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Abstract

:

This paper seeks to investigate the effect of rainfall intensity on the occurrence of shallow landslides by means of a series of flume tests. Coarse-grained material was used to build a slope, and several rainfall events with an intensity of either 40 mm/h, 70 mm/h, or 100 mm/h were simulated to initiate slope failure. A set of pore water pressure and moisture content sensors was installed in the slope to monitor changes in the water conditions during each test. Different initial moisture contents of 5% and 10% of the soil mass were used to better understand the effect of moisture on slope stability during rainfall. It was found that the slope failed when intensities of 70 mm/h and 100 mm/h were used; however, no failure was observed with a rainfall intensity of 40 mm/h. The failure patterns were found to be similar, with progressive slides occurring as more water infiltrated the slope. A numerical procedure to estimate the factor of safety over the period of the rainfall event was proposed and validated against the laboratory data. The results of the numerical analysis yielded the failure time, which was close to the time observed in the flume tests.
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1. Introduction


Rainfall-induced shallow landslides are arguably the most common natural disaster that occur on natural slopes made of weathered material. Despite the relatively small size, these slides cause significant damage to infrastructure and cause economic losses to local communities. Several studies on this natural phenomenon [1,2,3,4], with more recent examples reported in Australia by Cogan et al. [5], Ravindran et al. [6], and Ravindran and Gratchev [7], have indicated that the failure typically occurs after prolonged rainfall events when a sufficient amount of pore water pressure is generated in the soil mass. Recent studies on landslides in Australia [5,6,7,8] show that the majority of shallow landslides occur in coarse-grained material, which is a product of weathering of the underlying bedrock. The failure generally takes place on a relatively steep slope inclined at 35–45° due to a high amount of rainfall.



There are different methods to investigate shallow landslides, including landslide hazard mapping, establishing rainfall thresholds associated with landslide activities, and laboratory examination of soil samples from the landslide mass. Additionally, small to large-scale flume tests have been utilized to investigate the landslide mechanism and estimate the effect of several factors on soil mass movements. In recent decades, a number of flume tests have been performed using large flume setups [9,10,11], different soil materials and initial soil properties [12,13,14,15,16], and different rainfall durations [17,18]. These papers only investigated the effect of individual factors such as slope geometry, soil type, and initial soil conditions on the occurrence of landslides. Recently, Cogan and Gratchev [19] summarized the recent advances in flume tests and experimentally showed the importance of each factor with respect to landslide occurrence. It was found that the rainfall intensity is the key factor in landslide initiation; therefore, its effect should be further investigated, especially in light of the climate change issue, as a result of which more frequent and extreme rainfall events are expected in the future [20,21].



Despite the obvious advantages of flume tests, they are rather costly, time-consuming, and labour-intensive. In addition, it remains unclear to what extent flume tests can simulate the behaviour of real-life landslide masses in the field. Nevertheless, flume tests represent a valuable tool that can be used by a range of researchers and practitioners to develop, calibrate, or refine the existing numerical models to predict slope failures.



This study investigates the effect of rainfall intensity on slope stability and proposes a numerical procedure that can be used to accurately predict the time of slope failure. In this paper, we present and discuss the results of a series of flume tests that simulated the initiation of rainfall-induced landslides under different rainfall patterns. Measurements of suction, pore water pressure, and soil water content were performed during each test to study the slope response to increasing rainfall intensities. The high-quality data from these tests helped to better understand the effect of rainfall intensity on the occurrence of shallow landslides and to explain the mechanism of landslide initiation. The obtained results were numerically analysed using a slope stability procedure originally proposed by Montrasio et al. [22] and modified by Ravindran and Gratchev [7]. The good agreement between the laboratory and numerical results suggests that this procedure can be used as a simplified tool to predict slope failures in the field; therefore, with some modifications according to local conditions, it can also be of interest to the international reader.




2. Materials and Methods


2.1. Material Used


Commercially available soil was used for flume tests. Soil grain size distribution was determined in accordance with Australian standard AS 1289.3.6.1 (2009). The specific gravity of soil was determined according to Australian standard AS 1289.3.5.1.



The soil consisted of 44% gravel, 54% sand, and 2% fines. This coarse-grained soil had a coefficient of uniformity (Cu) of 1.7, a coefficient of curvature (Cc) of 1.0, and a specific gravity (Gs) of 2.63.




