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Abstract

The municipalities of Ubatuba, Campos do Jordao, and Sio José dos Campos are located in the re-
gion of Sdo Paulo State (Brazil). These municipalities are recognized nationally for having an ele-
vated number of recorded landslides on slopes and embankments. In addition, these municipali-
ties contain multiple areas that are at risk for landslides. Various soil landslides occurred in these
municipalities in January 2013, when real-time climactic and geotechnical variables were moni-
tored by automatic rain gauges, humidity sensors and soil temperature and suction devices. The
resulting data were used to understand the functions of each variable in the occurrence of land-
slides. Analyses of rainfall, humidity and soil temperature were used with field investigations to
formulate a hypothesis regarding the predominant rupture mechanism and the role of each mo-
nitored variable in the deflagration of the soil landslides that occurred in the three studied muni-
cipalities. The geotechnical variable data revealed that both temperature and soil moisture con-
tents played fundamental roles in the deflagration of shallow planar landslides in urban areas.
The hourly rain intensity and/or rainfall accumulation for 24 and/or 72 h were responsible for
the deflagration of the landslides that occurred in the studied areas, along with the existing anth-
ropic constraints in the risk areas. Significant variations did not occur in the soil suction data
during the landslides, principally due to the unsatisfactory sensor precision when reading field
suction between -10 and -100 kPA (+25%).
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1. Introduction

Geologic risks in Sdo Paulo State (Brazil) have been highlighted nationally and internationally, mainly due to
the elevated number of landslides that have occurred on urban slopes and the number of municipalities with
areas of landslide risk. Several municipalities that are located in regions with elevated landslide susceptibility
are notable [1]. For example, the municipalities with urban areas on the slopes of the Serra da Mantiqueira
(Campos do Jorddo and Séao José dos Campos) and Serra do Mar (Ubatuba). The susceptibility of these areas to
landslides has been corroborated by the significant number of landslides that have been registered by the Geo-
logical Institute of Sdo Paulo State (Figure 1) in the framework of the Preventative Plan of Civil Defense
(PPDC).

The identification, evaluation and management of landslide risk areas in Sdo Paulo State (Brazil) began fol-
lowing large scale accidents with grave consequences that occurred during the summer of 1987/1988 in the re-
gion of Serra do Mar. Consequently, the state government decided to implement the PPDC, which was specific
for landslides on the slopes of the Serra do Mar in Sao Paulo State. The main objective of the PPDC is to avoid
human death by relocating populations that occupy risk areas before a landslide occurs. However, to prevent
death from landslides, the actions of the PPDC are based on the daily monitoring of critical rainfall levels (rain
accumulated in 72 h) and the meteorological forecasts for each municipality. The critical rainfall levels used in
the preventative removal action of populations from risk areas were defined based on a correlative study be-
tween rainfall and landslides that was initially designed for the municipality of Cubatdo, S&o Paulo State [2] [3].

The correlation results obtained in [2] [3] for the municipality of Cubatdo were posteriorly extrapolated for
the remaining municipalities of Sdo Paulo State by using the 72-h accumulated rainfall data as a reference. With
this method, different values of critical rain accumulation were established for the municipalities using the
PPDC. These values highlighted the 72-h rainfall accumulations in the following regions: Serra do Mar
(Ubatuba)—120 mm; Vale do Paraiba (Sao José dos Campos)—100 mm and Serra da Mantiqueira (Campos do
Jordao)—80 mm.

A significant number of national and international studies were observed to establish correlations between
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Figure 1. Spatial distribution of the occurrences of landslides in the municipalities of the S&o Paulo
State in the period 2000 to 2010 (Source: Geological Institute).
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rainfall and gravitational mass movements. Among these international studies, developments in [4]-[20] are
notable. In Brazil, the studies of [2] [3] [21]-[31] are noteworthy.

However, the spatial distribution of rainfall in a particular region is not homogeneous and tends to be less
correlated with landslides when rain gauges are farther apart, especially when convective rainfall occurs in Bra-
zil during the summer season, which generally has high spatial variability [32]. Therefore, the extrapolation of
rainfall data points that represent a given area where landslides have occurred represents critical rainfall values
in other regions that may contain inadmissible uncertainties for the operation of the PPDC. In addition, the criti-
cal rainfall rates used in certain areas cannot satisfactorily represent the critical rainfall conditions that are ne-
cessary for the deflagration of landslides in other regions that have different geological and geotechnical cha-
racteristics. This disconnect was recently observed by analyzing rainfall and landslide data within the PPDC that
were recorded over 10 years [33]. Overall, this finding highlights the importance of monitoring parameters that
are related to the geological and geotechnical characteristics of each region or risk area to understand the rupture
mechanisms of landslides in urban areas, especially those parameters that permit infiltration and rainwater reten-
tion assessments.

