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Abstract

:

Previous studies have shown that the mechanical effects of vegetation roots on slope stability can be classified as additional cohesion effects and anchorage effects. The present study investigated the combined mechanical effects (additional cohesion effects and anchorage effects) of vegetation on a slope with coarse-grained soil in the mountainous region (significantly prone to slope failure) of Gansu Province, China. A detailed survey of tree density, root system morphology and slope profiles was conducted, and we also assessed the soil cohesion provided by the root systems of monospecific stands of Robinia pseudoacacia growing in different locations on the slope. The measured data were incorporated into a numerical slope model to calculate the stability of the slope under the influence of trees. The results indicated that it was necessary to consider the anchoring effect of coarse roots when estimating the mechanical effects of trees on slope stability. In particular, the FoS (factor of safety) of the slope was increased by the presence of trees. The results also demonstrated that vegetation increased slope stability. The reinforcing effects were most significant when the trees were planted along the entire slope. Although the reinforcing effects contributed by trees were limited (only 4–11%), they were essential for making optimal use of vegetation for enhancing slope stability. Overall, vegetation development can make a major contribution to ecosystem restoration in the study region.
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1. Introduction


Research has demonstrated that the presence of woody plants can significantly restrict the development of shallow landslides [1,2,3,4,5,6]. This phenomenon has attracted increasing attention, and many attempts have been made to develop tests and analytical models of soil reinforcement mechanisms [7,8,9,10]. Mass movements on the eastern boundary of the Qinghai–Tibet Plateau are of particular interest since there are questions regarding the effectiveness of densely planted trees in limiting the occurrence of shallow landslides in mountainous regions. In addition, the aim of current soil and water conservation afforestation practices is to increase the survival rate of trees and to increase vegetation coverage. The requirements for afforestation can be summarized in terms of assessing site conditions, selecting the appropriate tree species and planting them at a specific density along the slope contours [11]. Thus, assessing the ability of tree roots to reinforce slopes is not only very important for increasing slope stability but also for improving the afforestation methodology in similar regions. Besides, studies have shown that plants like Robinia pseudoacacia could not only live in harsh environments but also significantly changed the vegetation flora, soil properties and microbial communities in cooperation with mycorrhizal fungi, which could benefit local ecosystems obviously in mountainous areas [12,13,14].



The use of vegetation to resist soil erosion and shallow landslides largely depends on the positive mechanical and hydrological effects of roots [15]. From a mechanical perspective, the influence of plant roots on slope stability operates mainly by reinforcing the soil and anchoring the surface soil. The two effects can substantially change the mechanical properties of the topsoil [16]. The presence of fine roots results in an increase in soil cohesion through the mechanical resistance of roots and root friction with soil particles. Most previous studies focused on the reinforcing effect, and several methods have been adopted to determine it. A root reinforcement mechanistic model was developed based on the assumption that all roots are fully broken in a state of tension and break simultaneously (named the WM, a model proposed by Wu et al.) [17,18]. As the WM always overestimates the actual soil–root strength, a correction factor was introduced in a modified version [19], which has been shown to provide accurate estimates of soil shear strength when reinforced by roots [18].



Anchorage is a widely used concept in geotechnical engineering. Most natural soils have relatively high shear strength and compressive strength, while the tensile strength is almost zero, so cracks caused by pulling are one of the main causes of soil failure [20]. Coarse root branches have developed within the deep soil layer, which significantly increases slope stability. Therefore, there are substantial limitations in applying current research methods in the study area of the eastern Qinghai–Tibet Plateau since they cannot fully reflect the influence of the root system of the principal species, Robinia pseudoacacia, on slope stability. The anchoring effects of trees operate via their maintaining an upright position and preventing the structure from failing or their being uprooted under the stresses of gravity, air or water flows [21]. Many studies have attempted to describe the anchoring effect of trees. Numerical methods, such as finite-element models, have been developed to simulate the root anchorage components and their behavior during tree overturning [22,23]; in addition, experiments involving pulling the trees out have been used to assess their actual anchoring ability [24,25,26].



In our study, the mechanical reinforcement effect of trees on the stability of a coarse-grained soil slope in Gansu Province, China, was estimated. The main aims of the study were (i) to describe the distribution of tree roots in a typical forested slope, (ii) to numerically analyze the mechanical impact of both fine and coarse roots on slope stability and (iii) to determine the influence of the planting location on the impact of slope reinforcement against shallow landslides. The profile method (for roots with diameters <10 mm, with the data recorded as the root area ratio (RAR) [27]) and the excavation method (for roots with diameters >10 mm) were combined to investigate the characteristics of the root system. Both the reinforcing and anchoring effects were integrated into a simple 2D limit equilibrium model of slope stability, which was used to analyze the effects of root variability and finite slope morphology on the factor of safety (FoS). It was hoped that our findings would contribute to forest management in similar regions.




