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Abstract

:

Vegetation slope protection plays an important role in improving the slope stability and protecting the environment. In this study, the mechanical properties of root–soil composites in different growth periods and their effects on slope stability were investigated. First, the shear strength of undisturbed root–soil composites associated with Cynodon dactylon (C.d), Magnolia multiflora (M.m) and grass and shrub mixture (G.s) were measured by large direct shear tests. Then, the effects of plant reinforcement in different growth periods on slope stability were analyzed using ABAQUS. The results show that the shear strength of the root–soil composites were significantly higher than that of the unreinforced soil. The root–soil composites met the Mohr–Coulomb criterion. The shear strength of the three root–soil composites increased first and then decreased during the vegetation growth period. The calculation results show that the factor of safety (FS) of the bare slope was 1.482. The FS values of the C.d, M.m, and G.s slopes were 1.601, 1.658 and 1.715, which increased by 8%, 11.9% and 15.7% compared to the bare soil slopes. Therefore, vegetation could significantly improve slope stability, especially the grass–shrub mixture model. This could provide a rational basis for designing and constructing plant slope protection.
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1. Introduction


With the rapid development of highways, railways, bridges, hydropower, tunnel and mining fields, engineered slope failures are more likely to be triggered, leading to soil erosion, collapse, landslides and debris flow [1]. This seriously restricts the safety of the project and directly threatens the safety of people and property. Shallow landslides are a common natural geological disasters [2]. As an important ecological protection measure, vegetation has been used more and more [3,4,5]. Recently, mechanical functions such as shallow-root strengthening and deep-root anchoring were used to improve the erosion resistance and shear strength of the root–soil composite. Plant roots can effectively enhance the shear strength of slope soil, thus improving slope stability [6,7,8]. However, the mechanism of protecting a slope remains to be studied.



At present, the stability of a vegetated slope is mainly studied through experimental research, theoretical analysis, numerical simulation and other methods [9]. The determination of the shear strength parameters of root–soil composites is of great importance, which is commonly conducted by remolding root–soil composites or testing in situ [10]. Comparably, the latter is more in line with natural conditions and is widely accepted by most researchers [11]. Xing et al. [12] studied the influence of vegetation roots on soil shear strength by direct in situ shear testing. Xiong et al. [13] performed in situ shear tests to evaluate the effect of vegetation roots on the shear strength of soils. It is generally accepted that slope stability can be improved by the reinforcement effect of plant roots [14,15]. Mohsen et al. [16] confirmed that vegetation could effectively reduce shallow landslides but had limited influence on deep landslides. Fattet et al. [17] studied the relationship between soil aggregate stability and shear strength under different dominant plant species through direct shear tests. Hu et al. [18] carried out indoor straight shear and triaxial compression tests with different plants, which showed that the cohesion of the root–soil complex was significantly higher than that of plain soil. Loades et al. [19] showed that the shear strength of soil increased with the increase in planting density. Huang et al. [20] studied the influence of roots on the soil shear strength of collapsing walls by direct shear tests. On the other hand, numerical simulations have also been widely adopted to study vegetated slope stability due to their considerable advantages in terms of time, cost and repeatability. Many scholars have adopted the strength reduction method (SRM) such as Lin et al. [21], Sun et al. [22], and Zou et al. [23]. However, the effectiveness of vegetation on slope stability is considerably affected by time. Namely, the different growth periods of plants affect the reinforcement of roots on the soil. Therefore, this paper considers the effects of different growth periods on plant root reinforcement.



In this study, the shear strengths of root–soil composites during different growth periods and their effects on slope stability were investigated using laboratory experiments and finite element methods. The samples containing C.d and M.m roots were obtained from C.d and M.m planted on a slope, and the shear strengths during the different growth periods were measured. The effect of the plants on slope stability over time was investigated through numerical simulations.




2. Materials and Methods


2.1. Materials


2.1.1. Vegetation


Cynodon dactylon (C.d) and Magnolia multiflora (M.m) were chosen as the reinforcing plants, which are widely distributed in central China. C.d and M.m belong to the perennial herb of the Gramineae family and perennial shrub of leguminous Magnolia, respectively.



The seeding density of C.d, M.m and the grass and shrub mixture (G.s) was 20 g/m2. The mixing ratio of the grass and shrub mixture for the G.s slope was 1:5. After selecting the plant seeds, the weighted C.d and M.m were placed in aluminum boxes for planting. The compound fertilizer was completely dissolved in water at 10 g/L and then poured evenly onto each test slope as a base fertilizer. Finally, the seeds were covered with a layer of 1 mm thick soil and evenly covered with spray.




