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Typological analysis of 
slidequakes emitted from 
landslides: experiments on 
an expander body pile and 
Sobradinho landslide (Brasilia, Brazil)
Abstract

Reactivation of a landslide is usually accompanied by microseismic signals emit-
ted from the deforming soil mass. The reproduction of similar signals in a physical 
model test conducted under control conditions can allow researchers to explore and 
test such complicated signals to improve the prediction of full-scale failure. The present 
study investigates the similarity between the slidequakes (microseismicity) naturally 
emitted from an existing colluvial landslide (Sobradinho, Brazil) in response to rain-
falls and the emissions generated by a pullout test of an expander body (EB) pile in 
tropical soil under controlled conditions. The microseismic signals emitted from both 
experimental sites (i.e. the landslide and the EB pile test) were recorded and compared. 
Data were acquired by mini-arrays of four short-period seismometers. For the signal 
nomenclature, a typological scheme was adopted, in which sonograms/spectral con-
tents of the signals were used. As a result, short duration microseismic signals were 
observed during the pullout test. In contrast, at the Sobradinho landslide, the testing 
detected signals of different characteristics whose source mechanisms have remained 
ambiguous, mainly because of the short duration of the data campaigns. However, at 
the landslide, propagating events were observed that might be attributed to the energies 
generated by the river bedload during the heavy rains. The present study offers some 
insight into the pre-collapse dynamic behavior of unstable slopes in clayey formations.
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1. Introduction

2. Material and methods 

2.1 Prototype experiment

Reactivation of landslide associ-
ated with rainfall is a common phe-
nomenon in colluvial soils where these 
deposits are involved in rupture and 
sliding. This phenomenon is accompa-
nied by microseismic activities, which 
can be recorded by sensors and used for 
the analysis of landslide deformation 
and, hence, strengthening the landslide’s 
early warning system (Vouillamoz et 
al., 2018). Same is the case with the 
colluvial slopes in Brazil, where slope 
failures are triggered by heavy summer 
rainfalls, usually from December to 
March. These slopes are characterized 
by relatively shallow failure surface 
depths with dependent variations of the 
saturated hydraulic conductivity that 
lead to pore pressure build up (Martins 
et al., 2017).

The fluctuations in groundwater 
level and pore-pressure are common 
landslide triggers because this can 
change the effective stresses, alter the 
shear strength in the soil (Hamza and 
Bellis, 2008) and ultimately disturb the 
equilibrium condition, leading to mate-
rial deformation and consequently the 
microseismic energy release in response 
to the sediment’s deformations (Walter 
and Joswig, 2009). These microseismic 
signals having magnitudes ML <0 for 
local magnitude (ML) scale can be 

utilized for a proper understanding of 
material instabilities and how they can 
evolve into major hazardous phenomena 
(Planès et al., 2016).

The changes of rainfall-induced ef-
fective stress are accumulated in the soil 
and compensated by sliding that releases 
microseismic vibrations. In this way, 
the sliding can be resolved into several 
occurrences of propagation of sliding 
plane or soil failure. This mechanism 
is assumed to be similarly created in a 
pullout experiment as described in sec-
tion 2.1. However, it differs in the type 
and level of the applied stresses which 
are very low in the case of landslide 
under the influence of triggering factors 
(e.g. rainfall).

However, the associated micro-
seismic emissions from landslides are 
confusing because of the involvement of 
two sources: (i) endogenic - from deep 
within the landslide because of material 
deformation, and (ii) exogenic - from 
surficial processing such as rockfall 
and movement of debris (Vouillamoz 
et al., 2018). The separation of these 
two source mechanisms is of prime 
importance in any microseismic based 
landslide hazard assessment study. The 
presence of endogenous microseismicity 
is evident from many past studies (Gom-
berg et al., 1995; Walter et al., 2012; 

Tonnellier et al., 2013; Provost et al., 
2017; Fiorucci et al., 2017; Vouillamoz 
et al., 2018).

In the present study, landslide mi-
croseismic signals were generated on a 
field scale experiment using an expander 
body (EB) pile. The experiment was per-
formed under controlled conditions in 
the experimental field of the University 
of Brasilia, Brazil. This is the first time 
that seismic signals due to shear zones 
in the soil have been simulated under 
controlled conditions. The goal was to 
analyze the microseismic signals emit-
ted from a propagating soil failure as a 
consequence of the pullout load applied 
on the EB pile. In the second round, 
the experiments were performed on 
Sobradinho landslide for the analysis 
of its seasonal dynamics in terms of 
microseismic emissions. An attempt 
was carried out to recognize a similar 
source mechanism between the EB pile 
and natural-scale landslide in terms of 
the released microseismic signals. The 
spectral anomalies observed over super-
sonograms were used in the typological 
classification of the signals released in 
response to the pullout test on an EB 
pile and by the seasonal dynamics at 
the natural scale of the Sobradinho 
landslide.  In both experiments the same 
event screening was used.

