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Abstract
Nowadays the interest of geotechnical engineers for green solutions is being developed and
the use of vegetation as a reinforcement to improve slope stability is growing. The sliding
surface of shallow landslides tends to not exceed 1.5–2 m depth, and as a consequence it
can be crossed by roots that, in this case, work as a stabilizing measure. Therefore, the
study of the soil-roots interaction is necessary to quantify the contribution of vegetation to
the stability of shallow landslides. The goal of this paper is to provide an overview of the
root failure mechanisms that can occur along the sliding surface and of the forces applied
by roots, in order to evaluate the safety factor of a reinforced slope. Several prevailing
stress states occur along a shallow landslide failure surface: tension stress at the slide crest,
shear stresses along the base of the unstable soil layer and passive earth pressures at the
slope toe. Some considerations are also made regarding acceptable simplifications, in terms
of root geometry and soil-root friction strength, that are currently assumed in the literature.
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Introduction

Introducing vegetation in a slope can be considered a stabi-
lization measure, as a result of the beneficial hydro-mechanical
effects of plants on preventing shallow landslides. In that case,
the sliding surface occurs within the first 1.5–2 m from the
ground surface where the plants’ roots can penetrate (Wu 1976;
Schwarz et al. 2010b; Burylo et al. 2011). For this reason the
assessment of the efficiency of such measure is an interesting

task for geotechnical engineers, but it is possible only if the root
failure mechanics are clearly understood.

The current review is mainly devoted to investigate the
mechanical response of the roots’ fibres to different types of
stresses acting in a slope, focusing on those occurring along
a shallow landslide (Fig. 1). Roots may be stressed by
(a) pull out forces, (b) shear ones or (c) compression ones
(Schwarz et al. 2015). In general, the root in the situations
(a) and (b) may slip out or break depending on the soil and
root types, moisture and root-soil friction (Ennos 1990;
Mickovski et al. 2007; Pollen 2007). In situation (c), Wu
et al. (1988) and Schwarz et al. (2015) showed that the most
common mechanism is the occurrence of buckling, even
though root bending or root tension for larger displacements
may be observed. However, the mechanisms previously
appointed are complex and depend on the root interaction
with the surrounding soil, as well as on root features. Much
investigation is still required on this topic, Mao et al. (2014)
stated that the mechanisms by which vegetation roots
mechanically interact with soil are still not well described.
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In this paper, first the description of the root-soil inter-
action, root resistance and stiffness will be introduced, then a
description of the main root failure modes is presented.

Root-Soil Coupling

Soil-Root Frictional Strength

The root-soil friction strength depends on the type of soil,
soil moisture and confining pressure around the root (Pollen
2007; Mickovski et al. 2007; Bourrier et al. 2013; Veylon
et al. 2015) and can be calculated following different
approaches.

Referring to an ideal straight smooth fibre, as a basic
ingredient for the analysis, the soil-root friction sb, or
so-called bond or interface friction stress, was suggested to
be given by (1) in the works of Gray and Ohashi (1983) and
Cazzuffi et al. (2014), as it had been assessed in the previous
work of Potyondy (1961). In Eq. (1), z is the depth of the
root from ground surface, c is the soil unit weight, f is a
reductive coefficient (0.7–0.9) modelling the root-soil inter-
face and u′ is the internal friction angle of the soil. Ennos
(1990), on the other hand, considered that sb was constant in
depth, given by (2), where s is the soil shear strength near
the root and a is the relative strength of the root-soil bond
(0 � a � 1). This was a reasonable approximation
because the roots studied by Ennos presented lengths up to
5 cm.

sb ¼ zcð1� sin/0Þf tan/0 ð1Þ

sb ¼ as ð2Þ
In the research of Naaman et al. (1991) on fibres sub-

jected to pull out load, a mathematical model that describes
the response of straight smooth fibres was developed.

A distinction between two types of friction, static and
dynamic, is made (Fig. 2). The static friction, or bonded, is
mobilized when the root is being stretched and is essentially
regulated by the peak strength of the soil. Once the root
starts to slip out, friction is essentially regulated by the
ultimate shear strength of the soil (critical or residual one). It
becomes constant along the fibre taking the value of
dynamic friction, or debonded friction. The debonded fric-
tion is determined by the following phenomena: the pull out
force applied to the root strongly modifies the stresses in the
shallow subsoil, causing the detatchment of the root from the
soil and a decrease of the root diameter (Poisson’s effect), as
well as a decrease of the confining stress around the root
(Naaman et al. 1991) that reduces the bonded effect, sup-
porting the assumption of Schwarz et al. (2010a). Cazzuffi
et al. (2014) always consider the debonded friction even if
the root-soil bond is still intact.

