[image: image1]Shear Strength Characteristics of Clay-Gravel Layer and Its Slope Failure Law and Mechanism

		ORIGINAL RESEARCH
published: 15 March 2022
doi: 10.3389/feart.2022.865697


[image: image2]
Shear Strength Characteristics of Clay-Gravel Layer and Its Slope Failure Law and Mechanism
Zhangjun Dai1*, Kang Huang1,2, Lingfa Jiang1, Jian Li1, Fei Yu1 and Shanxiong Chen1
1State Key Laboratory of Geomechanics and Geotechnical Engineering, Institute of Rock and Soil Mechanics, Chinese Academy of Sciences, Wuhan, China
2University of Chinese Academy of Sciences, Beijing, China
Edited by:
Tingting Liu, Wuhan University of Technology, China
Reviewed by:
XM Li, Zhongyuan University of Technology, China
Li Wei, China University of Geosciences Wuhan, China
* Correspondence: Zhangjun Dai, zjdai@whrsm.ac.cn
Specialty section: This article was submitted to Geohazards and Georisks, a section of the journal Frontiers in Earth Science
Received: 30 January 2022
Accepted: 22 February 2022
Published: 15 March 2022
Citation: Dai Z, Huang K, Jiang L, Li J, Yu F and Chen S (2022) Shear Strength Characteristics of Clay-Gravel Layer and Its Slope Failure Law and Mechanism. Front. Earth Sci. 10:865697. doi: 10.3389/feart.2022.865697

The Anqing Formation clay-gravel layer is widely distributed in the Anqing area of the upper reaches of the Wanjiang River. It is a typical soil-rock mixture composed of gravel and clay. The poor engineering properties of the clay-gravel layer are the main factors for the failure of the slope. On the basis of regional geological survey, the clay-gravel threshold, clay mineral composition and cementation characteristics of clay-gravel layer were studied. The in-situ horizontal push-shear tests under different gravel content, water environment and overlying load were designed and carried out, and its shear failure mode and strength were analyzed. The study found that the shear zone was in the shape of a broken line and was controlled by the particle size and distribution of the gravel. The shear strength of the clay-gravel layer is relatively high in the natural state due to the structure of the gravel and the friction and cementation force between the clay and the gravel. Water had the greatest influence on the shear strength of the clay-gravel layer, and the overlying load affected its shear strength within a certain range. The indoor rainfall erosion model test of the clay-gravel slope was carried out, and the failure and instability modes and mechanisms of the slope with different gravel contents were studied. When the gravel content was 30%, the failure of the slope surface was the development of gullies. The erosion damage process was similar to the soil slope. When the gravel content was 50%, affected by the distribution of gravel, the slope failure was manifested as the development of erosion pits, followed by local slumps, and finally the overall sliding in layers. When the gravel content was 70%, the clay particles on the slope were quickly washed away by the water flow, and the gravel skeleton of the slope formed a temporary relatively stable structure. After being disturbed, the gravel layer collapsed as a whole.
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INTRODUCTION
The unique diagenetic environment in the upper reaches of the Wanjiang River, coupled with the special topographical features and tectonic environment, determine the unique engineering attributes of the strata in this area. The Anqing Formation clay-gravel layer is widely distributed in the Anqing section along the upper reaches of the Wanjiang River. It is a set of Neogene to Early Pleistocene clay and gravel alluvial strata. It is composed of gravel as aggregate and clay as filler, which is a special river alluvial soil-rock mixture. Soil-rock mixture is a heterogeneous, discontinuous, complex and irregular geological body (You and Tang, 2002; Hu et al., 2020). The engineering geological characteristics and mechanical properties of soil-rock mixtures of different regions, origins and types are quite different (Jin et al., 2017; Xia et al., 2017). The poor engineering properties of the Anqing Formation clay-gravel layer are the main factors that cause the instability and failure of engineering structures, and determine the instability deformation mechanism and failure mode of the slope to a large extent.
