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Abstract: The present study considers the damage mechanisms and the rainfall infiltration process responsible for landslide phenomena which originate from accumulation slopes. Accordingly, a physical test model is developed for different slopes and different rainfall conditions. Moreover, a three-dimensional laser scanner and a camera are used to monitor the slope erosion and the landslide dynamic evolution. Using this approach, the time variation curves of volumetric water content, pore water pressure, soil pressure, slope deformation, and damage are determined. The results show that under similar conditions, similar trends of the pore water pressure are achieved for different slopes and rainfall intensities.
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1  Introduction

Landslides are considered to cause a great loss to people’s lives and properties. More precisely, they account for the largest proportion of geological disasters [1,2] among the main disasters such as rainfalls, earthquakes and human construction activities [3,4]. Moreover, rainstorms can be mentioned as the most important cause [5,6]. One highly probable type of landslide in engineering projects is an accumulative landslide. Thus, studying rainstorm-induced landslides of loose accumulation bodies is of great practical significance.

With the advent of 3D laser scanning as a spatial information extraction technology in the mid-1990s, high-resolution terrain data can be instantly collected [7,8]. This technology has been extensively used in monitoring slope deformations by comparing the variations in topographic data before and after rainfalls. The use and adaptability of the technology have also been widely studied and evaluated through simulation tests [9,10].

Currently, three methods, namely, numerical simulation analysis, field monitoring and indoor model experiment on artificial rainfall, are mainly used to study slope instability failure caused by rainfalls [11–13]. For example, to investigate the impact of early rainfall on landslides, Liu et al. [14] established a dynamic critical threshold model of rainfall disasters based on rainfall observation data. In another study, numerical simulation was used to study the dynamic characteristics of landslides [15]. The study investigated the influence of rainfall on pore water change and slope failure. Moreover, applying model tests, Zeng et al. [16] simulated rainfalls and studied the infiltration law and mechanism of loess slopes. In addition, laboratory experiments and numerical simulation methods were comprehensively utilized by Vadivel et al. [17] for studying the geological origin and failure process of the Achanakkal landslide.

Indoor model tests have also been extensively utilized to investigate the instability of rainfall-induced landslides. For example, Xiao et al. [18] developed a large-scale physical model to study the deformation characteristics and instability mechanism of an ancient landslide on the reservoir bank. In another study, Wang et al. [19] looked into the development of slope deformation and failure caused by rainfall and toe immersion. They classified the change in the water content into three periods of initial stability, rising and final stability. Using model tests, Liu et al. [20] studied the effects of rainfall intensity and pattern, slope and soil properties on landslide sensitivity. Moreover, Hojat et al. [21] investigated the impact of rainwater infiltration through landslide body on landslides under rainfall conditions. Taking a centrifuge model test, Guo et al. [22] explored the reactivation mechanism of an ancient landslide, the results of which suggested rainfall and pore water pressure as the main influencing factors of the landslide. In another research, sensors were embedded in a test model and the variations of the landslide’s volumetric water content, temperature, and displacements were examined [23]. Using a comprehensive model test as well as a three-dimensional laser scanning technology, Beaulieu et al. [24] analyzed the underlying mechanics of landslides and estimate material parameters relevant to elastic failure. In another study, a rainfall device was developed and the influence of long-term rainfall on slope instability was studied [25]. The centrifuge model test was also used by Kennedy et al. [26] to study the relative effect of slope angle and shear strength on retrogression distance. Likewise, model tests were also used by Schilirò et al. [27] and Sun et al. [28]. While the former study investigated the effect of initial water content and soil types on slope instability, the latter focused on the effect of rainfall patterns and slope structure on landslide deformation and failure. Furthermore, the relationship between rainfall infiltration and slope stability of weak interlayer accumulation body was considered by Gan et al. [29]. Also, to predict the types of river blockages caused by landslides, Liao et al. [30] simulated the typical movement process of landslides and proposed a new method. Finally, Jacob et al. [31] examined the effect of different triggers on rainfall-induced landslides.

The present study investigated the failure mechanism and rainfall infiltration of rainstorm-induced landslide of loose accumulation slope. To this end, a model test was developed and the loose accumulation slope was studied under artificial rainfall. Consequently, the failure and instability modes of rainstorm-induced landslide were assessed under different conditions. Furthermore, such influencing characteristics as the volume of water content and the pressure of the pore water were considered. As a result, it was found that the accuracy of slope deformation monitoring was improved by applying the 3D laser scanning technology. The findings of the study provide theoretical support for risk identification and safety prevention as well as controlling the loose accumulation slope under rainstorm.

