated to other sensors, such as soil moisture
sensors and rainfall gauges. The use of less expensive
sensors is appealing, but low-cost tilting sensors require
individual calibration, and the installation mode should
be carefully analyzed in order to acquire data effectively.
Moreover, for low-cost sensors aspects such as calibration,
stability and repeatability are of special concern and are
seldom addressed in the literature.

A more established use of accelerometers is as a chain
of sensors installed in boreholes. Using accelerometer
chains is more advantageous than traditional inclinometers
because they are remotely operated and read outs can be
made in a few minutes. In this kind of deployment sensor
data is interpreted in terms of displacement and the results
are commonly used to detect the depth of the failure
surface. The use of Fukuzono’s method with displacement
estimated from data collected in this way is reported in
technical literature.
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