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Abstract

:

A rapid change in the pore water pressure of unsaturated soil due to a wetting front is a crucial factor and may result in instabilities in layered slopes. This study presents preliminary research on such a change, which we define as the seepage hammer effect. Vertical infiltration with multiple soil layers by column test was implemented to investigate the mechanism of the seepage hammer effect and distinguish it from the well-known Lisse effect and reverse Wieringermeer effect. A two-phase flow model was utilized to understand the evolutions of pore water/air pressure and volumetric water content, and its result evolved into a layered infinite slope stability analysis. Thus, the impacts of the seepage hammer effect on slope stability can be analyzed. This study found that the seepage hammer effect was triggered when the wetting front reached the interface of multiple layers and impermeable layers, and the rising speed of pore water pressure was proportional to the air venting capacity of soil. Slope stability analysis showed that the safety factor may decline suddenly because of the seepage hammer effect. Its relationship with the factor of safety and the sliding velocity is proportional. The detection of the seepage hammer effect could be a potential application of the study of fast-moving landslides.
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1. Introduction


Rainfall-induced landslides are very common and a particularly problematic topic in mountainous countries [1,2,3,4]. The relation between the occurrence of landslides and rainfall conditions has been researched over the past 40 years [5]. Rainfall infiltration results in a change in pore water/air pressure against geological conditions, which subsequently weakens the shear strength of soils [2,4,6,7,8,9,10,11,12,13]. Thus, changes in pore water/air pressure are a critical factor that contributes to landslides. Studies on the effects of rainfall on unsaturated soil in laboratory and field conditions using pore pressure measuring devices have been conducted by other researchers [5,6,11,13,14,15,16,17,18]. Despite abundant field and laboratory data, many uncertainties remain with regard to the relation with pore water/air pressure change and rainfall infiltration.



Changes in the pore water pressure due to rainfall water are complex and have been a subject of concern for a long time. Rahardjo et al. (2005) indicated that the relation between the increase in pore water pressure and the rainfall amount is not always proportional [19]. Under relatively dry conditions (low volumetric water content, high suction), the pore water pressure decreases due to the developing capillary fringe, which is the well-known Wieringermeer effect that was first recorded by Hooghoudt (1952) [20]. After a small amount of rainfall, the pore water pressure exhibits a larger rise due to the water released from the capillary fringe; this condition is called the reverse Wieringermeer effect [12]. Then, the increase in pore water pressure is proportional to the rainfall amount until the cumulative rainfall exceeds the maximum water storage capacity of the soil layer [19]. Under excess rainfall, large and fast-rising pore water pressure may be observed [6,7,13,21,22,23,24]. If interstitial air can leak out of the soil layer freely, then high-intensity rainfall leads to the development of a wetting front with fully saturated conditions, and a suddenly ascending pore water pressure is triggered when the wetting front reaches the phreatic surface or impermeable layer [6,13,21,24]. If the interstitial air is entrapped by the infiltrated water, then an increase in pore water pressure is caused by the compression of air before the wetting front reaches the phreatic surface or impermeable layer; this phenomenon is the well-known Lisse effect [7,22,23]. Despite the well-known Wieringermeer effect and the Lisse effect, the large and fast increase in pore water pressure that results from the wetting front reaching the groundwater level and impermeable layer is rarely investigated. This study calls this phenomenon the seepage hammer effect, which is investigated in this work.



Research on the pore water pressure change in unsaturated soil has been conducted in the laboratory and through numerical modeling. In laboratory studies, 1D vertical infiltration by column test was implemented to investigate the evolutions of pore water/air pressure and volumetric water content [6,11,13,14]. Some researchers implemented laboratory tests by using 2D sandbox and 2D flume tests to investigate its relationship with soil properties and slope stability [25,26,27,28]. In numerical modeling, a single-phase flow model based on the Richards equation was utilized widely to simulate the unsaturated flow in porous media [5,15]. The change in pore water pressure might be affected by the interstitial air, i.e., the Lisse effect, which is why the two-phase flow model was developed to simulate the dynamic behavior of pore air and its impacts on the pore water pressure [6,11,12,18,24,29]. To investigate the impacts of changes in pore water/air pressure on the slope stability, the limit equilibrium method evolved in the single-/two-phase flow model [18,30,31]. The 1D slope stability analysis was widely simplified to applied infinite/finite slope theory [8,10]. This study presents preliminary research on the investigation of the seepage hammer effect considered in 1D situations. Hence, a vertical infiltration with multiple soil layers by column test was implemented, and two-phase flow model and infinite slope theory were utilized to simulate the evolutions of pore water/air pressure and its impacts on the slope stability.