The static friction was ignored by Schwarz et al. (2010a)
after showing that it represents a small percentage of the
total friction. The friction values calculated using (1) and (2)
are not a bonded friction, but an alternative way of calcu-
lating debonded friction for shallow root systems; in par-
ticular Eq. (1) provides constant values of sb for roots
developing in horizontal direction.

Even in Schwarz et al. (2010a), the debonded friction was
simply calculated using Mohr-Coulomb equation. However,
the variation of the normal stress with depth (increase of
overburden pressure) cannot be ignored in case long vertical
roots are considered.

A positive correlation between the root additional resis-
tance and the vertical effective confining stress is reported in
the work of Liang et al. (2015). As mentioned by this author,
for deeper rooting systems, the normal effective stress varies
significantly due to the deeper embedding depth.

Moreover, normal stress may also vary along the perifery
of a root when the applied force presents an horizontal

Fig. 1 Stresses acting on root reinforcement along the sliding surface
of a shallow landslide: a tensile, b shear and c compression stresses

Fig. 2 Mobilized root-soil friction along the depth of the root
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component (e.g. when the root intersects the sliding surface,
Fig. 3). For this reason the friction will be greater on one
side of the root and may be smaller (or null) in the other, as a
consequence of the root deformation (Nghiem et al. 2003;
Belfiore and Uriciuoli 2004). Even detachment of the root
from the soil may occur in cohesive soils, Wu et al. (1988).
Evidence is presented in the numerical analysis of Dupuy
et al. (2005), Vergani et al. (2014), Wu (2013) and Bourrier
et al. (2013) that show the stresses in roots’ surrounding soil.

In Fig. 3 the deformation of a root crossing a soil layer
subjected to shear and to a relative displacement along a
sliding surface is presented; the load applied normally to the
axis of the root and the tensile axial force are also indicated.

Tortuosity Effect

A typical response to a pull out force applied to a root
embedded in the soil is presented in Fig. 4, in which four
phases can be identified. Displacements of the initial phase
are a consequence of the root straightening corresponding to
a small force. Then, the root material strength is effectively
mobilized. However, at the initial rearrangement of the root
geometry, generally strains up to 5% can take place (Sch-
warz et al. 2010b), representing a critical issue in slope
stability problems.

In Fig. 4, the Young’s modulus of the root in the phase I
is apparent and lower than in phase II, because the root is
being straightened. This is also known as the tortuosity
effect, described by Commandeur and Pyles (1991), as an
influence of the root geometry on the macroscopic elastic
behaviour of a pulled root.

For Schwarz et al. (2010b), the effect is considered the
form of apparent Young’s modulus (Eapp) by multiplying the
Young’s modulus of straight roots, which is equal to
Young’s modulus of the root material (Em), by an empirical

reductive coefficient (r) that can vary from 0 to 1, as pre-
sented in (3). This relation is only applied in case the strain is
less than the threshold value corresponding to the end of
straightening. Both reductive coefficient and threshold value
depend on root tortuosity and soil conditions, such as soil
type, confining pressure and water content.

Eapp ¼ rEm ð3Þ
After the root is straightened, the increase of load ten-

sioning the root is transferred gradually to the soil through
friction (phase II of Fig. 4). During the mobilization of this
frictional resistance there is no appreciable extension of the
root and the Young’s modulus increases (Schwarz et al.
2010b). To describe the variation of the Young’s modulus
with strain (e), Eq. (4) is used, where Eapp is the apparent
Young’s modulus of progressively activated root length, E
(d) is the Young’s modulus of the root of diameter d, and b
and x are fitting parameters derived from laboratory
experiments.

Eapp ¼ EðdÞbe�x ð4Þ
Simplifying the previous approaches, the secant Young’s

modulus is used in Schwarz et al. (2013), as the ratio of root
strength over strain at failure. Nevertheless, this operation
does not affect the estimation of the maximum tensile load of
a root, only the value of strain at which the maximum force
is observed, as highlighted by the author.

Root Failure Modes

Pull Out

Gray and Leiser (1996) highlighted that if the fibres are very
short, unconstrained and subjected to low confining stresses,
they will tend to slip out when the root is tensioned. In fact,
when a root is pulled, shear friction between the root and soil
takes place, and the failure occurs either by the root-soil
bond or by the soil. Nevertheless, roots will continue to

Fig. 3 Scheme of the root deformation due to the shear of the soil
layer (the upper layer moves towards the right on the lower one). The
normal load acting on the root’s axis, compression in the soil and
tensile axial force in the root are represented

Fig. 4 Scheme of the tensile stress acting in the root during pull out
with the indication of different mechanisms of failure (III and IV)
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contribute to the soil reinforcement, as observed in phase IV
of Fig. 4, depending on the contact area between root and
soil that decreases with the removal of the root.