2. Materials and Methods


2.1. Vegetation and Site Characteristics


The Bailong River Basin is well-known for its widely distributed and frequent geohazards and is listed as one of the four major areas in China prone to geohazards. The Goulinping Valley is a representative valley in the area, and the catchment geomorphology consists of high mountains with deep narrow valleys, with a relative elevation of 1950 m (Figure 1). A typical slope, mainly consisting of phyllite debris, was selected for study; the elevation was 1310 m, the aspect was 45° and the slope angle was 39°. Due to its relatively remote location and the absence of cultivation in the area, it is largely unaffected by human activities such as irrigation.



Currently, the main vegetation on the valley floor consists of herbaceous plants (e.g., Potentilla aiscolor Bunge, Phragmites australis and Digitaria sanguinalis) and shrubs (e.g., Lespedeza bicolor, Coriaria nepalensis, Ziziphus jujuba and Amorpha fruticosa). The trees are mainly planted and include Robinia pseudoacacia (black locust) and Populus tomentosa (Chinese white poplar) [14]. Our investigation of the common herbaceous plants in the study area revealed that their root systems were mainly distributed in the upper part of the soil profile (usually less than 0.3 m in depth). Due to the lack of xylem, the cover density of herbaceous plants was significantly lower than that of woody plants. In addition, herbaceous plants generally have a short life span (mostly annual or biennial), and thus, they do not develop extensive and robust aboveground and underground parts. Thus, woody plants are more effective in reinforcing the soil and controlling soil erosion [28]. A previous survey revealed that the three commonly planted woody species (Robinia pseudoacacia, Amorpha fruticosa and Populus tomentosa) were well-adapted to the valley floor habitat [14], but only Robinia pseudoacacia grew well on the steep slopes and reproduced successfully. As a result, in the present research, Robinia pseudoacacia was selected as the key species in the region and was studied in detail. Six standard tree stands in the experimental area were selected, and the distribution characteristics of each plant root system were studied.




2.2. Field Investigation of Root Systems


In order to quantitatively describe the effects of trees on slope stability, several important parameters of trees and roots should be considered: tree distribution on the slope, root system architecture and the effect of root tensile strength on improving slope stability [3,29,30,31]. The root distribution of Robinia pseudoacacia on the slope was investigated using the section window method [14,32] and excavation method [33]. The section window method is usually used to describe the distribution characteristics of fine roots (usually diameters <10 mm), but it does not properly reflect the range of long, coarse roots. By contrast, the excavation method can reveal all of the roots of a plant. However, this method has several limitations: (i) it is time-consuming and labor-intensive; (ii) it always leads to the death of a plant; and (iii) in practice, it may destroy many fine roots and ruin their distribution patterns. Thus, a com bination of the two methods was used to collect information about both thin and coarse roots.



For the section window method, three vertical trenches were excavated to a depth of 50 cm around the trees at three different slope locations: upslope of the tree, level with the tree and downslope of the tree [27]. The trees are commonly planted 1 m apart. According to past research, failure or deformation always starts to happen in the weakest part of the vegetated slope (with less reinforcing effects by roots) [34,35]. Thus, the trenches were dug at a distance of 50 cm from the trunks to investigate the weakest part of the root system [33]. Within each trench, the surface of the profile window was defined using a frame with dimensions of 50 × 50 cm, which was divided into 25 square cells, each with dimensions of 10 × 10 cm. The roots within each cell were counted, and the root diameter was measured at the same time [14]. During the investigation, all of the roots were divided into four classes according to their diameter: 0–1 mm, 1–2 mm, 2–5 mm and 5–10 mm [36]. Although this method revealed most of the root distribution, several thick roots remained hidden, and therefore, we excavated the entire root system to more clearly reveal its structure and extent (Figure 2). The RAR (root area ratio) was calculated for each cell using the formula:


  R A R =   ∑  i = 1  n      A  r i    A     



(1)




where n is the sample size of the investigated root (i.e., the number of roots), Ari is the cross-sectional area of the roots in the grid cell and A is the reference surface area of a grid cell. RAR values were calculated and analyzed cell by cell in relation to topsoil depth (Figure 3).