Many researchers have carried out a series of experimental and numerical simulation studies around the soil-rock mixture. Tang et al. (2018) used a large-scale single-shear tester to study the effect of rock content on the shear characteristics of soil-rock mixtures. Tao et al. (2019) studied the mechanical properties of soil-rock mixture under different rock content, water content and rock integrity through large-scale triaxial shear tests, and used Duncan-Zhang model to invert the parameters of the triaxial test. Chen et al. (2020) used the particle discrete element method to establish a mesoscopic model of particle flow in a soil-rock mixed slope, and discussed the influence of the mesoscopic structure on the development of the slip surface and the stability of the slope. However, the environment and stress conditions of the samples in the above studies are very different from those in the field, and it is difficult to reflect a more realistic deformation mechanism, strength characteristics and failure mode. Wang et al. (2016) studied the horizontal push-shear test of soil-rock mixed-fill foundation under different water environments, and concluded that saturated water immersion has a great influence on the shear surface, shear strength and push-shear deformation process. Xu and Hu (2008) carried out cyclic loading and unloading tests using a large-scale field horizontal shear tester, and achieved some meaningful results in deepening the study of soil-rock mixture and the deformation and failure mechanism of soil-rock mixture slopes. These studies have made some important progress in the strength characteristics and failure modes of soil-rock mixtures by carrying out in-situ tests, but the designed single-factor tests are difficult to fully reflect the engineering properties of soil-rock mixtures under the influence of complex on-site environments, and the engineering properties of soil-rock mixtures of different origins and types are significantly different. In the Anqing Formation clay-gravel layer, the gravel content is high, the gravel surface is smooth, the roundness is high, and the super-sized gravel content is small, which is relatively uniform on the whole. The matrix of the clay-gravel layer is mostly clay, and there is a certain bonding force between the clay and the gravel. In the natural state, the stratum can maintain a certain strength and has a high stability, but when it is disturbed or the environmental conditions change, the bonding ability is significantly reduced., and the engineering stability will also be greatly affected (Nie et al., 2012; Qian et al., 2017).
Under rainfall conditions, the Anqing Formation clay-gravel layer slope undergoes various degrees of erosion damage, which in turn leads to slope instability and landslides. At present, researchers have carried out many studies on geotechnical erosion, including the influence of rainfall intensity and slope on slope rill development and rill characteristics (De Vente and Poesen, 2005; Govers et al., 2007), the complexity of rill network development (Bryan and Rockwell, 1998; Mancilla et al., 2005), as well as representative indicators of rill development, such as rill head extension time, average head erosion rate, etc. (Shen et al., 2019). In addition, the slope velocity is an important parameter reflecting the erosion process of slope rill under rainfall conditions (Zhao et al., 2018), which plays an important role in studying the dynamic mechanism of slope rill erosion (An et al., 2012). Song (2013) conducted an indoor simulated scour test on a loess slope in western Liaoning, and discussed the changes of slope displacement and moisture content during the failure process of the slope based on finite element and particle flow methods. Ren (2017) carried out scouring failure tests on the disperse soil slope in Jilin with different initial moisture content, salt content, compaction degree and slope, and found that the process of scouring and erosion damage of the disperse soil slope was divided into three stages. These research results lay the foundation for the study of the failure mechanism of the Anqing Formation clay-gravel layer slope.
In this paper, the poor engineering geological characteristics of the Anqing Formation clay-gravel layer were studied, and the in-situ horizontal shear tests of the clay-gravel layer under the combined action of different gravel content, water environment and overlying load were designed and carried out, and its shear failure mode and strength were analyzed. The effects of various factors, especially water and load, on the strength properties of the clay-gravel layer were explored. The indoor rainfall erosion model test of the clay-gravel slope was carried out, and the failure and instability modes and mechanisms of the slope with different gravel contents were studied. The research can provide a theoretical basis for the protection and treatment of clay-gravel layer slopes.
MATERIALS
Distribution Area and Geological Characteristics
The Anqing Formation clay-gravel layers from Neogene to Quaternary Early Pleistocene are mainly distributed along the Anqing area of the Yangtze River, and are mostly located on the highest terraces (mostly on the upper part of the base terraces), that is, the fourth-order terrace, and some are exposed in the third-order or the second-order terrace. The stratum is of river alluvial type, mainly including Anqing gravel layer and Wangjiang gravel layer. It is yellow and grayish-yellow, with a layer thickness of 10–20 m, and the main lithology is sand and gravel layer sandwiched with clay. The gravel diameter is 2–7 cm, the gravel content is 55–75%, the roundness is mainly sub-circular, and the sorting performance is average. The gravel composition is mainly quartz gravel, followed by quartz sandstone gravel, siliceous gravel, jade flint and limestone. The in-situ test and sampling site is located in Wangjiang County, west of the urban area of Anqing City, which is a diverse natural ecological environment and hilly area in the Yangtze River Basin. The distribution area and typical section of the clay-gravel layer are shown in Figure 1. The natural density of the clay-gravel layer is 1.87–2.11 g/cm3, the permeability coefficient is 5 × 10−5–2×10−4 cm/s, the natural moisture content of the clay is 12.59%, the plastic limit is 24.3%, and the liquid limit is 47.4%.