Gray and Ohashi (1983) studied the mechanics of
fibre-reinforced soil and showed the importance of the
mechanisms of root stretching and root pulling out. During
the direct shear test carried out by these authors, none of the
fibres immersed in the tested sand broke in tensile. Indeed,
they either pulled out or stretched depending upon the
confining stress and length. Back calculations revealed that
in those tests less than 25% of the tensile strength of the
fibres was mobilized. In those direct shear tests, Gray and
Ohashi (1983) observed that the fibre-reinforced soil tended
to increase the ultimate shear strength of the composite
material, and to limit reductions in post peak shearing
resistance (the material becomes more stable and ductile), as
in Fig. 5. As a consequence of these results, Gray and
Ohashi (1983) classified the roots as ideally extensible
inclusions, i.e. inclusions characterized by failure strains
larger than the maximum strains in the soil without inclu-
sions, allowing a greater ductility of the composite material
(Dupuy et al. 2005).

The force, FP, necessary to break the root-soil bond (also
known as pull out resistance) is given by (5), where L is the
root length and sp is the root-soil frictional resistance
(Cazzuffi et al. 2014).

Fp ¼ pdLsp ð5Þ
To be noticed that in the work of Schwarz et al. (2010a), a

great advance was achieved by considering the evolution of
root diameter (d) with length and root tortuosity. This has
been ignored by many authors, such as Ennos (1990) and
Gray and Leiser (1982). The use of constant diameter could
become a rough approximation because the transmission of

Fig. 5 Stress strain curve of fibre-reinforced soil (1 ksf = 47.9 kN/m2)
(Gray and Ohashi 1983)

stress from root to friction in the soil varies, not only with the
normal stress and soil frictional properties, but also with the
available contact area between soil and roots. Therefore, with
decreasing root diameter, there is less and less capability of
transferring stresses to the soil, and consequently the root
will pull out faster.

In the work of Schwarz et al. (2010a) a root of tortuous
length l (length along root axis) was discretised using ele-
ments of length b. Each of these elements presents a different
diameter, which is function of the diameter of the root tip (d0)
and of a scaling factor (s) called root diameter proportionality
factor. The total soil-root friction force in a root segment is
dependent on its lateral surface area.

As reported in Dupuy et al. (2005) and Mickovski et al.
(2007), the additional resistance due to the presence of
branches along the studied root ranges from 0.1 to 5 N per
branching point, depending on soil moisture and branching
geometry. Once that the increase of resistance in presence of
branches may not be despicable, Schwarz et al. (2010a)
proposed that the maximum pull out force of a root (Fplb) is
given by (6), where Y is an empirical branching coefficient
(0.1 < Y < 1) and di are the diameters of each segment of the
discretised root’s length (i segments).

Fplb ¼ bspd0pþðpbsp þ YÞ
X

di ð6Þ

Nevertheless, roots interact among them in a root system
leading to a superposition of shear stresses within the soil. To
take into account this interaction Giadrossich et al. (2013)
proposed (7) to obtain the global pull-out resistance of a
bundle of n roots, fbloc. In this equation, wi is the radial
distance from the surface of one of the roots of the bundle to
a given point x in the surrounding soil. Therefore, the shape
of a block of soil permeated by n roots that is pulled out is
obtained by determining the points x where the soil strength
is exceeded by fbloc.

fbloc ¼ sp
Xn
i¼1

di
wi

ð7Þ

Breakage

A root breaks when the tensile load applied to the
cross-section area exceeds its tensile strength, assuming that
the root is well anchored in the soil. This way is observed in
the phase III of Fig. 4, in which there is an abrupt drop in the
root tension, with a null capacity during phase IV.

From experimental works on root tensile strength, tr (force
distributed in the area of the cross section of the root, in
MPa), a simple empirical relation with root diameter with the
form of a power-law was obtained. It is represented by (8),
where d is the root diameter at the section of breakage [mm]
and the parameters f and q are calibration constants.
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tr ¼ fdq ð8Þ
The experimental works showed that q takes values

always lower than zero because the roots with larger diam-
eters present lower tensile strengths. Some experimental
values can be found in the works of Gray and Ohashi (1983),
Comino et al. (2010), Burylo et al. (2011) and Gray and
Sotir (1996). Obviously, the root tensile load FB is given by
(9). It may be of interest to mention that the strength of roots
decrease when the vegetation is removed. The computation
of the root strength decay can be found in more detail in
Cazzuffi et al. (2014).