Studies of climate and geotechnical variables on slopes in the Serra do Mar, specifically on the northern coast
of Séo Paulo (Brazil), have been conducted by Brazilian researchers since 2005. These studies have contributed
to understanding the effects of seasonal rainfall variations on the suction and humidity profiles of non-saturated
residual soils [34]-[38]. Moreover, these studies have contributed to the use of sensors and non-invasive me-
thods for assessing the suction profiles and moisture contents of tropical residual soils [38]-[43].

In Brazil, the climate and peculiar characteristics of tropical residual soils have generated the need for specific
studies that combine climactic variables and soil geotechnical properties to understand the hydro-mechanical
behavior of the soil and the relationships between climate and the geotechnical variables that trigger landslides
in such soils.

Residual soil landslides are often associated with the rainy season on Brazilian slopes. According to [44], the
main geotechnical variable for the occurrence of landslides is the reduction or elimination of shear soil strength
that results from rainwater infiltration in the soil profile. For landslides in tropical residual soils, it is important
to study the seasonal variations of matrix suction and moisture content within the soil profile that result from pe-
riods of rain and drought. Thus, it is important to evaluate the influence of rainfall on the hydro-mechanical be-
havior of the soil by monitoring climactic aspects and their effects on the matrix suction and moisture contents
of the soil profile. Therefore, this paper presents new real-time monitoring results from geotechnical and climac-
tic variables that are obtained by installing automatic rain gauges and sensors. These sensors measured total
rainfall, suction, temperature and soil moisture in the municipalities of Campos do Jord&o, Sdo José dos Campos
and Ubatuba, S&o Paulo State (Brazil), where several landslides occurred in risk areas during the in situ moni-
toring period.

2. Study Areas
2.1. Selection and Location

The initial criteria for selecting the study areas for implementing the field trials considered the following region-
al aspects of the physical and urban environment of each municipality: 1) distinct regional climate variations (in
terms of rainfall distribution), 2) regional aspects of relief and 3) the presence of landslide risk areas. In addition,
the following conditions were used to choose the study areas: 1) areas with high and/or very high risk levels for
landslides, 2) areas with safe areas for equipment installation and monitoring and 3) areas with adequate mobile
phone signal to enable data transmission via GSM/GPRS technology.

The selected study areas are located in municipalities with individual climate features that are based on re-
gional climates and reliefs (according to Martinelli 2010: Faixa Costeira (Ubatuba), Porcdo Lestedo Planalto
Atlantico (Campos do Jorddo), and Vale do Paraiba (Sdo José dos Campos). The locations of the experimental
plots in the municipalities of Campos do Jorddo (Ef-1), Sdo José dos Campos (Ef-2) and Ubatuba (Ef-3) are
shown in Figure 2.

Consequently, the regional climate and relief patterns for each municipality provide distinct average annual
rainfall values. For example, Sera do Mar and Mantiqueira, where the municipalities of Ubatuba (Ef-3) and
Campos do Jordao (Ef-1) are situated, have average annual rainfalls of between 1700 - 3000 mm, respectively.
In addition, the average rainfall in Vale do Paraiba, where the municipality of Sdo José dos Campos (Ef-2) is si-
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tuated, is between 1200 and 1400 mm (Table 1).

2.2. Geological and Geotechnical Characterization

The geological and geotechnical characterization of each experimental region was initially performed in the
field by observing the soil profiles that were considered the most critical (exhibiting greater natural susceptibili-
ty to landslides). These areas represented landslide risk areas (dashed yellow line) in the municipalities of Cam-
pos do Jorddo (Ef-1), Sdo José dos Campos (Ef-2) and Ubatuba (Ef-3) (Figure 3). Briefly, the following region-
al and local geological features of each experimental field were obtained:

»  Campos do Jorddo (Ef-1)—Metamorphic rocks, such as migmatites, gneisses, metadioritic and granu-
lites dominate the region. In addition, schists, quartzites and metaconglomerates occur as lenses with some mag-
matic intrusions [46]. Migmatitic rocks occur locally with alternating bands of neosome (granite) and paleosome
(gneiss), with thicknesses that range from a few meters (in the case of granite) to centimeters (in the case of
gneisses) thick [47] [48].

»  Sdo José dos Campos (Ef-2)—The study area is regionally inserted into the tectonic compartment

Municipalities:
@B Sdo José dos Campos
Campos do Jorddo

] Ubatuba

@ Experimental field - Ef

N
L 1 1 1 ) A

Figure 2. Localization of the municipalities in the Sdo Paulo State (Campos do Jordao, Séo José dos
Campos e Ubatuba) where were implanted the experimental fields (Ef-1, Ef-2 e Ef-3), respectively.