[image: Figure 1]FIGURE 1 | Distribution area and typical profile of Anqing Formation clay-gravel layer (A) distribution area (B) slope (C) typical profile.
Clay-Gravel Threshold
The clay-gravel layer is composed of gravel and clay with different particle sizes. When carrying out model tests and field tests related to the content of gravel, the clay-gravel threshold should be determined first, that is, a characteristic particle size should be determined, larger than which is gravel, and smaller is clay. Medley (2001) believed that in different research scales, the particle size distribution of soil-rock mixture satisfies self-similarity, and proposed a conceptual model of soil-rock threshold and rock content. The clay-gravel threshold is obtained by fractal geometry. The fractal structure equation of particle mass distribution is as follows (Mandelbrot 1977; Wang and Li, 2015).
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Here, [image: image] represents the particle size; [image: image] represents the radius of the particle; [image: image] represents the fractal dimension; [image: image] represent the total mass; [image: image] represent the maximum particle size; [image: image] refers to the total mass with the particle size [image: image], respectively. The fractal dimension of the average gradation obtained by the particle test was calculated. Figure 2 shows the particle size distribution curve and the double logarithmic coordinate curve of the cumulative mass percentage and particle size. It can be seen that for the clay-gravel layer, the fitted particle size distribution curve is not a single linear at this research scale, but a piecewise linear relationship. Taking the particle size r = 5 mm as the dividing point, there is a strict scale-free interval on the left and right sides, the corresponding fractal dimensions are D1 = 2.3 and D2 = 2.7, respectively. It shows that the particle size distribution of the clay-gravel layer has a bifractal structure, that is, the clay-gravel threshold is r = 5 mm.
[image: Figure 2]FIGURE 2 | Clay-gravel particle size fractal and clay-gravel threshold (A) particle size distribution curve (B) clay-gravel threshold.
Composition of Clay Minerals
The clay and gravel in the clay-gravel layer were physically separated, and the separated clay was prepared into oriented sheets for XRD experiments. The illite/montmorillonite (I/S) mixed-layer ratio of the samples was tested using EG flakes treated with ethylene glycol (Zhu 1995). The test results show that the main clay minerals in the clay-gravel layer are kaolinite, illite and I/S mixed-layer. The average content of clay minerals in the clay of the clay-gravel layer is 29%, of which illite accounts for 3.99%, kaolinite accounts for 13.86%, I/S mixed-layer accounts for 11.16%, and the I/S mixed-layer ratio is 55.06%.
Clay and Gravel Cementation
Common cements formed by precipitation during freshwater diagenesis are divided into vadose zone fabrics and subcurrent zone fabrics. In the osmotic layer, due to the local contact of the particles with water, suspended microdroplet cements are generally formed on the underside of the particles; while in the subsurface layer, due to complete saturation, the distribution of the cements is relatively uniform (Qian et al., 2017).
For the cement in the clay-gravel layer, the white crystals on the interface between gravel and clay are the evaporation barriers formed by the concentration of chemical elements in the soil (Jones et al., 1984). The fissures between clay and gravel form dominant seepage channels. As the groundwater seeps down the pores, the salts are gradually concentrated and deposited on the surface of the gravel. This type of cementation is soil-rock interface cementation, and its cementing force is mainly affected by rainfall, permeability and continuous exposure time of the slope. Cementation increases the strength of the clay-gravel layer to a certain extent.
STRENGTH CHARACTERISTICS OF ANQING FORMATION CLAY-GRAVEL LAYER
In-Situ Horizontal Push-Shear Test
In order to study the effects of different gravel content, water environment and overburden load on the mechanical properties of the clay-gravel layer, the following six sets of in-situ horizontal push-shear tests were designed and carried out (Figure 3). The water environment mainly included normal state and saturated state. Tests with no overburden load under normal and saturated conditions were carried out in the site with low gravel content, and the gravel content was 57%. In the site with high gravel content, the gravel content was 69%, tests with no overburden load under normal and saturated conditions, and tests with overburden loads of 10 and 20 kPa under saturated conditions were carried out respectively (Table 1). The field test device is shown in Figure 3A. During the test, the horizontal force was applied through the jack. When the pressure gauge showed the maximum reading and fell back to a stable low value, the maximum reading of the pressure gauge at this time was the initial loading horizontal force P1. Then, released the jack valve and continued to apply the horizontal force to the sample in the same way until the pressure gauge showed the maximum reading again, then the peak shear force at this time was the reloading horizontal force P2. The test could be stopped when P1 and P2 were obtained.