2  Model Test Similarity Theory

Similarity theory has been widely used in model tests. In the present study, the accumulated soil of a waste disposal site was taken as the research object. Accordingly, the test similarity ratio was determined based on the size of the site as well as the size of the test model. While the length, the maximum width and the height of the on-site accumulation body were about 50, 38, and 30 m, respectively, those of the test model were 2.0, 1.5, and 1.2 m. Thus, the similarity ratio of the test was determined as 
n=25
.

The principle of geometric dimension similarity needs to be observed when establishing a test model for accumulated soil mass under rainfall infiltration. This is to say that, while the physical model of slope is proportional in volume, area and length to the prototype, the direction of the slope angle remains constant. In line with the similarity theory, the similarity ratio of the geometric dimension of the test model was taken as 
Cl=25
. Moreover, the same material as the prototype material was used in the test. Accordingly, the physical state similarity ratio was set as 1. Also, the similarity ratios of the density 
Cρ
, permeability coefficient 
Ck
, cohesion 
Cc
and internal friction angle 
Cφ
were all set to 1. The rainfall intensity and duration were the main boundary conditions considered in the model test. Similarly, to achieve the same infiltration effect as the original model, the similarity ratio of boundary conditions and the stress similarity ratio between the model and the prototype were set as 1 and 
Cσ=25
, respectively.

The examined soil was obtained from a waste dump, i.e., the trench of silty clay from a foundation pit excavation project. In addition, to ensure the same mechanical parameters of the test material as of the on-site material, a number of measurements were taken. First, the indoor geotechnical test was carried out based on the on-site sampling. Moreover, the proportion of the test material was selected in accordance with the particle gradation of the on-site soil. Finally, the physical and mechanical tests were performed on the remolded soil. Table 1 shows the main physical parameters of the three test schemes.
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3  Design of Landslide Model Test Scheme

3.1 Test Equipment

As can be seen in Fig. 1, the test bench consisted of a test model box, a rainfall device, a monitoring system, a console and a water tank. The test model box was designed based on the size of the test model, with the length, width and height of 2.0, 1.5, and 1.5 m, respectively. While the three sides of the box were made of organic glass, the bottom was a steel plate with drainage holes. This made it more feasible for the researcher to observe the process of rainwater infiltration and landslide development. Additionally, while the test box was welded by angle steel, glass adhesive was used to seal the joints. Yet, the slurry generated during the test could be discharged through the door of the test box.
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Figure 1: Diagram of rainfall device

3.2 Test Monitoring Scheme and Model Preparation

To acquire point cloud data, the deformation was monitored using a Z+F IMAGE○R5016 3D laser scanner. Moreover, as shown in Fig. 2, TEROS 21 sensor was used to monitor the matric suction. More precisely, with a range of −2000 kPa to −9 kPa and an accuracy of 0.1 kPa, the surrounding moisture of the soil was calculated using the moisture release curve of the internal porous material. Furthermore, as can be observed in Fig. 3, the content of the soil moisture was measured using the CSF 11 soil moisture sensor. This was done through generating and receiving signals by an internal crystal oscillator with the measurement and accuracy of 0%∼60%, and ±2%, respectively.
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Figure 2: TEROS 21 matrix suction sensor
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Figure 3: CSF 11 soil moisture sensor

Fig. 4 displays the HC-25 pore water pressure sensor. When under stress, the Wheatstone bridge inside the sensor loses its balance and, as a result, sends an electrical signal proportional to the pressure. The measuring range and the accuracy of the sensor were 0∼25 kPa and 0.2% F.S, respectively. Furthermore, as shown in Fig. 5, the pressure of the soil was monitored using a HC-16 miniature stress sensor, with the range and accuracy of 0∼100 kPa and 0.3% F.S, respectively.
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Figure 4: Pore water pressure sensor
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Figure 5: Soil pressure sensor

The sensor layout is shown in Fig. 6. Three groups of sensors were embedded in this experiment, the frequency of data acquisition of which was 1 min/time. While the first group of sensors was buried at a depth of 40 cm, the second and the third were buried at 50 and 25 cm, respectively.
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Figure 6: T3 group of sensors embedded position profile

To ensure the uniformity of the proposed slope model, layered filling method was applied. The parameters of the material were also verified through sampling and testing. To prevent the soil particles being lost through the existing holes, a permeable plate and a geotextile were initially laid at the bottom of the test box. The sensor was also embedded in the specified location (Fig. 6). When the height of the test model reached the required level, the slope was adjusted according to the design size of the model.