In the excavation method, the characteristics of the coarse roots were carefully measured and recorded, including the spreading length, diameter and the depth the roots reached within the soil.




2.3. Measurement of Root Tensile Strength


During field measurements, living, healthy and unknotted roots of different diameter classes were collected from all four trenches. Mechanical damage to the roots caused by pulling and the use of the excavation tool was minimized. After collection, the root samples were measured and classified by their diameter using Vernier calipers. The samples were stored in containers to prevent damage during transport to the laboratory.



Since the test site was far from the laboratory and root measurements were time consuming, it was impossible to measure the mechanical properties of the collected root samples immediately. Therefore, at the end of each field day, the roots were oven-dried at 60 °C for 24 h [27] to reduce the moisture content and minimize root decay. In this study, to ensure that the test results reflected the in situ condition of the sample, all tests were conducted within one week after sampling to maximize the reliability of the tensile test. Tensile force and tensile strength were measured using a universal material testing machine (CSS-4100, developed by Changchun Testing Machines, China). The maximum range of the testing machine was 100 kN.



Assuming that rainfall in the study area was sufficient to maintain the roots in a state of near-saturation, the test sample was soaked for several hours before the tensile strength test to maximize its water content [27,37]. In the test, the root samples were measured using a 10 cm gauge, and the loading rate was set to 5 mm/s. A cork was inserted between the root and the jig to prevent root slippage and damage from the jig of the testing machine [38]. In addition, only when a fracture was located in the middle third of the sample’s total length was the test considered successful [36]. The root diameter was measured with Vernier calipers at the root fracture, and each sample was measured three times.




2.4. In Situ Direct Shear Measurements


In the study area, the content of coarse particulate matter was very high (a size range of 4–6 cm comprised more than one-half of the samples) [14]. Consequently, the traditional ring shear and small-size straight shear method could not be used to reliably determine the true mechanical properties of the soil because the sample size was too small. Therefore, the shear strength of loose deposits was measured using an in situ direct shear test (the size of the shear box was 500 × 500 × 230 mm). In accordance with the Geotechnical Engineering Test Manual [39], the direct shear test was completed using the commonly found soil moisture of the slope. The test employed the non-consolidation fast shear method with different vertical loads. The results were estimated using the Mohr–Coulomb failure line (shear strength, normal stress), where the intercept of the failure line represents the soil cohesion, and the angle formed by the failure line and the normal stress axis represents the friction angle. The poorly graded nature of the soils of the study slope made it difficult to measure their mechanical characteristics. Nevertheless, the large size of the shear box used means that the shear experiment results are probably reliable [14]. Table 1 lists the geotechnical parameters used in the bank stability analysis.




2.5. Estimation of the Mechanical Stabilization Effect of Robinia Pseudoacacia on Slope Material


According to the field survey, both fine roots and coarse roots of the trees could affect the mechanical characteristics of the soil in the top layer. The mechanical stabilization effects of Robinia pseudoacacia on the slopes can be viewed as a combination of two effects: additional cohesion and anchorage, and in this study, we explored both effects. To simplify the analysis, in the field investigation, the root system was classified into two parts according to root diameter depth within the soil. Most of the roots were relatively densely distributed in the top 50 cm layer, which is the most important layer for increasing soil strength. However, some of the coarse roots can extend to the deeper layers and act to support and fix the plant; at the same time, this part of the root system mainly acts to anchor the surface soil.



2.5.1. Additional Cohesion Effect of Fine Roots


The root distribution is relatively dense within the surface soil, which can be viewed as a combined soil and root system composed of a root–soil complex, with the root acting as a flexible material. When failure occurs, the soil shear stress is transferred to the tensile strength of the roots across the failure interface [15], and many methods have been developed to investigate the macroscopic effect. These effects were calculated using the modified WM model, which has an acceptable accuracy [40]. In this model, the reinforcing effect is defined as the additional cohesion (cp) according to the Mohr–Coulomb failure criterion:


   c p  =  k ′      ∑  i = 1  n    T i   n i   a i     A   



(2)




where Ti is the maximum root tensile strength (MPa) of the diameter class i, ni is the number of roots in the diameter class, ai is the cross-sectional area of the root diameter class (m2), k′ is a correction factor that considers the inclination of the roots crossing the shear plane or the tension crack (the value varies from 1–1.2) and A is the area of soil occupied by the roots (mm2). However, much research has revealed that this simple model overestimates the additional cohesion by more than 100% since it assumes that all the roots are broken at the same time [34,41]. Thus, several coefficients ranging from 0.34 to 0.5 were developed to calibrate cp corresponding to different situations [42]. The modified model is defined as


   c p  =  k ″   k ′      ∑  i = 1  n    T i   n i   a i     A   



(3)




where k″ is the calibration value of the model. In the present study, k″ was set to 0.4 (Preti and Schwarz, 2006).