[image: Figure 3]FIGURE 3 | In-situ horizontal push-shear test (A) test device (1-Test pit, 2-Steel drill, 3-Limit steel plate, 4-Thrust steel plate, 5-Reference beam, 6-Horizontal loading jack, 7-Dial indicator, 8-Load, 9-Pressure pump) (B) stages of a typical curve (C) the curves under different gravel contents and water environments (D) the curves under different water environments and overlying loads.
TABLE 1 | In-situ horizontal push-shear test of clay-gravel layer.
[image: Table 1]Shear Force-Shear Displacement Curve
The typical shear force-shear displacement curve of the clay-gravel layer under different water environments and external loads is shown in Figure 3B. The curve is basically divided into five stages. 1) Compaction. With the increase of the shear force, the shear displacement increases rapidly, but the increment of the shear displacement is small. This is due to the closure of fissures in the specimen. 2) Linear deformation. The curve is approximately a straight line, and the deformation of the specimen increases linearly with the increase of the shear force. 3) Elastoplastic deformation. The curve shows a nonlinear relationship. With the increase of shear force, fissures appear in the specimen, and the fissures gradually expand. When the fissures encounter gravel during the expansion, local stress concentration occurs, and the strength of the clay-gravel layer is temporarily improved. 4) Peak. The shear force fluctuates in a small range, while the increase in the shear displacement is relatively large. The stress concentration effect formed by inter-gravel occlusion and extrusion and the stress release effect formed by inter-gravel dislocation and sliding are dynamically adjusted to achieve a relatively balanced state. 5) Post-destruction. With the increase of shear displacement, the shear force gradually decreases and tends to be stable, reaching the residual shear force.
Figure 3C shows the shear force-shear displacement curves of the clay-gravel layer under different gravel contents and different water environments. When the gravel content is 57%, the peak shear force in the natural state is only 29.05 kN, and the peak shear force in the saturated state is 45.9% lower than that in the natural state. When the gravel content is 69%, the peak shear force in the natural state is 45.53 kN, and the peak shear force in the saturated state is 65.5% lower than that in the natural state. With the increase of gravel content, the gravel skeleton effect in the clay-gravel layer is more obvious, the elastic modulus and strength are also larger, and the shear force peak value in natural state is larger. In the saturated state, due to water infiltration, lubrication and chemical interaction with cement, water fills the pores, the pore water pressure increases, the effective stress decreases, and the skeleton of the gravel is destroyed, resulting in structural damage. At the same time, the carbonate and aluminosilicate in the cement are slightly soluble in water, resulting in partial loss of the bonding force between the gravel and the clay. Therefore, the peak shear force in the saturated state is significantly lower than that in the natural state. Due to structural and cementitious failures, the peak shear force at saturation is less affected by the gravel content.
Figure 3D shows the shear force-shear displacement curves of the clay-gravel layer under different water environments and overlying loads. The peak shear force of sample C is 65.5% lower than that of sample D, the peak shear force of sample E is 56.9% higher than that of sample D, and the peak shear force of sample F is 81.0% higher than that of sample D. Meanwhile, the residual shear force values of samples E, F are close. As the overlying load increases, the peak shear force at saturation increases significantly, but the increase decreases gradually. Due to the overlying load, the sample is in a state of three-way compression, and its shear resistance is significantly improved. In the saturated state, the residual shear force when the overlying load is 10 and 20 kPa is approximately equal, indicating that only within a certain overlying load range, the residual shear force increases with the increase of the overlying load. The shear peak phase of the clay-gravel layer in the saturated state is longer than that in the normal state.
Shear Zone
The clay-gravel layer undergoes shear failure, and the shear zone (Figure 4A) is significantly different from the arc-shaped shear zone of the homogeneous soil. Figures 4B,C shows the comparison of shear zone morphology between homogeneous soil and clay-gravel layer. The shear zone of the clay-gravel layer is an irregular zigzag shape. The gravel on the sliding surface basically does not undergo shear failure, and the shear zone extends along the clay matrix. When encountering gravel, it expands along the edge of the gravel, that is, the clay-gravel interface, and passes around the gravel. Because the clay-gravel layer is not a continuous and isotropic medium, the elastic modulus and shear strength of gravel are much larger than those of clay, and there are primary fissures at the interface between the two. When sheared, stress concentration occurs at the interface, the fissures further expand, and further expand to the weak point to form a sliding surface.
[image: Figure 4]FIGURE 4 | Shear zone (A) excavation profile of typical shear zone (B) homogeneous soil (C) clay-gravel layer.
