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Abstract

:

This study investigates the effects of root distributions and stress paths on the shear strength of root-soil composites using a consolidated-undrained (CU) triaxial test. On the basis of the limit equilibrium, two root reinforcement coefficients (n and m) are proposed for characterizing the effects of shear strength parameters on the principal stress considering different root distribution angles and root diameters. Then, n and m are introduced into the conventional limit equilibrium equation to develop a new limit equilibrium equation for root-soil composites. The results demonstrate that the root distribution angles (α) and root diameters (d) affect the shear strength of the root-soil composites. Under a consolidated-undrained condition, the effective cohesion (   c  r s  ′   ) of the rooted soil is high and decreases in the order of 90°, 0°, 30° and 60°. For the same root distribution angle,    c  r s  ′    increases with the increasing root diameter. Meanwhile, the effective internal friction angle (   φ  r s  ′   ) changes slightly. The failure principal stress of the root-soil composites is positively correlated with n and m. Furthermore, the deformation of the samples indicates that the run-through rate of α = 90° and α = 0° are both 0. Meanwhile, the lateral deformation rate declines from 17.0% for α = 60° to 10.9% for α = 90°.
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1. Introduction


Landsliding is a geological disaster which occurs around the world and poses a great threat to people’s lives and property [1,2,3,4,5,6,7]. Plant roots play an important role in stabilizing shallow slopes [8,9]. In recent years, vegetation has been widely used in ecological engineering to prevent soil erosion and stabilize slopes effectively [10,11,12,13,14].



Two mechanisms by which vegetation affects slope stability are recognized: (a) the mechanical reinforcement of the soil by plant roots and (b) the improvement of the hydrological conditions of slopes [15,16,17,18]. Plant transpiration affects soil matric suction [19,20], while plant roots absorb water and reduce the pore water pressure [21,22], and the mechanical reinforcement of plant roots has been proposed [23]. The most important contribution of roots is their ability to increase the shear strength of soils. Strong frictional properties of the root-soil interface improve the stability of the root-soil composites [24]. Additionally, the reinforcement effect of roots is represented in the increment of the shear strength of root-soil composites compared with that of unreinforced soil [25]. Many field and laboratory tests have been conducted and mechanical models of root-soil composites, including the Wu-Waldron model, modified Wu-Waldron model, root bundle model, and fiber bundle model, have been developed [26,27,28,29,30,31]. Rahardjo et al. [32], and Satyanaga and Rahardjo [33] investigated the effect of plant roots on slope stability under unsaturated conditions using undisturbed soil with and without roots. Triaxial tests were conducted to investigate the mechanical properties of reinforced and unreinforced soils. Zhang et al. [25] carried out a series of consolidated drained triaxial tests to examine the influence of roots on the shear strength of soils. Zhou and Wang [34] further showed that the shear strength of root-soil composites is higher than that of unreinforced soil.



At present, most researchers studied the effect of roots on the shear strength of rooted soils mainly based on the root content, root distribution pattern (usually horizontal and vertical), and moisture content [35,36,37,38]. Unfortunately, except for the influence of horizontal and vertical distribution patterns of roots on the strength of rooted soils, the reinforcement effect of other root distribution angles on root-soil composites has rarely been mentioned. Plant roots freely grow at an angle in the soils and the diameters of roots constantly change. Furthermore, the changes in the shear strength influence the failure principal stress of rooted soils, but the limit equilibrium equation for the failure principal stress of rooted soils has not been developed. Therefore, it is necessary to analyze the influence of root distribution angles and root diameters on the shear strength of root-soil composites. Moreover, the limit equilibrium equation of root-soil composites needs to be developed to investigate the impact of shear strength parameters on the failure principal stress of root-soil composites.



This study aims to examine the effect of root distribution angles (α = 0°, 30°, 60°, and 90°) and root diameters (d = 0.5 mm, 1.0 mm, and 2.0 mm) on the shear strength of soils. Based on the conventional limit equilibrium equation, two root reinforcement coefficients (n and m) are proposed to describe the influence of the variations of an effective internal friction angle and effective cohesion on the failure principal stress of root-soil composites, respectively. A new limit equilibrium equation of root-soil composites is then developed. Additionally, the deformation of soil samples is examined to demonstrate the constraint effect of roots on soils. The results provide a new insight for the analysis of the shear strength of rooted soils and provide a reference for choosing suitable slope protection plants.