2.5.2. Anchoring Effect of Coarse Roots


Natural soils usually develop cracks and structures, and if bolts, anchor cables and soil nails are inserted in the soil, these reinforcement structures can disperse and transfer the soil load, limit soil deformation and increase soil strength. If bolts and other reinforcing structures are inserted through the surface of loose soil material and inserted into the stable bedrock, which provides internal stability, they can anchor the unstable surface soil to the deep stable layers and thus prevent surface slippage and enhance the stability of the entire solum. Field investigations have revealed that each of the sampled trees have developed at least one coarse lateral root. Those coarse roots usually have a high tensile strength and can penetrate the surface soil to a considerable depth (some plant roots are able to penetrate bedrock fissures). To quantify the effects of plant anchorage, several workers established a model based on the actual physical mechanisms to study the anchoring effect of the root system [43]. The magnitude of the tensile force required to destroy the root–soil complex is


  F = 2 π R   ·   α τ   ·   X  



(4)




where R is the average diameter of the roots below the surface, α is the friction coefficient between the soil and the root, τ is the strength of the soil and X is the depth of the fracture of the soil–root complex. We calculated the peak tensile force of the root as


   F r  = π  R 2    ·   σ  



(5)




where R is the diameter of the root and σ is its tensile strength.



When failure of the soil occurs, the strength of the root may be insufficient to resist the tensile force. Thus, the relationship between the tensile force Fr of the root system and the frictional force F between the root and the soil can be defined as follows: when Fr > Fs, the root will be pulled out, and when Fr ≤ Fs, the root will break. Based on the above formula, LRB is the critical broken length of the root–soil complex and is calculated as


   L  R B   =   σ   ·   R   2   ·   α   ·   τ    



(6)







This formula reflects the relationship between the range and strength of the anchoring effect and the strength of the soil: when the length of the root exceeds LRB, the anchoring effect of the root is substantially reduced. Long roots will be broken near LRB, while short roots will be pulled out.





2.6. Calculation of Slope Stability


According to the field situation, the height of the simulated slope was set to 15 m and the slope angle to 40° (Figure 4). The slope was divided into three parts: upper, middle and lower, and the influence of planting trees on slope stability was calculated. Three types of model material were used: soil, a root–soil complex and a root–soil complex with anchoring coarse roots. The limit equilibrium method has the advantages of a clearly defined physical mechanism and a relatively simple calculation process and is the most commonly used method to calculate the stability of a soil slope. In this method, the slope is assumed to be a horizontal cylinder, and several slip surfaces are assumed. The soil above the sliding surface is divided into several strips using the strip method. For a single soil bar or for the entire soil body, an equation is established based on the force balance, moment balance and boundary conditions. In the calculation process, the stability coefficient of the finite slope is defined as the ratio of the anti-sliding force to the sliding force, and the safety factor corresponding to each assumed sliding surface is calculated using the trial method. The slip surface with the lowest safety factor is defined as a dangerous slip surface, and the FoS of the sliding surface corresponds to the safety factor of the slope in this state [44]. When FoS > 1, the slope is regarded as stable; when FoS = 1, the slope is in the critical state; and when FoS < 1, the slope is unstable. Without considering the stress–strain relationship of the soil, many researchers have used different assumptions based on the limit equilibrium method to simplify the problem and solve stationary problems. Several calculation methods can be used, such as the Ordinary/Fellenius method [45], Bishop/Bishop corrected method [46], Janbu method [47], Morgenstern–Price method [48] and the imbalance thrust force method. In the present study, we used Slide 6.0 software to calculate the factor of stability (FoS) of the slope. Three methods were used: Ordinary /Fellenius (OF), Bishop (BS) and Morgenstern–Price (MP). The results were then compared to assess their validity.



The effect of fine roots on slope material is mainly via their provision of additional cohesion [18], which is mainly distributed within the soil layer within a depth range of 0.0–0.5 m. Therefore, this layer was defined as the soil–root complex, and it had the same internal friction angle as the soil, while the cohesion was set as the sum of the soil cohesion and the additional cohesion from fine roots. Within the software, the anchoring effect of coarse roots was then represented in the form of bolts within the slope. The stress–strain relationship of the bolts (i.e., coarse roots) was obtained from the tensile tests (Figure 5).





