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Abstract

:

In the present study, a simple-to-use method is proposed for a preliminary prediction of the occurrence of shallow landslides (generally, with a thickness of 1–2 m) due to rainfall. This method can be used when a water table forms within the slope or the existing groundwater level rises due to rain infiltration, resulting in an increase in the pore water pressure. A relationship is also provided to establish when these conditions occur and the method can consequently be used. The proposed method combines a simplified solution to evaluate the change in pore water pressure within the slope due to infiltration, with the simple scheme of infinite slope to calculate a critical value of the pore water pressure that determines the incipient failure condition of the slope. In this way, a threshold curve can be also determined to readily assess whether a rainfall event with expected intensity and duration is capable of causing a slope failure at a given depth, where the initial pore water pressure is known. The method is completely analytical and only requires a few parameters as input data, which in addition can be obtained from conventional tests. A well-documented case study is considered to show how the method can be used for routine applications.
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1. Introduction


Rainfall-induced shallow landslides generally occur due to short and intense periods of rainfall or after long rainy periods, depending on soil properties and the infiltration capacity of the slope. The geometry of the unstable soil mass is usually characterized by a thickness in the order of 1–2 m, with a length per thickness exceeding 10:1 [1]. The main type of movement occurring after the failure stage is a translational slide with a direction essentially parallel to the ground surface. Nevertheless, under certain conditions, the slide may evolve into a debris flow [2,3,4,5,6,7]. As a consequence, such landslides may cause severe damage to structures and infrastructures and even fatalities. Therefore, they can be very dangerous although generally the volume of the displaced material is relatively small.



Rainfall-induced shallow landslides are often caused by the formation of a water table or an increase in the groundwater level already present within the slope before rain commences. In both circumstances, positive pore water pressures are generated at the depth of the potential slip surface, resulting in a reduction in the effective stress and consequently of the soil shear strength. This generally occurs in slopes consisting of layered soils, such as for instance a thin soil layer with a high permeability overlaying a much less permeable material or a fractured rock mass resting on an impervious bedrock [8,9,10]. Due to the high permeability of the upper layer, the slope response to rainfall is very rapid. Consequently, a single rain event may be sufficient to trigger a failure process.



Several empirical relationships have been proposed in the literature to relate rainfall intensity and duration to landslide occurrence [11,12,13,14,15,16]. Generally, these relationships are based on empirical observations (often at the regional scale). Therefore, some specific factors that strongly influence the slope response to rainfall, such as the slope geometry, soil properties, and pore water pressures existing in the slope before rain, are not directly accounted for in these relationships. To overcome this limitation, theoretical and experimental studies have been performed to develop methods capable of relating landslide triggering to the hydro-mechanical properties of the soil and pore pressure regime of the slope [8,17,18,19,20,21,22,23,24,25,26,27,28,29,30,31,32,33,34,35,36,37]. Although numerical methods provide a comprehensive understanding of a failure process induced by the infiltration of rain into the slope, the availability of an effective and simple-to-use methodology directly relating rainfall to landslide occurrence would undoubtedly be a useful tool for a preliminary assessment of the slope stability conditions due to rainfall events. Moreover, using complex and computationally expensive methods (such as the numerical ones) cannot be completely justified when all required model parameters are not available.



In the present study, a method of practical interest was developed to predict the occurrence of very shallow landslides (generally, 1–2 m thick) due to rain infiltration that generates positive pore water pressures within the slope. A relationship is also provided to establish when this condition occurs and hence when the proposed method can be employed. Specifically, this method uses a closed-form solution to evaluate the change in pore water pressure caused by rain infiltration and the simple scheme of infinite slope to calculate the critical value of the pore water pressure that determines the incipient failure condition of the slope. In this way, a threshold curve is derived to readily predict landslide triggering due to expected rainfall scenarios. Only a few parameters are required as input data, which can be easily obtained from conventional geotechnical tests. As an example, the method is used to analyze a well-documented case study published in the literature.