Figure 5 shows the actual 2D shape of the shear zone of the clay-gravel layer. According to the morphology of the shear zones of the samples C and D, the maximum thickness and area of the shear zones in the normal state are larger than those in the saturated state. Because the area of the shear zone is proportional to the energy consumed in its formation. In the normal state, the elastic modulus and strength of the clay-gravel layer are larger than those in the saturated state, so the former absorbs more energy than the latter in the shearing process of the same size sample.
[image: Figure 5]FIGURE 5 | Two-dimensional shape of shear zone in clay gravel layer (A) Sample C (B) Sample D (C) Sample E (D) Sample F.
The shear zone generally develops along the weak surface in the clay-gravel layer. Compared with the gravel and clay, the interface between the gravel and the clay has lower strength and is a potential weak surface. During shearing, stress concentration occurs at the interface between gravel and clay, which then breaks and gradually penetrates to develop into a shear plane. Theoretically, the depth of the initial shear plane should be the height of the sample, but the test results show that due to the uneven spatial distribution of gravel, there may be a concentrated gravel layer at the bottom of the sample, which makes it difficult for the shear plane to start forming here. Therefore, the depth of the initial shear plane is related to the spatial distribution of the gravel. Compared with sample C, sample D is saturated, water seeps into the fissures, the pore water pressure in the soil increases, and the initial fissures expand further. Due to the lubrication of water, the occlusal force between the clay-gravel layers is reduced, thereby reducing its overall strength, resulting in more local potential slip zones in the interior of sample D. The initial shear plane depth of the shear zone of sample D is shallow, the width is small, and the sliding body range is small.
Through the comparison of samples D, E, and F, it is found that with the increase of the overlying load of the sample, the initial depth of the shear zone deepens, and the overall width also increases. The maximum thickness and area of the shear zone increases with the overburden load. Since the vertical displacement of the surface is constrained with the increase of the overlying load, the shear zone is not easy to develop to the original spaced surface and cut out, so the width of the shear zone becomes larger. Likewise, the sample is under three-way compression, and the shear zone extends deeper. Affected by the increase of the overlying load, the extent of the shear zone increases, and its formation consumes more energy.
Shear Strength
Considering different water environments and overlying loads, a study was carried out on the calculation method of the shear strength of the clay-gravel layer (Xu et al., 2006; Xu et al., 2007), and it was concluded that
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When the sample is in a saturated state, the influence of water pressure should be considered in the calculation. Add the water pressure term to Equation 3
[image: image]
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When the sample is in a saturated state and under the action of the overlying load, the influence of the water pressure and the overlying load should be considered in the calculation. Add the water pressure term and the overlying load term to Equation 3
[image: image]
Here, P1 represents the initial loading horizontal force (kN), P2 represents the reloading horizontal force (kN), B represents the width of the sample (m), Li represents the line length of the ith block on the slip surface (m), G represents the gravity of the sliding body (kN), αi represents the angle between the slip surface at the ith block and the horizontal plane (°), gi represents the gravity of the ith block (kN), hi represents the centerline height of the ith block (m), γ represents the natural weight of the sample (kN/m3), Wi represents the water pressure at the sliding surface of the ith block (kN), γm represents the water weight (kN/m3), Fi represents the overlying load applied to the ith block.
The shear strength results of the clay-gravel layer are shown in Table 2.
TABLE 2 | In-situ test results and shear strength indicators of clay-gravel layer.
[image: Table 2]In the natural state, the strength of the clay-gravel layer is relatively large, which is due to the gradual compaction during the long-term deposition process and fewer primary fissures. In addition, there is a certain cementation effect between clay and gravel, and its shear failure needs to overcome a larger cementation force than the general soil-rock mixture. At the same time, the gravel content is relatively high, and the spatial distribution has a certain sequence, resulting in a relatively significant skeleton effect. After the clay is filled, a relatively dense structure is formed. With the increase of the gravel content, the skeleton effect of the gravel is more obvious. A denser structure is formed, and its strength is improved within a certain range (Li et al., 2007).
The shear strength of the clay-gravel layer decreases significantly in the saturated state. The main reasons are, 1) When saturated, the initial micro-cracks of the clay-gravel layer are filled with free water, and the pore water pressure increases, resulting in further expansion of the micro-cracks. 2) Due to the lubrication of water, particles of different particle sizes rub against each other, and the occlusal effect becomes weak. 3) Natural rainwater is often weakly acidic, and the cement will be slightly soluble in water, and the cementing force will be reduced.