Table 1. Minimum, maximum and average rainfall annual values of the studied areas.

Rainfall average annual (mm) Period Rain gauge localization Altitude
Municipalities

Minimum Maximum  Average (Year) Latitude Longitude (Meters)

917 2.055 1.289 1943 to 2003 23°11'S 45°53'W 560

Séo José dos Campos
887 2.271 1.396 1943 to 2000 23°03'S 45°54'W 570
1.035 4.457 1.801 1937 to 2004 22°43'S 45°34'W 1590
Campos do Jorddo
1.342 2.786 1.778 1973 to 2001 22°42'S 45°29'W 1620
1.777 4.374 3.057 1957 to 2004 23°23'S 45°07'W 142
Ubatuba
1414 3.977 2.399 1945 to 2000 23°23'S 44°50'W 184

The altitude is relative to sea level. Source of the data [45].
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Figure 3. Localization of the experimental fields implanted in the landslides risk areas in the municipalities of Cam-
pos do Jorddo (Ef-1), Sdo José dos Campos (Ef-2) e Ubatuba (Ef-3).

named the Southeast Regional Fold with rocks of the Embu Complex (paragneiss units and banded gneiss) that
are composed of phyllites, schists, gneisses and migmatites. Locally rocks consisting of gneisses and migmatites
are dominant without the marked occurrence of lithological variations [49].

»  Ubatuba (Ef-3)—regionally occurring rocks grouped into five predominant lithologic assemblages of
migmatites with diverse structures, granite-gneiss, biotite gneiss, quartzite and gneiss and gneisses changing to
migmatite [50] [51]. Locally, rocks composed of porphyritic biotite granite and charnockites are not dominant.



R. M. Mendes, M. V. Filho

Geotechnical characterization began with the identification of representative soil profiles in the experimental
fields Ef-1, Ef-2 and Ef-3. These profiles had the following soil horizons: 1) Horizon “H1”, topsoil resulting
from pedogenesis with a thickness of 0.7 to 1.0 m; 2) Horizon “H2”, the mature residual soil (no matrix rock
structure and relatively homogeneous) with a thickness of 2.5 to 4.0 m; and 3) Horizon “H3”, young residual
soil or saprolites resulting from a rocky basement with the original matrix rock structure and a thickness of 5 to
15m.

The thickness variations of the soil horizons were directly related to the position of the slope profile and its
morphology, with greater depths at end regions and shallower portions at the bases of the slopes. The water table
was considerably deeper on the slopes where experimental fields were planted and where upwelling or resur-
gences of water were not observed during field investigations. In Figure 4, schematic soil profiles of the three
experimental fields are presented. These profiles were determined at the locations where the climactic and geo-
technical monitoring systems were implemented.

After identifying the soil profiles of each experimental site, representative samples of each soil horizon (H1,
H2 and H3) were collected for geotechnical characterization according to the Brazilian Technical Standards
(ABNT). The geotechnical characterizations of sieve analysis, soil grain density, natural density and the Atter-
berg limits (liquid and plastic limits) were performed with deformed samples that were collected in the study
sites of Campos do Jordédo, Sao José dos Campos and Ubatuba. The overall results of the geotechnical characte-
rization tests are shown in Table 2.

2.3. Landslides Characteristics in the Study Areas

Landslides in regions with the soils that often occur in the Serra do Mar and Serra da Mantiqueira (where the
experimental sites are located) are usually associated with the rainy season [52]. Soil landslides, especially those
of translational or planar shallow soils, occur naturally in middle and high slopes with rugged reliefs, even if the
slopes are free of human influence.

The primary mechanism of slope destabilization is the reduction or elimination of “apparent” soil cohesion,
which results from the infiltration of rainwater through the soil profile [22] [52] [53]. Because this type of des-
tabilization is the dominant form of instability in the studied areas, it is important to monitor soil water infiltra-
tion and retention (rainfall, moisture content, suction and temperature) continuously to understand the function
of each variable in this type of instability mechanism.

CJ (Ef-1) 00m SJC (Ef-2) 00m UBA (Ef-3) 0.0m
A ¥
H1 H1 Hi
08 m 1.0m 0.7 m
H2 H2 H2
40m 35m 45m
H3 H3 H3
120 m 180 m 10.0 m

Figure 4. Soil profiles representative of the experimental fields of Campos do Jordao (Ef-1), Sdo José dos Campos

(Ef-2) e Ubatuba (Ef-3).