3. Results


3.1. Root Distribution


Robinia pseudoacacia is classified as one of the tree species with a horizontally distributed root system since its roots mainly expand horizontally without the development of large vertical roots. With the increase in sampling depth, the number of root systems of different diameter classes exhibited specific characteristics (Figure 6, Table 2). The number of fine roots (d ≤ 1.0 mm) decreased with increasing depth and showed a significant exponential trend. When the root diameter exceeded 1.0 mm, the number of roots in the section either increased or increased initially and then decreased with increasing depth. This result differs substantially from those of other studies. Thus, we assumed that the distribution characteristics of the root system of Robinia pseudoacacia on the slopes were affected by habitat and had specific local characteristics. The number of fine roots (d ≤ 1.0 mm) in the root system represented 88.4%, 81.3% and 92.5% of the total number of roots in the three directions relative to the tree (upslope, level and downslope, respectively). It has been shown that, although their diameter is small, the density and quantity of roots thinner than 1.0 (d ≤ 1.0) mm is large. Thus, they have a strong adhesion to the soil particles and have a correspondingly strong effect on soil strength. In addition, in the different directions relative to the tree (upslope, level and downslope), the root distributions for different diameter classes were substantially different. For roots thinner than 1.0 mm, the difference in root distribution for the three directions was not significant (F = 1.567, p = 0.248, ANOVA). In contrast, for the other roots, as their diameter increased, the difference in root distribution for the three relative directions also increased (Table 3): when the root diameter exceeded 2.0 mm, the number of root distributions differed significantly in the following order: parallel > upslope > downslope.



Our investigation showed that, for each of the trees that were investigated by the excavation method, there was at least one long, coarse root that penetrated both deeply within the soil and almost horizontally. The diameter of the coarse roots was measured every 0.3 m away from the trunk and recorded (Figure 7). The results show that the mean diameter of the root within soil could still reach 5.0 mm when the length reached 2.0 m.




3.2. Tensile Strength


The peak tension of the root samples increased with increasing root diameter, and the relationship was well-described by a power function (Figure 8). Although the data were scattered, the tensile strength exhibited a decreasing trend with increasing root diameter; however, the relationship could not be described by a power function.




3.3. The Additional Cohesion and Anchoring Effect of Roots


Based on the results of the field investigation and tensile tests, the additional cohesion of the fine roots was calculated using the modified WM model. The relatively thin root system (less than 10 mm in diameter) was mainly distributed at a depth of 0.5 m from the surface on different slope segments (i.e., upper slope, midslope and lower slope) and different depths (0–50 cm). The contribution to soil cohesion is shown in Figure 9. The additional cohesive effect of fine roots on the soil in the upper, middle and lower slope segments was statistically evaluated. The results showed no significant difference (p = 0.612), and the additional cohesion values (mean ± standard deviation) were 13.41 ± 9.53 kPa, 12.76 ± 5.40 kPa and 17.48 ± 5.56 kPa for the upper, middle and lower slope segments, respectively. Therefore, it was assumed in the simulation calculation that the contribution of mature plants to the cohesion of loose deposits was 15 kPa.



The field investigations showed that the long, coarse roots spread almost horizontally within the soil. Since the slope angle was 39°, the bulk density of the loose deposits was 1.7 g/cm3, and the length of the root system within the soil was more than 2.0 m. In addition, the diameter of the root was about 5.0 mm. At the same time, according to the internal friction angle and cohesive force of the soil (Table 3), the shear strength of the soil at the position of 2.0 m horizontally within the slope could be obtained from the Mohr–Coulomb formula, and the result was 30.11 kPa. The performance versus tensile strength relationship could then be calculated by inserting the tensile strength and diameter data into Formula (6). In the extreme case where the coefficient of friction was 1.0, the smallest critical failure length LRB of the root was 1.99 m. This result demonstrates that roots with a length of 1.99 m on the slope had a strong anchoring effect.