2. Proposed Method


The model presented in this section is based on the following simplified assumptions: perfect synchronism between rainfall and groundwater-level fluctuations, the porosity and saturation degree of the portion of the soil above the groundwater level are constant, and the slope can be schematized using the simple scheme of infinite slope characterized by the presence of a thin soil layer resting on a less permeable material (Figure 1). This slope makes an angle  α  with the horizontal plane and eventually accommodates groundwater within it. In this latter case, the slope is subjected to seepage parallel to the ground surface.



In Figure 1, z is the depth, H is the thickness of the upper soil layer,    z w    is the depth of the initial groundwater level, and h(t) is the change in the groundwater level due to rain infiltration. All these quantities are measured in the vertical direction. Generally, a potential slip surface develops at the base of the upper soil layer (z = H), but this is not a restriction for the proposed method.



The condition for the use of this method can be analytically expressed by the following inequality (see Appendix A):


    cos  2  α    (  tan α − tan ϕ ′  )  −   c ′   γ   z   < 0  



(1)




in which  γ  is the soil unit weight, and   c ′   and   ϕ ′   are the effective cohesion and the angle of shearing resistance of the soil, respectively. This inequality derives from the expression of the safety factor for an infinite slope when the effect of the initial pore water pressures is ignored and the slope is stable. Equation 1 implies that a landslide can be triggered only if positive pore water pressures are generated at the potential failure surface due to the formation of a water table or a rise in the existing groundwater level within the slope. In contrast, if the inequality in Equation (1) is not fulfilled, the slope is unstable when the pore water pressure at the potential failure surface is ignored. This means that the stability of the slope is ensured by the presence of an initial negative pore pressure (suction) that may become nil due to rain infiltration. In this case, the present method is unsuitable and a different approach should be used [38]. For cohesionless soils, Equation (1) reduces to


    tan   ϕ ′ > tan α  



(2)







Referring to a given period of rainfall with a constant intensity R and duration d, the infiltration rate, I, is evaluated in the present study as follows:


   I = R     if   R < p   



(3a)






   I = p     if   R ≥ p   



(3b)




where p is the potential infiltration rate, i.e., the maximum volume of water (per unit area) that can infiltrate into the slope in a unit of time. Generally, a determination of p is very complicated because it is affected by many factors that are difficult to be accounted for in the analysis, such as evapotranspiration, antecedent rainfall, vegetation, superficial cracks, and preferential drainage pathways [39,40]. For practical purposes, it is convenient to consider an operative value of p that should be evaluated on the basis of the results of field infiltration tests, taking into account the rainfall direction in relation to the slope inclination. In the absence of these data and especially when wet conditions occur, the following approximate equation may be used under the assumption that the rainfall is in the vertical direction [26]:


  p = k cos α  



(4)




where k is the saturated hydraulic conductivity of the soil. This assumption should also result in the maximum water infiltration because k is the greatest hydraulic conductivity of the soil. As a result, the water volume (per unit area) that is stored in the soil at time t is given by the product of I by t. Under the assumption of perfect synchronism between the rainfall and the groundwater level change, h(t) can be written as


  h  ( t )  =   I   t   n    (  1 −  S r   )     



(5)




where n and    S r    are, respectively, the porosity and degree of saturation of the soil above the groundwater level. An evaluation of these parameters can be performed by measurements of dilatational and shear wave velocities (VP and VS) as proposed by [41,42]. In the present study, these soil parameters are assumed to be constant for simplicity, considering also that the present method only concerns shallow landslides with a small thickness. Equation (5) is valid when    S r  < 1  , i.e., rain cannot infiltrate through the ground surface when the soil is completely saturated (   S r  = 1  ) and, consequently, h(t) = 0 is imposed. After the rainfall event end (i.e., for t > d), the groundwater level decreases due to seepage occurring in the saturated portion of the slope. The associated change in the water level may be calculated as follows [29]:


  h  ( t )  =  h  max    e  −  k T  sin α cos α  (  t − d  )     