2. Materials and Experimental Methods


2.1. Experimental Materials


The soils were obtained from Beijing, China (about 40°28′ N, 115°58′ E). Sieving method was used in the particle analysis test. The particle size distribution of the tested soils is shown in Figure 1 and Table 1. The soil is well-graded sand with clay and gravel (SW-SC) according to the unified soil classification system (USCS) [39] and its basic physical properties [40,41] are shown in Table 2.



Pyracantha fortuneana(Maxim.) Li, an evergreen shrub, is a commonly used plant for soil and water conservation and was chosen as the experimental root system. Fifty Pyracantha fortuneana plants (about 80–90 cm in height) were wholly excavated and the root diameters and distribution angles were counted. A total of 200 roots were measured using vernier caliper. The root diameters ranged from 0.5 mm to 4.5 mm and were mainly distributed within 0.5 mm to 2.0 mm. Moreover, roots were widely distributed in the depth of 0.5 m below the surface and the distribution angles of roots were 0°, 30°, 60°, and 90°. Root architecture of Pyracantha fortuneana was horizontal [42]. In the tests, the root lengths were 30.0 and 60.0 mm and the diameters were 0.5, 1.0, and 2.0 mm, respectively. In Figure 2a–c, twelve roots with a length of 30.0 mm were set in three layers in a sample, and four roots were evenly placed in each layer. In Figure 2d, six roots with 60.0 mm length were evenly distributed in the sample. The root content of all the samples was 0.15%.




2.2. Experimental Methods


Below the surface depth of 0.5 m, the enhancement effect of roots on the soil strength will be greatly weakened with the decrease of the number of roots. Therefore, the confining pressures (50 kPa, 100 kPa, and 150 kPa) were chosen to effectively evaluate the influence of roots on the soil strength. To study the influence of root distribution angles on soil strength, four root distribution angles (0°, 30°, 60°, and 90°, respectively) were employed and the root distribution patterns are shown in Figure 2.



Slope soils have generally reached a consolidated state under natural conditions. Slope instability caused by soil erosion is usually represented by the rapid increase of pore water pressure within a short time, resulting in a great decrease in soil strength under undrained condition [36]. Therefore, the consolidation undrained (CU) triaxial test was used to investigate the stress-strain response of soils using the TSZ strain-controlled automatic triaxial apparatus (control precision is ±1%). The soil samples are saturated by vacuum saturation method. The dry density and moisture content of the soils are 1800 kg/m3 and 16.5%, respectively. The samples with 16.5% moisture content were prepared using three-layer compaction method. The samples of the root-soil composites and the unreinforced soils were 39.1 mm in diameter and 80.0 mm in height.



The range of shearing rate of TSZ was 0.002–4 mm/min ± 10%. The shearing rate of the triaxial tests was chosen as 0.1 mm/min and the stress was recorded every 0.1% increase of axial strain. When the strain reached 20%, the test ended. The mean values of the test results of effective stress were taken as the final values of deviator stress. The maximum deviator stress was taken as the failure stress. However, when the peak value of deviator stress was not recorded, the deviator stress corresponding to 15% strain was taken as the failure stress.



As for unreinforced soils, root-soil composites conform to the Mohr-Coulomb theory [27]. The shear strength of unreinforced soils and root-soil composites is rewritten as [43]:


   τ f  =  c ′  +  (  σ − u  )  tan  φ ′  =  c ′  +  σ ′  tan  φ ′   



(1)




where    τ f    is the shear strength (kPa);  σ  represents the normal stress (kPa); u is the pore water pressure (kPa);   σ ′   is the effective stress (kPa); and   c ′   and   φ ′   represent the effective cohesion (kPa) and the effective internal friction angle (°), respectively.





3. Limit Equilibrium Equation of Root-Soil Composites


Previous studies showed that plant roots can reinforce soils [44] and shear strength parameters of root-soil composites are different from those of unreinforced soils. The limit equilibrium equations of unreinforced soil and root-soil composite are:


   σ 1  =  σ 3   K p  + 2  c  u s  ′     K p     



(2)






   σ  1 l   =  σ 3   K  p l   + 2  c  r s  ′     K  p l      



(3)




where    σ 1    and    σ  1 l     represent the failure principal stress (kPa) of the unreinforced soil and root-soil composite under confining pressure    σ 3   , respectively;    K p  =   tan  2   (    45  °  +    φ  u s  ′   / 2   )    is the passive earth pressure coefficient of the unreinforced soil;    K  p l   =   tan  2   (    45  °  +    φ  r s  ′   / 2   )    is the passive earth pressure coefficient of the root-soil composite; and    c  u s  ′   ,    φ  u s  ′   ,    c  r s  ′   , and    φ  r s  ′    are the effective cohesion (kPa) and effective internal frictional angle (°) of the unreinforced soil and root-soil composites, respectively.