R. M. Mendes, M. V. Filho

Table 2. Geotechnical characterization of the Ef-1, Ef-2 and Ef-3 experimental field.

Grain size (%) Atterberg limits

Municipalities/ Localization Sample/  Depth ”s U
experimental layerin  sample we W IP
field soil profile  (m)  Sand Silt Clay
Long. Lat. (%) (%) (%) USCS (kN/m®)  (kN/m®)
CJ-H1 0.3 54 19 27 25 NP NP ML 296 13.1
Camposdo — ygeagyy  22°44's  CI-H2 30 42 14 44 31 29 2 ML 235 16.2
Jorddo (Ef-1)
CJ-H3 6.0 67 26 7 24 21 3 SM 27.0 13.8
SJC-H1 05 56 18 26 29 NP NP SM 26.8 15.0
S80J0s€dos  yo.uny  93°09S  SIC-H2 30 36 8 56 27 20 7 CLML 266 14.4
Campos (Ef-2)
SJC-H3 6.5 57 34 9 27 24 3 SM 26.9 15.7
UBA-H1 04 53 16 31 50 37 13 MH-ML 271 17.4
Ubatuba (Ef-3)  45°06W  2326'S UBA-H2 15 41 13 46 48 23 25 CL 26.3 16.5
UBA-H3 70 54 20 26 45 26 19 CL 26.7 15.2

In general, the major natural constraints that are responsible for translational landslides in the study areas in-
clude high slope steepness (generally larger than 30°), which is associated with morphology (concave and/or li-
near geometry), and the presence of seasonal “apparent” cohesion, which results from an unsaturated soil profile
and high rainfall (cumulative and/or hourly rainfall intensity). In addition, human action in these locations, such
as slope cuts and/or dumped fills, overloading the land and the release of wastewater and/or leaking pipes on the
slopes, significantly increases the geotechnical instability.

The landslides recorded in the Campos do Jorddo (Ef-1) and Séo José dos Campos (Ef-2) study areas were
planar or shallow translational (depth of rupture < 2.0 m) and occurred in urban areas. In this case, the three (03)
following predominant rupture mechanisms were observed (Figure 5): A—surface rupture in the layer of resi-
dual soil slope H1; B—surface rupture in the residual soil layer H2 or H1 cut slope; and C—surface rupture at
the base of the created fill or at the slope of the residual soil layer of H1 (with mobilization of the overlying
dumped fill). Generally, the type “C” rupture mechanism moves greater amounts of material, which reach a
larger number of homes and cause serious damage. The failure mechanisms of landslides that occurred in the
city of Campos do Jorddo between 01/11/2013 and 01/13/2013 are presented in Figure 5 (A, B, or C). Figure 6
shows the locations of the eight (08) landslides that occurred in the city of Campos do Jorddo near the experi-
mental field (Ef-1) between 01/11/2013 and 01/13/2013 (blue dots). In addition, Figure 6 shows eighteen (18)
landslides that were recorded in 2000 (red polygons on map).

Landslides that occurred in the city of S&o José dos Campos between 01/10/2013 and 01/11/2013 are pre-
sented in Figure 7. Figure 8 shows the locations of the two (02) landslides that occurred in the city of S&o José
dos Campos near the experimental site (Ef-2) between 01/10/2013 and 01/11/2013 (blue dots). In addition, Fig.
8 shows the 61 landslides that were recorded between 2009 and 2013 (Figure 8, A).

The landslides that occurred near the experimental monitoring site of Campos do Jorddo (Ef-1) and Sao José
dos Campos (Ef-2) were affected by anthropic components, including instability factors. These factors included
the implementation of slope cuts and dump fills, the discharge of wastewater and rainwater on slopes and/or
slope cuts/landfills and the discharge of leaking pipes on slope or slope cuts/landfills. Consequently, rainfall,
depending on its hourly intensity or total accumulation over 24, 48 or 72 h, was responsible for the outbreak of
occasional landslides in these urban areas.

A landslide of soil and rock across a 14 km stretch of highway BR 101 is shown in Figure 9. This landslide
occurred between January 3 and 4, 2013. Resurgences of water occurred in adjacent areas along the base of the
slope based on the massive slow movement (crawling), the scattered erosion in the form of grooves and the
presence of small to large blocks of rock at the base of the slope from the last event. This landslide process on
the natural slope in the Serra do Mar was shallow planar and moved the residual soil layers of H1 and H2 at the
top of the slope. The major predisposing factor of instability was the occurrence of the previous event, which
removed a significant amount of material (soil and rock) at the base of the slope. This event was associated with
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Figure 5. (I) Characteristics and main failure mechanisms of landslides in the study areas; (I1) Landslides oc-
curred in Campos do Jord&o in the year 2000 [48]; (111), (IV), (V) and (V1) landslides of the types B, C (H1), C
(dumped fill) and A, respectively, occurred in Campos do Jord&o between 01/11/2013 and 01/13/2013 (Source:
Geological Institute).

heavy rain from January 3 to 4, 2013, based on the accumulated precipitation data that were recorded by the au-
tomatic environmental station of Picinguaba (near the landslide) (Figure 10).