Figure 6 shows the relationship between shear strength and influencing factors. It can be seen that with the application of the overlying load, c and φ increase significantly, but the increasing range gradually decreases and tends to be stable. c and φ of samples C and F are almost equal. The overlying load has the effect of compaction, which not only improves the compactness of the clay-gravel layer, but also makes the occlusion between the clay and the gravel more closely, and the normal stress on the interface between the clay and the gravel increases, which improves the shear strength. In addition, in the process of shear failure, it is necessary to overcome the gravitational work and restraint of the overlying load, so the horizontal shear force is larger than that without the overlying load, which leads to an increase in the shear strength under the overlying load condition. Compared with the two-dimensional compression state of the sample without the overlying load, the sample with the overlying load is in the three-dimensional compression state, and it is more difficult for shear failure to occur under the three-dimensional compression condition. Therefore, water has a great influence on the clay-gravel layer. When it is saturated, the strength drops sharply, and the load and strength are only positively correlated within a certain range. Beyond this range, the strength of the clay-gravel layer increases with the increase of the load is not obvious.
[image: Figure 6]FIGURE 6 | The relationship between shear strength and influencing factors (A) relationship with load (B) relationship with gravel content in natural state (C) relationship with gravel content in saturation state (D) relationship with water environment at low gravel content (E) relationship with water environment at high gravel content.
EVOLUTION LAW AND MECHANISM OF SLOPE EROSION DAMAGE
In order to study the evolution law of erosion damage of clay-gravel layer slopes, laboratory model tests of artificial rainfall erosion of slopes with different gravel contents were carried out. The gravel content in the test is 30, 50, and 70%, respectively. Before filling, a suitable sieve was selected to screen the clay-gravel layer to separate the clay and gravel according to the clay-gravel threshold. Then, according to the gravel content set in the test, after weighing and artificially proportioning, a certain quality of clay and gravel were mixed well. Finally, the mixed clay-gravel layer was filled into the model box. The test device is shown in Figure 7. Model test device includes the rainfall system, slope system, water pressure control system, camera system and scour collection system. In the test, the width of the slope was 1.0 m, the length was 1.5 m, the slope ratio was 1:1.5, and the rainfall intensity is 140 mm/h.
[image: Figure 7]FIGURE 7 | Artificial rainfall-slope erosion model test device.
Evolution Law of Erosion Damage of Slope (Gravel Content 30%)
For the slope with a gravel content of 30%, the failure of the slope surface was the development of gullies (Figure 8). The erosion damage process was similar to the general soil slope, which was divided into three stages, 1) Sputter and sheet erosion, 2) Rill erosion, 3) Gully cutting and collapse damage.
1) Sputter and sheet erosion
[image: Figure 8]FIGURE 8 | Evolution law of erosion damage of the test slope (gravel content 30%). (A) Initial slope (B) erosion pits (C) gully (D) gully development (E) slope erosion (F) actual slope failure.
In the early stage of rainfall, only very shallow groove marks appeared on the slope. Due to the low initial moisture content of the slope, the pores between soil particles were filled with air. The soil particles on the surface of the slope were relatively loose, and the kinetic energy of raindrops made the soil particles disperse, crack and splash. As the rainfall progressed, the moisture content of the topsoil increased rapidly, the pores between the particles were filled with water, the cohesion decreased, and the impact force of the raindrops fell, the surface layer of the slope appeared honeycomb-like, and this stage was called sputter erosion. After sputter erosion, the soil structure on the surface was destroyed and the pores were blocked. Since the rainfall intensity was much greater than the infiltration intensity, runoff was formed on the slope. Smaller particles in the slope surface were suspended and taken away. This process was called sheet erosion, and rills appeared on the slope surface.
2) Rill erosion
As the rainfall continued, the erosion and scour capacity of the runoff was further enhanced. If the erosion resistance of the soil particles on the slope was less than the scour force of the runoff, the downward shear force of the runoff would wash away the soil particles, forming bead-shaped erosion pits on the slope (Figure 8B). The density of the erosion pits from the top of the slope to the bottom of the slope increased sequentially. Due to the infiltration of rainwater, the strength of the slope decreased, and the erosion pit gradually deepened and widened, forming trace erosion, extending to the foot of the slope to form the head of the rill (Figure 8C). The impact of the runoff was not strong enough for the gravel to slide off. So, gravel blocked runoff, redirected it, and complicated rill erosion. Part of the gravel was embedded on the inner wall of the rill, which absorbed the energy of the runoff, and the soil particles around the gravel were more easily washed away by the runoff. The gravel fell into the rill, and erosion pits were formed on the walls of the rill, and the width of the rill was expanded (Figure 8D). The obstruction of gravel caused the diversion or branching of the rill, which made the shape of the rill more complex and the network of rill denser (Figure 8E).