Under the same confining pressure (   σ 3   ), the deviator of the failure principal stress of the unreinforced soil and root-soil composite is given by:


  Δ  σ  1 l   =  σ  1 l   −  σ 1   



(4)







The limit equilibrium equation of the root-soil composite can also be written using the generalized equivalent confining pressure [37]:


   σ  1 l   =  (   σ 3  + Δ  σ  3 g    )   K p  + 2  c  u s  ′     K p    =  σ 1  + Δ  σ  3 g    K p   



(5)




where   Δ  σ  3 g     is the generalized equivalent confining pressure (kPa), which means the difference of confining pressure between unreinforced soil and root-soil composite samples under the same shear strength.



The generalized equivalent confining pressure is written as:


  Δ  σ  3 g   =    σ  1 l   −  σ 1     K p    =   Δ  σ  1 l      K p     



(6)







The variations of shear strength parameters in Equation (5) are reflected in the generalized equivalent confining pressure while the variations of the shear strength parameters of Equation (3) are directly reflected in the limit equilibrium equation. Equations (3) and (5) are, therefore, equivalent.



Under the same confining pressure (   σ 3   ), Equations (3) and (5) can be substituted into Equation (4) to obtain the deviator of the failure principal stress of the root-soil composite and the unreinforced soil.   Δ  σ  1 l     is given by:


  Δ  σ  1 l   =  σ 3   (   K  p l   −  K p   )  + 2  c  u s  ′   (     K  p l     −    K p     )  + 2  (   c  r s  ′  −  c  u s  ′   )     K  p l      



(7)







By substituting Equation (7) into Equation (6), we can gain a new expression of   Δ  σ  3 g    , which is written as:


  Δ  σ  3 g   =    σ 3   (   K  p l   −  K p   )  + 2  c  u s  ′   (     K  p l     −    K p     )  + 2  (   c  r s  ′  −  c  u s  ′   )   (     K  p l     −    K p     )     K p     



(8)







Substituting Equation (8) into Equation (5), the failure principal stress of the root-soil composite is obtained as:


   σ  1 l   =  σ 3   K p     K  p l      K p    + 2  c  u s  ′     K p     (       K  p l      K p      +    c  r s  ′  −  c  u s  ′     c  u s  ′         K  p l      K p       )   



(9)







The parameters in Equation (9) are written as:


  n =    K  p l      K p     



(10)






  m = 1 +  (     c  r s  ′  −  c  u s  ′     c  u s  ′     )   



(11)




where n and m are the root reinforcement coefficients of the soil, which represent the variation of the internal friction angle and cohesion of the rooted soils, respectively.



Equation (9) is, therefore, rewritten as:


   σ  1 l   = n  σ 3   K p  + 2  c  u s  ′  m  n     K p     



(12)







Equation (12) is the same as Equation (2) except that the root reinforcement coefficients are introduced into the limit equilibrium equation of the root-soil composite.




4. Results


4.1. Shear Strength Parameters of Root-Soil Composites


Table 3 lists the effects of the root distribution angles and diameters on the soil shear strength parameters. Under the condition of d = 0.5 mm, the variations of    c r ′    and    φ r ′    were different from each other. Compared with the unreinforced soil, the effective cohesions of the root-soil composites slightly increased for α = 30° and α = 60°, while that of α = 0° and α = 90° significantly increased. Moreover,    c r ′    respectively increased by 11.7% (α = 60°), 22.2% (α = 30°), 32.6% (α = 0°), and 66.4% (α = 90°). Meanwhile, the variations of    φ r ′    were slight under all root distribution angles. Additionally, the effective internal friction angle of the root-soil composites was lower than that of the unreinforced soil.    φ r ′    increased from 26.07° (α = 0°) to 26.66° (α = 60°), and then decreased to 26.22° (α = 90°).