This paper focuses on the seepage hammer effect, in which intense rainfall results in a sudden rise in pore water pressure at the interface of multiple layers or impermeable layers. A schematic concept of the seepage hammer effect is proposed in order to illustrate its mechanism in Section 2. In Section 3, the installation of vertical infiltration with multiple soil layers by the column test is introduced, and findings from experiments are discussed. The governing equations of the two-phase flow model, the numerical implementation (material parameters, initial condition, boundary condition, and verification), and the understanding from the numerical results are introduced in Section 4. To explore the impacts on the slope stability, infinite slope theory for unsaturated flow is introduced and its potential application on the landslide is discussed in Section 5. The conclusion of this study is given in Section 6.




2. Concept of Seepage Hammer Effect


The concept proposed in the schematic, as shown in Figure 1, was used to illustrate the phenomenon of the seepage hammer effect. When infiltration is caused by heavy rainfall (   T 1   ), if the infiltrated water is not affected by pore air, then a piston-shaped wetting front can develop, as shown in Figure 1A [6,11,13,14]. The pore water pressure below the phreatic surface can maintain a steady state until the wetting front reaches the water table, as shown in Figure 1B. After time    T 2   , the pore water pressure jumps suddenly due to infiltrated water, and the increased pressure head (  Δ h  ) approximates the developing length of the wetting front ( h ), as shown in Figure 1C. This phenomenon is different from the Lisse effect, in which the rising pore water pressure is due to interstitial air compression [7]. It is also not the same as the reverse Wieringermeer effect, in which the change in pore water pressure is dominated by the thickness of the capillary fringe [12]. The triggering mechanism of rapid rising pore water pressure is different and rarely discussed; thus, this phenomenon is investigated in this study and named as the seepage hammer effect.




3. Column Test


3.1. Column Test and Experimental Installation


To understand the seepage hammer effect, experiments of vertical infiltration in a soil column with multiple layers were implemented to investigate the evolution of pore water pressure at the bottom of the column. A sketch of the experimental installation is depicted in Figure 2A. A transparent acrylic cylinder with an inner diameter of 0.15 m and 0.95 m in height was used to set up the soil column. At the top side of the soil column, a ponding condition was considered. A constant head of water (0.04 m) was given at the top of the soil column by a water supply system. The initial groundwater in the experiment was not installed; thus, the Wieringermeer effect can be eliminated. A piezometer (cross-section diameter: 0.004 m; rate capacity: 9.8 kPa) was installed at the center of the bottom to monitor the change in pore water pressure at the bottom of the soil column. However, before the infiltrated water touched the piezometer, the pressure type of sensor was sensitive to the variation of pore air pressure. Thus, the Lisse effect can be found in the recorded data. An air valve (opening diameter 0.01 m) was installed 0.01 m above the bottom of soil column. Thus, two types of air venting were considered. In the first type (Type I, open infiltration), the air valve was open so that the interstitial air can leak outside quickly. In the second type (Type II, closed infiltration), the infiltrated water can compress the interstitial air and result in a rising pore air pressure until the interstitial air can pass through the mounted water at the top side of the soil column.



Two layers of soil column were packed with different Ottawa sands, which were ASTM C778 20/30 (upper layer) and ASTM C778 GRADED (lower layer). Ottawa sand is poorly graded sand and uniformly distributed silica sand [32]. The main diameter of sand is 0.6 mm for the upper layer and 0.3 mm for the lower layer. The height of each layer was set to 0.425 m. A photo of the actual soil column is shown in Figure 2B. After the Ottawa sands were dried in an oven at a temperature of 110 °C ± 5 °C for 24 h, they were filled in the transparent acrylic cylinder. For homogeneous porosity, a rubber hammer was used to slightly pat the cylinder body at times during the filling process. The initial porosity of the soil column can be confirmed consistently in different experimental runs with a fixed column height and a constant weight of the sands. The material parameters of the Ottawa sands, which include specific gravity, hydraulic conductivity, and porosity, are given in Figure 2B. These parameters were confirmed in our laboratory and are close to those in Wyckoff (1936), Goetz (1971), and Lee et al. (2019) [13,33,34].




3.2. Experimental Results and Discussion


The evolutions of pore water pressure at the bottom of the soil column were recorded by a piezometer, as depicted in Figure 3. The experimental measurements of open infiltration and closed infiltration were plotted using a blue line and a brown line, respectively. With the help of experimental photos during the entire process, as shown in Figure 4, four periods of pore water pressure change can be identified by the column test. A comparison of open infiltration and closed infiltration enables further understanding of the seepage hammer effect.



For the first period    P I   , the time began from  t  = 0 s to 50 s in the case of open infiltration and from  t  = 0 s to 60 s in the case of closed infiltration. The piezometer measured a slight rise of ca. 0.5 kPa and ca. 1.5 kPa in open infiltration and closed infiltration, respectively. At this moment, the infiltrated water was far away from the pressure sensor and did not touch the interface of the two layers (cf. Figure 4A,E). The air valve was close in    P I   type - II     . Thus, the slight rise was due to the Lisse effect [7,9,13]. However, the air venting controller was open in    P I   type - I     . Whether the Lisse effect existed in    P I   type - I      and caused the smaller rise of pore air pressure (ca. 0.5 kPa) can be confirmed by 1D numerical study. In this period, the varying pore pressure was not caused by the seepage hammer effect but by the Lisse effect.



