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Evaluation of root reinforcement models using numerical
modelling approaches

Zhun Mao - Ming Yang - Franck Bourrier -
Thierry Fourcaud

Abstract

Background and aims The root reinforcement (RR)
models commonly used in slope stability modelling
can be simply explained as a single soil additional
cohesion parameter estimated with simple analytical
functions of root traits. We have simulated 3D direct
shear tests using the standard implicit Finite Element
Method (FEM) and the Discrete Element Method
(DEM), aiming to (i) evaluate the RR models and (ii)
compare the two numerical approaches.

Methods In homogeneous soil with low cohesion, 36
straight, non-branched and thin root models were im-
planted in three parallel lines. Root traits, including
orientation relative to the shear direction (45°, 90° and
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—45°), longitudinal modulus of elasticity (10 MPa and
100 MPa), and bending and compressive behaviours
(beam, truss and cable) were investigated.

Results Compared to the FEM, the DEM achieved con-
sistent results and avoided convergence problems, but
required longer computation time and used parameters
potentially difficult to identify. Root reinforcement did
not occur until significant plastic deformation of soil.
The RR values estimated by the shear tests were much
lower than those estimated by the usual RR models and
were significantly dependent upon root traits.
Conclusions Ignoring the effect of root traits in RR
models might lead to an important bias when using
slope stability models.

Keywords Numerical analysis - Direct shear test - Root
traits - Root reinforcement - Landslide - Discrete element
method - Finite element method

Introduction

It is now acknowledged that roots can provide the soil
with mechanical reinforcement against various natural
hazards, such as shallow landslides, seepage, soil creep
etc. (Greenway 1987; Gray and Sotir 1996; Stokes et al.
2009). To quantify and evaluate the effect of root rein-
forcement (RR) on slope stability, it is of primary im-
portance to understand the mechanical interaction be-
tween roots and soil. At a slope scale, RR has been
considered a key input when performing stability anal-
ysis using either Limit Equilibrium Method (e.g.



GWEDGEM, Donald and Zhao 1995; Slope4Ex,
Greenwood 2006; BSTEM, Simon et al. 1999) or Finite
Element Method based models (e.g. ForSLOPE3,
Kokutse 2008; Ecosfix 1.0, Mao et al. 2014). In nearly
all the previous approaches, the mechanical reinforce-
ment of the soil by the roots was modelled as a single
additional cohesion (called “root cohesion”, ¢,) along-
side existing soil effective cohesion. This modelling
approach allows simplified integration of the roots’
impact on slope stability, making stability models easier
to compute. The characterisation of ¢, has become a
research hotspot over the last forty years. A number of
authors have developed analytical ¢, models in which
root cohesion is considered a function of the “tensile
strength” of root bundles, e.g. Wu (1976); Waldron
(1977); Wu et al. (1979); Pollen and Simon (2005);
Thomas and Pollen-Bankhead (2010); Schwarz et al.
(2010); Cohen et al. (2011), whilst other authors have
used this framework to quantify the spatial-temporal
dynamics of ¢, at a tree or forest scale, e.g. Schmidt
et al. (2001); Sakals and Sidle (2004); Bischetti et al.
(2009); Hales et al. (2009); Ji et al. (2012); Mao et al.
(2012; 2013).

Nevertheless, the idea of considering the effect of
roots as an additional cohesion term has been increas-
ingly challenged by studies conducting soil-roots shear
tests at a local scale, i.e. the scale of the root system or
root bundle embedded in soil (Abe and ITwamoto 1985;
Zhang et al. 2010; Ghestem et al. 2013). Although these
studies confirmed the roots’ positive reinforcement ef-
fect on soil shear strength, they suggested that the
strain—stress curve shapes for rooted soils contrasted
with those of non-rooted soils. For example, using direct
shear tests, Abe and Iwamoto (1985) developed Mohr-
Coulomb strength envelope for both non-rooted and
rooted soils and found differing slopes, suggesting that
roots influence not only cohesion, but also soil friction
angle. Similar results were found in Zhang et al. (2010)
using tri-axial compression tests. Using direct shear tests
on rooted soils, Ghestem et al. (2013) showed that yield
soil stress did not necessarily increase with normal load
and hence it was impossible to calibrate the parameters
of the Mohr-Coulomb criterion and to determine an
additional cohesion ¢,. These findings suggested that
the mechanisms by which vegetation roots mechanically
interact with soil are far from being fully understood.
Moreover, for a given soil type, soil resistance can be
influenced by a number of root traits (Reubens et al.
2007; Burylo et al. 2009; Stokes et al. 2009). The root

traits may be topological (e.g. architectural organisation
of root axes), geometrical (e.g. bundle type, diameter,
length, orientation) or mechanical (e.g. tensile strength,
modulus of elasticity). These traits can increase the
complexity of the interaction between roots and soil,
thus making the mechanism of reinforcement more dif-
ficult to describe. To investigate the effect of the root
traits, many studies have been conducted using tech-
niques such as direct shear tests (e.g. Wu and Watson
1998; Mickovski and van Beek 2009; Mickovski and
van Beek 2009; Fan and Chen 2010; Ghestem et al.
2013), pull-out tests (e.g. Mickovski et al. 2007) or tri-
axial compression tests (e.g. Zhang et al. 2010) at root
bundle (e.g. Mickovski etal. 2007; Zhang et al. 2010) or
root system scale (e.g. Wu and Watson 1998; Fan and
Chen 2010; Ghestem et al. 2013) using either real roots
(e.g. Fan and Chen 2010; Ghestem et al. 2013) or root
analogues (e.g. Mickovski et al. 2007). However, al-
though these experimental approaches provide an effec-
tive way to study root-soil interaction, they are usually
time-consuming and laborious, particularly for generat-
ing replicates, considering complex, multiple, and cor-
related root traits, and controlling environmental factors.
Due to the difficulties associated with the experimental
approaches, the effects of the root traits on reinforce-
ment have been poorly studied, especially in relation to
root geometrical and mechanical traits.

In contrast with experimental tests, numerical tests
can constitute a promising alternative for studying roots-
soil interaction. Several studies have used standard im-
plicit Finite Element Method (FEM) based numerical
methods to simulate processes such as wind induced
uprooting and anchorage (Dupuy et al. 2005a, b, 2007;
Fourcaud et al. 2008), pull-out (Lin et al. 2010) and
direct shear tests (Frydman and Operstein 2001;
Mickovski et al. 2011). Despite difficulties in model
validation using field data (Dupuy et al. 2007), FEM
based tests can be considered reliable numerical ap-
proaches generating results which are highly compara-
ble with experimental tests (Mickovski et al. 2011).
Recently, a novel rooted soil modelling approach based
on the Discrete Element Method (DEM, Cundall and
Strack 1979) was developed and showed powerful po-
tential for the exploration of complex root-soil interac-
tions (Bourrier et al. 2013). The DEM based approach
models the soil and roots as an assembly of spherical
discrete elements and as deformable cylinders, respec-
tively. To the best of our knowledge, however, no stud-
ies in the existing literature have yet endeavoured to



compare or examine the complementarities between
DEM and FEM models predictions of root-soil
interactions.