Under the condition of d = 1.0 mm, the effective cohesion of the root-soil composites increased in the order of 60°, 30°, 0°, and 90° distribution angles and was greater than that of the unreinforced soil.    c r ′    increased by 50.6% for α = 0° and 99.8% for α = 90°. What is more, compared with the unreinforced soil, the effective internal friction angle of the root-soil composites slightly increased.



Under the condition of d = 2.0 mm, the effective cohesion of the root-soil composites increased greatly. The maximum increase of effective cohesion was 145.8% for α = 90°.    c r ′    respectively increased by 72.1% (α = 0°), 61.2% (α = 30°), and 42.6% (α = 60°). Compared with the unreinforced soil,    φ r ′    increased for all the root distribution angles. Although    φ r ′    increased, the maximum increase among all root distribution angles was only 2.1%.



According to the results, the root distribution angle and root diameter significantly influence the shear strength of soils. The effects of roots on the soil shear strength are mainly represented in the increase of the effective cohesion. Furthermore, roots have slight effects on the effective internal friction angle. The effective cohesion of the root-soil composites increases with the increase of the root diameter. With the increase of the root distribution angle, the effective cohesion of the root-soil composites first decreases, and then increases.




4.2. Root Reinforcement Coefficients


According to Equations (10) and (11), the root reinforcement coefficients (n and m) of the root-soil composites under different root distribution angles and diameters were obtained from the shear strength parameters of the root-soil composites (Table 3). The coefficients are listed in Table 4.



In Table 4, both of the root reinforcement coefficients of the unreinforced soil were 1.000 and the root reinforcement coefficients of the root-soil composites were different from each other.



The parameter n was less than 1.000 for the 0.5-mm-diameter root in the root-soil composites. Under the condition of the 1.0-mm-diameter root, n was more than 1.000 for the root distribution angles of 0°, 60°, and 90°, while n = 1.000 for the root distribution angle of 30°. Under the 2.0-mm-diameter root condition, the values of n were all more than 1.000 for the different root distribution angles. Regardless of diameter, m exceeded 1.000 for all root-soil composites and decreased in the order of 90°, 0°, 30°, and 60° of root distribution angles (α). Moreover, the maximum value of n was 1.022 and that of m was 2.458.



n represents the ratio of the passive earth pressure of the root-soil composite to that of the unreinforced soil. m describes the ratio of the effective cohesion of the root-soil composite to that of the unreinforced soil. Additionally, m increases with the increase of the root diameter. With the increase in the root distribution angle, m first decreases and then increases. However, the variations of n are slight.




4.3. Deformation Characteristics of the Soil Samples


The root had a significant impact on the sample deformation evolutions. Taking 0.5-mm-diameter root composites under a confining pressure of 50 kPa as an example, the deformation of these rooted soils was shown in Figure 3.



Figure 3 shows the obvious axial and lateral deformation of all samples. In Figure 3a,d, there is no clear failure surface in the root-soil composites with obvious lateral deformation for the root distribution angle of 0° and 90°. Meanwhile, the lateral deformation rate was 13.1% for α = 0° and 10.9% for α = 90°. In Figure 3b, the failure surface did not run through the whole sample with the run-through rate of 48.7% when α = 30°. Additionally, the main lateral deformation rate was 14.9%. Figure 3c shows an obvious failure surface of the 60°-distribution-angle composite with a 79.5% run-through rate and lateral swelling (17.0% lateral deformation rate) which appeared in the middle of the sample. However, compared with the unreinforced soil, the development of the failure surface for the rooted soil samples was greatly restrained.



The addition of roots can significantly affect the deformation characteristics of the root-soil composites. Owing to the interaction between the roots and the soil particles, the roots can bear partial shear stress, and restrain the lateral deformation of the rooted soils. With the addition of the roots, the strength and stiffness of the root-soil composites increase.





5. Discussion


5.1. Effects of Root Distribution Angles


Table 3 shows that the shear strength of the root-soil composites was higher than that of the unreinforced soil, which is consistent with many previous studies [27,38,45,46]. Among the four root distribution angles (0°, 30°, 60°, and 90°), the shear strength of the rooted soils decreased in the order of 90°, 0°, 30°, and 60°. The shear strength of rooted soils increased by 2.5 times (α = 90°), 1.7 times (α = 0°), 1.6 times (α = 30°), and 1.4 times (α = 60°). When α = 90°, the roots had the strongest effect on the shear strength and were most conductive to resist the axial pressure of the root-soil composite. Thus, the shear strength of the rooted soils can be improved by the addition of roots.



