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1 INTRODUCTION 

Soil bioengineering, harnessing the reinforcing capabilities of roots, presents a sustainable 

solution that not only enhances structural integrity but also fosters environmental conservation. 

Central to its effectiveness is the geometric structure of root systems, which exerts a significant 

influence on soil reinforcement [1]. Lynch (1995) highlighted the pivotal role of root 

architecture, emphasizing factors such as root morphology and spatial connectivity [2]. While 

field experiments and laboratory tests have contributed valuable insights into the impact of 

reinforced root systems on soil stability [3-5], they are often constrained by practical challenges 

and limitations.  

To address these challenges, numerical modeling emerges as a powerful tool for 

comprehensively understanding the effects of root variability on soil reinforcement. Through 

precise simulations, numerical models enable researchers to explore a wide range of scenarios, 
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offering insights that may be difficult or impossible to obtain through traditional experimental 

methods alone [6-8]. 

In this study, we undertake a 2D numerical analysis employing a discrete element model to 

investigate the influence of root shape on soil reinforcement in direct shear box tests. By 

utilizing this approach, we aim to elucidate how variations in root geometry impact soil 

stability, particularly under shear loading conditions. Three distinct samples are examined in our 

analysis: a rootless sample serving as a control, alongside two samples featuring roots of 

identical density but differing in their geometric configurations.  

Specifically, we explore the effects of straight versus branching root structures on soil 

reinforcement, shedding light on the nuanced interplay between root morphology and soil 

mechanics. By integrating numerical simulations with rigorous analysis, our study seeks to 

advance the understanding of soil bioengineering practices and their implications for sustainable 

infrastructure development. Through this investigation, we aim to contribute valuable insights 

that can inform the design and implementation of soil reinforcement strategies, ultimately 

fostering resilience in diverse environmental settings. 

 

2 DISCRETE ELEMENT MODELING 

 

The principle of the Discrete Element Method (DEM) utilized in this study has been outlined in 

[9], and this study will briefly elucidate its main features. In this approach, grains are assumed 

to be slightly deformable and interact independently with each other through contact-by-contact 

forces. Although grain movements are governed by Newton's second law, kinematic variables 

are evaluated at each time step, which must be sufficiently small using the prediction-correction 

scheme known as the "Velocity-Verlet algorithm" [10]. To describe grain movement, the second 

law of Newton is employed to derive grain accelerations according to the following equations: 

 {𝑚𝑖 𝑥⃗̈𝑖 = ∑ 𝐹⃗𝑖𝑗𝑐𝑜𝑛𝑡𝑎𝑐𝑡𝑖≠𝑗 + 𝑚𝑖𝑔⃗∙𝐼𝑖𝜑̈𝑖⃗⃗ ⃗⃗ = ∑ 𝑀⃗⃗⃗𝑖𝑗𝑐𝑜𝑛𝑡𝑎𝑐𝑡𝑗                                         (01) 

Where 𝑚𝑖 and 𝐼𝑖 are the mass and the moment of inertia of the grain 𝑖, 𝑥⃗̈𝑖 and 𝜑⃗⃗̈𝑖 are 

translational and rotational accelerations, 𝐹⃗𝑖𝑗𝑐𝑜𝑛𝑡𝑎𝑐𝑡 is the interaction force applied by a grain 𝑗 

on the grain 𝑖,  𝑔⃗ is the acceleration of gravity. 𝑀⃗⃗⃗𝑖𝑗𝑐𝑜𝑛𝑡𝑎𝑐𝑡 is the torque caused by the contact 

forces on the grain 𝑖. Given that in this 2D study, disk shaped particles are used, each particle 

has three degrees of freedom (two translations and one rotation). 

 

2.1 Interaction forces models 

When simulating a rooted soil, three distinct types of interactions come into play: interactions 

between soil particles, interactions between soil particles and root particles, and interactions 

between root particles. However, the interactions between soil particles and the interactions 

between soil particles and root particles were modeled using the same contact laws. 