A methodology for simulating 
landslide seismic signals emitted in 
the proximity of a tropical soil at 
field-scale was developed. Initially, 
two options were considered as po-
tential ways to induce failure in the 
soil. The first was to induce a slope 
failure by increasing the degree of 
saturation of the soil. However, this 
option was unfavorable because of 
two main problems related to the 
highly porous tropical clay dominat-
ing the surficial geology of the site. 
First, based on preliminary numeri-
cal computations carried out by the 
University of Brasilia on this type of 
soil, a significant amount of water 
would be necessary to change the 
saturation degree of the soil. Due to 
the high porosity of the soil (>55%), 
water would run through the soil mass 
to lower elevations saturating them 

first (Silva, 2009). Second, due to the 
high porosity, this water would also 
flow in all directions, which must be 
avoided because of the proximity of 
a large building.

The second option was to induce 
failure in the  EB pile. EB pile tech-
nology has been used successfully to 
increase the pile toe capacity in loose 
to dense soils (Arce and Herrera, 
2016). However, in the present study, 
a pullout test on an EB pile is used as 
a mechanism that leads to soil failure. 
This would affect only the soil at the 
location of the experiment and not 
the wider surrounding area. During 
the extraction process, the shear plane 
propagation is supposed to evolve 
in the soil. In the present study this 
methodology is followed because of 
three main advantages: (i) the ability 
to control landslide exogenic pro-

cesses allowing the record of seismic 
signature of soil failure, (ii) low cost 
in terms of both time and resources, 
and (iii) the non-destructive nature 
of the test.

The experimental site was cho-
sen to be in the city of Brasilia (Brazil) 
in tropical clay. The pullout test took 
place on Wednesday (21/02/2018) 
between 10:00-14:00h. Two concrete 
blocks were chosen and above these 
blocks, two steel rods were placed. 
A load cell was positioned above the 
rods and a hydraulic jack was attached 
to this load cell. This formed the base 
for applying a pulling out force on the 
EB pile by a manually operated oil 
pump. Attached to the hydraulic jack 
there were two smaller metallic rods 
on which four extensometers were 
installed for monitoring the vertical 
displacement of the pile. This set up 
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allowed to control the exogenous 
processes and record the failure me-
chanics of the soil. In this way, all 
microseismic energies were produced 
by endogenic processes throughout 
the experiment.

The region of Brasilia is covered 
by a mantle of Tertiary-Quaternary 
age detritus-lateritic soil composed 
mainly of red-yellow Latosols, accord-
ing to the Brazilian soil classification 
system. The thickness of this cover is 
relatively depending on the topogra-
phy, vegetation and rock of origin and 
can range from centimeters to tens of 
meters. The high degrees of weather-
ing and leaching have been responsible 
for the formation of this soil, which 
led to the development of a very po-
rous, metastable aggregate structure 
with a large proportion of voids and, 
consequently, low density. Therefore, 
this soil is known as "porous clay" 

by local geotechnical engineers. Due 
to its aggregate state and metastable 
structure, this clay has a low penetra-
tion resistance standard (Standard 
Penetration Test SPT-N from 1 to 6 
strokes; stable meta structure) and 
high permeability (from 10-3 to 10-4 
m/s; particles in an aggregate state), 
similar to that of fine granular soils, 
which, incidentally, is how its texture 
is presented in its natural state. Due 
to its high porosity and cementitious 
bond type, it has a highly unstable 
structure when subjected to increased 
moisture and/or changes in the state 
of stresses, almost always presenting 
a volume variation as high as the 
variation of these factors (referred to 
as a collapsed structure. A soil profile 
of the experimental field is shown in 
Figure 1f.

The seismic acquisition system 
consisted of four short-period (2 Hz) 

seismometers, REFTEK-130 data-
loggers and GPS locks, deployed in the 
form of a mini-array of the specified 
array of four sensors - commonly re-
ferred to as seismic navigation system 
(SNS) (Joswig, 2008) as explained in 
section 2.3.1. The mini-array used 
for the monitoring of EB pile had an 
aperture (distance between central 
and satellite sensors) of 10 meters 
(Figure 1). It was deployed by using 
three nails at angles, which were 
measured using a magnetic compass. 
The same mechanism of mini-array 
installation was adopted for the ex-
periments at a natural scale. Because 
the target signals are characterized 
by the high-frequency contents, the 
choice of the sensors is usually of short 
period seismometers together with a 
high sampling rate and continuous 
data recording instruments (Hussain 
et al., 2017).