3.3 Test Scheme

The length, width, and height of the accumulation soil model were 2.0, 1.5, and 1.2 m with the slopes of 30°, 45°, and 60°, at the trailing edge, respectively. The main purpose of this research was to study the mechanism and development process of rainstorm-induced large-scale accumulation body landslides. Moreover, the effects of different rainfall conditions and slopes on the stability of slope were investigated. Four groups of tests were designed for the test scheme. The material parameters and the rainfall conditions are demonstrated in Tables 1 and 2. Before taking the tests, each sensor was calibrated separately. Moreover, to ensure the stability and the reliability of the instrument readings, the model was tested after being stored for an entire one day.
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Due to the low rainfall intensity of T2 test and the insignificant permeability coefficient, most of the water generated by the intermittent rainfall flew through the slope runoff. Therefore, it can be argued that only a small amount of erosion damage occurred near the slope toe. Accordingly, T4 test was performed.

3.4 Point Cloud Data Processing

Monitoring deformation with 3D laser scanning requires one-time scanning before, during and after the rainfall. Within the scanning range, the point cloud data of all objects was collected using the 3D laser scanner, which included irrelevant data as well. Accordingly, to remove the irrelevant data, the point cloud data was required to be denoised before post-processing [32]. Moreover, to completely scan the point cloud data, four-station scanning was required. Thus, the collected data was imported into the supporting JRC software to perform the multi-station splicing and point cloud data rasterization. Subsequently, for further interpretation and deformation comparison, the data was analyzed using the 3DReshaper software.

4  Test Results and Analysis

4.1 Landslide Failure Mode

Fig. 7 displays the process of landslide development in T1 test. As can be observed, the wetting front deeply penetrated into the slope, causing the soil color to be deepened in the early stage of the rainfall. Next, the shallow erosion appeared on the surface of the slope body. As can be seen in Fig. 7c, with an increase in the rainfall time, the erosion ditch was gradually formed and, then, expanded all over the slope. The erosion ditch stopped after developing to a certain depth. According to the above landslide development process, the failure mode can be argued to be the erosion-induced local shallow sliding failure.
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Figure 7: T1 development process of landslide; (a) prior to the rainfall; (b) penetration of the wetting front into the slope; (c) appearance of the erosion ditch; (d) failure of the slope

The process of landslide development in T2 test is shown in Fig. 8. In the early stage of the rainfall, the soil color deepened, the rainwater infiltrated slowly, and the loose fine soil particles on the slope were splashed. As the rain continued, a layer of mud film was formed on the slope surface. This layer hindered the total infiltration of rainwater, i.e., it was only partly infiltrated to the slope body. As can be seen in Fig. 8, the result reveals a small amount of erosion near the slope toe only, with no large displacement and no cracks in the slope.
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Figure 8: T2 and T4 development processes of landslide; (a) prior to the rainfall; (b) appearance of the erosion ditch; (c) failure of the slope toe; (d) failure of the slope body

In the T4 test, the rainfall was continuous. As can be observed in Fig. 8c, by the beginning of the rainfall, a large area of erosion appeared on the surface of the slope foot. Due to the erosion of runoff, several rills with the depths of about 15 cm extended from the toe to the slope. Afterward, based on Fig. 8d, the collapse block fell on the slope foot, and the damage continued and developed. While the local failure initially occurred at the toe of the slope, it then gradually expanded and finally led to the global failure. Hence, the failure mode of landslide is multi-stage backward landslide.

Fig. 9 shows the process of the landslide development in T3 test. As can be observed, water accumulated at the toe of the slope and the soil softened at the beginning of the test. As the rainfall continued, shallow landslide occurred at the slope toe. Subsequently, soil sliding developed from the bottom to the top, and eventually the whole slope surface suffered the shallow sliding failure, which, accordingly, can be argued to be the comprehensive failure of shallow sliding and erosion sliding.
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Figure 9: Development process of landslide for test T3; (a) prior to the rainfall; (b) appearance of the erosion ditch; (c) erosion ditch deepens and enlarges; (d) failure of the slope body

4.2 Influence of Slope Angle on Slope Stability

The monitoring data obtained from the first two days of T1, T2 and T3 tests were selected for analysis. With the intensity of 70–140 mm/h, the rainfalls of the first two days of the tests were almost the same. Figs. 7d, 8b and 9c display the influence of the rainfall on the failure modes of three groups of slopes. After comparative analysis, significantly different modes of failure were detected. This is to say that while the failure of the 30° slope belonged to the erosion-slip failure, that of the 60° slope belonged to the comprehensive failure of shallow collapse and erosion-slip. Furthermore, since the failure of 45° slope was insignificant, the failure mode was not obvious.