In this study, we performed three-dimensional direct
shear tests using both the FEM and DEM approaches.
First, this study aims to explore and compare these two
modelling approaches, addressing the following meth-
odological question:

(Q1) What are the advantages, drawbacks and com-
plementarities of standard implicit FEM and DEM?

Secondly,, this study aims at highlighting and quan-
tifying the roots’ contribution to soil strength as a func-
tion of root traits. The following scientific questions
were addressed:

(Q2) How do geometrical (growth orientation, row)
and mechanical (modulus of elasticity, modelled
root type) root traits affect soil shear resistance?
(Q3) Compared to estimates using existing RR
models, can root reinforcement be considered as a
single additional cohesion on the basis of Mohr-
Coulomb criterion?

Materials and methods
Modelling direct shear tests

The direct shear test model developed here is similar to
the one developed by Bourrier et al. (2013) which was
based on the experimental tests performed by Ghestem
et al. (2013). Direct shear tests were preferentially
modelled because they constitute classic experiments
when exploring the effects of roots on soil resistance.
This allows for comparison of different configurations
and modelling approaches using similar loading condi-
tions as conventionally used in the literature. It is to be
noted that direct shear tests can be considered limited
compared with more complex soil mechanics tests, such
as triaxial tests. The classic limitations of direct shear
tests are mainly related to the following aspects: (i) the
distribution of the shear stress at the interface between
the two boxes of the shear device, (ii) the rele-
vance of the results obtained at large shear strains,
and (iii) the accuracy of measurement at lower/
normal pressures.

The model consisted of an upper box (moving box)
and a lower box (fixed box) of the same dimensions:
0.5 m (length (L), along the x-axis)* 0.5 m (width (),
along the y-axis)*0.15 m (height (H), along the z-axis,
Fig. 1a). The walls of the boxes were rigid bodies thus
no deformation during the shear process. Soil was ho-
mogenous in both boxes. Normal pressure (o) were
applied at the top of the soil sample. Since the aim of
this study is to compare stress—strain relationships be-
tween different rooted soils and between different
modelling approaches rather than to analyse in detail
the yield criterion of the rooted soils, we generally
limited the range of explored pressures to two values,
ie. 0.5 kPa and 2.0 kPa, as in Bourrier et al. (2013).
Such a low pressure level corresponds to the case where
the shear surface of a shallow landslide is located near
the soil surface. For each shear test, the upper box was
slowly moved in a horizontal direction along the x-axis
(Fig. 1a), while the lower box was fixed (Fig. 1f). As-
suming that a real interface exists between the two half-
boxes of the shear device and applying equilibrium
equations to the bottom box (Thornton and Zhang
2003), the shear stress at the shear surface between
the two boxes can be calculated using the following
equations:

T=(Fr=F1)/[W x (L-7)] (1)

e=~/L (2)

where, 7 (kPa) and € (%) — stress and strain of the soil in
the shear box at the shear surface, respectively;
~ — displacement of the upper box along the x-
axis; L and W — the length and width of the shear
boxes; F; and Fp — the magnitudes of the contact
forces between the soil and the left and right lateral
walls of the lower box, respectively (perpendicular
to the shear direction, i.e. x-axis). This method
combines the advantages of the method used in
Bourrier et al. (2013) and Ghestem et al. (2013).
First of all, using (Fr — F;) instead of the pushing
force on the upper box allows the initial contact
forces due to soil weight on the lateral faces of the
shear box to be taken into account (Thornton and
Zhang 2003; Bourrier et al. 2013). Secondly, the
term [W x (L — ~)] allows the decreasing shear
area due to movement of the upper box to be accounted
for (Shibuya et al. 1997; Ghestem et al. 2013).
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Fig. 1 Dimensions of shear box and position of embedded roots.
(a): a global view of an example with 36 vertical roots; the shear
direction is along the x axis, from point B to C; boundary condi

tions of the soil sample are as follows: motion along y axis blocked
for the face BCGF, FGKJ, ADHE and EHLI; motion along z axis
blocked for the face ABCD; motion along x axis blocked for the
face ABFE and CDHG, when the upper shear box moves; (b): a

Root properties

In a method similar to that of Mickovski et al. (2011)
and Bourrier et al. (2013), straight, non-branched, inde-
pendent roots were implanted in a parallel, equally
spaced fashion into soil (Fig. 1a and b). The number of
roots was kept constant in all the tests: 36 roots in 3 rows
in the centre of the boxes with an equal interval between
rows of 0.1 m (Fig. 1a). Three types of root orientation
relative to the upper box displacement direction, i.e.
x-axis (SD: 45° same direction; PD: perpendicular di-
rection; OD: 45° opposite direction) were tested
(Fig. lc, d and e). Root orientation was the only inves-
tigated root geometric trait. Using such a simple root
configuration without any connection between the roots
enabled us to study the roots’ effect and RR model
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cut view in the plane y z with 36 vertical roots; (¢ e): cut views in
the plane x z with three patterns of root orientations relative to the
shear direction (SD: 45° same direction; PD: perpendicular direc
tion; OD: 45° opposite direction ; (f): a 3D view of the shear box
when shear occurs, see Eq. (1 2) for the meaning of symbols, and
the highlighted zone represents the shear area decreasing with
increasing shear displacement

performance without introducing any of the complica-
tions of root system architecture. Regarding mechanical
traits, we assumed that the basic constitutive material of
roots was isotropic (Mickovski et al. 2011; Bourrier
et al. 2013) and that root strength and modulus of
elasticity in compression were equal to those in tension
to facilitate the comparison between the effects of ten-
sion and compression loadings. In the simulations, all
roots had equal properties. The root tensile strength was
set at 7,=10 MPa. Two root moduli of elasticity were
tested: £,=10 MPa and E,=100 MPa. The choice of
these values is consistent with the scope of the published
values [see Mao et al. (2012) for 7,, and Hathaway and
Penny (1975), Fan and Su (2008), Schwarz et al. (2010)
for E,]. Root diameter (d,) was fixed at=2 mm. When
each root was subject to external forces provided by



mobilised soil, we tested three assumptions for model-
ling roots:

(i) Beam type roots: roots of this type can sustain
tension, compression and bending loadings;

(i) Truss type roots: roots of this type can sustain
tension and compression loadings, but not bend-
ing loadings;

(iii) Cable type roots: roots in this type can only sustain
tension loadings.