Figure 1
Prototype experiment (a) White window 
location of Brasilia (red rectangle) on a 
Brazilian map and the location of test site 
(black rectangle) in Brasilia, (b) Schematic 
of the EB pile load test, (c) mini-array confi-
guration (d) its blind zone (e) experimental 
set up used for the pullout test on EB pile and 
(f) is the soil profile of the experimental site.

2.2 Natural scale experiment (landslide)

(a)

(f)

(b) (c)

(e)

(d)

The slope selected for this study 
is located within the Federal District 
of Brazil near a cow and horse farm 
in the vicinity of 'Rua do Matto'. This 
landslide is an E-W trending rotational 
slip surface. The landslide extends over 
an area of approximately 150 m long 
and 70 m wide. The landslide is a result 
of gravity-induced instability caused 
by the river cutting at the bottom of 
the slope. The alluvial plain, fan and 
colluvial deposits are the geomorpho-

logical features in the surrounding area 
of the landslide (Braga et al., 2018). 
Geologically, the area is composed of 
carbonate rocks of Paranoá group of 
Quaternary age.

Seismic data were acquired for a 
duration of 10-days by deploying two 
SNS at the Sobradinho landslide (Figure 
2). The first mini-array (SNS-1) has an 
aperture of 15 meters, while the second 
array (SNS-2) is of about 25 meters in 
aperture. The layout of the two SNS 

seismic covers most of the landslide with 
particular concentration on the lower 
part of the slope which was expected 
to show the highest dynamic activities 
in terms of soil movement (toe erosion).

The data were recorded at a sam-
pling rate of 1000 sample/second at 
the prototype field experiment and 250 
sample/second for the natural scale ex-
periment. In both experiments (EB pile 
and Sobradinho landslide), the record-
ing system remained the same.
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Figure 2
(a) Administrative boundary of Brasilia 
and position of Contagem River basin 
on the map of Brasilia. (b) The litho-te-
chnical units of the Contagem River basin 
and the white rectangle is the position of 
the study area (c) Geomorphological fe-
atures of the area such as alluvium, collu-
vium and sand bars (Adopted from Braga 
et al. 2018) (d) Positions of mini-arrays in 
an orthomosaic photo of the landslide.

(a)(c)

(b)

(d)

2.3 Nanoseismic monitoring

2.3.1 Seismic navigation system (SNS)

2.3.2 Data processing 

2.3.3 Typological Analysis

Nanoseismic Monitoring (NM) 
is a passive seismic technique and it 
involves specialized acquisition and pro-
cessing methods for the detection and 
localization of weak energy signals hav-
ing a local magnitude of ML<0, usually 

less than the background noise levels 
(Walter et al., 2011). The acquisition 
is performed by the specialized array 
of sensors (SNS) while processing is 
done in a dedicated software Nanoseis-
micSuit (www.nanoseismic.net). The 

software has two basic modules, one 
is SonoView used for the weak energy 
event screening from the noisy environ-
ment. The second module is Hypoline 
which is used for the detection of these 
weak energy events.

There are three possible ways in 
which seismometers can be deployed over 
a landslide: single, network and array. In 
comparison to single stations, the array 
has many advantages that are useful in 
engineering applications. In NM, data 
acquisition is achieved by the Seismic 
Navigating System (SNS) (mini-array). The 

SNS implies an arrangement of seismom-
eters as one three-component central and 
three vertical one-component peripheral/
satellite installed at an appropriate angle 
(1200). The rapid system setup, together 
with its ultra-portability turns the SNS 
into a truly optimal monitoring system 
for the near-surface engineering problems 

(Joswig, 2008; Hussain et al., 2019). The 
aperture size is a function of slant distance 
(source-receiver distance) which depends 
on the study objectives (Joswig, 2008). 
The aperture is a very crucial component 
of this system because it resolves only those 
events that lie within this array aperture 
(central-satellite station distance).