2.1.2. Soil


The planting soil used in the tests was clay soil, which was taken from Hubei University of Technology in Wuhan City. The soil samples were air-dried at room temperature and then ground to pass through a 0.075 mm sieve. The physical properties of the test soil are shown in Table 1. The non-uniformity coefficient of the soil was 3.39, and the coefficient of curvature was 1.62, indicating that the filling particles were relatively uniform.





2.2. Direct Shear Tests


The sampling occurred at 30, 60, 90 and 120 days after germination. Before sampling, the aboveground stems and leaves were cut off. Then, the specimens of bare soil and root–soil composites were carefully sampled using a standard wooden sampler (length 300 mm × width 300 mm × height 90 mm). Each plant slope had four soil specimens at each growing period. A total of 52 specimens were sampled, including 4 samples for the bare slope.



The direct shear test was carried out using the STJY-5-type soil engineering composite direct shear apparatus manufactured by Zhejiang Geotechnical Instrument Manufacturing Company in Hangzhou, China (Figure 1a). The instrument has a horizontal displacement accuracy of 0.01 mm and a range of 0–30 mm. The tester was composed of two shear boxes, a horizontal loading system, a vertical loading system with a measuring system, and a control display screen. The shear box was 300 × 300 × 60 mm with a high-precision electrical motor. Four normal stresses of 50, 100, 150 and 200 kPa were used. The direct shear tests were conducted at a speed of 1 mm/min. At the end of the test, the maximum shear stresses were recorded. If no shear peak was present, as hear stress with a displacement of 18 mm was adopted.



The cohesion and internal friction angles were calculated according to the Mohr–Coulomb criterion as follows:


  τ = c + σ tan φ  



(1)




where τ is the shear strength (kPa), σ is the normal stress acting on the failure surface (kPa), c is the cohesion (kPa), and  φ  is the angle of internal friction (°).





3. Test Results


3.1. Shear Strength of the Root–Soil Composites during Different Growth Periods


The shear strength τ of the root–soil composites during the different growth periods was measured by a large direct shear test, as presented in Figure 2. It was obvious that the G.s mixture had the highest τ under the four normal stresses while bare soil held the lowest. Specifically, the τ associated with C.d reached a peak at 90 d and then decreased slightly. M.m had the highest τ at 90 d under normal stress conditions of 50 kPa, 100 kPa and 150 kPa. However, under normal stress conditions of 200 kPa, the τ was highest at 120 d. However, under the same normal stress, the τ first increased and then decreased with the increasing growth cycle. The τ of the G.s mixture under a normal stress of 200 kPa for 90 d was slightly lower than that for 60 d. Except for the 30 d, 60 d and 120 d growth periods, the G.s mixture had the highest τ at 90 d under the normal stress conditions of 50 kPa, 100 kPa and 150 kPa. The τ of the G.s mixture and M.m had the same change trend. As the vegetation growth period increased, the τ increased first and then decreased between 90 and 120 days. Obviously, the presence of roots significantly enhanced the shear strength of the soil. The root–soil composite improved the τ of the soil through a reinforcement mechanism similar to that of conventional reinforcement materials in reinforced soil. Specifically, the roots interacted with the soil to enhance its strength, resulting in an increase in the τ of the composite compared to bare soil [15]. Under different normal stresses, the τ of the bare soil was less than that of the root–soil composites, which shows that plant roots have a reinforcing effect on soil. The greater the τ of the root–soil composite, the greater the benefit to slope stability. Among the plants tested, the root–soil composite containing the G.s mixture generally exhibited a higher τ than that of the C.d and M.m under the same normal stresses. Additionally, the reinforcement effect of the different root systems on the soil varied with the growth period. For the 30 d growth period, the τ of the root–soil composites in order was G.s > M.m > C.d. For the 60 d growth period, the reinforcement effects of the three root systems under different normal stresses had no obvious trends. When the growth period reached 90 and 120 days, the plant growth was stable, and the strengthening effects of all three root systems followed the order G.s > C.d > M.m.



Overall, the presence of roots significantly enhanced the shear strength of the soil, and the reinforcement effect varied with the type of plant and its growth period. The root–soil composite containing the G.s mixture was a more effective way to improve slope stability compared to using single herb or shrub root reinforcement.