These three structural models cover a wide range of
root mechanical behaviours that result from the variabil-
ity and anisotropy of root cell properties and cell spatial
organisation. For example, the beam type root model
may represent the “nailing” effect in structural roots,
whilst the cable type root model is closer to flexible,
fibrous and low-lignified roots that are weak in com-
pression. The truss type model, which may be consid-
ered a transitional stage between the beam and cable
types, enables us to better understand how the bending,
tension and compression loadings in roots contribute to
the shear stress of rooted soils.

Discrete element method based 3D model

The Discrete Element Method based 3D model of direct
shear tests was created using the DEM code Yade-Dem
(Smilauer et al. 2010). The modelling procedures based
on the DEM have been extensively described in
Bourrier et al. (2013). Therefore we present only a brief
description of the model relevant to this study. The
DEM model of direct shear tests considers the soil as
an assembly of rigid and locally deformable spheres.
Contact forces and moments between spheres were cal-
culated from the displacements between the spheres
which accounted for normal and tangential forces at
the contact surface between the spheres (Fig. 2). Normal
contact forces were calculated using an elastic stress—
strain relationship, whereas an elasto-frictional relation-
ship was used for the calculation of tangential forces.
Hence, calculation of contact forces depended on three
parameters: a local normal modulus, a local tangential
modulus and a local friction angle. Regarding the roots,
the DEM models each single root as a deformable
cylinder similar to an elasto-plastic beam or truss
(Fig. 2). Contact forces were also applied between the
spheres and the cylinders similarly to sphere-sphere
contact forces but with the exception of contact surfaces

detection. An elasto-frictional root-soil interface was
thus modelled, allowing for root slippage at the inter-
face. The interface friction angle between root and soil
spheres was set at the same value as the friction angle
between soil spheres, assuming that a slide occurs in the
nearest neighbouring soil spheres around the roots and
not directly at the interface between roots and the soil
matrix, (in line with field observations (Dupuy et al.
2007; Mickovski et al. 2011).

A displacement was slowly effectuated in the upper
boxes and the forces on the lateral walls of the bottom
box were recorded to calculate the shear stress at the
shear surface. The calculation of the shear process dur-
ing the shear test relied on an explicit solving scheme.
For each calculation step, the contact force was first
applied to each modelled body (spheres and deformable
cylinders). Newton’s equations were then solved for
each body (Smilauer et al. 2010).

The soil was modelled as an assembly of spheres with
diameters of 5 — 8 mm uniformly distributed. This di-
mension is greater than real soil spheres, but such an
assembly is relevant for modelling soil evolution under
shear loadings (Bourrier et al. 2013). In order to match the
scale of the soil spheres, roots of 12 mm in diameter were
used, possessing the same properties (mass, inertia, force-
displacement relationship, and maximum admissible ten-
sile force, in particular) as roots of 2 mm (Bourrier et al.
2013). The apparent properties of the soil and roots, i.e.
assembly of soil spheres and root cylinders, were depen-
dent on the local contact parameters between soil spheres
and cylinders, which are listed in Table 1.

Finite element method based 3D model

An implicit Finite Element Method (also called “stan-
dard FEM”) was developed to model direct shear tests,
using the software ABAQUS 6.9 (SIMULIA, www.
simulia.com). The bare soil was modelled as an elasto-
plastic material using the Mohr—Coulomb failure crite-
rion, which is available in ABAQUS and has been used
in previous studies on root reinforcement and slope
stability (Kokutse 2008; Ji et al. 2012; Mao et al.
2014). The Mohr-Coulomb failure criterion is given by:

T = ¢ + o tang, (3)

where, 7 — total soil shear stress (kPa), o — effective
normal stress (kPa), ¢, — soil internal friction angle (°),
¢, — soil effective cohesion (kPa).



Fig. 2 Views of the shear box
developed using the Discrete
Element Method (DEM) after
Bourrier et al. (2013). (a) and (b)
are examples of generated soil
assembly and root assembly,
respectively

The geometry of the soil sample and testing device
were similar to those used for the DEM model. In order
to make results comparable between the two modelling
approaches, we calibrated soil properties in the FEM to
obtain similar results for non-rooted soil conditions with
those in the DEM available in Bourrier et al. (2013). The
chosen soil properties are listed in Table 2. We found
that the most appropriate soil friction angle (¢s) and
effective cohesion (c,) to be used in the FEM were 19°
and 0.24 kPa, respectively. These values may seem low,
however they are representative of natural soils previ-
ously tested and comparable to published data [see Preti
and Giadrossich (2009) for a case of ¢ =20° and
¢s =1 kPa]. In order to verify if using this weak soil
can generate representative results, we also made simu-
lations using a soil of ¢ { =30° and ¢ =0.24 kPa (sandy
soil) to assess the influence of soil properties on the root
reinforcement.

The soil sample was meshed using 3D deformable
tetrahedral elements with four nodes, the interval be-
tween two nodes being 0.020 — 0.025 m. Each embed-
ded root was discretised using two types of elements:
beam elements and truss elements. Using such elements,

an elastic stress—strain relationship was applied to the
roots until root failure occurred. The geometrical and
mechanical properties of a single root are presented in
Table 3. Roots were meshed using nodes with an inter-
val of 0.01 m. To put roots in the soil, we used the
“EMBEDDED” technique, which is an available option
of constraint setting in ABAQUS. According to this
technique, if a node belonging to an embedded object
(root) is within a host element (soil), the transitional
degrees of freedom of the node (termed the “embedded
node”) are constrained to the interpolated values of the
corresponding degrees of freedom of the host element.
Nevertheless, rotational degrees of freedom of an em-
bedded node are not constrained by those of the host
element. This technique relies on the assumption that
root slippage does not directly occur at the root-soil
interface but in the nearest neighbouring soil particles
around the roots. This means that the root-soil interface
is “stronger” than the soil itself in the tangential direc-
tion (Mickovski et al. 2011). This is in line with the
modelling of root-soil interface in the DEM approach.
Beam type roots were modelled using beam elements
(B31) available in the ABAQUS element library. They

Table 1 Parameters used in the
discrete element method based

model (Here symbols are consistent
with those in Bourrier et al. (2013)
and see this paper for more details)

Category Term Symbol  Value

Sphere spheres and sphere cylinders ~ Normal local modulus  E,, 5 MPa

Contact force Local Poisson’s ratio «@ 0.3 (dimensionless)
Local friction angle Ye 30°

Cylinders Tensile modulus E, 10 100 MPa
Bending modulus E. 0 75 MPa
Local Poisson’s ratio « 0.3 (dimensionless)