3.4. Calculation of Slope Stability


Three methods were used to calculate slope stability, depending on whether the anchoring effects of roots were taken into consideration and on different planting sites. The results are shown in Table 4. In the case of the absence of vegetation, the FoS results were 1.157 (OF method), 1.149 (BS method) and 1.192 (MP method). In the absence of an anchorage effect, Robinia pseudoacacia could have a positive effect on slope stability, except in locations where planted Robinia pseudoacacia stands were on the upper part of the slope. Overall, however, taking anchoring effects into consideration, planting on all locations on the slope could increase slope stability. Among the three calculation methods, the value calculated from the BS method was the largest, while the one from the OF method was the smallest relatively. The main reason for the difference in the results is that the OF method assumes that the shape of the sliding surface is a cylindrical surface without considering the interaction between soil strips. Meanwhile, the BS and MP method take the forces between the soil strips into consideration.



The difference between the FoS of different planting scenarios on the slopes was calculated using the three methods. It is clear that the results obtained by the BS method were the most reliably successful among the three for estimating the reinforcement effect of plant roots; this is because, compared with the other two methods, the BS method emphasizes the interaction between the soil units.



The upper part of an unstable slope was prone to extensional deformation, while the anchoring effect of the roots could limit such deformation to a certain extent (Figure 10a). When the trees were located in the middle of the slope, since the sliding surface here was deeper, the effect of the roots on sliding was weaker (Figure 10b), and thus, the anchoring effect on slope stability was not significant. When the trees were located on the lower part of the slope, the increase in slope stability was the most obvious, and in this case, the calculated potential sliding surface was moved to the upper part of the slope (Figure 10c). When the entire slope surface was planted with Robinia pseudoacacia, the entire surface would be reinforced, so the potential sliding surface would pass through the coarse roots (Figure 10d). Since root-reinforced soils have higher shear strength, this phenomenon could improve slope stability.





4. Discussion


4.1. Characteristics of Root Distributions on the Study Slope


The root system is one of the most important vegetative organs of seed plants, which not only provides water, minerals and other essential nutrients for plant growth but also fixes and supports the plant on the ground surface. While ensuring the growth of plants, the roots can also fix loose material and increase its resistance to erosion. As the elastic modulus of a root is much larger than that of the loose soil, deformation occurs, and the friction between soil and the root can limit the extent of deformation. Therefore, the distribution characteristics, mechanical properties and physiological processes of plant roots are the most important factors for assessing the role of plants in reinforcing soil.



In ideal cases where the soil texture is uniform and the slope is gentle, the distribution of the roots should be isotropic in the horizontal plane. However, since the distribution of water and nutrients in the soil on steep slopes is strongly affected by gravity, there are significant differences in the distribution of plant roots, and the actual root growth may be heterogeneous. Fine roots (d ≤ 1.0 mm) are the main organs for absorbing water and nutrients, and the distribution of fine roots in a previous study exhibited an obvious relationship with the three directions relative to the tree (i.e., upslope, level and downslope) [49]. Robinia pseudoacacia is classified as a species with a horizontally distributed root system. It has been demonstrated that the shape of the root system of Robinia pseudoacacia on loess slopes with relatively good water and nutrient conditions should be fan-shaped or semicircular and tends to extend downslope. However, the root distribution of the plants investigated in the present study exhibited different characteristics. First, the vertical distribution of fine roots (d ≤ 1.0 mm) showed no significant downward trend, and in all of the three relative directions to the tree, the horizontal distribution of the roots was very similar. Although the slope in the study area reached almost 40°, the horizontal distribution of the fine roots did not vary significantly. This indicates that the distribution of water in loose debris is not dominated by the slope due to the abundant rainfall in the area. Thus, water and nutrients are not the main limiting factors for the growth of Robinia pseudoacacia in the region, and the similar distribution of fine roots in different slope directions reflects the ability of the roots to absorb sufficient water and nutrients to supply the plant. Second, the distributions of other root diameter classes (2.0 mm ≤ d ≤ 5.0 mm, 5.0 mm ≤ d ≤ 10.0 mm) also exhibited distinctive characteristics at different depths and directions relative to the trunk position. As the main part of the whole plant, the distribution of these roots had a significant slope effect. The quantity of roots in the upslope and level directions was 1.63 times and 2.06 times greater than that in the downslope direction, respectively. This indicates that, in the case of loose deposits with poor stability, a principal requirement of the plant is to fix itself in position, which has already been proven by other scholars [50].



The results show that the distribution of roots with a diameter > 2 mm dominated the RAR in the root system. However, strictly speaking, the RAR did not decrease as the depth increased. In some cases, the RAR increased with increasing depth. Many researchers have demonstrated that as plants mature, root morphology may be affected by soil characteristics (such as moisture and nutrient status) [51]. Since the soils in the studied banks were poorly developed with abundant gravel and were unstable, the fine roots in the top layer were more likely to be damaged or destroyed before they could grow up to the thick ones. Thus, the amount of thick roots was relatively high in the lower layers.