For the second period PII, a rising pore pressure from ca. 1.5 kPa to ca. 6.1 kPa can be found in the case of closed infiltration during  t  = 60 s to 120 s. However, no similar situation was observed for open infiltration. According to Figure 4B,F, the infiltrated water still did not touch the piezometer, and the air venting controller was not open in the case of closed infiltration. Therefore, this study inferred that the rising pore pressure was due to air compression (Lisse effect). In the case of closed infiltration, the increasing value of pore pressure was about 4.6 kPa. After the upper layer was close to full saturation, the constant head of water (0.04 m) and the height of stored water in the upper layer (0.425 m) can contribute about 4.56 kPa pore water pressure on the interface of the two layers. Thus, these recorded data illustrated that the generated pore water pressure at the interface of the two layers can transmit to the bottom with the help of the Lisse effect. The findings imply that the infiltrated water can cause a rising pore pressure into the underground under some specific conditions of geological structures and soil properties (i.e., high permeability). In this period, the infiltrated water should cause a rising pore water pressure on the interface of the two layers, which means that the seepage hammer effect should work at that location. However, no direct measurement of pore water pressure was made on the interface. This study proves this explanation by using a 1D numerical model.



For the third period, the time began from  t  = 50 s to 140 s in the case of open infiltration and from  t  = 120 s to 750 s in the case of closed infiltration. In this stage, the infiltrated water had passed through the interface of the two layers but had not yet touched the bottom of soil column (cf. Figure 4C,G). In the case of open infiltration, the air valve was open (Type I), and the reading from the piezometer remained at a smaller value (ca. 0.2 kPa) than in    P I   type - I     . The mechanism can be explained with the help of 1D numerical analysis late. In the case of closed infiltration, the interstitial air passed through the upper layer and the mounted water at the soil top in the form of bubbles, and so the pore pressure maintained as a fixed value [13]. As described by Horton (1941) [14], the infiltration rate corresponds to the air venting rate. Accordingly, the wetting front development in    P  III    type - II      slowed and moved downward with a fingering pattern (cf. Figure 4G). The column test indicates that the change in pore pressure at the bottom was slight regardless of the seepage hammer effect.



In the fourth period, the pore water pressure increased significantly in the cases of Types I and II. The rising pore water pressure was triggered after the wetting front touched the bottom (cf. Figure 4D,H). This condition was caused by infiltrated water, which indicates that the seepage hammer effect occurred. In the case of open infiltration, the interval time for rising pore water pressure was about 10 s, and the change value of pore water pressure (ca. 8.7 kPa) approximated the total water head of the soil column (0.89 m). In the case of closed infiltration, the rising pore water pressure took longer than 1000 s; the pore water pressure increased slowly until it was close to the total water head of the soil column. This finding shows that the rising speed of pore water pressure was positively related to the infiltration rate and the air venting rate, thus implying that the intensity of the seepage hammer effect can be attributed to some specific conditions of soil properties (i.e., high air permeability).



In summary, first, the seepage hammer effect is triggered when the infiltrated water touches the bottom (impermeable surface). Second, with the help of the Lisse effect, the seepage hammer effect can transmit to deeper ground immediately. Third, the intensity of the seepage hammer effect is positively related to the air venting capacity of soil.





4. 1D Numerical Model


4.1. 1D Numerical Model and Numerical Implementation


To investigate the evolutions of pore water pressure profile, pore air pressure profile, and volumetric water content profile, a 1D numerical model was applied instead of experimental measurement using multiple sensors. The numerical model is a commercial software (GeoStudio by GEO-SLOPE International Ltd., Calgary, AB, Canada), and its SEEP/W and AIR/W modules were employed in this study. The simulation of the column test aimed to verify the seepage hammer effect observed in the experiment.



The numerical model based on two-phase flow was used to simulate the column test. With the assumption that the water and air exhibit immiscible flow in a porous media, these two fluids flow in the vertical direction following the generalized Darcy’s law. The model equation for the water phase can be read as


   m w   γ w    ∂  H w    ∂ t   =  ∂  ∂ y    (   k w    ∂  H w    ∂ y    )  +  m w    ∂  p a    ∂ t   +  Q w  ,  



(1)




where    γ w    is the unit weight of water,  t  is the time,  y  indicates the elevation,    k w    is the hydraulic conductivity of water,    p a    is the pore air pressure, and    Q w    is the applied boundary flux. In Equation (1), the total hydraulic head is    H w  =    p w   /   γ w    + y  ,    p w    is the pore water pressure. The slope of the storage function is    m w  = −   ∂  θ w   /  ∂  p c     , in which    θ w    is the volumetric water content and    p c    is the suction. The suction is    p c  =  p a  −  p w   . For the air phase, the model equation is expressed as