2.2. Shear Box Tests


Direct shear tests (the size of the shear box was 60 mm × 60 mm) were performed according to AS 1289.6.2.2–1998 (Figure 1). The soil samples were oven-dried at 105 °C for 24 h, then passed through a 4.75 mm sieve. A series of shear box tests was performed on specimens at various moisture contents, ranging from 0 to 31% (Table 1). To allow for comparisons of the obtained results, all specimens were prepared with the same voids ratio (e = 0.55), a value which was used in the flume tests. The moist specimens were prepared by mixing the oven-dried soil with a certain amount of water. They were allowed to rest in a sealed bag for 24 h for more even saturation. Each soil specimen was compacted in the shear box in six layers to achieve the desirable void ratio value. The soil specimens were sheared under an effective vertical stress of either 28.5, 55.8, or 83.0 kPa. The peak shear stress was recorded and used to determine the strength characteristics of each soil.



A summary of the shear box tests is given in Table 1. It is evident that the shear strength of soil decreased as the initial moisture content increased. This change in soil strength can largely be seen in the decreased values, with the apparent cohesion dropping from 27 kPa (at moisture content of 2%) to 0 at a moisture content of 31%. There is a negligible change in the friction angle, a finding that agrees with previous research [23] on shear strength of soil at different water contents.




2.3. Flume Apparatus and Experimental Setup


The flume tank was 1.5 m long, 0.83 m high, and 0.63 m wide (Figure 2a). Plexiglas was used as one of the walls to enable visual observation of soil mass during simulated rainfall events (Figure 2b). The sand was placed in the tank in six layers and uniformly compacted to achieve the desired voids ratio value (e = 0.55) and a slope geometry of 40°, as shown in Figure 2a,b. For each rainfall intensity, two values of water content were used, i.e., 5% and 10%, representing field conditions as reported by Cogan et al. [5]. It is noted that due to the mixing of large amounts of sand and water, it was rather difficult to obtain the exact water content for each experiment.



The water content was measured in 5 different locations (MS1 to MS5), as schematically shown in Figure 2a, to obtain a better idea of moisture distribution in the whole slope during a rainfall event. The water content sensors were commercially available MP306 sensors. Pore water pressure sensors (T5) with a capacity of −85 to 100 kPa were used to measure the changes in soil suction and pore water pressure generation (PS1 and PS2 in Figure 2a). The sensor was carefully calibrated before each experiment, and the accuracy was verified by detecting the current variation of the sensor data in water at different depths in relation to the actual pressure. Figure 3 shows a typical calibration curve with an error of less than 1.0%.



Mist sprinklers suspended over the tank were used to simulate a rainfall event and to avoid surface erosion, which is a common technical issue in such experiments. Before the test, the sprinklers were calibrated to produce rainfall with the desired rainfall intensity of either 40 mm/h, 70 mm/h, or 100 mm/h. These alterations in the rainfall intensity and the initial moisture content made for a total of 6 flume experiments performed. Changes in the pore water pressure and water content were recorded automatically by means of a data logger and computer. Video recording was conducted throughout the test to monitor surface movements and slope failure. Failure was defined and determined through video footage and visual observations as the slope deformed.





3. Results and Discussion


Results from a series of flume tests with different rainfall intensities are given in Figure 4 plotted as the time series data of pore water pressure (Figure 4a,c,e) and water content (Figure 4b,d,f). As can be seen in Figure 4a,c,e, in the beginning of each test, negative pore water pressure (i.e., suction) existed in the soil mass. However, as the rainfall simulation continued, water infiltration in the soil mass increased, and the pore water pressure began to build up. The PS1 sensor located near the surface responded faster than the PS2 sensor, which was placed near the bottom of the slope. This behaviour was observed for all flume experiments in spite of different rainfall intensities. It is noted that the changes in pore water pressure occurred more rapidly for the greatest rainfall rate of 100 mm/h.