3) Gully cutting and collapse damage
Next, the erosion method was transformed from rill erosion to cut ditch erosion, and the slope surface was transformed from planar erosion to linear erosion. The runoff collected at the lower part of the slope, which had a strong erosive force, and cut down both sides of the rill violently, causing local instability at the toe of the slope. Soil particles were washed away by water and gravel built up. Figure 8F shows the landslide with less gravel content, which was consistent with the test results.
Figure 9 shows the evolution process of slope scour failure. During the runoff flowing through the slope, the down-shear force of the runoff was greater than the erosion resistance of the soil on the slope. The local soil on the slope was washed away in an unstable state, and erosion pits were formed there, and the erosion pits were beaded on the slope (Figure 9B). The erosion pits developed towards the top of the slope, forming trace erosion, and extending to the bottom of the slope to form rill head. With the progress of rainfall, the erosion pits were gradually connected to form rills (Figure 9C). The rills developed continuously, and the rills merged with each other to form a network of gullies. The width and depth of the gullies at the bottom of the slope were larger than those at the top (Figure 9D). Rainwater further scoured and infiltrated deep into the slope, and the stability of the slope was affected.
[image: Figure 9]FIGURE 9 | Simplified diagram of slope erosion failure evolution law (gravel content 30%). (A) Initial slope (B) erosion pits (C) gully (D) gully development.
Evolution Law of Erosion Damage of Slope (Gravel Content 50%)
For the slope with a gravel content of 50%, due to the skeleton effect of gravel, there was a difference in the failure form of slope surface and soil slope, and the slope surface damage was mainly erosion pit-shallow slump (Figure 10). The whole process was divided into the following three stages, 1) Sputter and sheet erosion, 2) Erosion pit erosion, 3) Layer-by-layer slump.
1) Sputter and sheet erosion
[image: Figure 10]FIGURE 10 | Evolution law of erosion damage of the test slope (gravel content 50%). (A) Initial slope (B) erosion pits (C) erosion pit development (D) slope local damage (E) slope extensive damage (F) actual slope failure.
This stage was similar to that of the 30% gravel content. Due to the increase of gravel content, the clay content of the slope decreased, and the degree of the erosion of the slope was relatively small.
2) Erosion pit erosion
Runoff washed away the clay particles on the slope, creating erosion pits on the slope. With the increase of the gravel content, a certain skeleton effect was formed between the gravels, and the runoff was not easy to wash away the gravel, and the gravel hindered trace erosion. The gravel beneath the erosion pit also prevented the erosion pit from forming a rill head. The presence of gravel prevented the development of erosion pits, and slope erosion did not form rills. The erosion pit developed laterally under the action of runoff. When the soil particles around the gravel were washed away, the gravel lose its supporting force and fallen into the erosion pit under the action of gravity, and the erosion pit developed gradually (Figure 10B). The appearance of the erosion pit enhanced the infiltration of the slope and softened the soil around the erosion pit. Under the action of runoff, the erosion pit expanded and deepened (Figure 10D).
3) Layer-by-layer slump
As the rainfall progressed, more erosion pits formed on the slope, and their locations were randomly distributed. When the erosion pits developed to a certain depth, the depth of the erosion pits would not increase temporarily, but expanded to the surrounding area. At this time, the erosion pits on the slope were connected with each other, forming a local layered slump, and the slope was unstable and damaged in the shallow layer, and then gradually developed to the deep layer. Figure 10F shows the failure of the slope in this form on site.
Figure 11 shows the evolution process of scour failure on the slope. Since the clay was more easily washed away than the gravel on the slope, erosion pits were formed between the gravel on the slope (Figure 11B). A small area of stagnant water was in the erosion pit, which provided conditions for the infiltration of rainwater, so that the fine-grained soil around the erosion pit was softened, the strength was reduced, and local damage occurred, so that the adjacent erosion pits were gradually connected under the condition that the interval soil was gradually destroyed. As a result, shallow slump failure was gradually formed (Figure 11C). Then, erosion pit failure continued to appear on the slip surface of the first layer, and then the slump failure process of the first layer was repeated to appear the second layer slump failure (Figure 11D). During the rainfall process, the slope surface was damaged by layer-by-layer slump, resulting in the erosion damage of the clay-gravel layer slope.