®e 30°

Tensile strength Ol 10 MPa
Shear strength O 10 MPa




Table 2 Mohr Coulomb criterion based mechanical properties of
the soil used in the Finite Element Method based model

Term Symbol Value

Volumic mass Ps 1,400 kg m *
Modulus of elasticity E; 0.32 MPa

Poisson’s ratio Ds 0.33 (dimensionless)
Cobhesion yield stress Cs 0.24 kPa

Absolute plastic strain Eps 0 (dimensionless)
Friction angle ©s 19°

Dilation angle 05 0°

account for factors from root resistance to tension, com-
pression, shear, bending and twisting loadings. Truss
type roots were modelled using truss elements (T3D2)
that only offer resistance against translational loadings
(tension/compression and shear loadings). Cable type
roots were modelled using truss elements that are only
able to sustain tension loadings. The rotation around the
z-axis of embedded root nodes within adjacent soil
nodes was disabled to prevent self-spinning during the
shear process.

Estimation of root reinforcement

We compared the root additional shear stress 7,, (kPa)
obtained from numerical direct shear tests with that
estimated using common RR models. A 7, — € curve,
was determined by subtracting the simulated response
curve of the non-rooted soil from the simulated response
curve of the reinforced soil.

The component ¢, of the RR models based on the
Mohr-Coulomb failure criterion (Eq. 3) was added to the

Table 3 Geometrical and mechanical properties of a single root
used in the Finite Element Method based model

Term Symbol Value 1 Value 2
Form Cylinder

Length . 0.24 m

Diameter d, 2 mm

Volumic mass Dr 900 kg m 3

Modulus of elasticity E, 10 MPa 100 MPa
Poisson’s ratio Dr 0.33 (dimensionless)

Yield stress T. 10 MPa

Plastic strain Epr 0 (dimensionless)

bare soil cohesion c;. The most widely used RR models
can be divided into two families according to different
root breakage patterns (Ji et al. 2012): the Wu’s and
Waldron’s Models “WWMs” (Wu 1976; Waldron 1977)
with simultaneous root breakage and the Fibre Bundle
Models “FBMs” (Pollen et al. 2004; Thomas and
Pollen-Bankhead 2010; Schwarz et al. 2010) with pro-
gressive root breakage.

The generic form of WWM (named as “generic
WWM?”) can be expressed as:

¢, = 1000 x [sin(90°— 1)) + cos(90° —t))tangyy] x F,
(4a)

N «T md?n

Fr= (4b)
where, 1000 — the convertor from MPa to kPa; F,. — total
mechanical tensile contribution of the roots (Pa); N —
total number of roots, and N=36 (as chosen for this
study); 7, — maximum tensile strength (MPa) of the
root n, n €[1,N]; d,,, — diameter of the root n (mm); A —
soil area where roots were counted (m?), 4, =L x W; ¢ —
angle of the root at rupture relative to the failure plane
(°), 1€[0°,180°]. Roots are in a position of tension
when 1¥€[0°,90°] and of compression when /€]90°,
180°]. Gray and Ohashi (1983) claimed that randomly
oriented roots generated similar ¢, to perpendicular
roots, suggesting that Eq. (4b) can be used for root
compression position. Alternatively, Wu and Watson
(1998) and Thomas and Pollen-Bankhead, (2010) pro-
posed calculation of the roots’ buckling load based on
the Euler method, rather than a compression load. The
root buckling stress (B,,,, MPa) can be calculated by:
B, — 1 Oénzdanmsinzuj

16,22 (v €]90°,180°] ) (5)

where, E,,, — modulus of elasticity of the root n (MPa);
z — thickness of shear zone (m); & — column effective
length factor, ;1=1 (chosen since roots are considered as
pinned piles). When considering the buckling process,
T,,, in Eq. (4b) should be replaced by B,,, in Eq. (5). ¢ in
Eq. (4a) and Eq. (5) can be estimated by:

— 1 1
= tan (tan@ + l/tani> (6)

where, i — initial root orientation relative to the failure
plane(®), i€[0°,180°] and thus i can be 45° (SD), 90°



(PD) and 135° (OD); 6 — angle of shear distortion (°) and
can be obtained using Eq. (7):

AU, Up—Uy
tan 6 = == 0 (7)

z z

where, AU, — root displacement (m) along the shear
direction (x-axis) until breakage, calculated by the final
root position, U,.;, subtracting its initial position, U,..
Although relatively high and variable values of 6 have
been chosen in a number of studies (see a review in
Thomas and Pollen-Bankhead 2010), Docker and Hub-
ble (2008) found that  was quite small, ranging from 1°
to 25°, and that the estimated values of 6 based on
measurement of four Australian riparian tree roots were
no more than 10°. Estimates from our FEM simulations
showed that before computational divergence, z had a
value of approximately 0.08 m (non-rooted condition) —
0.2 m (rooted condition) and AU,., was relatively small
for all the rooted cases, i.e. c.a. 0.002 m—0.01 m (data
not shown). Hence, we obtain small values of tanf in
accordance with Docker and Hubble (2008). According
to Eq. (6), i could be used as an approximate estimate of
1), as in Danjon et al. (2008). The term [sin(90°—1))+
c0s(90°—1))tan @], known as the root orientation factor
(ROF), controls the efficiency of root reinforcement due
to tensile strength (Gray and Leiser 1982). Sensitivity
analyses in Danjon et al. (2008) and Thomas and Pollen-
Bankhead. (2010) showed that the absolute value of the
ROF was highly variable ranging from 0.0 to 1.4 as a
function of 6, i and ¢,, even for cases where 6 is small
with little variation (as is the case for this study). How-
ever, in practice, the ROF tends to be assigned fairly
constant values, probably due to the difficulties in in situ
measurement of § and i. Most of the chosen ROF in the
literature are close to 1.0 (Thomas and Pollen-Bankhead
2010). The most classic value is 1.2, which was pro-
posed by Wu et al. (1979). With this value, the generic
WWM, ie. Eq. (4a) and (4b), for estimating c, (kPa)
thus becomes:

Toud?,
e =1200x >N 1” (8)

Eq. (8) (named “simplified WWM?”) was initially
thought to be only suitable only for the case of perpen-
dicular roots embedded into highly frictional soils (¢4 >
35°, Wu et al. 1979; Greenway 1987). However, due to
the simple model design and small parameter number,
ROF=1.2 in Eq. (8) has been widely used since its

naissance (Bischetti et al. 2005; Mattia et al. 2005;
Reubens et al. 2007; Genet et al. 2008, 2010;
Mickovski and van Beek 2009; Mickovski and van
Beek 2009). In order to simplify the model and simul-
taneously overcome the overestimation of Eq. (8), Preti
and Schwarz (2006) introduced a correction factor k"=
0.4 to Eq. (8) leading to Eq. (9) (named “Preti-Schwarz
WWM?” for estimating ¢, (kPa):

de
o =480x Y " T : (9)