   (     θ a    R T   +  ρ a   m w   )    ∂  p a    ∂ t   =  ∂  ∂ y    (     ρ a   k a     ρ  a o   g     ∂  p a    ∂ y   +    ρ a    2   p a     ρ  a o      )  −    θ a   p a   R   ∂  ∂ y    (   1 T   )  +  ρ a   m w   γ w    ∂  H w    ∂ t   ,  



(2)




where    θ a    is the volumetric air content,  R  is the gas constant,  T  is the temperature,    ρ a    is the density of air,    ρ  a o     is the initial density of air,    k a    is the hydraulic conductivity of air, and  g  is the gravitational acceleration. In this study, the isothermal condition was considered. Thus, the temperature gradient in Equation (2) can be ignored.



The hydraulic conductivities for water and air are sensitive to the volumetric water content and the suction [6,11,13]. The well-known van Genuchten–Mualem model was utilized in this study. Van Genuchten (1980) [35] described the volumetric water content function for suctions as given by


   θ w  =  θ r w  +    θ s w  −  θ r w       [  1 +    (     p c   a   )   n   ]   m    ,  



(3)




where    θ r w    is the residual volumetric water content, and    θ s w    is the saturated volumetric water content. In Equation (3),  a  indicates the air entry value (unit is kPa), and three parameters ( a ,  m , and  n ) can be regressed by experimental results. Thus, the change in volumetric water content against the varying suction can be estimated. The effective degree of saturation    S e    can be calculated by      (   θ w  −  θ r w   )   /   (   θ s w  −  θ r w   )     . Mualem (1976) [36] presented the hydraulic conductivities of water for    S e    by


   k w  =  k s w   S e     0.5      [  1 −    (  1 −  S e      n  n − 1      )      n − 1  n     ]   2  ,  



(4)




and the hydraulic conductivities of water for    S e    by


   k a  =  k d a     (  1 −  S e   )    0.5      (  1 −  S e      n  n − 1      )      2  (  n − 1  )   n    .  



(5)







In Equations (4) and (5),    k s w    denotes the saturated hydraulic conductivity, and    k d a    is the air conductivity in the dry condition.



The configuration in the simulation was presented as shown in Figure 5. In all simulation cases, as shown in Figure 5A, the computation domain was divided into two regions: the upper region was from  y  = 0.425 m to  y  = 0.85 m, and the lower region was from  y  = 0 m to  y  = 0.425 m. The mesh size was constant with   Δ y   = 0.01 m, and the time step was given as   Δ t   = 1 s. For the unsaturated soil behavior, the van Genuchten formula (cf. Equation (3)) is crucial to determine the material parameters, which include residual volumetric water content    θ r w   , saturated volumetric water content    θ s w   , and fitting parameters ( a ,  m , and  n ). For the two-phase flow, the Mualem formulae (cf. Equations (4) and (5)) describe the changes in water and air hydraulic conductivities against volumetric water content, in which the saturated hydraulic conductivity    k s w    and air conductivity in the dry condition    k d a    are important material parameters. In the upper region of the computational domain, Ottawa sand (ASTM C778 20/30) was assigned, and its variant parameter values have been reported [13,37]. In this study, the parameters for ASTM C778 20/30    θ r w    = 0.016 (m3/m3),    θ s w    = 0.356 (m3/m3),  a  = 1.364 kPa,  m  = 0.89,  n  = 8.9,    k s w    = 2.563 × 10−3 (m/s), and    k d a    = 7 × 10−2 (m/s) were chosen as in Lee et al. (2019) [13]. For the lower region, material parameters of ASTM C778 GRADED were assigned. According to the laboratory test (cf. Figure 2B), the parameters for ASTM C778 GRADED    θ s w    = 0.392 (m3/m3) and    k s w    = 6 × 10−4 (m/s) were determined. The fitting parameters of the van Genuchten formula for ASTM C778 GRADED, in which  a  = 2.045 kPa,  m  = 0.8, and  n  = 5, were reported by Amankwah et al. (2021) [38]. Then,    θ r w    = 0.018 (m3/m3) and    k d a    = 1.5 × 10−5 (m/s) for ASTM C778 GRADED were given by back analysis. All parameters are listed in Table 1.



The initial and boundary conditions were assigned as depicted in Figure 5B,C, respectively. For unsaturated soil, the capillary, transition, and residual zones can be identified based on the given fitting parameters of the van Genuchten formula [6,39]. The initial volumetric water content of soil can be given by an initial value of suction. According to the experimental installation, the Ottawa sands were filled in the transparent acrylic cylinder under dry conditions. In reference to the fitting parameters of the van Genuchten formula in Table 1, the initial pore water and air pressures were set as −4 kPa and 0 kPa in all simulations, respectively. The boundary conditions were adopted for the cases of open infiltration and closed infiltration. In all experimental cases, a constant head water was positioned at the surface of the soil column so that the boundary condition at the top was a fixed water head 0.04 m for SEEP/W and a fixed air pressure of 0 kPa for AIR/W. In the case of open infiltration, the air venting controller was kept open so that the boundary condition at the bottom was impermeable for water but permeable for air. In the case of closed infiltration, the interstitial air can leak out from the top only, so the boundary condition at the bottom was impermeable to water and air.