According to the Mohr-Coulomb theory, the failure angle is    α f  =   45  °  +   φ ′  / 2   . When   φ ′   = 26.69° for the unreinforced soil,    α f    = 58.35° can be obtained. Therefore, α = 60° was closest to the failure angle of the soils (   α f   ). Meanwhile, only a small part of the roots passed through the failure surface of the soils and the soils were most prone to failure and the shear strength was the lowest. This finding is consistent with the results of Meng et al. [47]. The closer the root distribution angle is to the failure angle, the less the number of roots passing through the shear failure surface. When the root-soil composites are stressed, the tensile strength of the roots cannot be fully exerted. Therefore, the shear strength of the root-soil composites for α = 60° cannot be effectively enhanced by roots. When the root is vertically distributed, the roots can run through the failure surface of the soils, which can greatly improve the shear strength of the root-soil composites. Additionally, the lateral deformation of the root-soil composites is smaller than that of the unreinforced soils [48]. The constraint of the roots on the soil deformation depends on the tensile strength of the roots. The run-through rate and the lateral deformation rate of the root-soil composites increase in the order of 90°, 0°, 30°, and 60° root distribution angles. Moreover, the larger the run-through rate and lateral deformation rate of the soils are, the smaller the restraint and the shear strength of the soils are, and the easier the soils fail.




5.2. Effects of Root Diameter on the Root-Soil Composites


In Table 3, under the same root distribution angle, the shear strength of the root-soil composites increased with the increasing root diameter. When d = 0.5 mm, the shear strength of the root-soil composites increased by the smallest amount, which is related to the soil bonding failure and the small area of contact between roots and soils. This result agrees with the previous studies [47,49]. Additionally, the shear strength of rooted soil was enhanced by 1.7 times (d = 0.5 mm), 2.0 times (d = 1.0 mm), and 2.5 times (d = 2.0 mm).



The larger the diameter of roots, the greater the shear strength of root-soil composites and the stronger the effect of roots on the shear strength. Large diameter roots can increase the root-soil contact area, and a large area of contact between the roots and soils means an increase in the frictional strength between the root-soil interface [50]. Therefore, the shear strength of the rooted soils is enhanced. Additionally, the larger the root diameter, the greater the force required for root fracture [51]. Thus, the large diameter roots are not easy to fail and the soils can be greatly reinforced. Moreover, the surface of large diameter roots is rougher than that of small diameter roots. With the increase in the root diameter, the soils around the roots are subjected to the root radial force and become relatively dense, which leads to greater friction between the root-soil interface [52]. Meanwhile, the binding force between the soil particles around the roots increases. Thus, the shear strength of the root-soil composites increases.




5.3. Variations of the Root Reinforcement Coefficients


Equation (2) is equivalent to Equation (12) when both n and m are 1.000. The result shows that Equation (12) is a generalized limit equilibrium equation for all kinds of soils. The limit equilibrium equation for the unreinforced soil is only a particular case.



In Figure 4 and Figure 5, the variation in m is consistent with that of   c ′  , and changes of n are similar to that of   φ ′  . Variations in root reinforcement coefficients directly describe the effects of the root distribution angle and root diameter on the shear strength parameters of the root-soil composites. In Table 3, the main contribution of roots to soil shear strength was to increase the effective cohesion. The internal friction angle is mainly affected by the soil particle structure [53]. However, compared with soil mass, the root content (0.15%) of the root-soil composites is small. Therefore, the effective internal frictional angle of the rooted soil had a slight change [36,54].



When the increments of the effective cohesion and the effective internal frictional angle (  Δ  c ′    and   Δ  φ ′   ) were both greater than zero, n and m were greater than 1.000. When   Δ  c ′    was greater than zero, m was more than 1.000. While   Δ  φ ′    was less than zero, n was less than 1.000. Furthermore, n and m were not generally equal to 1.000.