During each test, an increase in the water content was recorded as shown in Figure 3b,d,f. Changes in the water content occurred more rapidly for the rainfall intensity of 100 mm/h compared to the lowest intensity of 40 mm/h. However, the general pattern was almost the same for all flume tests; that is, the greater water content was recorded at the bottom of the slope. Due to gravity, excess water accumulated at the bottom of the slope, creating a wetting front that began to spread upward as more water infiltration occurred. Such behaviour of the wetting front in flume tests was reported by Cogan and Gratchev (2019), and to a certain extent, it may represent the change in ground water level in soil mass during prolonged rainfall under field conditions. The obtained data revealed common patterns of water flow in the whole slope. For each test, the water infiltration was first recorded at the top of the slope using the MS1 sensor, gradually proceeding to the middle of the slope (MS2 and MS3 sensors) and finally coming in contact with the MS3 and MS5 sensors, which were located at the bottom of the slope. Gradual changes in soil saturation were observed using the water content sensors as the water first infiltrated from the top to the bottom, then began to accumulate. The largest changes in the water content occurred at the bottom, then in the middle of the slope. Relatively smaller changes in the water content were recorded by the MS1 sensor, indicating that the uppermost part of the soil slope was not fully saturated.



Visual observations during testing enabled better understanding of the mechanism of landslide initiation. For higher rainfall intensities, such as 70 and 100 mm/h, the failure pattern was related to the erosion caused by the water seeping through the granular sand. It started with a crack that appeared at the crest of the slope (Figure 5a for 100 mm/h and Figure 5d for 70 mm/h). It was observed that as the water content of soil mass increased, the excess water began to wash out sand particles at the toe of the slope (Figure 5b and Figure 5e, respectively), which led to larger surface collapses (Figure 5c,g). As can be seen in Figure 5b,e, the failure initiated at the toe, followed by the appearance of cracks near the slope crest. As more soil eroded, greater parts of slope collapsed.



For the relatively low rainfall intensity of 40 mm/h, the test continued for as long as 320 min. However, few cracks appeared during testing (Figure 5i,j), and no significant failure other than minor surface erosion took place by the end of the test (Figure 5k).



Figure 6 shows typical failure patterns that were observed in the flume experiments with rainfall intensities of 70 mm/h and 100 mm/h. After the initial failure occurred (Figure 6a), another failure took place within 20 min for the rainfall intensity of 70 mm/h and about 6 min for the rainfall intensity of 100 mm/h (Figure 6b). As the experiment continued, more crest cracks appeared, leading to the third progressive failure (Figure 6c).




4. Numerical Analysis


In this section, the laboratory data from the flume tests is compared with the results of numerical analysis, as originally proposed by Montrasio [22] and later modified by Ravindran and Gratchev [7].



4.1. Theoretical Considerations


In this theoretical model (Figure 7), the potential landslide mass is divided into two parts: a saturated layer at the bottom and an unsaturated layer near the surface. The boundary between these two layers is defined by a parameter called m, which can vary over time depending on the amount and intensity of a rainfall event. The saturated layer is represented by mH, where 0 < m < 1, and H is the height of the slice, as shown in Figure 7. The unsaturated layer thickness is calculated as (1 − m)H. The parameter mH depends on the total amount of rainfall (h) and the soil degree of saturation (Sr) [24], as shown in Equation (1).


  m H = (   β   *   x h ) / n ( 1 −   S   r   )  



(1)




where     β   *     is the percentage of rainfall that infiltrates into the soil, and   n   is the soil porosity. To estimate the shear strength of the soil (τ), Equations (2) and (3), which describe the Mohr–Coulomb failure criterion for unsaturated soils [25,26], are used.


  τ =   c   ′   +   σ   ′   t a n   ∅   ′   +   c   ψ   =   σ   ′   t a n   ∅   ′   + C  



(2)






  C =   c   ′   +   c   ψ    



(3)




where     c   ′     is the effective cohesion,     σ   ′     is the effective normal stress, and     c   ψ     is the apparent cohesion. The apparent cohesion (    c   ψ    ), which typically exists in unsaturated soil, depends on the matric suction and can be estimated using the degree of saturation     ( S   r   )   [27]. To estimate the friction angle and apparent cohesion of the soil used in the flume tests, a series of shear box tests was conducted.