Fig. 10 shows the change in volumetric water content at the measuring points of the three groups of tests. The difference between the peak value and the initial value of the measuring point is defined as the maximum increment. The maximum increment of volumetric water content at the foot of the slope was close to that of the three test groups. Moreover, the maximum increment of volumetric water content under 30° was found to be significantly greater than that of the other two experimental conditions in the middle and top of the slope. In other words, the large rainfall area of the gentle slope facilitates the infiltration of rainwater. Rather than flowing to the foot, the infiltrated water flows into the depth of the slope through the runoff channel. Hence, the maximum increment of the foot of the slope is close to that of the steep slope.
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Figure 10: Variation in the volumetric water content at each measuring point of T1, T2 and T3 slopes; (a) top of the slope; (b) middle of the slope; (c) toe of the slope

Fig. 11 shows the change in the pressure of the pore water in the three groups of experimental conditions. While no pore water pressure was detected in the middle and at the top of the slope, the toe of the slope at 45° demonstrated the highest level of pressure. This was followed by the 30° and 60° of the experimental conditions. Therefore, no obvious relationship was found between the peak pore water pressure and the slope angle.
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Figure 11: Variation of pore water pressure with time

To summarize, due to the large rainfall area of the gentle slope, the water could fully infiltrate from the surface, form a runoff channel, enter deep into the soil, and as a result, soften the soil. Consequently, the slope was prone to overall sliding failure. The steep slope was mainly due to the increase of water absorption on its surface, which, due to its unstable structure, made it prone to collapse.

4.3 Influence of Rainfall Pattern on Slope Stability

The sixth rainfall of T2 test and the first rainfall of T4 test were comparatively analyzed. In both tests, the amount of daily rainfall was the same. Moreover, the intermittent rainfall was 10 min per hour. Figs. 8b and 8c display the results obtained from the slope failure of intermittent rainfall and continuous rainfall, respectively. The analysis revealed a small amount of erosion damage at the foot of the slopes. Moreover, no large-scale landslide and deformation damage were found in the slopes, which was an indication of the similar initiation mode of slope landslide in the two rainfall conditions.

Figs. 12 and 13 demonstrate the variations in the volumetric water content and pore water pressure in the two rainfall conditions. Under the continuous rainfall, the peak volumetric water content was slightly larger than that of the intermittent rainfall at the middle and top of the slope. Moreover, with close peak values, the soil at the foot of the slope was saturated. In addition, the peak value of pore water pressure at the foot of the slope was slightly larger under continuous rainfall than the intermittent one. With the pore pressure of 0, the middle and the top of the slope were not saturated in either of the conditions. Furthermore, since the beginning of the rainfall, the volumes of the moisture content were observed to become stable after 8 and 12 h for the continuous and intermittent rainfalls, respectively.
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Figure 12: Variation of volumetric water content at each measuring point of T2 and T4 test slopes
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Figure 13: Variation of pore water pressure at each measuring point of T2 and T4 test slopes

To summarize, in the process of rainwater infiltration, the failure mode of the continuous and intermittent rainfalls on the accumulation body was close. However, the internal moisture of the slope took a longer time, the soil softening degree was higher, and the risk of overall sliding of the slope was greater in the intermittent rainfall.

4.4 Monitoring of 3D Laser Scanning Deformation

Using the 3D laser scanner, the slope model was scanned for several times before and after the test, the purpose of which was to generate an effective 3D model of elevation. To analyze the slope deformation and failure characteristics, the collected data was further processed using the JRC and 3DReshaper software. Fig. 14 shows the three-dimensional laser scanning maps of T3 test slope before and after the rainfall. The figures are obtained by assigning colors to different elevations of point cloud data. Furthermore, Fig. 14a is the scanned image of the 60° slope model before the rainfall. As can be seen, the slope has a relatively smooth surface, with a basically straight shoulder. As indicated by Fig. 14b, with only small erosion pits and a small amount of accumulation body at the toe, the soil at the slope shoulder was still relatively intact after a certain level of rainfall. Accordingly, this is an indication of the appropriate capability of the 3D laser scanner in reproducing the occurrence and development of landslides.