2.1.1 Soil particles-Root particles interactions 

A linear viscoelastic model and a linear viscoelastic model with sliding are used for the 

computation of the normal ( 𝑭⃗⃗⃗⃗ 𝒏) and tangential ( 𝑭⃗⃗⃗⃗ 𝒔)  forces of interactions between the soil 

particles and between the soil particles with the root particles. A resistance rolling moment (𝑴𝒓) is built into the model to compensate for the loss of resistance caused by the circular 

shape of the elements. This moment is obtained by moving the normal contact force out of the 

branch vector connecting the centers of the grains. The mathematical expressions of these forces 

are then:   𝐹⃗⃗⃗⃗𝑛 =  (−𝑘𝑛. 𝐷𝑛 − 𝜈𝑛. 𝑉𝑛). 𝑛⃗⃗                                           (02)  𝐹⃗⃗⃗⃗𝑠 = min(𝑘𝑠𝐷𝑠 + 𝑣𝑠𝑉𝑠, 𝜇𝐹𝑛) . 𝑠⃗⃗⃗⃗                              (03) 

Where 𝑘𝑛 and 𝑘𝑠 are the normal and shear stiffnesses, 𝜈𝑛 and 𝜈𝑠 are the viscous damping 

constants and 𝜇 is the inter-particle friction coefficient. 𝐷𝑛 is the overlap of the grains in contact 

and 𝐷𝑠 is the grain deformation due to shear force.𝑉𝑛 and 𝑉𝑠 are the normal and tangential 

velocities of the grain 𝑗 relative to the grain 𝑖.  The normal velocity is considered positive when 

intergranular distance decreases. 𝑀𝑟 =  −𝜆𝐹𝑛𝑤 ′                                                                           (04) 

Where 𝑤 ′ is the rotation velocity of the grain 𝑖 with respect to the grain 𝑗, it is expressed by: 

d𝑤 ′ = 𝑤𝑖 − 𝑤𝑗, 𝜆 is the eccentricity of the resulting normal force in the contact given by: 𝜆 = 𝛼√𝑟𝑖2 − ( 𝑟𝑖 − 𝐷𝑛2 )2                                                     (05) 𝛼 is the coefficient that controls the position of 𝐹𝑛with  0 < 𝛼 < 1. 

 

2.1.2 Root particles interactions 

The roots are modeled as chains connected discs. The interaction between two nodes of chained 

discs is implemented to produce beam-like behavior.  

 
Figure 1:  Illustrative Diagram of a Root Modeled as a Chain of Connected Discs. 

Considering two half discs of length L = 2r, we can identify the values of knr, ktr and kθ which 

will correspond to the tensile, shear and bending stiffness of a beam.  

 
Figure 2: Modeling the Interaction between Two Connected Discs to Represent Forces. 

 

By analogy with the beam behavior, using the transition equations between stresses-strains and 

stresses-forces, we obtain these expressions: 



Fnr = knr . δx                                                                          (06)   Fsr = ksr. δy                                                                    (07) Mb = kθr . δθ                                                                  (08) 

 

With: δx = L. FnrE𝑚. A                                                                        (09) δy = L. FsrG𝑚. A                                                                        (10) δθ = L.MbE𝑚.I                                                                    (11)  

  G𝑚 = E𝑚2(1+ν)  and ν = 0.25 (Fot the pine root) 

 

Where: knr = E𝑚.AL                                                                        (12)  ksr = G𝑚.AL                                                                        (13) 

 kθr = E𝑚.IL                                                                        (14) 

 

Where 𝐸𝑚 is the Young's modulus, 𝐺𝑚 is the Columbus modulus, A is the contact surface and I 

is the moment of intertia. For 2D modelling, 𝑮𝒎,A and I are obtained by: 𝐺𝑚 = 𝐸𝑚2(1+𝜈) ; 𝜈 = 0.2                                                          (15) 𝐴 = 2𝑟                                                                       (16) 𝐼 = (2𝑟)312                                                                     (17) 

The Young's modulus (𝐸𝑚) of the modelled roots is defined as follows [11]: 𝐸𝑚 = 𝐸𝑟 𝑆𝑟𝑆𝑚                                                                   (18) 

where 𝐸𝑟 and 𝑆𝑟 are the Young's modulus and the section of the root studied, and 𝑆𝑚 is the 

modeled section of the root.  