3.2. Root–Soil Composite Shear Strength Characteristics


The coordinates of the shear strength and fitting lines were plotted according to the Mohr–Coulomb theory, as shown in Figure 3. Accordingly, the internal friction angle φ and cohesion c were obtained as shown in Table 2. The corresponding linear regression equations and correlation coefficients R2 are also given.



It can be seen from Table 2 that the c and φ of the undisturbed bare soil are 33.2 kPa and 23.8°, respectively. Comparably, the c of the root–soil composites during the different growth periods of C.d., M.m and G.s ranged from 34.1 kPa to 82.8 kPa, 49.5 kPa to 72.9 kPa, and 36.8 kPa to 99.8 kPa, respectively. The φ in the different growth periods of C.d., M.m and G.s ranged from 24.5° to 34.1°, 19.7° to 29.9° and 22.4° to 39.1°, respectively. Clearly, all c values of the root–soil composites were higher than bare soil, but the differences in φ were not as obvious. For the root–soil composites, c increased and then decreased initially with the increasing growth period. At 90 d and 120 d, the order of c was G.s > C.d > M.m. The maximum c of the G.s root–soil composite was 99.8 kPa at 90 d, which is about three times that of the bare soil. The c of the soil containing M.m roots was higher than that of the other two types of composites within growth periods of 30 d and 60 d. However, for the 120 d growth period, the φ values of the plants were similar to those of the bare soil. This indicates that the reinforcing effect of the roots depends more on the c and less on the φ. Root systems help to improve the c of the soil, thereby increasing the shear strength of the soil.





4. Numerical Simulation of Slope Stability under Different Vegetation


4.1. Strength Reduction Method (SRM)


The strength reduction method is commonly used to assess the factor of safety (FS) of a slope. It involves gradually decreasing the shear strength parameters (c and φ) until slope failure occurs, i.e., FS = 1.0. In this study, the SRM was introduced to analyze the effect of vegetation roots on slope stability during different growth periods. The calculation formula is as follows:


   c m  = c / F  



(2)






   φ m  = arctan ( tan φ / F )  



(3)




where cm is the effective soil cohesion (kPa);    φ m    is the effective internal friction (°) of soil; and F is the strength reduction coefficient. Commonly, the initial value of F is generally set at 0.5, so that the slope first reaches stability under gravity. Then, by increasing the F value, the soil is gradually weakened until the specified failure criteria are met.




4.2. Numerical Model Establishment


4.2.1. Slope Geometry Model and Boundaries


In order to further study the mechanical effect of vegetation, FEM was utilized to assess slope stability under different vegetation conditions. Slope geometry and boundaries were constructed, as shown in Figure 4. The height was 12 m and the slope angle was 45°. In Figure 4, the boundary conditions of the model are the bottom constraints and the normal constraints on both sides are only subject to the body force; there are no other surface constraints. The ground water level is below the foot of the slope. The model implemented the Mohr–Coulomb failure criterion. Both the soil and root–soil composites are considered uniform materials in the simulation analysis.



By changing the thickness of the root–soil composites, and the corresponding c and φ (Table 2), the FS in the different growth periods was assessed. Specifically, the thickness of the root–soil composite under M.m was set at 0.4 m, 0.6 m, 0.8 m and 1.0 m during the four growth periods, while under C.d it was 0.06 m, 0.18 m, 0.24 m, and 0.30 m.




4.2.2. Numerical Model Working Conditions


The numerical simulation analysis of slope stability was conducted under different conditions, as shown in Table 3. Four sampling time points of 30 d, 60 d, 90 d, and 120 d were chosen for the experiment. Therefore, the thickness of the root–soil composites varied during different growth periods of the vegetation species. The root depths of C.d and M.m at the four different sampling time points were assumed to be 0.06 m, 0.18 m, 0.24 m, 0.30 m and 0.4 m, 0.6 m, 0.8 m, 1.0 m, respectively. The factor of safety of the different working conditions was calculated using the strength reduction method.





4.3. Vegetated Slope Stability Analysis


4.3.1. FS


To study the impact of growth period on slope stability, the results of FS were recorded, as shown in Table 4 and Figure 5. The FS of the bare slope was 1.48, while the FS values of the C.d root-reinforced slope in the different growth periods were 1.51, 1.57, 1.59 and 1.60, respectively. Compared with the bare slopes, the FS increased by 1.7% to 8%. The FS values of the M.m root-reinforced slope in the different growth periods were 1.53, 1.60, 1.64 and 1.66, respectively. The FS increased by 3.3% to 11.9%. The FS values of the G.s mixture root-reinforced slope in the different growth periods were 1.55, 1.62, 1.67 and 1.72, respectively, which increased by 4.5% to 15.7%. All vegetated slopes were more stable than the bare slope. This is due to the fact that as the growth period increased, the roots increased the ability of the vegetation to reinforce the slope. Comparing the three vegetated slopes, the G.s mixture had the best reinforcement effect. Therefore, the reinforcement effect of the G.s mixture plants could be used in slope engineering to improve slope stability.