There are two different conditions, as shown in Figure 6.  τ  and    τ l    denote the shear strength of the unreinforced soil and the root-soil composites, respectively. Considering the root distribution angles and the root diameters, there are several shear strength envelope relationships of the unreinforced soil and the root-soil composites. In Figure 6a, when m = 1.426 and n = 1.002, meaning that   Δ  c ′    > 0 and   Δ  φ ′    > 0, the shear strength envelopes of the root-soil composites are commonly larger than the shear strength envelope of the unreinforced soil. Figure 6a presents the envelopes of the shear strength of α = 60° under d = 2.0 mm. Figure 6b presents the envelopes for a 0.5-mm-diameter-root composite with α = 0°. In Figure 6b, when m = 1.326 and n = 0.978 (i.e.,   Δ  c ′    > 0 and   Δ  φ ′    < 0), the shear strength envelope of the root-soil composites is smaller than that of the unreinforced soil. Additionally, Figure 6 demonstrates that the changes of the root reinforcement coefficients affect the failure principal stress of the root-soil composites. The failure principal stress of the root-soil composites decreases with decreasing n and m.




5.4. Root Reinforcement Mechanism


The interaction between roots and soils can increase the mechanical properties and shear strength of soils, thus increasing the stability of slopes [36]. The exertion of the root tensile strength depends on the friction between the root-soil interface. Therefore, enhancing the friction between the root-soil interface is key to improve the shear strength of the root-soil composites.



Compared with soils, plant roots have a strong tensile strength, which can offset a part of the shear stress. Under loading, the deformation of the root-soil composites causes the relative displacement and mutual dislocation between roots and soils, which can generate the friction between the root-soil interface. The tensile property of plant roots can be combined with the compressive property of soils through the friction between the root-soil interface [52]. Roots can effectively improve the shear strength of soils, and enhance the capacity of soils to resist the shear failure. On the one hand, the increase of the root diameter can enlarge the root-soil contact area, root surface roughness, and the compactness of soils around roots, which is beneficial to improve the friction on the root-soil interface. On the other hand, the root distribution angle affects the number of plant roots passing through the shear failure surface of soils, thus impacting the enhancement of roots on the shear strength of rooted soils. The more the number of roots passing through the shear failure surface, the stronger the transmission and dispersion effect of roots on the soil stress, and the greater the shear strength of the rooted soils.



In general, the greater the shear strength of the rooted soils, the higher the slope stability [55]. According to the results of this study, the shear strength of the rooted soils increases with an increasing root diameter, and the vertical root distribution pattern can greatly enhance the shear strength of root-soil composites. Thus, plants with a larger root diameter and mainly 90° root distribution angle are suggested to reinforce slopes.





6. Conclusions


The following conclusions are drawn from the results of the study.



	
Root distribution angles and root diameters affect the shear strengths of the root-soil composites and the shear strength of rooted soils is enhanced by 1.1–2.5 times. The shear strength of the root-soil composites becomes high in the order of 60°, 30°, 0°, and 90° distribution angles, and decreases in the order of 2.0 mm, 1.0 mm, and 0.5 mm root diameters. Moreover, roots mainly affect the effective cohesion of the soils. However, the effective internal friction angle of the rooted soils changes slightly.



	
The run-through rate and the lateral deformation of the root-soil composites increase in the order of 90°, 0°, 30°, and 60° root distribution angles (α), and the run-through rate of α = 90° and α = 0° are both 0. Meanwhile, the lateral deformation rate declines from 17.0% for α = 60° to 10.9% for α = 90°. Roots can effectively restrain the deformation of the root-soil composites.



	
Two root reinforcement coefficients n and m were proposed to develop the limit equilibrium equation of the root-soil composites. n and m can be calculated by φ′ and c′. The limit equilibrium of the unreinforced soil is equivalent to that of the root-soil composite when both n and m are 1.000, which means that the limit equilibrium equation of the unreinforced soil is only a particular case. Therefore, the limit equilibrium equation of the root-soil composites has a wide applicability. Additionally, n and m represent the effects of root distribution angles and root diameters on the failure principal stress of the root-soil composites, respectively. The failure principal stress of the root-soil composites is positively correlated with n and m.
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Notation




	    τ f    
	Shear strength



	  σ  
	Normal stress



	  u  
	Pore water pressure



	   σ ′   
	Effective stress



	   c ′   
	Effective cohesion



	   φ ′   
	Effective internal friction angle



	    σ 3    
	Confining pressure



	    σ 1    
	Failure principal stress of the unreinforced soil



	    σ  1 l     
	Failure principal stress of the root-soil composite



	    K p    
	Passive earth pressure coefficient of the unreinforced soil



	    K  p l     
	Passive earth pressure coefficient of the root-soil composite



	    c  u s  ′    
	Effective cohesion of the unreinforced soil



	    φ  u s  ′    
	Effective internal frictional angle of the unreinforced soil



	    c  r s  ′    
	Effective cohesion of the root-soil composite



	    φ  r s  ′    
	Effective internal frictional angle of the root-soil composite



	   Δ  σ  1 l     
	Deviator of the failure principal stress of the unreinforced soil and root-soil composite