Previous studies suggested that for saturated conditions, the amount of matric suction in soil drops to 0, and so does the apparent cohesion. Montrasio et al. [25] developed Equations (4) and (5) to account for changes in the soil strength during a rainfall event when the soil mass gradually becomes saturated. These equations can be used to estimate the variation in apparent cohesion of soil mass with respect to m.


    c   ψ   *   = A   S   r     ( 1 −   S   r   )   λ    



(4)




where     c   ψ   *     is the ancillary parameter; A is the model parameter, which depends on the type of soil; and λ is the constant for a wide range of soil, with a recommended value of 0.4. It is noted that for saturated soil (when Sr = 1),     c   ψ   *     becomes zero.


    c   ψ   =   c   ψ   *     ( 1 − m )   α    



(5)




where α is the model parameter and equals to 3.4 [24]. To estimate the factor of safety (FS) using the limit equilibrium method, Montrasio and Valentino (2008) established Equations (6)–(11) as noted below:


  F S = ( c o t β x   tan  ⁡    ∅   ′     Г + m     n   w   − 1     +   C   ′   x Ω ) / ( Г + m x   n   w   )    



(6)






  Г =   G   s   x   1 − n   + n x   S   r    



(7)






    C   ′   =     c   ′   +   c   ψ     x L  



(8)






  m =       β   *     n H   1 −   S   r         x   ∑  i = 1   w      h   i     x e x p ⁡ ( −   k   t     t −   t   i     )  



(9)






    n   w   = n x   1 −   S   r      



(10)






  Ω = 2 / (   sin  ⁡  2 β x H x   γ   w   )    



(11)




where     k   t     is the coefficient of permeability, and     γ   w     is the unit weight of water.




4.2. Comparison of Flume Test Results and Numerical Data


The input parameters for the numerical model with the references on how they were obtained are provided in Table 2. The fundamental properties of the specimens were obtained by laboratory tests. The parameters of the model were obtained through empirical formulas and according to the results of previous studies [7,22].



The results from the shear box test (Table 1) were utilized to estimate model parameter A using Excel Solver and following the procedure described by Ravindran and Gratchev [7]. Parameter A was calculated using the principle of optimisation by comparing actual values of apparent cohesion from the shear box test with the estimated value of apparent cohesion from Equation (3).



The outcome of the numerical analysis was the factor of safety (FS) obtained for each rainfall intensity and the initial moisture content. The change in FS over time for each simulated rainfall event is given in Figure 8. In this numerical analysis, when FS became less than one, slope failure was considered to occur. The time to reach failure for each rainfall intensity is given in Table 3.



It can be seen from Figure 8 that when the rainfall intensity increased, the FS tended to decrease more rapidly. In addition, when the initial moisture content increased from 5% to 10%, the time to reach failure decreased. The results of the numerical analysis seem to agree with the experimental data from the flume tests.



Table 3 provides a comparison of the actual time of slope failure in the flume tests with the predicted time from the numerical model. The predicted time was very similar to the actual failure time, especially for the rainfall intensity of 100 mm/h. The numerical procedure estimated the factor of safety for the rainfall intensity of 40 mm/h to be greater than 1 (that is, no failure), which is in agreement with the laboratory results. There seems to be relatively good prediction of the failure time for the rainfall intensity of 100 mm/h, while there are greater errors between the predicted and observed time for the rainfall intensity of 70 mm/h.




4.3. Limitations of the Numerical Model


It is noted that although good agreement between the laboratory results and numerical data was obtained, there are still some limitations related to the use of numerical procedures to predict landslide occurrence. Two types of problems can be highlighted here: the first is related to the inherent complexity of the triggering mechanisms of shallow landslides, while the second is linked to several limitations in simplifying this phenomenon through model-based approaches [28]. For instance, there are differences in the amount of precipitation required to trigger landslides of similar engineering nature in different areas [29]. In addition, the geological conditions at individual landslide sites can be complex and variable; however, the numerical procedures tend to assume the soil conditions to be uniform and homogeneous. Neglecting geological features may also result in errors in the accuracy of predictions [28]. However, the proposed numerical model provides reasonable estimations of the time to failure, and it can be used as a simplified tool to estimate the effect of prolonged rainfall events on the stability of natural slopes.





5. Conclusions


A series of flume tests was conducted on coarse-grained soil to investigate the effect of rainfall intensity and the initial moisture content of the soil mass upon initiation of shallow landslides. A numerical analysis was conducted to better understand the effect of rainfall on the slope stability and to compare the numerical data with the experimental outcomes. Based on the obtained results, the following conclusions can be drawn.