Taking the example of a root with a diameter of 2mm which corresponds to 𝐸𝑟 = 10𝑀𝑃𝑎 

consistent with the range of published values  [12], we can then obtain: 𝐸𝑚 = 20 𝑀𝑃𝑎, 𝐺𝑚 =8.5 MPa. 

The root model in this article can withstand tensile, shear and bending stresses. The 

mathematical expressions of these forces are: 𝐹⃗𝑛𝑟 = (𝑘𝑛𝑟 . 𝐷𝑛𝑟). 𝑛⃗⃗                                                                (19) 𝐹⃗𝑠𝑟 = (𝑘𝑠𝑟. 𝐷𝑠𝑟). 𝑠                                                                (20) 𝑀𝜃⃗⃗ ⃗⃗ ⃗⃗ = 𝑘𝜃𝑟 . δθ. 𝑧                                                                    (21) 

Where 𝐷𝑛𝑟 is the distance of the root grains in contact and 𝐷𝑠𝑟is the grain deformation due to 

shear force. δθ is the rotation of the grain i with respect to the grain i+1, it is expressed by: δθ = 𝜃𝑖+1 − 𝜃𝑖. 
 

https://www.google.com/search?sca_esv=ebdc76ad041d5bb0&sxsrf=ACQVn0_lyQNMyzmzdzz1pAPBrCRvf56ZtQ:1710604447229&q=D%27où+:&spell=1&sa=X&ved=2ahUKEwjEmbaTkvmEAxWN-gIHHcM6BWcQBSgAegQICBAC


3 2D MODELING OF SHEAR BOX TEST ON ROOTED AND NON-ROOTED 

SOILS 

The principle of the shear box test used in this study has been described in [9],the illustrative 

diagram of the shear box is presented in figure 03. Three samples are prepared by gravity 

pluviation. The rootless sample used in the study are composed of 5000 discs with diameters 

varied according to the distribution proposed by (Voivret et al. (2007))[13] and illustrated in 

Figure 4a. The maximum and minimum diameters are respectively (dmin = 1 mm) and (dmax = 

2 mm). The boundary conditions of the samples are rigid boundary conditions. Initially the 

grains are positioned on a regular grid (Fig. 4b) without contact and then subjected to gravity 

acceleration to be deposited in the box. 

 
Figure 3: Illustration of the direct shear box test model. 

 
(a) 

 
 

 

(b) 

Figure 4: Particle size distribution of the material’s model 
The root samples consist of 5000 grains distributed as follows: 6 roots of 46 grains each, 

totaling 276 root grains, and 4724 grains enveloping roots of varying diameters, as mentioned 

previously. For simplicity, all roots are assumed to have the same cross-section, length, and 

mechanical characteristics, disregarding diameter differences. The two root forms are depicted 

in Figure 05, with a diameter of 1.5 mm and a total length, including branching, of 69 mm. 

 

  
Figure 5: Rooted samples after pluvation; (a) Straight roots, (b) Root with branches 



In this work, the initial void ratio is not changed and the final positions of the resulting samples 

after gravity pluviation are saved to reproduce the same initial conditions for all shear tests. The 

grain properties and the micromechanical parameters involved in the calculation of the contact 

forces between the grains and the grains and the lower wall are given in Table 1: 

Table 1. Micro-properties for the non-cohesive soil. 

Property Sand particle 

Particles radius Rmin ,Rmax 0.5 mm-1 mm 

Contact normal stiffness, kn(N/m) 1.2x108 

Contact shear stiffness, ks(N/m) 9.6x108 

Specific density of solid, Gs 2.6 

Inter-particle friction coefficient, 𝜇 0.4 

To obtain the microscopic parameters of the root model used in this study, the equations (06), 

(07) and (08) are used. These parameters are shown in Table 2. 
Table 2. Micro-properties for the used roots. 