Overall, three landslides occurred in Ubatuba between 01/03/2013 and 01/04/2013 (Figure 10; yellow dots 1,
2 and 3). These landslides occurred on natural, un-developed slopes. However, some type of intervention oc-
curred at the base of the slopes (work projects cut/dumped fills for construction of highway BR 101).

During these events in Ubatuba, the automatic environmental station (AES/INPE) near the three landslide
points (yellow dots 1, 2 and 3) recorded the following information between 01/03/2013 and 01/04/2013: 125.0
accumulated rainfall in 24 h, mean soil temperature of 28.5°C and a volumetric moisture content of 0.45 m*/m?
(Figure 10). Despite the considerable distance between the AES/INPE and the experimental field monitoring
station of Ubatuba (Ef-3), very similar soil temperature (28°C) and moisture (0.46 m°/m®) data were recorded
between the landslides (Figure 14). In addition, the amounts of accumulated precipitation over 24 h were
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7485600 B

Figure 6. Landslides occurred in Campos do Jord&o in the year 2000 (red polygons on map, [48]) and
landslides occurred in Campos do Jorddo between 01/11/2013 and 01/13/2013 (blue dots, source:
Geological Institute), the numbers 11, 111, 1V, V and VI refer to the landslides presented in Figure 5.

i material
i mobilized
(H1 layer)

Figure 7. (VII) and (V1) landslides of the type C (dumped fill) and B, respectively, occurred in Séo
José dos Campos between 01/10/2013 and 01/11/2013 (Sources: VI, authors and VIII, Civil Defense
of S&o José dos Campos).

405900 408800
7439900 S / R B

Kilometers
)
0.5

Figure 8. Localization of the landslides occurred in Sdo José dos Campos between 01/10/2013 and
01/11/2013 (blue dots, sources: VII, authors, VI1II, Civil Defense of Sdo José dos Campos), the blue
dots VII and VIII refer to the landslides presented in the Figure 7; (A) record of landslides occurred in
Sédo José dos Campos in the last five years (Source: Civil Defense of Sdo José dos Campos).



R. M. Mendes, M. V. Filho

setup landslide

material mobilized
( +H2) layer

Figure 9. Reactivation of landslide on the slope of Serra do Mar (yellow dot 2 in
Figure 10), occurred in Ubatuba between 01/03/2013 and 01/04/2013 in the km 14
of the highway BR-101 (Source: Geological Institute).

significantly different (40.0 mm).

In general, the anthropic activities interfered with the landslide rupture mechanisms in the studied urban areas,
especially for slope cuts and dumped fill materials, regarding the amounts of hourly or daily rainfall needed to
promote landslides. Thus, human interventions in densely populated risk areas significantly reduce the amount
of rain that is required to generate landslides relative to other areas with low levels of human occupation and in-
tervention.

3. Experimental Site Implementation
3.1. In Situ Monitoring Sensor Installation

Equipment and monitoring sensors were installed in soil profiles that represented the experimental soil profiles
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Figure 10. Localization of the landslides occurred in Ubatuba between 01/03/2013 and 01/04/2013 (yellow
dots 1, 2, e 3, [54]), the yellow dot 2 refer to the landslide presented in Figure 9; the data of temperature and
moisture of the soil represent the average values of the soil profile up 0.50 meter deep [55].

in the Campos do Jorddo (Ef-1), Sdo José dos Campos (Ef-2) and Ubatuba (Ef-3) fields as shown in Figure 4.
To install sensors and other equipment that make up the “Monitoring System of the Experimental Plots”, the in-
stallation recommendations of the manufacturer (Decagon Devices) were followed. Briefly, the following pro-
cedures were used. 1) Soil suction and temperature sensor (MPS-2 dielectric potential sensor). Initially, an au-
ger was used to make a hole that was of the depth of the sensor installation depth. Next, the sensor was placed in
the “installation system” and wrapped in a moist mass of the same soil that was removed from the bottom of the
hole. Finally, the sensor was inserted into the hole to its base (steps A/B/C of Figure 11). 2) Soil moisture sen-
sor (10HS soil moisture). Initially, an auger was used to make a hole that was the depth of the sensor installation
depth. Next, the sensor was inserted directly into the hole to its base. In this case, the “installation system” that
was developed specifically for this project (steps D/E Figure 11) was used. 3) Rain gauge and automatic data
acquisition and transmission system (Em50G collect automatic system date). The rainfall gauge (rainfall) and
the automatic data acquisition and transmission devices were installed directly in two rigid PVC tubes before
directly connecting the rainfall sensor, soil moisture and suction cables to the data acquisition system. The data
acquisition system consisted of two data loggers with five channels each (steps F/G/H of Figure 11).