Besides the WWMs, a series of FBMs have been
introduced to estimate ¢, (Pollen and Simon 2005;
Thomas and Pollen-Bankhead 2010; Schwarz et al.
2010). The FBMs possess the same Eq. (4a) as the
WWNMs but differ in Eq. (4b). Instead of accumulating
the tensile force of all the roots (i.e. simultaneous break-
age), the FBMs impose successive root breakage which
better reflects field observations. Amongst the four
FBMs used in the present study, three of them use load
as the driving factor determining the root breaking order,
but they differ in terms of load distribution hypotheses:
each root is subjected to (i) the same force regardless of
root diameter or cross-sectional area (named “FBM, by
load”); (ii) the force that is proportional to the ratio of its
diameter to the sum of the diameters of all the roots
(named “FBM, by diameter”) and (iii) the force that is
proportional to the ratio of its cross-sectional area to the
sum of the cross-sectional areas of all the roots (named
“FBM, by stress”). Additionally, Schwarz et al. (2010)
presented a new FBM in which root breakage was
determined by root strain, instead of load (named
“FBM, by strain”).

We estimated the RR using the seven models, i.e.
generic WWM; simplified WWM; Preti-Schwarz
WWM; FBM, by load; FBM, by diameter; FBM, by
stress; FBM, by strain. To facilitate the use of FBM
algorithms, a randomisation was conducted for diameter
(2+2x A) mm [where, A is the amplitude of variation in
percentage (%), idem. for the following cases], tensile
strength (10+10x A) MPa and modulus of elasticity
(100+£100x A and 10+10xA) MPa for the 36 roots,
instead of using a linear interpolation method, as in
Pollen and Simon (2005), Thomas and Pollen-
Bankhead (2010), and Mao et al. (2012). Sensitivity
analysis was carried out to investigate the impact of A
on ¢,~estimates. For each range of variation (A €[1,99]),
randomisation was applied for each root property and



100 simulations were run. For OD orientated roots, both
compression processes (with buckling and without
buckling) were tested.

Theoretically, the ¢, estimated by the four FBMs can
be variable with increasing soil strain, with which root
breakage is supposed to be progressive, especially for the
“FBM, by strain” model in Schwarz et al. (2010). How-
ever, we did not obtain root breakage — soil strain curves,
as all the roots in our study were not broken. Following Ji
et al. (2012), we only calculated constant values of RR
estimates at root tensile strength when using the FBMs.

Results
Root additional cohesion estimated by RR models (c,)

The sensitivity analysis (Fig. 3) showed that increasing A
significantly increased the standard deviation of ¢, estimat-
ed by all the RR models. The evolution of ¢, with increas-
ing A differed between the RR models. The ¢, values

estimated by the WWMs were initially stable but rapidly
increased after A=20 %, whereas those estimated by the
FBMs showed “U” shaped evolution. Amongst the RR
models possessing the same ROF, the order of prediction
remained almost unchanged regardless of A ranging from
5 % to 95 %, and the ¢, values estimated by the FBMs
were closely related to those estimated by the generic
WWM. In the case of SD oriented roots, the simplified
WWM and Preti-Schwarz WWW tended to give the max-
imum and minimum c,-estimates, respectively. For OD
oriented roots, compression with buckling generated insig-
nificant ¢,, approximately two orders of magnitude lower
than ¢, without buckling (Fig. 3a and d).

Soil shear stress (7) — soil strain (¢) curves

The soil parameters for the FEM model were calibrated
in order to obtain similar curves to those obtained using
the DEM model (Fig. 4). The plateau values of 7 ob-
tained for shear stress using both approaches almost
overlapped. However, the curves obtained using the
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Fig. 3 Sensitivity analysis of ¢, estimates (mean + standard devi

ation) using RR models according to the amplitude of variation of
root properties, i.e. diameter, tensile strength, modulus of elasticity.
For modulus of elasticity, here only the case of £, = 100 MPa is

shown. Root orientations relative to the shear direction (OD: 45°
opposite direction; PD: perpendicular direction; SD: 45° same
direction. Error bars are only shown for the x axis=9m (m in [1, 8])
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two different approaches differed slightly (Fig. 4). At very
low strains (approximately <0.2 %), the increase in the
shear stress was larger with the DEM approach, meaning
that he DEM sample was stiffer. Additionally, the
transition from the initial rapid increase in shear
stress to a plateau was more progressive for the
DEM-based sample.

According to the FEM-based tests, the shape of the
T — € curves for € <1.5 % remained almost unchanged
for non-rooted and rooted soil samples, regardless of the
simulation scenario (Figs. 5 and 6). The shape disparity of
7 — & curves occurred when € >1.5 % according to the
different root traits tested (from here on we will call the
turning point at € <1.5 % the “yield point”). Convergence
problems often occurred in the FEM based 7 — ¢ curves,
especially when €>4.0 %, whereas these problems were
not found when using the DEM. All the 7 — € curves
exhibited a linear relationship with increasing ¢ for €
>1.5 % (Figs. 5 and 6). When the root modulus of elasticity
(E,) was low (10 MPa), the OD orientated roots showed
very limited shear stress, which was comparable to that of
nonrooted cases (Fig. 5a and b). Except for the OD orien-
tation, roots with E,=100 MPa were more efficient in
increasing 7 compared to roots of £,=10 MPa. This
tendency was particularly remarkable for the SD orienta-
tion (Fig. 5e and f). The OD orientated roots showed the
lowest capacity for soil reinforcement (Fig. 5a and b).

For the PD (Fig. 6¢ and d) and SD (Fig. 6e and f)
oriented roots, all the root types (beam, truss and cable)
generated fairly similar 7 — ¢ curves. For the OD
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orientation, cable type roots provided non-effective re-
inforcement and their 7 — £ curves almost overlapped
with the curve for non-rooted soil (Fig. 6a and b). Truss
type roots in OD orientation were as efficient as beam
type ones for £<4.0 %, however we observe a drop in 7
value followed by an increase at £>8.0 % (Fig. 6a and b).

The results from the DEM simulations generally led
to similar qualitative conclusions to those from the FEM
simulations regarding root reinforcement as well as the
influence of E, and root type (Fig. 7). However, differ-
ence between rooted and non-rooted soil simulations
could not be clearly observed until € >10.0 % using
the DEM approach (Fig. 7), much later than for the FEM
(ie. £ >1.5 %) (Figs. 5 and 6).