4.2. Simulated Results and Discussion


The employed parameter values for the simulation were verified by the pore water pressure at the bottom of the soil column. Sound agreement with the open infiltration experiment and numerical modeling was obtained. In the case of closed infiltration, the characteristics of pore water pressure in different stages can be represented in the simulation. The evolutions of measured and simulated pore water pressure change at the cylinder bottom are depicted in Figure 6.



For the first period    P I   , the simulated interval time of open infiltration and closed infiltration were approximate numerical results. Section 3.2 mentioned that the observed pore pressure change was not caused by seepage hammer effect but was a result of the Lisse effect. Through simulated results, as shown in Figure 7, the findings can be investigated further. From the profile of simulated saturation    (     θ w   /   θ s w     )   , as shown in Figure 7A,C, the wetting front was developed from the top due to infiltration, and the bottom of the soil column stayed dry. This finding illustrates that the infiltrated water cannot cause a rising pore water pressure at the bottom in    P I   . In the case of closed infiltration, before  t  = 60 s, a minor rise of pore air pressure (ca. 1.5 kPa) was exhibited in the simulation due to air compression, as shown in Figure 7F. Thus, the observed slightly rising pore pressure in    P I   type - II      can be confirmed as the Lisse effect. An interesting finding from the numerical modeling was that the Lisse effect also existed in the upper layer of open infiltration with a smaller rise of pore air pressure (ca. 1.0 kPa), as shown in Figure 7C. The boundary condition at the bottom was a permeable condition for air (cf. Figure 5), which was why the simulated pore air pressure dissipated as the interstitial air passed through the lower part of soil column (cf. Figure 7C,  t  = 50 s, and location range from  y  = 42.5 m to  y  = 0 m). In the column test, the pore air pressure cannot dissipate to zero as in the numerical modeling because the opening diameter of the air valve (0.01 m) is not large enough for air venting freely. This finding explains why the measured rise of pore pressure at the bottom in    P I   type - I      was about 0.5 kPa (cf. Figure 3). Through numerical and experimental studies, this study confirmed that the varying pore pressure at the bottom in    P I    was caused by the Lisse effect.



For the second period    P  I I    , in Section 3.2, the seepage hammer effect was triggered at the interface of the two layers, and the rising pore pressure at the bottom of closed infiltration was caused at the same time with the help of the Lisse effect. Numerical modeling showed that when the wetting front reached the interface of the two layers (cf. Figure 7A,  t  = 50 s, and Figure 7D,  t  = 60 s), the pore water pressure in the upper layer increased due to infiltrated water (Figure 7B,  t  = 50 s, and Figure 7E,  t  = 60 s to 120 s). In the case of closed infiltration, as shown in Figure 7E,F, from  t  = 60 s to 120 s, the increasing pore air pressure at the bottom (from ca. 1.5 kPa to ca. 4.7 kPa) approximated the rising pore water pressure at the interface of the two layers (from ca. −0.3 kPa to ca. 3.3 kPa). This finding illustrates that the infiltrated water filled the upper layer and caused the compression of interstitial air in the lower layer at the same time. Through numerical analysis, this study confirmed that the seepage hammer effect was triggered in the upper layer when the wetting front reached the interface of the two layers, and it can cause a rising pore pressure in a deeper location at the same time with the help of the Lisse effect.



For the third period    P  I I I    , in Section 3.2, the change in pore water pressure at the bottom was minor and the seepage hammer effect was not observed at this moment. According to the simulated results, as depicted in Figure 7A,D, the wetting front developed in the lower layer until it reached the bottom. In the case of open infiltration, as shown in Figure 7A,C, i.e.,  t  = 100 s, where the wetting front passed through (from  y  = 0.85 m to  y  = 0.2 m), the suction (   p c  =  p a  −  p w   ) reduced to 0 kPa, so the simulated pore air pressure was equal to the simulated pore water pressure. The evolution of simulated pore air pressure in the lower layer varied due to the disappearance of the suction but not the air compression. Thus, in the case of open infiltration, the pore pressure at the bottom remained at a fixed value. In the case of closed infiltration, after  t  = 120 s, the pore air pressure in the lower layer increased in the simulation; thus, the simulated pore water pressure at the bottom increased. This result was inconsistent with the observed data. This study considered that the employed parameters of Equation (5) might not match the column test well. How to provide suitable parameters for pore air-related formula should be investigated further. Through numerical and experimental studies, in PIII, this study confirmed that the varying pore pressure at the bottom was not a result of the seepage hammer effect.