	   Δ  σ  3 g     
	Generalized equivalent confining pressure



	 n ,  m 
	Root reinforcement coefficients of the soil
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Figure 1. Particle size distribution curve of the tested soils. 
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Figure 2. Diagram of the root distribution angles in the triaxial test: (a) 0°, (b) 30°, (c) 60°, (d) 90°. 






Figure 2. Diagram of the root distribution angles in the triaxial test: (a) 0°, (b) 30°, (c) 60°, (d) 90°.



[image: Forests 13 00898 g002]







[image: Forests 13 00898 g003a 550][image: Forests 13 00898 g003b 550] 





Figure 3. Deformation characteristics of root-soil composites under the 50-kPa confining pressure and 0.5-mm root diameter: (a) α = 0°, (b) α = 30°, (c) α = 60°, and (d) α = 90°. 
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Figure 4. Variations of soil shear strength parameters under different conditions: (a)   c ′   and (b)   φ ′  . 
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Figure 5. Variations of the soil root reinforcement coefficient under different conditions: (a) m, and (b) n. 
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Figure 6. Shear strength envelope diagrams for unreinforced soil and root-soil composites: (a) m = 1.426, n = 1.002, (b) m = 1.326, n = 0.978. 
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Table 1. Particle size distribution of the tested soils.
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	Particle Size/mm
	>10
	10–5
	5–2
	2–1
	1–0.5
	0.5–0.25
	0.25–0.075
	≤0.075





	Percentage/%
	16.3
	12.8
	14.2
	25.97
	13.3
	8.23
	6.5
	2.7
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Table 2. Physical properties of the tested soils.
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	Soil Dry Density (kg/m3)
	Water Content (%)
	Plastic Limit (%)
	Liquid Limit (%)
	Plasticity Index
	Specific Gravity
	Unified Soil Classification System, USCS





	1800
	16.5
	15.2
	30.7
	15.5
	2.73
	Well-graded sand with clay and gravel (SW-SC)
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Table 3. Strength parameters of unreinforced soils and root-soil composites.
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Strength Parameter

	
Control Conditions




	
WR *

	
0.5 mm Root Diameter

	
1.0 mm Root Diameter

	
2.0 mm Root Diameter




	
0°

	
30°

	
60°

	
90°

	
0°

	
30°

	
60°

	
90°

	
0°

	
30°

	
60°

	
90°






	
c′ (kPa)

	
30.17

	
40.00

	
36.88

	
33.70

	
50.21

	
45.43

	
42.14

	
38.99

	
60.27

	
51.92

	
48.64

	
43.03

	
74.15




	
Δc′ (kPa)

	
-

	
9.83

	
6.71

	
3.53

	
20.04

	
15.26

	
11.97

	
8.82

	
30.10

	
21.75

	
18.47

	
12.86

	
43.98




	
φ′ (°)

	
26.69

	
26.07

	
26.12

	
26.66

	
26.22

	
26.96

	
26.69

	
26.93

	
26.77

	
26.87

	
27.07

	
27.26

	
26.85








* Without root.
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Table 4. Root reinforcement coefficients of unreinforced soils and root-soil composites.
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Root Reinforcement Coefficient

	
Control Condition




	
WR *

	
0.5 mm Root Diameter

	
1.0 mm Root Diameter

	
2.0 mm Root Diameter




	
0°

	
30°

	
60°

	
90°

	
0°

	
30°

	
60°

	
90°

	
0°

	
30°

	
60°

	
90°






	
n

	
1.000

	
0.976

	
0.978

	
0.999

	
0.982

	
1.011

	
1.000

	
1.010

	
1.003

	
1.007

	
1.015

	
1.022

	
1.006




	
m

	
1.000

	
1.326

	
1.222

	
1.117

	
1.664

	
1.506

	
1.397

	
1.292

	
1.998

	
1.721

	
1.612

	
1.426

	
2.458








* Without root.
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