(6)




where    k T    is a model parameter that should be calibrated on the basis of rain recordings and groundwater level measurements. Montrasio and Valentino [18] derived a similar equation and suggested assuming a value of    k T    that is slightly greater than k. As an example, function h(t) is plotted in Figure 2 for different values of    k T   . As can be seen, the maximum increase in the water level,    h  max    , does not depend on    k T   . Specifically,    h  max     occurs at the end of the rainfall event (Figure 2) and can be hence calculated imposing that t = d in Equation (5), with    h  max     not exceeding    z w    (Figure 1). Finally, the maximum value of the change in the pore water pressure is


   u  max   =  γ w     h  max       cos  2  α =  γ w    I   d   n    (  1 −  S r   )          cos  2  α  



(7)




where    γ w    is the unit weight of water.



A slope failure occurs when    u  max     equals or exceeds a critical threshold,    u c   , at a given depth. This latter value can be derived by equaling the safety factor of the slope, SF, (calculated at the same depth) to unity, i.e.,


  S F =   c ′ + ( γ   z   cos  2  α −  u  wo   −    u c  ) tan φ ′   γ   z sin α cos α   = 1  



(8)




where    u  wo     is the pore water pressure existing at the considered depth before rainfall commences, which hence accounts for the effect of the antecedent precipitations on the slope stability. In unsaturated soils,    u  wo     takes a negative value (suction) that can be measured by installing tensiometers in the slope. In these circumstances, landslide triggering is caused by the formation of a water table that generates positive pore water pressures within the slope. In contrast, if the potential slip surface is initially submerged in water (Figure 1),    u  wo     is positive and can be evaluated using the equation:


   u  wo   =  γ w   (  z −  z w   )      cos  2  α  



(9)







In this latter case, failure may be triggered by an increase in the pore water pressure due to a rise in the groundwater level. Solving Equation (8), the expression of    u c    is obtained as follows:


   u c  =  1  tan φ ′    [  c ′ −  u  wo   tan φ ′ + γ   z cos α  (  cos α tan φ ′ − sin α  )   ]   



(10)







Finally, the following relationship is derived from Equation (7), in which it is imposed that    u  max   =  u c   :


   d  crit   =   n     ( 1 −  S r  )      u c     γ w      cos  2  α      I  − 1    



(11)




where    d  crit     defines the duration of an infiltration process with intensity I, which is capable of triggering a slope failure at the depth considered. This critical duration also coincides with the time when the slope failure occurs. Equation (11) describes a hyperbola relating    d  crit     to I, with this latter provided by Equations (3a) and (3b). Consequently,    d  crit     reduces with increasing I. This implies that a rainfall event with a short duration may trigger a landslide if it is characterized by a high infiltration rate. In contrast, a rainfall event characterized by a low infiltration rate may trigger a landslide if it is sufficiently prolonged with time. In addition, considering that the infiltration rate is limited from above by p, a lower bound of the rainfall duration,    d  min    , can be calculated by imposing I = p in Equation (11), i.e.,


   d  min   =   n     ( 1 −  S r  )      u c     γ w      cos  2  α        p  − 1    



(12)







An evaluation of    d  min     is very useful from a practical viewpoint, because no landslide is triggered at the considered depth for rain duration less than    d  min    .



By plotting Equation (11) for different values of I (with   0 < I ≤ p  ), a critical curve can be obtained. An example of this curve is shown in Figure 3. It defines the precipitations potentially capable of triggering a shallow landslide at an established depth where the initial pore water pressure is known.



Specifically, if the point representative of an expected rainfall event (with infiltration rate I and duration d) falls into the region above the critical area (highlighted in red in Figure 3), a landslide is triggered (at t =   d  crit    ) due to the formation of a water table or an increase in the pre-existing groundwater level. Otherwise, the slope is stable.