3.2. Analysis of the Monitored Data from the Experimental Plots

The in situ monitoring of climatic and geotechnical data in the three experimental plots (Ef-1, Ef-2 and Ef-3) al-
lowed for the joint analysis of emergency records and the Preventive Plan of Civil Defense (PPDC) during a pe-
riod with multiple landslides (12/01/2012 to 04/30/2013). For this analysis, the data recorded by the field sen-
sors (rainfall, soil moisture, soil suction and temperature) were analyzed with the landslide occurrences that
were recorded during the PPDC operation. The in situ measurements of rainfall, soil moisture, soil suction and
temperature were taken at 10-minute intervals and the data were automatically stored in data loggers every 4 h
for a total of six (06) measurements per day. In Figures 12-14, the data recorded by all of the monitoring



R. M. Mendes, M. V. Filho

Figure 11. Installation of in situ monitoring sensors (A/B/C, soil suction and temperature sensors; D/E, soil
moisture sensor), automatic data acquisition systems and rain gauges (F/G/H, rain sensor with data loggers with
data transmission via the Global System for Mobile Communications, GSM/GPRS cellular technology).
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Figure 12. Monitoring data from the precipitation, soil temperature and soil moisture sensors in the experimental plot of
Campos do Jordéao (Ef-1) from 12/01/2012 to 12/01/2013, the main period of observed landslides (01/11/2013 to 01/12/2013,
indicated by black arrows).
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Figure 13. Monitoring data from the precipitation, soil temperature and soil moisture sensors in the experimental plot of Séo
José dos Campos (Ef-2) from 12/01/2012 to 12/01/2013, the main period of observed landslides (01/10/2013 to 01/11/2013,
indicated by black arrows).

systems in the three experimental fields are presented (Ef-1, Ef-2 and Ef-3) for the period between 12/01/2012
and 12/01/2013. Along with the climatic and geotechnical data that were recorded during the period, Figures 12-14
show the most probable regions of landslide outbreaks that were recorded during the study period (black arrows).
These landslide regions included 1) the Campos do Jorddo, 08 landslides (beginning on 01/11/2013); 2) the S&o
José dos Campos, 02 landslides (beginning on 01/10/2013) and 3) the Ubatuba, 03 landslides (beginning on
01/04/2013).

The climatic and geotechnical data that were recorded by the monitoring systems of the experimental field of
Campos do Jorddo (Ef-1) are shown in Figure 12. Here, the initial day (01/11/2013) of the 08 landslides rec-
orded in the county during operation of the PPDC are indicated. By considering the rainfall data for the entire
study period (Figure 12), the greatest rainfall concentration occurred between 12/01/12 and 04/30/13 (totaling
1832 mm of precipitation). This rainfall accounted for approximately 80% of the total rainfall that was recorded
throughout the entire monitoring period (2334 mm), with a maximum rainfall intensity of approximately 30.0
mm/10 minutes on 02/15/13. When considering the early landslides on 01/11/13, the monitoring system of
Campos do Jordao (Ef-1) recorded the following rainfall data (Figure 12, in detail): accumulated precipitation
rates of 51.8 mm/24 h, 52.0 mm/48 h and 62.4 mm/72 h and a maximum hourly rainfall rate of 14 mm/h. By
only analyzing the rainfall data (Figure 12), the accumulated rainfall of 51.8 mm/24 h was more significant.
Thus, this rainfall accumulation was more effective for increasing the soil moisture content, which resulted in an
outbreak of landslide events in Campos do Jorddo. In addition, when analyzing soil moisture and temperature
data (shown in Figure 12), the soil temperature values were among the highest that were recorded during the
monitoring period on the day of landslide onset (black arrows) (20.6°C/0.3 m, 19.1°C/1.0 m, 17.7°C/2.0 m). In
addition, the values of volumetric soil moisture were the highest among the values that were recorded through-
out the study period (0.41 m®-m%0.3 m; 0.44 m®*m~3/0.6 m; 0.48 m®>m /1.0 m; 0.46 m*m 1.5 m and 0.46
m*-m /2.0 m). By carefully analyzing the behavior of the moisture profile during the landslide periods (Figure 12),
the soil moisture distribution throughout the soil profile was considerably different relative to other rainfall
events. This difference was especially true when considering the drainage of the soil profiles (i.e., moments be-
fore the start of the landslides, all sensors recorded an increase in soil moisture that considered the delay mea-
surement between the sensors due to their positions in the soil profile) before they reached their maximum val-
ues. These soils remained in this condition for approximately 2 h/0.3 m, 5 h/0.6 m, 2 h/1.0 m, 12 d/1.5 m and 30
h/2.0 m.