In the case of low signal to noise 
ratio along with a large volume of data, 
the detection of microseismic events by 
traditional seismograms (amplitude-time) 
become challenging. Therefore, in order 
to improve human inspection of the weak 
signals, a software based on the concepts 
of nanoseismic monitoring was intro-
duced. This software package not only 
displays large continuous data but can 
also have the capability of detecting very 
weak and short duration events. Instead 
of traditional seismograms, the software 
uses a frequency domain spectrogram 
of Power Spectral Density matrix (PSD), 

called sonograms which is a graph with 
a vertical axis representing the loga-
rithm of the frequency and a horizontal 
axis as the time. This allows the user to 
view the energy density as a function of 
time-frequency (Joswig, 1990). It uses 13 
half-octave frequency bands, a window 
length of 256 samples with around a 
50% overlap, and it removes stationary 
noise by subtracting the mean and muting 
below one variance per frequency band, 
and finally pre-whitens the whole image. 
The spectral whitening equalizes the spec-
trum of the signal by enhancing low-level 
spectral components at the expanse of 

their high energy counterpart. Thus, the 
knowledge of the characteristic spectral 
contents of noise or events of interest 
helps in the identification of microseismic 
events. Resistant statistics is utilized in 
order to minimize the impacts of outliers 
(noise events) in the correct identification 
of weak events (Sick et al., 2014). Super-
sonogram is a combined presentation 
of vertical component sonograms of all 
four stations of one SNS. So, one pixel of 
supersonogram is a stack of four vertical 
component sonograms. In this way, a large 
amount of data can be visualized on short 
computer screen.

The microseismic signals obtained 
from the landslide experiments suffered 
from surface heterogeneities and degree 

of saturation, resulted in the attenuation 
of the signals. The target signals became 
complex surface waves having no clear P 

and S wave arrivals that made their phase 
picking difficult. In these scenarios, simple 
and fast spectral analyses of the microseis-
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mic signals became an attractive choice.
The common typologies of the 

microseismic signals detected in the past 
studies using spectral analysis are of 
quake, tremor, impulsive and harmonic. 
Tremors are characterized as being of me-
dium duration, emergent onset, multiple 

events,  and having a dominant frequency 
up to 50 Hz. Dispersive signals are of long 
duration, emergent onset, single event, and 
have a dominant frequency up to 150 Hz. 
Impulsive signals are of high-frequency 
onset and are of short duration. Their 
source mechanisms in the case of clayey 

landslides are fluid transfer and transient 
slip events (Gomberg et al., 2011). Har-
monic signals have various attenuation 
patterns, single magnitude and long dura-
tion (Vouillamoz et al., 2018). Some of the 
signal typologies recorded in the previous 
studies are shown in Figure 3.

Figure 3
Nomenclature of microseismic signals 

associated with various source mechanisms 
based on supersonogram screening derived 
from the previous studies. First four rows (1 
to 20) present the landslide microseismicity 
recorded after the rainy events modified 
from Vouillamoz et al., 2018 and Walter 
et al., 2011; 2012; 2013). Next row (21 
to 25 presents the microseismic events 
observed over an active fault (Häge 
and Joswig, 2009). The supersonogram 
patterns of the external factors are shown 
in the last row as human footsteps (28), 
helicopter noise (29), environmental noise 
(20, 31) (Vouillamoz et al., 2018). Y-axis is 
the log of frequency and axis is the time in 

seconds. Color bar presents energy, and 
increases from light to dark color.

3. Results and discussion

In response to the application 
of pullout force on the EB pile, an 
increase in soil displacement was ob-
served. This displacement is the result 
of soil failure along the developed 
shear zones surrounding the pile. The 

shear zones might have propagated 
joining the adjacent microfractures as 
usually occur in the case of activation 
or reactivation of landslides. These 
propagating shear zones released 
energies which were recorded by the 

surface sensors (seismometers). The 
broad band spiky tremors with clear 
onsets were observed at the middle 
of pull out test, the emergence rate 
of which increased at the end of the 
experiment (Figure 4).
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Figure 4
Extract of the supersonogram for after 3 
hours of the pullout test, where at the end 
of experiment, the signals so identified were 
linked with the propagating shear zones in 
the tropical soil along the shear zones. The 
red box is zoomed sonogram images of the 
small energy shear event. The white rectan-
gle contains the load-displacement curve of 
the EB pile pullout experiment recorded by 
four surrounding extensometers. The 
red arrow shows the time window where 
supersonogram is considered.

Figure 5
Typologies of the signals 
observed the during rainy days (from 1 
to 11) at Sobradinho landslide and from 
the pullout tests (12); only vertical com-
ponent supersonograms are considered.