3. Application of the Method to a Case Study


As an example, the proposed method is used in this section to analyze a rainfall-induced shallow landslide that affected a slope located in the area of Oltrepò Pavese (Northern Italy). This landslide was documented by Bordoni et al. [43,44] and Montrasio et al. [45]. The slope consisted of a cover soil of clayey–sandy silt with a thickness of about 1.40 m resting on bedrock (Figure 4).



Several tensiometers and TDR sensors were installed at different depths within the slope [43,44,45]. A rain gauge station was also installed. Long-term measurements of pore water pressure, water content, and rainfall depth are available. According to the available monitoring data, during the wet periods a water table usually forms in the lower portion of the cover soil (Figure 5) where the permeability is reduced due to the high content of carbonates [44].



The slope can be schematized as an infinite slope with   α =  30°, made up of a clayey–sandy silt. Triaxial tests performed on undisturbed samples provided   ϕ ′ =  33° with no effective cohesion. However, values of   c ′ =  29 kPa and   ϕ ′ =  26° were found in the lower portion of the cover soil, at a depth of about 1.2 m from the ground surface. This high value of   c ′   ensures that the slope is stable at this depth, even when a water table forms in the cover layer. Other available soil parameters are   k = 1.5 ⋅   10   − 6     m/s,   γ = 16.8   kN/m3, n = 0.47, and    S r    = 0.7 [43,44,45]. Since no infiltration test was carried out, the potential infiltration rate was approximately evaluated using Equation (4), resulting in p = 4.68 mm/h. Rainfall recordings from June 2012 to November 2014 are plotted in Figure 6.



During this observation period, a shallow landslide was triggered at the beginning of March 2014 (Figure 6) with a slip surface located at a depth of 1 m from the ground surface (Figure 5). Considering that the soil is cohesionless at this depth and   ϕ ′ > α   (Equation (2)), the landslide would have been triggered by an increase in the water table located at a depth of about 1.2 m (Figure 5). Five rainfall events, denoted E1, E2, E3, E4, and E5, are considered as indicated in Table 1, because all data required by the proposed method are available only for these events [43,44,45]. The date, intensity, and duration of each event are summarized in Table 1 along with the measured values of    u  wo     [44].



Considering that the values of    u  wo     are negative, the slip surface developed in a portion of the slope that was initially unsaturated. Since the intensity R of each rain event is less than the potential infiltration rate p, rain completely infiltrated into the slope according to Equations (3a)–(3b). Table 2 presents the values of    u c    and    d  min     calculated using Equations (10) and (12), respectively.



From these results, it can be inferred that no landslide was triggered by a rainfall event with a duration of less than 7 h, and a small change in the pore water pressure (2–3 kPa) is sufficient to cause a slope failure at the depth of the observed slip surface (z = 1 m). Figure 7 and Figure 8 show the critical curves calculated using Equation (11) along with the measured values of    u  wo     presented in Table 1.



The points representative of the considered rainfall events are also plotted in these figures. Although the duration of E1, E2, E3, and E4 is greater than    d  min    , the associated points are located below the respective critical curves (Figure 7). As a result, the slope remains stable after these rainfall events. By contrast, the point representing the fifth event (E5) is located above the critical curve and hence it falls into the region where the slope is not stable (Figure 8). These results are consistent with what was actually observed, i.e., a landslide was triggered by the last rainfall event, whereas no failure was observed after the other events considered. In addition, as predicted by Equation (5), the last event caused an increase in the groundwater level of about 50 cm, owing to which the level rose above the depth of the slip surface (Figure 5), producing a positive pore water pressure at this depth. Finally, Equation (11) allows us to assert that a failure occurred about 24 h after the beginning of E5 (i.e., on 1 March 2014). These results are in accord with what is documented in the studies by Bordoni et al. [43,44] and Montrasio et al. [45].




