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ABSTRACT: The influence of climate changes in geotechnical systems subjected to soil-atmosphere interaction is complex to 
quantify but of great concern. Increasing temperature and precipitation can lead to soil suction increase, effective stress reduction 
and thus trigger slope instability. The study analyzed a specific slope within 100 years of timeframe. Data corroborated with the 
observation of increasing temperature and other parameters were estimated based on the available information and literature. The 
variation of the slope’s Factor of Safety (FoS) was observed in the month of March in 1899 and 1990. Results indicate that the FoS 
in 1899 maintained 6% to 10% higher than the FoS in 1990 throughout the month. In 1990, the FoS reached values around 1.03, 
which is concerning when it comes to geotechnical stability. Overall, the results indicated an increase in the slope instability possibly 
related to climate changes. 

RÉSUMÉ: L'influence des changements climatiques dans les systèmes géotechniques soumis à une interaction sol-atmosphère est 
complexe à quantifier mais très préoccupante. L'augmentation de la température et des précipitations peuvent entraîner une augmentation 
de la succion du sol et une réduction des contraintes effectives. Ces facteurs peuvent entraîner une instabilité des pentes. L'étude a analysé 
une pente spécifique dans un délai de 100 ans. Les données ont confirmé l'augmentation de la température. D’autres paramètres ont été 
estimées sur la base des informations disponibles et de la littérature. La variation du facteur de sécurité de la pente a été observée au 
mois de mars en 1899 et 1990. Les résultats indiquent que le FS en 1899 a maintenu de 6% à 10% plus élevé que le FS en 1990 tout au 
long du mois. En 1990, le FS atteignait des valeurs autour de 1.03, ce qui est inquiétant pour la stabilité géotechnique. Dans l'ensemble, 
les résultats indiquent une augmentation de l'instabilité des pentes peut-être liée aux changements climatiques. 
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1  INTRODUCTION  

Climate changes have been widely discussed in the past decade 

especially regarding temperature and precipitation increase, the 

greenhouse effect and sea-level rise (Abtew and Melesse, 2013; 

Blank, 2018; Briceño et al., 2007; Dixon et al., 2006; Füssel et 

al., 2012; IPCC, 2018; Obeysekera et al., 2011; Vardon, 2015). 

When it comes to geotechnical structures subjected to soil-

atmosphere interaction, such as earth slopes, the impact of 

climate changes can be severe. The increase of temperature, 

altogether with the increase of mean rainfall, drought periods and 

overall intense events can have significant effects on soil stress 

conditions triggering slope instability and possible landslide 

scenarios (Augusto Filho and Fernandes, 2019; Dehn et al., 2000; 

Gens, 2010; Vardon, 2015). 

Soil-atmosphere interaction involves a series of complex 

climate variables, such as temperature, relative humidity, wind 

speed and precipitation. Evidence suggests an increase in global 

temperature around 1.0ºC compared to pre-industrial levels, 

possibly reaching 1.5ºC between 2030 and 2052 (IPCC, 2018). 

However, in relation to the other variables there are still uncertain 

projections due to lack of specific data (IPCC, 2018). Thus, 

understanding the influence of each climate change process in 

the stability of geotechnical structures, as well as the combined 

action, becomes challenging (Vardon, 2015). 

In literature, there are numerous studies regarding rainfall-

induced landslides. This geotechnical problem is common 

especially in tropic and subtropic regions, where residual soils 

are abundant and mostly in unsaturated conditions (Augusto 

Filho and Fernandes, 2019; Rahardjo et al., 2010, 2007; Zhai et 

al., 2016). Notably, regarding earth slopes, the soil-atmosphere 

interaction variables are directly related to the water table 

fluctuation, resulting in suction variation and possible reduction 

in soil effective stress (Alonso et al., 2003; Dehn et al., 2000; 

Travis et al., 2010; Vaughan et al., 2002). 

In this study, the effects of climate changes were evaluated by 

seepage and stability analysis of an earth slope. The main goal 

was to compare the variation of the Factor of Safety in 100 years 

of timeframe. 