Spatial distribution of strains in the soil sample

Focusing on the configuration for which root reinforce-
ment is the most efficient (i.e. the SD orientation and beam
type roots) and according to the standard FEM simulations,
the location and magnitude of plastic strains, potentially
associated with soil failure, were significantly influenced
by the presence of roots and their associated traits (Fig. 8).
For non-rooted soils, the plastic zone first occurred on the
left side of the interface between the two shear boxes
(Fig. 8a). Then, this zone progressively extended through-
out the whole classically assumed shear surface and
formed a typical “belt-shaped” plastic zone (Fig. 8b).
During this process, no failure occurred in the soil that
was distal to the interface (Fig. 8a and b). For rooted soils,
the plastic zone also initially occurred on the left side of the
box interface. Upon reaching root rows, the plastic zone
tended to preferentially propagate in the vertical direction,
i.e. perpendicular to the classically assumed shear surface
(Fig. 8c, d and e). The plastic zone was thus concentrated
on the left side of the roots (Fig. 8c, d and e). It is to be
noted that the shape and surface of the failure zone
depended on the orientation of the roots. Beam type roots
in the SD orientation generated a larger failure zone than
roots in the OD orientation. When root reinforcement was
not effective, i.e. in case of cable type roots in the OD
orientation, the failure zone was identical to that of non-
rooted soils (Fig. 8a and b).

Root deformation
Roots in the three rows showed contrasted axial (i.e. the

roots’ longitudinal) strain evolution during the shear pro-
cess (Figs. 9 and 10). Focusing on the results from the
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standard FEM simulations, roots in the left row
were the most heavily loaded by the mobilised soil
and thus showed the largest strain values (Fig. 9).
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direction), and root modulus of elasticity (£,, 10 MPa;
100 MPa). Roots were modelled as beam elements. If a simulation
did not reach convergence, a dashed line was added following the
curve tendency at its distal part to better indicate the tendency

Amongst the three types of root orientation, only
roots in the OD orientation showed compression
strains (Fig. 9). The evolution of root strains was
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significantly influenced by root orientation and
root model type (Fig. 11). Roots of beam type
showed almost linear increase in axial strain (and

12 0
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direction). For all the curves, the root modulus of elasticity (£,)=
100 MPa. If a simulation did not reach convergence, a dashed line
was added following the curve tendency at its distal part to better
indicate the tendency

also root stress) with increasing soil strain
(Fig. 11a) regardless of root orientations. For cable
type roots in the OD orientation subjected to
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compression loadings, the axial strains sharply de-
creased (Fig. 11c) as they offered no resistance to
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(r<c.a. 0.3 kPa). If a simulation did not reach convergence, a
dashed line was added following the curve tendency at its distal
part to better indicate the tendency

compression loadings. When truss type roots were
subjected to compression loadings, their axial
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strain evolution with shear strain exhibited a “U” shaped
curve (Fig. 11b). Finally, DEM simulation results
showed a similar effect for root rows (Fig. 10), in
particular for very large strains (Fig. 10c and d). In all
the simulation scenarios, none of the roots were broken
when the soil had already failed or plastified (i.e. simu-
lation divergence), as the axial strain of all the roots with
T7,=10 MPa and E,=100 MPa did not exceed 10 %

(Fig. 11).
Root additional shear stress (7;,.) — soil strain (¢) curves

In the standard FEM results, 7, was not constant during
the shear process, but varied as a function of soil strain
(Fig. 12). In general, root orientation more significantly
influenced 7,. — € curves than root type in terms of both
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the value of 7, and curve shape (Fig. 12a, b and c). SD
orientated roots provided the largest reinforcement
(Fig. 12c), whereas OD orientated roots provided the
lowest reinforcement, especially for cable type roots
(Fig. 12a).

A significant difference was found between 7,. from
shear testing and ¢, obtained from the RR models, even
between the ¢, values estimated by the RR models them-
selves (Fig. 12). The simplified WWM provided higher
¢,~estimates compared to the highest values of simulated
7,- obtained at high soil strain. This was true even for the
Preti-Schwarz WWM, which is supposedly the most
conservative model (Fig. 12). For OD orientated roots,
compression with buckling and without buckling
underestimated and overestimated the RR respectively
(Fig. 12a). In general, normal pressure had a significant
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Fig.9 Snapshots of root axial strains for a soil strain 0of 5.0 %, as a
function of root orientation and root row. EE11 denotes the normal
component of root elastic strain (dimensionless). All the presented
cases correspond to roots of the beam type, £,=100 MPa and o=

effect on 7, (and therefore root reinforcement) although
this effect was different depending on root orientation
(Fig. 12d).

With the same c,, i.e. 0.24 kPa, a higher soil friction
angle increased the effect of root reinforcement
(Fig. 13). Similar 7, — € curve shapes and tendencies
were obtained for both ¢ ;=30° and ¢ ;=19°, supporting
the use ofweak soil in the present study (Fig. 13). Again,
a significant effect of normal pressure on 7, — € curves
was observed in both soils, especially at high soil strain
(Fig. 13).

Discussion
Complementary use of DEM and FEM approaches

In general, both modelling approaches achieved very
consistent results, suggesting a high degree of reliability
in our results. Nevertheless, the fact that significant RR
occurred at much larger ¢ in DEM simulations com-
pared to that of the standard implicit FEM suggests that
the frictional interactions between soil and root discrete
elements have been more accurately accounted for in the
DEM model.
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tion: OD: 45° opposite direction; PD: perpendicular direction; SD:
45° same direction

DEM has advantages over standard FEM in several
respects. It is based on the modelling of both the soil and
the roots as assemblies of interacting bodies whose
motion is calculated using classic Newton’s law in an
updated Lagrangian formulation (Smilauer et al. 2010).
This approach allows for explicit calculation of the
kinematics at the interface between root and soil discrete
elements. In particular, the process of root slippage can
be easily accounted for in the DEM, whereas modelling
this process in a detailed manner is technically complex
and time-consuming using standard implicit FEM
modelling. To model soil-root interactions using the
FEM, it is equally possible to use the “FRICTION”
option that is available in ABAQUS, which mimics
more realistic root-soil interface behaviour such as root
slippage and separation from soil interface (Yang et al.
2013). By conducting direct shear tests using both
“FRICTION” and “EMBEDDED” options, Yang et al.
(2013) showed that “EMBEDDED” only slightly
underestimated the soil shear strength with respect to
frictional behaviour, encountered fewer numerical diffi-
culties and was less time-consuming. This study along
with Mickovski et al. (2011) suggest that applying the
“EMBEDDED” constraint between root elements and
soil elements can be considered a good compromise
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Fig. 10 Intensity map of the tensile forces of three roots belonging to different rows after Bourrier et al. (2013). Thicker and darker line

denotes larger normal forces inside the roots
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between the maintenance of model complexity and gen-
eration of satisfactory results. Additionally, the FEM in