4.2. Tensile Strength of the Roots on the Slope


Peak tension and tensile strength are important factors influencing the reinforcing effect of the root system. The greater the peak tension, the greater the anchoring effect, and the greater the tensile strength, the more the soil is reinforced. Studies have shown that the tensile strength of plant roots is related to the content of root cells and the lignin, cellulose and hemicellulose content of the roots [51]. It is noteworthy that in the study area, the vegetation and its root systems were substantially affected by disturbances, including soil instability and physical damage. Such disturbances and the root composition may be an important reason for the scattered data obtained in the study. In addition, due to the specific habitat in the study area, the loose deposits lacked stability, and typically, there was an accumulation of surface material. As a result, the growth of plant roots was hindered, and they were compressed by gravel, which may lead to the continuous development of root callus and phloem tissue and changes in cell structure and material composition, which could substantially affect the tensile strength. Those may be the main reasons for the nonpower function relationship between diameter and tensile strength, in contrast to the findings of other studies [37].




4.3. Influence of Root Anchorage on Slope Stability


Deeper plant roots can fix both the plant and the shallow soil within the relatively stable layer, and the effect of the plants on the slope material is similar to that of a prestressed bolt, resulting in a significant increase in soil stability. For shallow landslides, the shearing forces of the soil will be exerted on the vertical root system, causing reactionary shear stress to prevent slope deformation.



In the calculation of slope stability under conditions of planting Robinia pseudoacacia on the upper part of the slope, the results of the two stability calculation methods (the OF and MP methods) show that slope stability was decreased under the influence of vegetation (Figure 11). However, in this simulation scenario, the loading from the weight of the trees was neglected. The field investigation showed that, at the top of the slope, the Robinia pseudoacacia plantation did not adversely affect slope stability. Thus, the simulation result was inconsistent with the actual situation. When taking the anchorage effect into consideration, the calculation results show that the Robinia pseudoacacia plantation on the upper part of the slope could also increase slope stability. Coarse roots (maximum diameter up to 78 mm) could strengthen the slope surface and limit the movement of surface debris. Therefore, it is important to consider the effect of the anchoring effect on the calculation results when estimating the effect of plant roots on slope stability.



When considering the anchoring effect of the root system, Robinia pseudoacacia had a positive effect on slope stability, but this effect was related to the location of the vegetation on the slope. When Robinia pseudoacacia was located on the upper part of the slope, the anchoring effect of coarse roots played a significant role in improving slope stability.




4.4. Effect of Planting Location on Slope Stability


The cohesion between the particles was relatively weak, and therefore, the elastic modulus of the soil was very low, and under the influence of gravity, pore pressure or other stresses, the soil was prone to deformation, which may lead to instability and shear damage. Therefore, for Robinia pseudoacacia, the optimum planting solution to enhance slope stability was to plant the trees on the entire surface of the slope to make the maximum use of trees in improving slope stability. However, in reality, due to factors such as cost, accessibility and logistical difficulties, this strategy is often unrealistic. In this case, planting on the lower slope may be the next best choice. Planting trees at this location not only reduced the movement of slope material to drainage channels, but it also stabilized the material at the foot of the slope and reduced the erosion of the slope by water flow in the channel, and consequently, the stability of the slope was improved.





5. Conclusions


Robinia pseudoacacia is well-suited to planting on the metastable slope in the study area due to the distinctive local environmental conditions, and it develops a widespread and robust root system. Based on our careful investigation of root morphology and root strength, we developed a numerical model that simultaneously considered the additional cohesion and anchoring effects of vegetation on a slope comprising coarse-grained soil material. The results show that the trees could stabilize the metastable slope and that anchoring effects should not be neglected in assessing the mechanical influence of trees on slope stability. The anchoring effect of the plant roots significantly affected the interaction between the sliding and stable part of the soil. Thus, the calculated stability was higher. However, when calculating the influence of planting position on slope stability, the three stability calculation methods showed similar trends. When the entire surface of the slope was planted with Robinia pseudoacacia, all of the surface material on the slope was reinforced, and the contribution to the slope stability was the most obvious. If Robinia pseudoacacia was planted only on the lower part of the slope, the roots could strengthen the head of the slope and cause the sliding surface to move upwards, and in this case, the contribution to slope stability was ranked second amongst the three. When Robinia pseudoacacia was planted in the middle of the slope, the contribution to slope stability was the least since the sliding surface was deeper in this part of the slope and the roots could barely penetrate the sliding body, and therefore, it was more difficult for the soil near the sliding surface to be affected. When the trees were planted at the top of the slope, the roots could inhibit slippage in this part of the slope, and they also had a positive effect on slope stability.