This spatial-temporal behavior distribution of moisture in the soil profile enhanced the soil temperature values
and played an essential rule in the occurrences of landslides in the study area. This finding was demonstrated by
the monitoring data of the other experimental fields (Figure 13 and Figure 14), where 02 landslides were rec-
orded in the municipality of Sdo José dos Campos (starting day, 01/10/2013) and 03 landslides were recorded
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Figure 14. Monitoring data from the precipitation, soil temperature and soil moisture sensors in the experimental plot of
Ubatuba (Ef-3) from 12/01/2012 to 12/01/2013, the main period of observed landslides (01/03/2013 to 01/04/2013, indicated
by black arrows).

in Ubatuba (starting day, 01/04/2013).
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When analyzing data from the experimental fields of S&o José dos Campos (Ef-2) and Ubatuba (Ef-3) (shown
in Figure 13 and Figure 14, respectively), similar behavior was observed in the spatial-temporal distribution of
the soil moisture profile and high soil temperature values on days of landslide onset (black arrows). At the be-
ginning of the landslides in the municipality of S&o José dos Campos (Figure 13), the soil temperatures were the
highest on record during the monitoring period (26.1°C/0.6 m; 25.5°C/1.5 m; 23.4°C/3.0 m). The volumetric soil
moisture contents were also the highest recorded during this period (0.43 m*m~/0.3 m; 0.39 m®*-m /0.6 m; 0.44
m?®-m%1.0 m; 0.34 m®>m /2.0 m and 0.28 m*-m%3.0 m), indicating changes in the moisture of the most superfi-
cial layers of soil (0.3 m, 0.6 m and 1.0 m). Furthermore, at the beginning of the landslides in Ubatuba (Figure 14),
the soil temperatures were the highest on record during the monitoring period (28.0°C/0.6 m; 27.0°C/1.5 m;
25.0°C/3.0 m). In addition, the volumetric soil moisture contents were the highest on record during the monitor-
ing period (0.45 m*-m /0.3 m; 0.46 m*-m%/0.6 m; 0.46 m*>m /1.0 m; 0.45 m*-m /2.0 m; 0.46 m*m /3.0 m).

When analyzing rainfall data from the monitoring period of the experimental fields of Sdo José dos Campos
and Ubatuba (Figure 13 and Figure 14, respectively), greater rainfall concentrations occurred between 12/01/12
and 04/30/13, which totaled 1207 and 1806 mm of rainfall, respectively. That is, 76% of the total rainfall rec-
orded in the Sdo José dos Campos experimental plot (1584 mm) and 89% of the total rainfall recorded in the
Ubatuba experimental plot (1584 mm through 07/03/2013, after this date, no additional rainfall and soil temper-
ature data were collected due to technical problems with the data logger). The maximum rain intensities that
were recorded in the experimental fields of Sdo José dos Campos and Ubatuba were approximately 28.0 mm/10
minutes on 12/30/12 (Figure 13) and 30.8 mm/10 minutes on 02/22/13 (Figure 14), respectively.

At the beginning of the landslides on 1/10/13, the Séo José dos Campos monitoring system (Ef-2) recorded
the following rainfall data (Figure 13, in detail): accumulated precipitation of 89.4 mm/24 h, 90.6 mm/48 h and
90.8 mm/72 h and a maximum hourly rainfall of 56 mm/h. Based on the rainfall data (Figure 13), a rain accu-
mulation of 89.4 mm/24 h with an intensity of 56 mm/h was potentially correlated to the outbreak of landslides
in S8o José dos Campos. Regarding the monitoring system of Ubatuba (Ef-3), the landslide that occurred on
01/04/13 on highway BR 101 corresponded with the following rainfall data (Figure 14, in detail): accumulated
precipitation of 84.8 mm/24 h, 130.4 mm/48 h and 133.0 mm/72 h and a maximum hourly rainfall of 39.6 mm/h.
The monitoring data from the experimental field of Ubatuba (Figure 14) should be analyzed with caveats,
mainly due to the considerable distance between the experimental and field locations of the landslides. However,
based on the data that were recorded by the automatic environmental station installed next to the landslide loca-
tion (Figure 10), very similar soil temperature and soil moisture values were recorded in the experimental plot
of Ubatuba (Ef-3). Specifically, the average soil temperature and volumetric moisture contents were 28.5 to
28.0°C and 0.45 to 0.46 m>-m 3, respectively. For the values of accumulated precipitation in 24 h, a significant
difference of approximately 40.0 mm (125.0 mm and 84.8 mm, respectively) occurred. The difference between
the rain accumulation/24 h values that were recorded during the landslides in the monitored municipalities may
indicate the importance of human activities in creating landslides.