4.3.2. Displacement


To illustrate the effect of the root–soil composites of C.d, M.m, and G.s on the slope displacement, the maximum horizontal and vertical displacements were analyzed. The simulation results are shown in Table 5 and Figure 6. The results show that the vertical displacements of both the bare and vegetated slopes were significantly greater than the horizontal displacements. According to the statistical results, the vertical displacement was 13.9 to 22 times that of the horizontal displacement. Additionally, the horizontal and vertical displacements of the C.d, M.m and G.s mixture slopes were significantly less than the bare slope. The displacement could be effectively reduced under the action of the root system in the four different growth periods of C.d, M.m and G.s mixture. As the growth period increased, the maximum horizontal and vertical displacements further decreased. This suggests that plant roots play an important role in the soil-shearing process. Through the anchoring effect of deep root systems and the reinforcement effect of shallow root systems, the horizontal and vertical displacements are affected, thus improving the shear strength. The shear strength mainly affects the horizontal shear force of the soil; hence, the reduction in the horizontal displacement is greater than in the vertical displacement. According to the decreasing degree of horizontal and vertical displacement, this shows that the slope protection effect of the G.s mixture is better.




4.3.3. Plastic Strain


The equivalent plastic strain (EPS) and maximum equivalent plastic strain under different conditions were calculated by the SRM, as shown in Table 6 and Figure 7. It can be seen that the maximum plastic strain causing slope instability occurred at the foot of the slope and was mainly concentrated in that area, indicating a shallow failure. Compared with the bare slopes, the root–soil composites of C.d, M.m and the G.s mixture in the different growth periods reduced the maximum EPS by 11.5 to 38.5%, 16.3% to 53.8% and 21.2% to 63.5%, respectively. The reduction in EPS increased with the growth of the roots, demonstrating that the root–soil composites of C.d, M.m and G.s had a significant effect on reducing the plastic strain of the slope.



When comparing the slip surfaces of the bare, C.d, M.m, and G.s mixture slopes, it was found that the plastic zone gradually moved to the depth of the slope as the growth period increased. The concentrated area of plastic deformation gradually moved away from the foot of the slope. These results show that the root system of the G.s mixture can strengthen the control of soil deformation in shallow slopes more effectively, make the soil deformation area move towards the deep layers, and increase the shallow slope stability.






5. Conclusions


In this study, the mechanical properties of root–soil composites under different plants and their effects on slope stability were studied. The effects of soil reinforcement by plants in different growth periods on slope stability were analyzed. Conclusively, the shear strengths of the root–soil composites all conformed to the Mohr–Coulomb criterion, and they were considerably higher than that of the bare soil. The presence of roots significantly enhanced the shear strength of soil, and the reinforcement effect varied with the type of plant and its growth period. The root–soil composite containing the G.s mixture was a more effective way of improving slope stability compared to using single herb or shrub root reinforcement. Vegetation covers could improve slope stability. The factor of safety of the slope increased as the growth period increases. However, the extent of plant root reinforcement soil is limited, as the maximum factor of safety only increased by 15.7% for the three different slope protection modes. In future, the hydraulic effect of vegetation covers on slope stability could be conducted to further explore the mechanisms of ecological protection.
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Figure 1. Direct shear test. (a) Direct shear device; (b) after setting the sample; (c) after sample destruction. 
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Figure 2. Shear strength under four normal stresses during the different growth periods. 
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Figure 3. Fitting curves associated with the different plants. (a) C.d; (b) M.m; and (c) G.s. 
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Figure 4. The geometrical parameters for slope modeling (unit: cm). 
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Figure 5. Slope stability results. (a) The FS values of C.d; (b) the FS values of M.m; (c) the FS values of G.s. 
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Figure 6. Nephograms of horizontal displacement under different conditions (unit: m). 
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Figure 7. Nephogram of the equivalent plastic strain magnitude (PEMAG) at slope failure. 
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Table 1. Basic physical properties of the soil used in the tests.
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	Maximum Dry Density
	Relative Density
	Optimum Moisture Content (%)
	Plastic Limit (%)
	Liquid Limit (%)
	Plastic Index