Property Sand particle 

Particles radius R 0.75 mm 

Contact normal stiffness, kn(N/m) 2x107 

Contact shear stiffness, ks(N/m) 8.5x106 

bending stiffness, kθ(N.m2) 3.75 

 

4 PERFORMED SIMULATIONS 

 

The simulation involves conducting shear box tests on the numerical samples prepared as per 

the above mentioned procedure under confinement stresses of 50, 100, and 200 kPa. Various 

shear test configurations are thus chosen and outlined in the table below. The stress-strain 

graphs obtained, along with their corresponding linear Mohr-Coulomb envelopes, are presented 

simultaneously in Figures 7 and 8. 
Table 3. The different configurations of the performed shear tests. 

Sample type Confining stress during shearing  

(kPa) 

Designation 

No rooted soil 50 NR-50  

100 NR-100  

200 NR-200 

Straight rooted Soils 50 SR-50  

100 SR-100  

200 SR-200 

Branching rooted soils 50 BR-50  

100 BR-100  

200 BR-200 

 

Throughout the shearing process, the confining stress exerted on the sample by the top plateau 

remains constant by adjusting the position of the plateau in a servo-controlled manner. At any 

given moment during shearing, the shear stress at the shear plane is determined by dividing the 

recorded horizontal shear force (𝐹𝑐) by the plane's corrected surface (Sc) [14]: 𝜏 = 𝐹𝑐𝑆𝑐                                                                                       (16) Fc being the resulting horizontal force applied by the grains on the vertical walls of the lower 

half box, it is expressed by (Fig.6): 



𝐹𝑐 = 𝐹𝑔 − 𝐹𝑑                                                                          (17) 

 

The corrected surface is the soil surface in the shear plane, it decreases when the two half boxes 

move relative to each other. For 2D modeling, it is obtained by subtractingthe horizontal 

displacement at the specified time from the initial length of the shear box. 𝑆𝑐 = 𝐿 − 𝛿                                                                      (10) 

 

 
Figure 6: DEM model of a direct shear box, a sheared rooted sample. 

 

5 RESULTS 

5.1 Shear stress 
 

Figure 7 presents the shear stress-shear strain curves for three types of soils: a soil without roots, 

a soil with straight roots, and a soil with I-shaped ramified roots. These tests were conducted 

under a confining stress of 100 kPa. It is important to note that the tested samples had the same 

initial void ratio, which allows excluding the effect of initial density on the shear strength. 

Additionally, the rooted soils had the same root density, which is defined as the ratio between 

the volume occupied by the root grains and the total volume of the sample grains. In this study, 

the root density was equal to 5.84%. According to the literature, the root density can be 

influenced by factors such as the sensitivity of plant species to structural obstacles and the soil 

fertility, but its specific impact was not evaluated in this particular investigation. 

 

The shear strain is defined as the ratio between the relative horizontal displacement of the two 

halves of the box (δ) and the initial sample thickness (H0): 𝛾 = 𝛿𝐻0                                                                               (17) 

 



 
Figure 7: Shear Stress vs. Shear Strain for Conducted Tests at a Confining Stress of 100kPa 

The graphs accurately reproduce the characteristics of the shear tests on non-cohesive soils: For 

the non-rooted soils, they exhibit a peak in shear strength of around 48.45 kPa, reached at a 

shear strain of 3%, after which the resistance decreases to reach a residual plateau of around 

36.80 kPa. For the rooted soils, with straight roots, the shear strength increases until reaching a 

residual plateau of around 78.60 kPa, starting from a shear strain of 3%. With I-shaped ramified 

roots, the shear strength increases until reaching a residual plateau of around 87.50 kPa, starting 

from a shear strain of 3%. 

The analysis of the curves shows that the soils with roots, whether straight or ramified, exhibit a 

significantly higher shear strength compared to the soil without roots. This highlights the 

beneficial effect of the presence of roots on the mechanical properties of the soil, regardless of 

the initial density and root density of the samples. More specifically, it is observed that the I-

shaped ramified roots allow obtaining an even higher shear strength than the straight roots, for 

the same level of deformation. This suggests that the root morphology plays a crucial role in the 

improvement of the soil's mechanical characteristics. 
Table 4. Residual shear strength (𝝉𝒓) for the performed tests. 