The emergence of similar signals was 
expected in the landslide testing because 
of the rainfall-induced pore pressure along 
the existing slip surface that can lead to 
the expected generation of microseismic 
events. To this end, the seismic records of 
dry (no stress alteration) and immediately 
after rainfall (with alteration of effective 
stress) events were analyzed in order to 
understand their typologies. The super-
sonogram patterns of the dry period do 
not show any event that can be used for 
typological analysis. This can be linked to 
the absence of dynamic activity at the site. 
From the records of saturated conditions 

(during and after rainfall), there are many 
events observed on the supersonograms (1 
to 11 in Figure 5). The signals observed af-
ter rainfall have shown various typologies 
as high frequency and short duration spiky 
(4 and 6 in Figure 5), or high frequency 
and long duration (8 to 10 in Figure 5).

Another interesting type of signals 
was observed during the rainy season. 
These signals were of propagating type 
and were observed only during the record 
of rainy days when the river discharge 
was high (3 in Figure 5). This may sug-
gest these signals are possibly associated 
with the bedload of the Contagem River. 

The sediment carrying energy of the river 
significantly increases during rainfall. The 
river can carry heavy sediments which can 
release high seismic energies which could 
be detected by the nearby seismometer. 
The energies are released by the abrasion 
of sediments with the bottom of the river 
reported by Burtin et al. (2010). In order to 
prove this, more controlled future experi-
ments based on geotechnical and geodetic 
monitoring approaches are recommended. 
In this way, such signals can be linked with 
some clear source mechanisms.
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There are two possible source mecha-
nisms observed over the seismic records of 
the landslide. First, different signal typolo-
gies are observed during the rainy seasons 
(Figure 5) which can possibly be linked 
with the dynamism inside the landslide. 
The upper fine material of the landslide 
after rainfall, when converting back to 
initial dry state, releases energies through 
a mechanism referred to as a stress-relief 

mechanism. The associated microseismicity 
(observed in the testing) has been reported 
in previous studies (Walter et al., 2013; 
Fiorucci et al 2017).

There is lack of any supersonogram-
based analogy among the signals released 
by EB pile test and landslide experiments. 
This is mainly because of at least three main 
reasons: a) different level of stress; b) differ-
ent stress conditions (i.e. in a landslide mass 

the stress field is not necessarily compressive 
like in the pile penetration but also tensile, 
especially in the upper portion of the slope); 
c) a pre-existing sliding surface (in case of an 
already failed slope, like in the Sobradinho 
landslide case study) implies that residual 
strength is involved and not the peak ones. 
Therefore, rearrangement or crashing of 
soil particles should be assumed in residual 
strength conditions.

4. Summary and conclusions

The present study was carried out for 
characterization of the microseismic sig-
nals, due to propagating shear zone within 
the soil, generated by a pullout test on the 
expander body (EB) pile of tropical clayey 
soil. The detected signals were planned 
to be used as a benchmark for the sea-
sonal dynamic analysis of the Sobradinho 
landslide that is representative of many 
landslides in the region, which developed in 
colluvial soil. At the Sobradinho landslide, 
the microseismic signals are naturally de-
veloped in the proximity of a sliding surface 
(colluvial-saprolite) in response to seasonal 
effects, such as an increase in pore-pressure 
combined with the dynamics created by the 
erosional effects of the Contagem River 
during and immediately after the rainfall 
events. No distinct phase onsets were iden-
tified on the seismic records of both experi-
ments that made it difficult to localize the 

event. Thus, event screening was performed 
through sonogram patterns. The following 
conclusions are drawn from the analysis.

1) The signal release in response to 
soil failure at the experiment of EB pile 
was of short duration and related positively 
with the increase in soil displacement, as 
observed on the load-displacement curve. It 
is possible to hypothesize that these signals 
are associated with propagating failure 
induced in the soil.

2) No nanoseismic signals (slid-
equakes) were detected on the Sobradinho 
landslide during the dry season, mainly 
because of the absence of dynamism in 
the landslide mass and low toe erosion, as 
well as the bedload carrying potential of 
the Contagem River.

3) In a saturated condition (rainy 
days), the typologies may be linked with 
the dynamic inside the landslide body. 

However, the propagative signals may be 
related to the river bedload after rain.

4) There was a lack of any super-
sonogram based analogy among the 
signals released by the EB pile test and 
landslide experiments.

Despite of its explorative nature, 
the study provides promising perspectives 
for future research on seismic emissions 
associated with landslide activities i.e. 
internal deformations and displacements. 
Further experimental investigations are 
required to monitor the variation in soil 
conditions by measuring the pore pressure 
and moisture content at multiple locations 
across the experimental sites - vertically 
and horizontally. The study might also 
benefit from further research in terms of 
element testing that investigates the effect 
of a saturation condition on the seismic 
behavior of the materials.
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