	1.6.
	2.82
	16.4
	22.5
	46.3
	23.8










 





Table 2. The linear regression equation and correlation coefficients of the shear strength and normal stress in the different growth periods (R2).
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	Species
	Regression Equations
	R2
	c/kPa
	φ/°





	Bare soil
	y = 0.44158x + 33.18
	0.99
	33.2
	23.8



	C.d 30 d
	y = 0.51340x + 34.13
	0.96
	34.1
	27.2



	C.d 60 d
	y = 0.67590x + 39.59
	0.92
	39.6
	34.1



	C.d 90 d
	y = 0.65382x + 82.83
	0.99
	82.8
	33.2



	C.d 120 d
	y = 0.45572x + 77.14
	0.94
	77.1
	24.5



	M.m 30 d
	y = 0.49388x + 49.50
	0.89
	49.5
	26.3



	M.m 60 d
	y = 0.43958x + 71.55
	0.96
	71.2
	23.7



	M.m 90 d
	y = 0.35808x + 72.90
	0.87
	72.9
	19.7



	M.m 120d
	y = 0.57580x + 55.95
	0.85
	56.0
	29.9



	G.s 30 d
	y = 0.76568x + 36.82
	0.89
	36.8
	37.4



	G.s 60 d
	y = 0.81404x + 38.02
	0.81
	38.0
	39.1



	G.s 90 d
	y = 0.58178x + 99.78
	0.96
	99.8
	30.2



	G.s 120 d
	y = 0.41246x + 86.61
	0.96
	86.6
	22.4










 





Table 3. Simulated conditions.
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Simulated Condition

	
Plant Type

	
Root–Soil Composite






	
Condition 1

	
Without vegetation

	
Bare




	
Condition 2

	
C.d

	
30 d




	
Condition 3

	
60 d




	
Condition 4

	
90 d




	
Condition 5

	
120 d




	
Condition 6

	
M.m

	
30 d




	
Condition 7

	
60 d




	
Condition 8

	
90 d




	
Condition 9

	
120 d




	
Condition 10

	
G.s

	
30 d




	
Condition 11

	
60 d




	
Condition 12

	
90 d




	
Condition 13

	
120 d








Note: Condition 1 (C1), Condition 2 (C2)… Condition 9 (C9).













 





Table 4. Slope stability results under different conditions.
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	Indices
	C1
	C2
	C3
	C4
	C5
	C6
	C7
	C8
	C9
	C10
	C11
	C12
	C13





	FS
	1.48
	1.51
	1.57
	1.58
	1.60
	1.53
	1.60
	1.64
	1.66
	1.55
	1.62
	1.67
	1.72



	Increase/%
	0
	1.7
	5.7
	6.5
	8.0
	3.3
	8.1
	10.4
	11.9
	4.5
	9.3
	12.4
	15.7










 





Table 5. Maximum horizontal and vertical displacements under different conditions.
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	Conditions
	C1
	C2
	C3
	C4
	C5
	C6
	C7
	C8
	C9
	C10
	C11
	C12
	C13





	Maximum horizontal displacement/10−3
	4.00
	3.83
	3.69
	3.40
	3.28
	3.39
	3.05
	2.70
	2.51
	2.61
	2.53
	2.34
	2.11



	Maximum horizontal displacement reduction/%
	
	4.3
	7.8
	15.0
	18.0
	15.3
	23.8
	32.5
	37.3
	34.8
	36.8
	41.5
	47.3



	Maximum vertical displacement/10−2
	5.57
	5.39
	5.28
	5.05
	4.87
	5.29
	5.14
	4.82
	4.77
	5.09
	4.88
	4.71
	4.66



	Maximum vertical displacement reduction/%
	
	3.2
	5.2
	9.3
	12.6
	5.0
	7.7
	13.5
	14.3
	8.6
	12.4
	15.4
	16.3










 





Table 6. Maximum equivalent plastic strain at slope failure.
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	Indices
	C1
	C2
	C3
	C4
	C5
	C6
	C7
	C8
	C9
	C10
	C11
	C12
	C13





	Maximum equivalent plastic strain
	1.04
	0.92
	0.87
	0.70
	0.64
	0.87
	0.79
	0.61
	0.48
	0.82
	0.79
	0.58
	0.38



	Reduction by proportion/%
	-
	11.5
	16.3
	32.7
	38.5
	16.3
	24.0
	41.3
	53.8
	21.2
	24.0
	44.2
	63.5
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