It is important to note that the effect of the root system on slope stability was limited in the study area since the impact of plants on slope stability was only 4–11% in most scenarios. Thus, the main effect of plants on similar slopes is to control soil erosion. In addition, Robinia pseudoacacia can protect the local habitat by stabilizing the surface soil and shielding other plants from damage by falling debris. As a result, Robinia pseudoacacia is one of the key species for use in ecological restoration in the study region.
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Figure 1. Location of the study area in China (left) and topography of the study watershed (right). 
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Figure 2. Flowchart illustrating the methodology used in the study. 
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Figure 3. Measurement of the root system (a) by the profile method (the size of the subgrid was 10 × 10 cm) and (b) by excavation. 
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Figure 4. Geometry of the modeled slope used for the calculations. 
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Figure 5. Relationship between tensile force and deformation distance of large roots of Robinia pseudoacacia on the studied slope. 
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Figure 6. Distribution of root numbers and root area ratios (RARs) at different depths and directions relative to the tree. 
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Figure 7. Relationship between the diameter of coarse roots and their distance from the trunk. 
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Figure 8. Relationship between root diameter and peak tension (left) and the relationship between root diameter and tensile strength (right) for Robinia pseudoacacia on the study slope. Power-series regression relationships. 
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Figure 9. Distribution of additional cohesion of fine roots (diameter < 10 mm) to soil depth. 
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Figure 10. Distribution of the potential sliding surface in relation to position on the slope under vegetation at different locations: (a) planted on the top part of the slope, (b) planted on the middle part of the slope, (c) planted on the lower part of the slope and (d) planted on the entire slope surface. The curves show the sliding surface defined automatically by the software. 
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Figure 11. (a) Effect of root anchorage on FoS for different slope locations (upper, middle and lower) and (b) the differences in slope FoS for trees at different locations. 
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Table 1. Parameters of the modeled slope.
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	Item
	Value





	Slope (°)
	39



	Bulk density (N/cm3)
	17.3



	Cohesion (kPa)
	1.05



	Friction angle (°)
	44.7



	Additional cohesion by roots (kPa)
	15
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Table 2. Relationship between root distribution and soil depth.
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	Root Diameter Classes
	Fitting Function
	Correlation Coefficient





	d ≤ 1.0 mm
	Rd1 = 149.71e−0.192d
	R2 = 0.9175



	1.0 mm ≤ d ≤ 2.0 mm
	Rd2 = 6.8147e0.0626d
	R2 = 0.4261



	2.0 mm ≤ d ≤ 5.0 mm
	Rd3 = 0.34d2 − 1.86d + 4.65
	R2 = 0.8818



	5.0 mm ≤ d ≤ 10.0 mm
	Rd4 = 0.09z2 − 0.31z + 0.9
	R2 = 0.9153
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Table 3. Differences in the distribution of different root size classes in relation to direction around the tree on the slope (AVOVA, SPSS 22).
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	Diameter Classes
	F Value
	p





	d ≤ 1.0 mm
	1.567
	0.248



	1.0 mm ≤ d ≤ 2.0 mm
	2.567
	0.118



	2.0 mm ≤ d ≤ 5.0 mm
	6.20
	0.014 a



	5.0 mm ≤ d ≤ 10.0 mm
	6.50
	0.028 a







a Significant at p = 0.05.
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Table 4. Factor of stability (FoS) of the slope under different vegetation conditions.
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Planted Location

	
With/Without Anchorage

	
Stability Factor




	
OF

	
BS

	
MP






	
Without vegetation

	
-

	
1.157

	
1.149

	
1.192




	
Upslope

	
Without

	
1.149

	
1.186

	
1.182




	
Middle slope

	
Without

	
1.159

	
1.197

	
1.176




	
Lower slope

	
Without

	
1.163

	
1.192

	
1.197




	
All

	
Without

	
1.202

	
1.27

	
1.266




	
Upslope

	
With

	
1.158

	
1.196

	
1.195




	
Middle slope

	
With

	
1.159

	
1.199

	
1.189




	
Lower slope

	
With

	
1.181

	
1.216

	
1.211




	
All

	
With

	
1.208

	
1.277

	
1.275
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