Strain (&, %)

denote roots that are loaded in tension and in compression, respec
tively. When roots of cable type (¢) are loaded in a compression
position, they cannot sustain the loading. Root orientation relative
to shear direction: OD: 45° opposite direction; PD: perpendicular
direction; SD: 45° same direction

the form used in this study requires a good mesh quality
to prevent simulation convergence problems, whereas
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perpendicular direction; SD: 45° same direction; (d): effect of
normal pressure with an example of roots of the beam type. Note
the different graduations of y axis between (a ¢) and (d). In each
figure, the estimated ¢, using prevailing predictive root reinforce
ment models are indicated
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same direction as the shear direction (SD)

the DEM never encounters mesh-induced convergence
problems (being a meshless method). For this reason,
the DEM can be used to analyse the mechanisms of
root-soil interactions for substantially larger soil strains
than the standard FEM, for which convergence prob-
lems and loss of accuracy due to the over-distortion of
the finite elements occur at large soil strains. This diffi-
culty encountered in standard FEM can however be
bypassed using remesh techniques or considering an
Eulerian formulation.

Nevertheless, the main drawback of the DEM is the
calibration of the different parameters related to soil,
roots, and root-soil interactions, which were defined at
the local scale of contact between the discrete elements.
Little information is available concerning the values of
these parameters. Correct and accurate estimation of
these parameters requires both experimental validation
and/or sensitivity analysis. On the contrary, soil plastic-
ity in FEM based simulations is modelled based on the
Mohr-Coulomb criterion for which parameters can be
more directly estimated from field data for both rooted
and non-rooted conditions (Dupuy et al. 2007;
Mickovski et al. 2011). Finally, a single DEM based
simulation requires much more robust CPU capacity
and more intensive computation than a single FEM
based simulation. In order to facilitate computation
using the DEM, appropriate scaling of soil and root
elements is thus indispensable.

Overall, both modelling methods are appropriate and
may be applied for evaluation of the mechanical effects
of plants against shallow landslides, incorporating more
complex root architectures and loading cases. Both
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soil strain (g) curves for 36 roots of beam type, 45° orientated in the
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modelling approaches can be used as complementary
tools when characterising root reinforcement in the soil
matrix. The DEM, which takes into account more ex-
haustive potential root reinforcement processes provides
a good reference to cross validate results from FEM
simulations using similar soil and root properties. The
validated FEM models can also be used for performing
large amounts of simulations, especially when studying
the effect of highly variable root traits on soil stress.

Root efficiency as a function of roots geometry,
position, and mechanical traits

Our results showed that the 7— ¢ curves between non-
rooted soils and rooted soils shared almost the same
values for £<1.5 %. Therefore, roots seem to have little
influence on soil reinforcement for small strains acting
on soil-roots composite. When shear failure occurs,
immediate loading of the roots may not be possible
due to insufficient motion of soil spheres. This phenom-
enon may be elevated in non-compacted or weakly
cohesive soils or at small/normal pressures, i.e. the cases
used here, as the soil strains require larger macroscopic
sample strains to propagate through the soil and thus
apply load to the roots. Similar conclusions could be
drawn from the 7 — € curves published by Mickovski
etal. (2011) based on FEM simulations and by Ghestem
etal. (2013) based on experimental tests (for low normal
pressures). Therefore, to increase soil strength at low
soil deformation, it would seem to be of little interest to
look for “mechanically stronger roots”. Instead, it might
be of more use to concentrate on gaining soil strength by



improving hydrological conditions [for example, soil
water content in Zhang et al. (2010)] or to focus on fine
roots that increase stability of soil aggregate (Fattet et al.
2011).

All of our simulations suggested that roots can only
be very effective in increasing the residual soil shear
strength at large soil strains. This effectiveness was,
however, somewhat conditional and significantly affect-
ed by root orientation and root position in the sample. In
particular, we showed that roots in the OD orientation
and in the most distal row to the origin of shear direction
had highly restricted effectiveness on reinforcement,
despite being mechanically strong. It is to be noted that
our results obtained for large soil strains may be biased
by the non-homogeneous distribution of the shear strain
through the interface as conventionally observed for
such strains in direct shear tests. Indeed, for large sample
strains, large plastic strains develop on the side of the
box from which the force originates and the relative
concentration of roots increases on the leeward side.

Once roots are in favourable orientations and posi-
tions for soil reinforcement purposes, it is then root
mechanical traits that influence the ability of roots to
reinforce the soil. This study highlights the importance
of root modulus of elasticity (E,), especially since the
root tensile strength (7)) did not play a significant role in
the tested configuration. We found significantly higher
reinforcement efficiency in highly deformed soil for
roots possessing higher E,, despite all the roots having
equal 7, i.e. 10 MPa. As a result, the value 7, can be
considered the roots’ ultimate potential reinforcement,
whereas E, determines the roots’ efficiency in releasing
this potential. Until now, E, has rarely been quantified
and its effect on soil strength has been poorly discussed,
as most studies on root mechanical properties have
focused on 7,. Nevertheless, several studies have
highlighted the important role of E,. in slope reinforce-
ment. For example, Waldron (1977) included E, as one
ofthe major parameters in his root reinforcement model.
Schwarz et al. (2010)’s root bundle model gave rise to
speculation that root breakage order was determined by
root strain rather than root stress, suggesting the impor-
tance of quantifying £,. Based on root pull-out experi-
ments, Mickovski et al. (2007) found that increasing £,
induced a significant increase in the peak of pull-out
stress. These studies alongside our results support the
hypothesis that E,. can play a key role, perhaps even a
role more important than that of 7,, in influencing the
soil-root interaction.
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Tensile loading: an efficient activation process for root
reinforcement

A routine point of view is that the RR (root reinforce-
ment) to the soil is mainly due to their tensile strength,
especially in the case of finer roots (if root slippage does
not occur) (Waldron 1977; Greenway 1987). The effi-
ciency of compression and bending loaded roots in soil
reinforcement has been rarely investigated in the litera-
ture. The root compression loading process was modelled
by Thomas and Pollen-Bankhead (2010), but it was not
discussed in the context of evolving soil strains. In this
study, we have modelled three different root types (beam,
truss and cable) and found that root type entailed signif-
icantly different 7 — e curves, mainly in the case of OD
orientation. Our simulated results thus suggest that con-
sidering soil reinforcement by roots under compression
and bending loadings in addition to tension is of minor
importance (as long as roots are loaded in tension, i.e. for
the PD and SD orientations). This confirms that in both
orientations, root reinforcement was mainly due to the
tension process. For the PD and SD orientation, both
beam and truss type roots provided similar reinforcement,
i.e. induced similar 7— ¢ curves until the peak value of 7,
suggesting that the reinforcement due to bending loading
had little impact. This is consistent with the DEM based
results in Bourrier et al. (2013) and suggests that the
bending process, which has been deemed an essential
process in studies on root anchorage against tree fall
(Coutts 1983; Danjon et al. 2013), is of less interest for
root reinforcement against landslides (at least for the
configurations tested). Exceptions may exist in cases
when roots penetrate into bedrock, where the bending
effect will likely play a significant role against soil
mobilisation (Fan and Lai 2013). Roots in SD orientation
might be loaded in tension for smaller soil strains than
those in PD orientation and this probably explains why
roots in SD orientation always showed the most signifi-
cant increase of 7.