2  MATERIALS AND METHODS 

2.1  Slope characteristics 

The slope in this study is composed of a residual soil (Franch, 

2008) and its geometry is based on a slope located between the 

cities of São Carlos and Ribeirão Preto in São Paulo (Calle and 

Vilar, 2001). A typical section is shown in Figure 1. 

 
Figure 1. Typical section of the slope 
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The water table was considered 15,0m below the slope’s foot 

based on in situ tests, thus the entire soil was in unsaturated 

condition. The geotechnical parameters of the residual soil are 

presented in Table 1. The van Genuchten (1980) model was used 

(Table 2) and both the Soil Water Retention Curve (SWRC) and 

the Hydraulic Conductivity function are presented in Figure 2. 

 
Table 1. Soil properties 

Soil parameter Value 

γ (kN/m³) 17.8 

c' (kPa) 5.0 

φ' (º) 25 

φb (º) 20 

 
Figure 2. (a) SWRC curve (b) Hydraulic conductivity curve. 
 
Table 2. van Genuchten (1980) model parameters 

Parameter Value 

α 0.067 

m 0.320 

n 1.47 

θs 0.76 

θr 0.05 

2.2  Numerical simulation 

The software used in the analyses were SEEP/W and SLOPE/w 

from GeoStudio 2019 to evaluate both the unsaturated flux and 

the slope stability. To analyze the variation of the slope’s Factor 

of Safety (FoS) regarding the climate changes occurring in 100 

years, two periods were selected for comparison: (a) from 1896 

to 1899 and (b) from 1987 to 1990. The first three years of each 

period were analyzed only in SEEP/W to guarantee convergence 

of the unsaturated properties of the residual soil, so that the initial 

condition could be equivalent to reality. The FoS was analyzed 

in March 1899 and 1990 and compared to visualize any 

differences due to climate changes. 

The specific periods mentioned above were chosen from a 

global analyses of precipitation data. Two decades were firstly 

chosen, being: (a) from 1890 to 1899 and (b) from 1990 to 1999. 

The decade precipitation pattern was observed and the years 

1899 and 1990 were chosen from each period due to the 

representation of the respective decade. 

Infiltration analyses on SEEP/W require precipitation, 

evapotranspiration, temperature, and relative humidity data. The 

meteorological station of Luz (LMS) located in the central region 

of São Paulo was chosen to provide the information concerning 

the precipitation profile, due to its longer period of rainfall 

measurement. Complementary data were collected from the 

Mirante de Santana meteorological station in view of the absence 

of registration regarding evapotranspiration, temperature, and 

relative humidity in LMS. However, the information from the 

Mirante de Santana station began around 1970, thus some 

adjustments and estimations were necessary for period (a) 

analysis. 

The solution for this problem was adding or subtracting, 

depending on the parameter, a percentage of the specific value 

from period (b) to achieve the corresponding value for period (a). 

For example, temperature data from 1961 to 2019 were plotted 

by month to visualize and confirm the statement that temperature 

has been increasing in the past years due to climate changes. 

Thus, 1899’s temperature was estimated as 95% of the 1990’s 
temperature, a coherent approach as indicated by literature. 

For the relative humidity, the same procedure was applied. 

First, yearly data from Mirante de Santana station were collected 

and plotted so that a tendency could be observed. It was then 

possible to infer a general decrease in relative humidity. 

Therefore, the relative humidity from 1899 was estimated by an 

increase of 10% from 1990’s data. 
For the evapotranspiration data the procedure had some 

modifications. The information about this parameter was limited 

only for 2007 to 2019 so it was difficult to observe any pattern. 

Literature indicates the existence of an “evapotranspiration 
paradox” (Han et al., 2018; Xu et al., 2018). Some authors 

indicate an increase with climate changes based on the increase 

in temperature (e.g. Abtew and Melesse, 2013; Tian et al., 2018), 

whereas others defend a decrease due to deforestation and land 

cover changes (Strengers et al., 2010; Tian et al., 2018; Xu et al., 

2018). The authors adopted the latter hypothesis and considered 

a decrease in potential evapotranspiration throughout the years.  