The rainfall intensity has a strong influence on landslide initiation. It was found that a relatively low rainfall intensity of 40 mm/h was not sufficient to trigger failure, while much greater rainfall intensities such as 70 mm/h and 100 mm/h led to relatively rapid slope failure.



Wetting front propagation during a rainfall event caused the change in water conditions in the soil slope from the suction to the pore water pressure build-up. An increase in the moisture content was observed in all flume experiments, while the greatest value of moisture content was first recorded at the bottom of the slope.



An increase in the initial moisture content of the soil mass resulted in more rapid slope failure. This was observed for both rainfall intensities of 70 mm/h and 100 mm/h.



The results of the numerical analysis agreed relatively well with the experimental data in terms of the failure time. This implies that the numerical procedure presented in this study has the potential to accurately estimate the time of failure and can be used as a simplified tool to predict large slope failures in the field triggered by rainfall events with different rainfall intensities and durations.
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Figure 1. Shear box apparatus: (a) shear box apparatus and data log; (b) 60 mm × 60 mm shear box. 
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Figure 2. Flume apparatus: (a) location of the pore water pressure sensors (PS1 and PS2) and water content sensors (MS1-MS5); (b) an image of the slope prior to testing. 
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Figure 3. A typical calibration curve for pore water pressure and suction. 
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Figure 4. Time series data of pore water pressure (a,c,e) and water content (b,d,f). The following values rainfall intensity were used: 100 mm/hour (a,b), 70 mm/hour (c,d), and 40 mm/hour (e,f). 
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Figure 5. Slope failure patterns associated with different rainfall intensities: 100 mm/h (a,b,c), 70 mm/h (d,e,f,g) and 40 mm/h (h,i,j,k). Explanation is provided in the text. 
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Figure 6. Typical examples of the progressive slope failure observed in the flume experiments with rainfall intensities of 70 mm/h (a,b) and 100 mm/h (c). 
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Figure 7. Forces acting on soil mass in an infinite slope. N is the normal force, W is the weight of the soil mass, S is the shear strength of soil along the failure plane, H is the height of the slope,   β   is the slope angle, L is the width of a slice, and mH is the thickness of the saturated layer. 
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Figure 8. Results of the numerical analysis plotted as time series data of the factor of safety obtained for different rainfall intensities and the initial moisture content. 
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Table 1. Shear box test results.






Table 1. Shear box test results.





	Moisture Content (%)
	Apparent Cohesion (kPa)
	Friction Angle (°)





	2
	27
	39



	12
	18
	39



	17
	14
	34



	31
	0
	34
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Table 2. The input parameters for the numerical model.






Table 2. The input parameters for the numerical model.










	Notation
	How It Is Obtained
	Value





	H
	Flume test
	0.55



	ß*
	According to Ravindran and Gratchev [7]
	0.95



	n
	Calculations using lab data
	0.46



	Sr
	Calculations using lab data
	15



	c’
	Shear box test
	0



	ϕ’
	Shear box test
	34



	cψ
	Equation (4)
	



	α
	According to Montrasio, Valentino and Losi [22]
	3.4



	λ
	According to Montrasio, Valentino and Losi [22]
	0.4



	A
	Estimation from shear box tests
	45.2



	G
	Lab tests
	2.63



	L
	Constant factor for converting forces to line loads
	1



	kt
	Lab tests
	2.00 × 10−5



	c*ψ
	Equation (4)
	6.43



	nw
	Equation (10)
	0.39



	Ω
	Equation (11)
	0.41



	Г
	Equation (7)
	1.48
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Table 3. Comparison of the time of slope failure from the flume test and numerical analysis.






Table 3. Comparison of the time of slope failure from the flume test and numerical analysis.





	Test No.
	1
	2
	3
	4
	5
	6





	Rainfall intensity (mm/h)
	40
	40
	70
	70
	100
	100



	Initial moisture content (%)
	5
	10
	5
	10
	5
	10



	Time to failure (min) from flume tests
	No failure
	No failure
	210
	180
	90
	85



	Time to failure (min) predicted by the numerical model
	No failure
	No failure
	145
	122
	102
	86
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