[image: images]

Figure 14: Three-dimensional scanning pictures of T3 test; (a) prior to the rainfall (b) after the rainfall

Fig. 15 demonstrates the overall slope deformation map of the T3 test. The map is generated through a comparison of the point cloud data of the same part of the slope model before and after certain level of rainfall. The red line in Fig. 15 represents the deformation degree of the corresponding elevation of the slope. While the maximum deformation of T3 slope occurred in the middle of the slope, relatively small deformation at the shoulder and the toe was observed. Using the 3D laser scanning technology, the point cloud data of the slope was instantly collected and the 3D model was constructed. The slope deformation was measured through a comparison of the 3D model before and after the rainfall. Consequently, efficient, accurate, and relatively simple monitoring results were obtained for slope monitoring. Hence, the practicality of the 3D laser scanning technology is corroborated.

[image: images]

Figure 15: T3 test slope deformation figure

5  Conclusions

In the present study, indoor artificial rainfall model tests were taken to investigate the failure mechanism and rainwater infiltration of loose accumulation slope under rainstorm conditions. The following conclusions are preliminarily derived.

No significant relationship was found between the rainfall characteristics and the failure mode of the slope. This is to say that the stability of the slope is mainly determined by the amount of rainwater infiltration. The rainfall intensity used in the experiment was rainstorm-extreme rainstorm. Moreover, the level of daily rainfall was more than 70 mm, which was greater than the permeability coefficient of the accumulation model. Also, similar rainwater infiltration was found per unit time. So, the softening effect of soil slope was obvious after the rainfall. Moreover, intermittent rainfall was found to reduce slope stability more than continuous rainfall when rainfall infiltration per unit time was close and the rainfall was the same.

Considering the slope gradient, the slope’s stability of was mainly influenced by the speed of the rainwater infiltration as well as its own structural stability under rainstorm conditions. Certain model size demonstrated that the gentler slope led to the larger area of the rainfall, as well as the faster movement of the wetting front and the rainwater infiltration. However, gentler slopes proved better the structural stability which, in turn, suggested a longer time for the landslide to occur. On the other hand, steeper slopes were shown to have less stability. Finally, an increase in the soil gravity of the surface of the slope led to an increase in the sliding force and, consequently, made it prone to shallow landslides during the rainfall.

Three main types of slope failure modes were found for loose accumulation soil. In the first type, i.e., the erosion slip failure as in T1 test, the slope was eroded by rainfall and the whole slope slipped forward. The second type is the comprehensive failure of shallow collapse and erosion slip as in T3 test, in which tension cracks appeared on the slope, large area of slope collapsed, and the overall slope slipped forward. Yet, the third kind was multi-stage backward landslide failure, as in T4 test, where tensile cracks appeared at the foot of the slope, small-scale landslide appeared at the foot of the slope, and a series of tensile surface were gradually formed and developed into large-scale landslide.

Finally, the 3D laser scanning technology was found to be effectively and accurately used in monitoring the slope deformation in landslide model test of residual soil slope.
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Table 1: Physical parameters of test soil

Test Permeability Void Slope/ Dry Natural Initial Cohesion/ Internal

No. coefficient/ ratio (°) density/ moisture degree of kPa friction
(x10°m-s ™) (g x ecm™>) content/(%) saturation/(%) angle/(°)

T1 4.89 0.79 30 1.54 10 20.1 10 10

T2 2.40 0.73 45 1.64 14 30.7 9 9

T3 5.34 0.79 60 1.46 15 30.2 9 7
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Table 2: Rainfall test grouping

Test Date of Total ranfall Rain intensity Quantum of  Rainfall Rainfall method

No. test time/min /(mm-h™) ramfall/mm pattern

Tl  Day 1 60 70 70 Continuous Rain once a day
Day2 60 140 140 rainfall
Days 3-5 90%*3 140 630

T2  Day 1 60 70 70 Intermittent Rainfall 10 min at 50
Days 2-6 90*5 70 595 rainfall min interval

T3  Day 1 60 70 70 Continuous Rain once a day
Day2 60 140 140 rainfall
Days 3-5 60%*3 250 750

T4 Days 6  90*6 70 630 Continuous

rainfall
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