However, when tension induced reinforcement can-
not be activated (i.e. the OD orientation), roots loaded in
compression can provide reinforcement. In the OD ori-
entation, beam and truss type roots demonstrated in-
creasing 7 for £<4.0 %, confirming that compression-
induced reinforcement was active. On the contrary, ca-
ble type roots in the OD orientation had almost no
influence on 7.

Roots of similar diameter have been found to be at
different stages of tissue development due to their



topological order (Guo et al. 2008). Since tissue devel-
opment has been supposed to be closely related to root
mechanics (Genet et al. 2005, 2010), it is important to
quantify the root age and stage of tissue development so
as to better understand the proportion of roots acting as
beams, trusses and cables in nature. However, due to the
limited knowledge and sampling methodologies on
roots, the identification of beams, trusses and cables in
roots is tedious and subjective, and may even be impos-
sible in practice. This being the case, it is of extreme
importance to (i) determine the main direction of poten-
tial shear surfaces and (ii) characterise the preferential
growth orientation of roots in regard to the potential
shear surface. In order to avoid the case of cable type
roots in OD orientation, we suggest preferentially grow-
ing roots in a fashion that facilitates tension loading
when soil shearing occurs. However, this is only possi-
ble if the most probable shear surface can be identified
with a significant level of certainty, which is, again,
difficult in practice.

Suggestions for the use and improvement of root
reinforcement models

Our simulated 7— € curves showed that root reinforce-
ment was closely dependent on soil strain and the FEM
and DEM models demonstrated a high accordance on
this. Our modelling results also concur with Docker and
Hubble (2008), Mickovski and van Beek (2009) and
Ghestem et al. (2013), who carried out in situ direct
shear tests with real roots and found that root reinforce-
ment occurred after the yield point rather than before.
All these results challenge the suitability of using Mohr-
Coulomb criterion for soil-roots composite. In particu-
lar, they suggest that the RR models fixing of a constant
value of additional cohesion during the complete plastic
soil strain process may therefore significantly overesti-
mate the shear resistance before the yield point.

In the RR models used in slope stability analyses, the
scope of reinforced soil was assumed to be equivalent to
the rooting scope. Our simulation results, however,
show that the scope of plastified and intact soil was
highly variable in time and space. The shear failure did
not always occur at the assumed shear plan, but was
closely associated with the traits of the embedded roots.
Moreover, we found that not all root rows were efficient
providing reinforcement against shear, thus suggesting
that a root bundle could impose strong restrictions to its
neighbouring root bundles. In the existing RR models,
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several progressive breakage algorithms between root
individuals within a root bundle have been introduced
and then demonstrated to be realistic. However, so far,
the restriction effect between root bundles has not been
incorporated in these models. Using the total number of
roots without distinguishing effective and non-effective
root bundles might lead to an overestimation in quanti-
fying soil resistance. Another important point is that the
use of root quantity and root tensile strength for estimat-
ing the additional cohesion is based on the assumption
that all roots are loaded in tension (except during the
buckling process), which is questionable. According to
the above results, which show the low contribution of
roots in the OD orientation against soil stress, these RR
models overestimate the total root contribution.

Regarding c,-estimates, the simplified WWM gave
the highest c,-estimates out of all the models, including
the generic WWM. This is obviously due to the high
value taken for ROF (ROF=1.2). Thomas and Pollen-
Bankhead (2010) pointed out that ROF=1.2 was
amongst one of the highest values rather than an average
following the doctrine of the mean. Future studies
should not arbitrarily choose ROF=1.2 without having
examined the soil friction angle and root preferential
orientation. Besides the non-effective functioning of
roots discussed in the above sections, we found that
the effective RR remained fairly low even after the yield
point (¢ =1.5 %), especially in the OD orientation. This
is because no roots failed even after computational
divergence in connection to soil failure. Soil failure
preceding root failure has equally been reported in both
experimental tests, e.g. Docker and Hubble (2008) and
modelling tests, e.g. Bourrier et al. (2013). This suggests
that when roots are embedded in soil, they cannot be
fully loaded to their ultimate tensile strength (7;). Hence,
using 7, in RR models is a questionable choice. Com-
pared to the conventional tension and compression
based RR models, only taking into account the buckling
effect for the OD oriented roots tended to provide a c,
that was too conservative, suggesting that this mechan-
ical process (if it exists), might not significantly contrib-
ute to the RR.

We found equally that normal pressure on the upper
shear box significantly affected 7;. - € curves and that its
influence was different depending on root orientation.
Yet this again is not always considered in RR models
which assume that root reinforcement is independent of
normal pressure. In nature, roots are located in different
soil layers that are subjected to variable loadings due to



soil gravity. We supposed that the increasing loading for
increasing soil depth can generally result in a positive
effect towards the roots’ reinforcement efficiency. The
extent to which normal pressure affects root reinforce-
ment should be explored and this effect factored into
future RR models.

Conclusion and perspectives

Through the means of modelling direct shear tests using
both standard FEM and DEM based models, this study has
aimed to evaluate root reinforcement. Both of these nu-
merical modelling approaches achieved, in general, com-
parable results. We have showed both advantages and
drawbacks for each approach and thus recommend using
both of them as complementary tools in future studies.

Based on a simple model design, i.c. embedment of
parallel root rows in a homogenous soil medium, we have
revealed a high complexity in soil-root interactions during
the soil shear process. The apparent root reinforcement to
soil stress varied as a function of soil strain and was closely
related to root geometry, position in the soil, and mechan-
ical traits. Existing RR models tended to provide higher
¢,~estimates than those achieved by numerical direct shear
tests. We suggest taking into account the effect of root
orientation, position, root type and normal pressure in the
existing RR models in order to enhance both their accuracy
of prediction and their accordance with the modelled or
observed processes.
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