For the last period    P  IV    , in Section 3.2, the rising pore water pressure at the bottom was triggered by infiltrated water, a phenomenon that is also called the seepage hammer effect. In the numerical modeling of open infiltration, the pore water pressure jumped suddenly as the wetting front reached the bottom (cf. Figure 7A,  t  = 100 s to 150 s), and the pore water pressure changed from −4 kPa to 8.6 kPa (cf. Figure 7B,  t  = 100 s to 150 s). According to the numerical modeling of closed infiltration, the time it took for the lower layer to be filled with infiltrated water was longer than that in the case of open infiltration because the simulated air venting rate at the top became smaller. Through numerical and experimental studies, in PIV, this study confirmed that the seepage hammer effect was triggered after the wetting front reached the bottom, and the rising speed of pore water pressure was a response to the infiltration rate and the air venting rate.



In sum, first, the seepage hammer effect is triggered not only as the infiltrated water touches the impermeable layer but also as the infiltrated water touches the interface of multiple layers. Second, with help of the Lisse effect, the seepage hammer effect can transmit to deeper ground immediately. Third, the intensity of the seepage hammer effect (rising speed of pore water pressure) is positively related to air venting capacity. The schematic concept of the seepage hammer effect in multiple layers is shown in Figure 8.





5. Impact of the Seepage Hammer Effect on Infinite Slope Stability


The seepage hammer effect can trigger rising pore water pressure on the interface of multiple layers or impermeable layers via infiltrated water. The varying pore water pressure can cause a change in slope stability. This subject has been researched widely in geotechnical engineering [10]. Thus, the impact of the seepage hammer effect on infinite slope stability was investigated in this preliminary study.



Under partially saturated conditions, the safety factor at any depth can be analyzed according to the infinite slope stability [8], and it reads as


  F S  ( y )  =   2 c  ( y )    W  ( y )  sin 2 θ   +   tan ϕ   tan θ   +    (   p a   ( y )  +  S e   ( y )   p c   ( y )   )    W  ( y )     (  cot θ + tan θ  )  tan ϕ ,  



(6)




where  θ  is the slip slope, and  ϕ  is the friction angle of the material. In Equation (6),   c  ( y )    indicates cumulative cohesion at any depth,   W  ( y )    is the total weight at any depth and equals to      ∫ y   y  surf       γ m     d y  ,    y  surf     = 0.85 m is the location of the soil column’s surface, and    γ m    is the unit total weight of soil. With the help of 1D numerical modeling, as shown in Figure 7, the evolutions of pore water pressure (   p w   ), pore air pressure (   p a   ), and volumetric water content (   θ w   ) can be utilized for slope stability analysis. The evolution of suction can be estimated using    p c  =  p a  −  p w   , and the effective degree of saturation can be obtained by    S e  =    (   θ w  −  θ r w   )   /   (   θ s w  −  θ r w   )     .



Let us consider a special condition in which the soil is non-cohesive ( c  = 0 kPa), the friction angle  ϕ  = 35°, and the slip slope  θ  = 20°. In this case, the initial condition of slope stability (  F S  ) was close to 1.92 for the upper layer and close to 1.97 for the lower layer. Figure 9 depicts the evolutions of   F S  , where the left panel is for open infiltration (Type I) and the right panel is for closed infiltration (Type II). Notably, in both types, the safety factor reduces from ca. 1.92 to ca. 0.78 at the interface of the two layers and from ca. 1.97 to ca. 0.81 at the bottom, but in different patterns.



When a constant water head (0.04 m) is mounted at the surface of the soil column, the soil near the ground surface was impacted by the ponding water in both cases, causing a slightly shallow failure (range from  y  = 0.85 m to  y  = 0.81 m). For the period    P I   , 1D numerical modeling reported that the Lisse effect caused rising pore air pressure of the upper layer: ca. 1.0. kPa for open infiltration and ca. 1.5 kPa for closed infiltration, as shown in Figure 7C,F. The Lisse effect caused a decrease in FS at the interface of the two layers from ca. 19.2 to ca. 1.64 for open infiltration (cf.  t  = 25 s of Figure 9A) and from ca. 19.2 to ca. 1.5 for closed infiltration (cf.  t  = 30 s of Figure 9B). In the case of closed infiltration, the Lisse effect also caused a decrease in   F S   at the bottom from ca. 1.97 to ca. 1.74 (cf.  t  = 30 s of Figure 9B). This study found that the impact of the Lisse effect on the slope stability decreased corresponding to the increase in depth. In the case of open infiltration, the rising pore air pressure dissipated as it passed through the lower layer due to the air permeable boundary condition. Thus, the Lisse effect did not impact the slope stability at the bottom. From the slope stability analysis, in    P I   , the depth of ponding water and the Lisse effect had a major impact on the slope stability. Accordingly, the potential location of slope failure was higher near the ground surface.