Designation Residual shear strength  𝛕𝐫(𝐤𝐏𝐚) 

NR-50 20.44 

NR-100 36.80 

NR-200 75.37 

SR-50 41.08 

SR-100 78.60 

SR-200 129.92 

BR-50 48.25 

BR-100 87.50 

BR-200 145.84 

To further validate these findings, additional tests were conducted at confining stresses of 50 

kPa and 200 kPa. These supplementary tests allowed for the evaluation of the internal friction 

angle (φ) and the cohesion (c) by plotting the linear Mohr-Coulomb envelope. The results of 

these tests confirmed the trends observed at the 100 kPa confining stress. Table 4 summarizes 

the average residual shear strengths for the different soil and root configurations across the three 

confining stress levels. This table shows that the soils with I-shaped ramified roots consistently 

exhibited the highest residual shear strengths, followed by the soils with straight roots, and then 

the non-rooted soils. 
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 This consistent pattern underscores the significant and repeatable influence of root morphology 

on the shear resistance of the soil, irrespective of the confining stress applied. This 

comprehensive analysis therefore emphasizes the importance of considering the structure of the 

root system when studying the mechanical behavior of vegetation-reinforced soils, while 

disregarding the influence of the initial density of the samples. The results highlight the crucial 

role of root morphology in enhancing the shear strength characteristics of non-cohesive soils, as 

evidenced by the evaluation of the Mohr-Coulomb parameters. 

 

5.2 Material’s internal friction angle and cohesion  
 

The angle of internal friction (φ) and the cohesion (c) are evaluated after plotting the linear 
Mohr-Coulomb envelope. A linear Mohr-Coulomb envelope is obtained from three tests with 

confining stresses of 50, 100 and 200 kPa. Figure 8 shows the linear Mohr-Coulomb envelopes 

for rootless samples and rooted samples with two forms (straight roots and ramified roots). 

 

 
Figure 8: Linear Mohr-Coulomb envelopes. 

The results shown in Figure 8 indicate that the cohesion and angle of internal friction of the 

rooted soil increase considerably compared to the non-rooted soil. Specifically: 

- The characteristic angle of internal friction increases from 20.25° for the non-rooted soil 

to 30.11° for the soil with straight roots, and 32.61° for the soil with ramified roots. 

- The cohesion increases from 1.15 kPa for the non-rooted soil to 15.41 kPa for the soil 

with straight roots, and 19.08 kPa for the soil with ramified roots. 

Table 5 summarizes the results obtained for the angle of internal friction and cohesion of the 

different soil configurations. This analysis of the Mohr-Coulomb parameters provides further 

evidence of the crucial role played by root morphology in enhancing the mechanical properties 

of the soil, beyond just the effects observed in the shear stress-strain curves. 

 
Table 5.  friction angle and cohesion for the three sample cases. 

Sample type 𝝋 𝒄 (𝐤𝐏𝐚) 

No rooted soil 20.25° 1.15 

Straight rooted Soils 30.11° 15.41 

Branching rooted soils 32.61° 19.08 

 
 

 



6 CONCLUSION 
 

This numerical study has provided valuable insights into the influence of root geometry on the 

shear strength characteristics of non-cohesive soils. The results clearly demonstrate that the 

presence of roots, and particularly the ramified root morphology, significantly enhances both the 

angle of internal friction and the cohesion of the soil. This improvement in the Mohr-Coulomb 

parameters is a key factor in the increased shear resistance observed for the rooted soil samples. 

The comprehensive analysis, combining the evaluation of shear stress-strain behavior and 

Mohr-Coulomb parameters, highlights the importance of considering the structure of the root 

system when studying the mechanical behavior of vegetation-reinforced soils. These findings 

have important implications for the design and optimization of nature-based solutions for slope 

stabilization and erosion control. 

Future research could explore the influence of other root characteristics, such as root diameter 

and density, on the soil's mechanical properties. Additionally, the development of more 

advanced root modeling techniques, incorporating the effects of root growth could further refine 

the understanding of root-soil interactions. Ultimately, this knowledge can contribute to the 

development of more effective and sustainable geotechnical engineering practices that harness 

the power of natural vegetation. 
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