[image: Figure 11]FIGURE 11 | Simplified diagram of slope erosion failure evolution law (gravel content 50%). (A) Initial slope (B) erosion pits (C) slope local damage (D) slope extensive damage.
For the slope with a gravel content of 70%, the clay particles on the slope were quickly washed away by the water flow, and the gravel skeleton of the slope formed a temporary relatively stable structure (Figure 12). After being disturbed, the gravel layer collapsed as a whole.
[image: Figure 12]FIGURE 12 | Evolution law of erosion damage of the test slope (gravel content 70%). (A) Initial slope (B) erosion pits (C) erosion pit development (D) fine particle loss (E) slope damage (F) actual slope failure.
The sputter and sheet erosion of the clay-gravel layer slope under the rainfall were similar to the above-mentioned two slope erosion processes and mechanisms (Figures 12A,B). When erosion pits were formed on the slope, the runoff velocity on the slope was large, and the runoff quickly washed away the clay around the gravel. However, due to the high content of gravel, the gravels contacted each other and occluded each other to form a skeleton structure, and the slope remained transiently stable. At the same time, due to the skeleton effect between the gravels (Figure 12C), the erosion pit would not develop to the depth to cause the collapse of the pit wall, but expanded to the surrounding, continued to wash away the clay between the gravels (Figure 12D), and gradually formed a gravel slope composed of macroporous gravels (Figure 12E). At this time, the slope ratio had a great influence on the stability of the slope. When the slope ratio was large, the sliding force on the gravel was greater than the anti-sliding force, which would cause the gravel to slide down, thereby causing the instability of the slope. In addition, since the cohesion between gravels was basically lost, when disturbed, even if the slope ratio was relatively small, the slope would suffer from extensive sliding failure (Figure 12F).
Figure 13 is the evolution process of slope erosion failure. In the early stage of rainfall, since the soil was more easily washed away than the gravel on the slope, erosion pits would be formed between the gravel on the slope (Figure 13B). However, due to the high gravel content, the contact and occlusion between the gravels formed a skeleton effect, and the slope remained transiently stable (Figure 13C). Moisture continued to erode deeper into the slope, softening the deep soil and washing away more clay. When disturbed or the environmental conditions changed, the gravel collapsed on a large scale and the slope was unstable (Figure 13D).
[image: Figure 13]FIGURE 13 | Simplified diagram of slope erosion failure evolution law (gravel content 70%). (A) Initial slope (B) erosion pits (C) fine particle loss (D) slope damage.
CONCLUSION
For the Anqing Formation clay-gravel layer, which is a special soil-rock mixture composed of gravel and clay, regional geological investigations, basic physical property tests, in-situ horizontal push-shear tests, and indoor large-scale slope rainfall erosion tests were carried out. The poor engineering geological properties of the clay-gravel layer and its influence on the slope deformation law and the failure mechanism of instability were studied.
The cementation of the clay-gravel layer was divided into clay-gravel interface salt cementation and clay matrix mineral cementation. The clay mineral content was 29%, including 3.99% illite, 13.86% kaolinite, and 11.16% I/S mixed layer. In the natural state, the strength of the clay-gravel layer was relatively high. When it encountered water, the cementation effect was easily lost, and the strength decreased rapidly.
The shear force-shear displacement curve was divided into five stages: compaction, linear deformation, elastoplastic deformation, peak and post-destruction. The larger the amount of gravel, the larger the peak shear force of the clay-gravel layer in the natural state. The peak shear force in the saturated state was significantly lower than that in the natural state. As the overlying load increased, the peak shear force increased. The shear zone was in the shape of a broken line. The shear zone extended along the clay matrix, and when encountering gravel, it bypassed the gravel and extended along the edge of the gravel, that was, the clay-gravel interface. At saturation, the shear strength of the clay-gravel layer decreased significantly. With the application of the overlying load, the shear strength increased within a certain range, but the increase of the strength with the increase of the load was not obvious. The effect of water than load on the strength characteristics of the clay-gravel layer was more significant.
Under rainfall conditions, the gravel content had an important influence on the erosion pattern and instability mechanism of the clay-gravel slope. When the gravel content was 30%, the failure of the slope surface was the development of gullies. The erosion damage process was similar to the soil slope. When the gravel content was 50%, affected by the distribution of gravel, the slope failure was manifested as the development of erosion pits, followed by local slumps, and finally the overall sliding in layers. When the gravel content was 70%, the clay particles on the slope were quickly washed away by the water flow, and the gravel skeleton of the slope formed a temporary relatively stable structure. After being disturbed, the gravel layer collapsed as a whole.
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