For the period    P  II    , in Section 4.2, the seepage hammer effect was triggered at the interface of the two layers in both cases. Thus, at the interface of the two layers, the   F S   reduced from ca. 1.92 to ca. 1.3 for open infiltration (cf. t = 100 s of Figure 9A) and from ca. 1.92 to ca. 1.1 for closed infiltration (cf.  t  = 120 s of Figure 9B). This condition has a significant influence on the slope stability. In some steep mountain areas, the slip slope is close to the friction angle, and the slope failure might be induced by the seepage hammer effect easily. Note that the seepage effect can transmit to the bottom of the soil column with the help of the Lisse effect in the case of closed infiltration. At the bottom of closed infiltration, the   F S   reduced from ca. 1.97 to ca. 1.32 (cf.  t  = 120 s of Figure 9B). An interesting finding is that the cooperation of the seepage hammer effect and the Lisse effect might lead to a slope failure before the wetting front reaches the slip surface. Intense rainfall-induced change in pore air pressure and its impacts on slope stability has been a topic of concern recently [16,17,18]. This finding could be a potential research topic in the future.



For the period    P  III    , with the help of the column test and 1D numerical modeling, this study found that the wetting front had passed through the interface of the two layers but did not reach the bottom. In both cases, the pore water pressure increased slowly at the interface of the two layers, and the pore air pressure rose gently at the bottom. These slight and gradual changes in pore pressure were not affected by the seepage hammer effect, and the impact on slope stability was relatively minor (cf. Figure 9). From the slope stability analysis, if the difference between the slip slope and the friction angle is large enough, then the slope can remain in an equilibrium state until the wetting front reaches the bottom.



For the period    P  IV    , the importance of the seepage hammer effect can be found from the slope stability analysis. According to the column test and 1D numerical modeling, in the case of open infiltration, the pore water pressure at the bottom reached hydrostatic pressure from a negative value in a short time (ca. 10 s). As a result of this dramatic rise in pore water pressure, the   F S   at the bottom reduced from ca. 1.97 to ca. 0.81 (cf.  t  = 150 s of Figure 9A). According to the relation between sliding velocity and the change in safety factor [40], in the case of open infiltration, this study inferred that the seepage hammer effect could trigger a fast-moving landslide. In the case of closed infiltration, as shown in Figure 9B, the decreasing value of the safety factor was smaller (from ca. 1.32 to ca. 0.81) and the time consumption for the decrease was longer. In this situation, this study considered that the seepage hammer effect could trigger a slow-moving landslide in closed infiltration only. From the slope stability analysis, the conditions of soil properties (i.e., high air permeability) not only affect the rising speed of pore water pressure but also influence the moving type of landslide potentially.



In summary, first, the slope stability always declines accompanied by the seepage hammer effect. Second, the seepage hammer effect can transmit to a deeper location with the help of the Lisse effect. This study considers the seepage hammer effect an interesting mechanism in the study of fast-moving landslide. Finally, the soil permeability of the water/air has a significant influence on the intensity of the seepage hammer effect and could have a potential influence on moving landslides.



The proposed slope stability analysis is an ideal model for this preliminary study. Furthermore, research on different types of slopes (convex slope, concave slope, … etc.) is necessary for the future. Both 2D and 3D numerical modeling should be implemented to investigate general slope problems. For case studies in reality, Take et al. (2004) mentioned that a flow-like landslide in completely decomposed granite fill at Sau-Mau-Ping, Hong Kong, was triggered by heavy rainfall on 18 June 1972 [41]. Padilla et al. (2014) reported that several deep-seated landslides in highly fractured shale fill at Mt. Wanitsuka, Japan, were triggered by Typhoon No. 14 in 2005 [42]. Wu et al. (2013) indicated that a catastrophic landslide in highly fractured shale fill at Hsien-du-shan, Taiwan, was triggered by Typhoon Morakot in 2009 [43]. The aforementioned rainfall-induced landslides, which are composed of highly weathered material, could be potential areas of interest for the practical verification of the seepage hammer effect.




6. Conclusions


This study proposed a new concept of the seepage hammer effect, in which intense rainfall results in a sudden rise in pore water pressure at the interface of multiple layers or impermeable layers. It is a rarely noted phenomenon that has not been completely investigated. In this study, the occurrence mechanism of the seepage hammer effect was researched by applying the column test and a 1D two-phase flow numerical model, and the impact of seepage hammer effect on the slope stability was analyzed by using infinite slope theory. The following investigations and insights were obtained from the results of the column test, the 1D numerical model, and the slope stability analysis.