Thus, the data for 1990 was said to be the same as presented 

for 2010, since 20 years is not a valid period of time to represent 

any climate changes (Blank, 2018). To estimate 1899’s 
evapotranspiration the authors considered an increase of 15% 

from 2010’s data. The evapotranspiration of the years 1987, 1988 
and 1989 were treated as the same as 2007, 2008 and 2009, 

respectively. 

The same approach was considered for the three years before 

1899. The percentages used to achieve 1899’s data of 
temperature, relative humidity and evapotranspiration were used 

with the corresponding years to estimate the same information 

from 1896, 1897 and 1898. Table 3 summarizes the methodology 

applied in this study for each parameter necessary in SEEP/W. 
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Table 3. Base year and percentage applied for each period and parameter 

Year Evapotranspiration Relative Humidity Temperature 

1987 2007 1987 1987 

1988 2008 1988 1988 

1989 2009 1989 1989 

1990 2010 1990 1990 

1896 +15% of 2007 +10% of 1987 -5% of 1987 

1897 +15% of 2008 +10% of 1988 -5% of 1988 

1898 +15% of 2009 +10% of 1989 -5% of 1989 

1899 +15% of 2010 +10% of 1990 -5% of 1990 

 

The FoS variation from March 1990 and 1899 was compared 

and it was possible to visualize the climate changes consequences 

on slope stability. 

 
3  ANALYSIS AND RESULTS 

The effect of the climate changes in 100 years on an earth slope 

were evaluated by a combination of seepage and stability 

analysis. Firstly, the accumulated precipitation from march of 

each year was compared to observe any differences that could be 

related to climate changes. 

 
Figure 3. Accumulated precipitation in March in 1899 and 1990. 

 

In Figure 3 it is possible to observe that the amount of 

precipitation in 1990 was considerably higher than the 

accumulated precipitation in 1899. By the end of the first two 

weeks, the accumulated precipitation in 1990 represented five 

times the amount of rainfall in 1899. By the end of the month, 

the difference reduced but continued significant, being the 

accumulated precipitation from 1899 half of 1990’s. Overall, an 

average of 80mm of precipitation difference was observed. 

The main goal of this study was to observe the FoS variation 

regarding climate changes and its consequences on the soil-

atmosphere interaction and thus slope stability. As can be seen in 

Figure 4, the FoS variation in 1899 was maintained always above 

the FoS in 1990. 

 

 
Figure 4. FoS variation in 1899 and 1990. 

 

The precipitation in 1899 is mostly concentrated in the last 10 

days, in which there is a slight decrease in slope stability, but still 

not reaching values below 1990’s. Overall, the FoS from 1899 

was 6% to 10% higher in comparison to 1990. On March 20th 

the Factor of Safety from 1899 reached the highest value, being 

14% higher than 1990’s. 
Additionally, it is important to observe the increase in number 

of extreme rainfall events, from two events in 1899 to four events 

in 1990. Overall, FoS reduction occurred after heavy rainfalls, 

being the variation higher in 1899, possibly due to the slope 

suction state originated from the previous years. Regarding 1990, 

it can be observed that the FoS was maintained around 1.05, 

reaching the lowest value of 1.03. These values are concerning 

regarding slope stability and are not in agreement with the 

geotechnical engineering common practice. 

 
4  CONCLUSIONS 

In this study, a slope was analyzed in 100 years of timeframe. 

The main goal was to observe any influence of the climate 

changes in the variation of the FoS. 

The results pointed out a significant increase in precipitation, 

possibly due to climate changes. The accumulated precipitation 

in 1990 was maintained higher than 1899 throughout the entire 

month, reaching a 120mm difference by the end of the period 

considered. Furthermore, the number of intense rainfall events in 

1990 was twice the number in 1899. 

In addition, the analyses regarding slope’s Factor of Safety 
indicated that the slope stability reduced in 100 years of 

timeframe. The FoS in 1899 was 6% to 10% higher and the FoS 

in 1990 reached 1,03 after rainfall periods, which is a concerning 

but coherent result since the precipitation increase is alarming.  

There is no doubt that quantifying the climate changes 

influence in slope stability is complex and challenging. However, 

it is important to highlight the existence and the significance of 

the correlation, especially regarding precipitation rise and 

geotechnical systems safety. 
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