4. Conclusions


A method of practical interest is proposed in the present study for a preliminary prediction of the occurrence of shallow landslides (generally 1–2 m thick) triggered by the positive pore water pressures generated within the slope owing to rainfall. This occurs, for instance, when a water table forms or when the existing groundwater level rises within the slope. On the basis of the simple scheme of infinite slope and using some closed-form expressions, an analytical threshold curve was obtained for assessing whether an expected rainfall event with a given intensity and duration is capable of triggering a slope failure at the potential slip surface, where the existing (negative or positive) pore pressure is known. This threshold curve is formally similar to several empirical rainfall intensity–duration relationships available in the literature. However, unlike these relationships, the proposed solution explicitly depends on the slope geometry, pre-existing pore water pressure, and soil properties at the local scale. In addition, some useful parameters can also be estimated, such as the minimum rain duration capable of triggering a landslide or the time of failure. The proposed method is very simple to use and only requires a few soil parameters as input data, which can be obtained from conventional tests. Therefore, it appears to be very attractive from a practical viewpoint. Nevertheless, a more extensive validation will be required in the future.
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Appendix A


The mechanism of collapse considered in the present study (i.e., a shallow landslide triggered by the formation of a water table within the slope, with the consequent generation of positive pore water pressures) can occur only if the slope safety factor (evaluated neglecting any effect of the pore water pressure), SFd, is greater than unity. Referring to an infinite slope making an angle α with the horizontal direction, this condition can be expressed using the following equation:


  S  F d  =   c ′ + γ   z   cos  2  α tan φ ′   γ   z sin α cos α   > 1  



(A1)







Equation (A1) can be manipulated as follows:


   c ′  + γ z   cos  2  α tan  φ ′  > γ z sin α cos α  



(A2)






  sin α cos α −   cos  2  α tan  φ ′  −    c ′    γ z   < 0  



(A3)






    cos  2  α  (  tan α − tan  ϕ ′   )  −    c ′    γ z   < 0  



(A4)
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Figure 1. Scheme of infinite slope consisting of a cover layer on a less permeable soil, with h(t) indicating the change in the groundwater level (GWL) due to rain infiltration. 
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Figure 2. Example of the calculated change in the groundwater level due to rain infiltration. 
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Figure 3. Example of a critical curve defining the precipitations capable of triggering a shallow landslide at a given depth. 
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Figure 4. Geological model of the slope considered in the analysis (adapted from [44]). 
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Figure 5. Soil profile of the considered site, indicating the location of the observed water table and that of the slip surface (adapted from [44]). 
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Figure 6. Daily rainfall recorded from June 2012 to November 2014 at the considered site (modified from [45]). 






Figure 6. Daily rainfall recorded from June 2012 to November 2014 at the considered site (modified from [45]).



[image: Water 14 02966 g006]







[image: Water 14 02966 g007 550] 





Figure 7. Critical curve calculated at the depth of the slip surface where (a)    u  wo     = −0.65 kPa; (b)    u  wo     = −0.50 kPa; (c)    u  wo     = −1.60 kPa; and (d)    u  wo     = −1.20 kPa. The black points represent the rain events E1, E2, E3 and E4. 
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Figure 8. Critical curve calculated at the depth of the slip surface where    u  wo     = −0.70 kPa, with the point representing the rainfall event E5. 
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Table 1. Date, rainfall intensity, duration, and initial pore pressure for the rain events considered in the present study (data drawn from [43]).
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	Event
	Date
	R (mm/h)
	d (h)
	uwo (kPa)





	E1
	24–25 March 2013
	1.24
	24
	−0.65



	E2
	30 March 2013
	1.90
	13
	−0.50



	E3
	20–22 April 2013
	0.90
	54
	−1.60



	E4
	18–20 January 2014
	0.80
	44
	−1.20



	E5
	28 February–2 March 2014
	1.60
	43
	−0.70










[image: Table] 





Table 2. Calculated values of    u c    and    d  min     for each rain event considered.
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	Event
	uc (kPa)
	dmin (h)





	E1
	2.05
	8.2



	E2
	1.90
	7.6



	E3
	3.00
	12.1



	E4
	2.60
	10.4



	E5
	2.10
	8.4
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