	
This study proposed a new concept of the seepage hammer effect, which is a mechanism of rainfall-induced abnormal rising pore water pressure. It is triggered when the wetting front reaches the interface of multiple layers or impermeable layers. The increase in pore water pressure is proportional to the developing length of the wetting front. It is different from the Lisse effect and the reverse Wieringermeer effect;



	
The intensity of the seepage hammer effect is affected by the soil properties and geological structure. The effect of the mechanical properties of soil is related to permeability. When the soil layer is highly permeable for water/air and the interstitial air can vent freely, the seepage hammer effect is intense and can trigger a sudden jump in pore water pressure. In the case of open infiltration, the pore water pressure jumped to the total water head of the soil column (0.89 m) in approximately 10 s. In contrast, if the pore air is trapped by infiltrated water and the air venting rate is small, then the seepage hammer effect becomes small and causes a gently rising pore water pressure. In the case of closed infiltration, the pore water pressure took more than 1000 s to reach the total water head of the soil column (0.89 m). In a geological structure that has two layers, an interesting finding is that the seepage hammer effect of the upper layer can be transmitted to the bottom of the lower layer with the help of the Lisse effect;



	
The seepage hammer effect can weaken the slope stability significantly. The decrease in the safety factor is proportional to the intensity of the seepage hammer effect. In the case of open infiltration, the FS can be reduced from ca. 1.97 to ca. 0.81 in approximately 10 s. In contrast, in the case of closed infiltration, the same change of FS took more than 1000 s, and with two stages of decay. The relation between the change in the safety factor and the sliding velocity is positive, thus implying that an intense seepage hammer effect could possibly trigger a fast-moving landslide. Thus, the detection of geological structure and soil properties (i.e., interface layer, impermeable layer, hydraulic conductivity, etc.) could be a potential application in the investigation of potential fast-moving landslides;



	
This paper presents preliminary research on the investigation of the seepage hammer effect and its impacts. Some limitations in this study should be improved in future work. For the column test, more sensors should be installed during the experiment to enhance the spatial resolution and measure other physical factors, i.e., volumetric water content and pore air pressure. These data are expected to improve the accuracy of the simulation. For the stability analysis, in reality, different types of slopes (convex slope, concave slope … etc.) require individual approaches, so 2D and 3D numerical modeling should be implemented to investigate general slope problems. Then, the potential application of the seepage hammer effect in landslide studies can be promoted.
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Figure 1. Sketch showing concept of the seepage hammer effect, where    T 0    indicates the initial state, T1 indicates the development of the wetting front, and T2 indicates that the wetting front reached the water table. (A) Volumetric water content profile in column undergoing infiltration. (B) Pressure head profile; dashed vertical line—zero pressure head or atmospheric pressure. (C) Evolution of pressure head at the bottom. The seepage hammer effect indicates the suddenly rising pressure head due to infiltration. 
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Figure 2. (A) Sketch of the experimental installation and (B) picture of the soil column. 
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Figure 3. Evolutions of pore water pressure from the column test. The cases of open infiltration and closed infiltration are depicted using a blue line and a orangeline, respectively.    P I    indicates the period of wetting front development in the upper layer until it reached the interface of the two layers, PII indicates the period of ground water rising in the upper layer until it reached the surface of the soil column, PIII indicates the period of wetting front development in the lower layer until it reached the bottom of the soil column, and PIV indicates the period of groundwater rising in the lower layer until it reached the interface of the two layers. 
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Figure 4. Experimental pictures of open infiltration (A–D) and closed infiltration (E–H), and the process can be classified with four periods.    P I    indicates the period of wetting front development in the upper layer until it reached the interface of the two layers, PII indicates the period of ground-water rising in the upper layer until it reached the surface of the soil column, PIII indicates the period of wetting front development in the lower layer until it reached the bottom of the soil column, and PIV indicates the period of groundwater rising in the lower layer until it reached the interface of the two layers. 
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Figure 5. Configuration in simulation: (A) The computational domain and its mesh assignment; (B) initial condition of pore water and air pressure; (C) boundary conditions of AIR/W and SEEP/W. 
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Figure 6. Evolutions of measured and simulated pore water pressure change at the cylinder bottom. 
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Figure 7. Simulated results of open infiltration (A–C) and closed infiltration (D–F). The arrow indicates the direction of wetting front. 
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Figure 8. Schematic concept of the seepage hammer effect in multiple layers. 
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Figure 9. Evolutions of FS: (A) open infiltration (Type I); (B) closed infiltration (Type II). The yellow line indicates the interface of the two layers; the red arrow indicates the change of the safety factor. 
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Table 1. Material parameters of ASTM C778 20/30 and ASTM C778 GRADED.
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	Material Parameters
	Upper Layer

(ASTM C778 20/30)
	Lower Layer

(ASTM C778 GRADED)





	Residual volumetric water content    θ r w    (m3/m3)
	0.016
	0.018



	Saturated volumetric water content    θ s w    (m3/m3)
	0.356
	0.392



	Fitting parameter  a  (kPa)
	1.364
	2.045



	Fitting parameter  n 
	8.9
	5



	Fitting parameter  m 
	0.89
	0.8



	Saturated hydraulic conductivity    k s w    (m/s)
	2.563 × 10−3
	6 × 10−4



	Air conductivity in the dry condition    k d a    (m/s)
	7 × 10−2
	1.5 × 10−5
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