Measured anomalies were temporarily or permanently displayed by some moisture sensors (10HS) in the ex-
perimental plots of Campos do Jordao (Figure 12, sensors installed at 1.0 and 1.5 m), Sdo José dos Campos
(Figure 13, sensor installed at 2.0 m) and Ubatuba (Figure 14, sensors installed at 1.0 and 2.0 m). These ano-
malies were due to the lack of temporary or permanent contact between the moisture sensors and the adjacent
soil (predominantly clayey soil existing at these depths). The performance of volumetric moisture sensors (using
the FDR technology—Frequency Domain Reflectometry) depends on the integrity of the moisture sensor’s con-
tact with the surrounding soil. Thus, the spaces (voids) that formed after the sensor installation in clayey layers
(due to the shrinkage of the clay soil during the dry season) impaired the performance of these sensors for mea-
suring the volumetric soil moisture content.

4. Final Considerations

The rupture mechanisms of landslides (Figure 5), geological and geotechnical characteristics, geomorphological
conditions, existence of a deep water table, presence of unsaturated soil profile and the in situ monitoring data
from the experimental plots (Ef-1, and Ef-2 and Ef-3) were considered. The environmental conditions that trig-
gered landslides in the study areas were concurrent and included a significant increase in volumetric soil water
content throughout the soil profile (up to 3.0 m deep), heavy rainfall (>35 mm/h ) and/or cumulative rainfall of
more than 50 mm/24 h and the high soil temperature values before heavy rains.
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Based on the data analysis of the recorded soil moisture values in the experimental fields (Ef-1, Ef-2 and
Ef-3), the critical values of soil moisture along the soil profiles where landslides were triggered were identified.
For the studied soil profiles, the critical values of volumetric moisture were between 0.40 and 0.45 m*m?®, de-
pending on the depth of the installed sensor. Furthermore, for landslides to occur, the volumetric moisture con-
tent must significant increase in the surface layers that are prone to soil rupture (usually between 1.0 to 2.0 m).
In addition, the reading delay of the moisture sensors must be considered.

The accumulated rainfall data that were recorded in the municipalities of Campos do Jorddo (Figure 12), Séo
José dos Campos (Figure 13) and Ubatuba (Figure 10 and Figure 14) were analyzed. An inverse relationship
was found between urban densification in risk areas (Figure 3) or the level of human intervention on natural
slopes (for example, highway construction, Figure 9) and an increase in the amount of rainfall required to trig-
ger landslides in the study area. For example, higher levels of human intervention on natural slopes (slope cuts/
landfills, release of wastewater, overload, etc.) reduce the amount of accumulated precipitation required for a
landslide outbreak. The real-time monitoring of rainfall intensity (mm/h) and precipitation accumulation (mm/24
h) is essential for predicting landslides in urban or other risk areas, particularly when they are densely occupied.

Based on the temperature data of the soil profile (Figures 12-14), a significant relationship existed between
the high soil temperature values (especially the superficial layers; H1/H2, Figure 4) and the landslide outbreaks
that were recorded in the studied cities. This relationship may occur because the hydraulic behavior variations of
the soil are directly proportional to the soil temperature variations (i.e., the permeability increases with increas-
ing soil temperature [56]).

Regarding the soil suction data in the experimental plots (Ef-1, Ef-2 and Ef-3), no significant variations oc-
curred during the monitoring period, mainly due to the unsatisfactory precision of the sensors (MPS-2 dielectric
potential) for suction readings in the range of —10 to —100 kPa (error +25%). However, the real-time monitoring
of soil suction with sensors that are more accurate will be fundamental for understanding the mechanisms that
trigger landslides.

The real-time and simultaneous monitoring of precipitation, soil moisture and temperature are essential for
understanding the outbreak of landslides in risk areas, especially for allowing in situ and real-time assessment of
spatial and temporal rainfall, soil moisture and temperature distributions. In addition, these data promise to es-
tablish critical thresholds of climatic and geotechnical variables for use in landslide warning systems in densely
populated areas.
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