FB ¼ pðd=2Þ2tr ð9Þ

Critical Length

According to Fig. 2, the increase of pull out force (F) mo-
bilizes friction on increasing root length. If that force reaches
the root tensile resistance (FB), the root breaks. If all the
root-soil interaction resistance is mobilized, then F takes the
value of the pull out resistance FP. The critical length is
obtained by equalling (5)–(9) and it represents the separation
of the occurrence of breakage from slippage. Therefore, in
order to break, a root should have a length greater than the
critical length Lcrit, given by (10). Consequently, the critical
length also represents the maximum length along which
friction can be mobilized.

Lcrit ¼ trd

4sp
ð10Þ

This threshold value depends on the frictional strength
between roots and soil and on the tensile strength of the roots
of the given species. Roots with small diameters tend to slip
out and roots with larger diameters tend to break (Pollen
2007).

Buckling

Schwarz et al. (2015) investigated the influence of the roots
on soil resistance under compression focusing on failure,
due to passive earth pressures at the toe of a landslide.
Moreover roots are also subjected to compression when root
orientation is opposite to the movement of the unstable layer
(Gray and Ohashi 1983; Wu et al. 1988).

However, the reinforcement provided by roots has been
neglected, based on the assumption that the compressive
strength of roots is low compared with that of soil (Cazzuffi
et al. 2014). Nevertheless, it was found that the resistance of
some roots in compression was of the same order of

magnitude of the tensile one. For example, roots having
diameters of 4 and 8 mm, failing at tensile forces of
approximately 200 and 400 N could stand compression
loads of 50 and 150 N, respectively, before buckling occurs
(Wu et al. 1988).

In Wu et al. (1988), the measured values of critical load
fell between the values predicted by the solutions of Toakley
(1965) and Euler, solution 1 and 2, respectively (Fig. 6).
Schwarz et al. (2015) suggested the use of the solution by
Timoshenko and Gere (1961) in order to calculate the critical
buckling load. Euler’s solution is represented by (11), pro-
vided that a more conservative estimation was obtained
(Fig. 6), where Lb is the length of the buckled root (between
3 and 10 cm for increasing root diameter in Wu et al. 1988),
n is the mode number, E is the Young’s modulus considered
by the author, I is the inertia of the root cross-section and Fc

is the critical load.

Fc ¼ n2p2EI
L2b

ð11Þ

Modelling

Physical Model

In the first models proposed in the literature, roots were
assumed to be fibrous elements without shear and bending
strength, presenting only tensile resistance, Wu (1976) and
Gray and Ohashi (1983). It is generally accepted that roots
present an elastic behaviour, as Comino et al. (2010), Burylo
et al. (2011) and Vergani et al. (2014), among others, did.

In order to describe the behaviour of the roots subjected
to shear, Wu (1976) proposed an analytical model. The
shearing of the soil causes the root to distort, as presented in
Fig. 7, originating elongation of the roots that result into
tensile stresses, which act on the unstable soil volume as

Fig. 6 Measured critical load
compared with the theoretical
solutions (adapted from Wu et al.
1988)
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stabilizing external forces (Wu 1976; Gray and Ohashi
1983).

This new representation of the tensile force in the fibre
can be divided into a normal rr and tangential sr component
to the shear plane, acting in the soil. The normal component
rr increases the confining stress on the failure plane, thereby
mobilizing additional shear resistance in the soil, whereas
the tangential component sr directly decreases the acting
shear stress. The system of equations (12) represents this
decomposition assuming that the root out of the shear zone
stays perpendicular to it (Wu 1976), where h is the shear
distortion of the root and tr is the tensile stress (Fig. 7).

rr ¼ tr cos h

sr ¼ tr sin h

(
ð12Þ

Beam on Elastic Foundation Model

Even though, many works assume that roots are cable ele-
ments whose only resistance is the tensile one, other authors
investigated the bending and shear resistance of these ele-
ments. This is important not only for the case of
large-diameter roots, where bending resistance can be
mobilized, but also in order to describe the effect of soil
movement on roots deformation, and the constrain of roots
to the soil (Nghiem et al. 2003).

Nghiem et al. (2003) compared the behaviour of a root to
an inclined pile, which solution in terms of stresses and
strains is derived from a problem of beam on elastic foun-
dation, however ignoring the bending resistance of the root.
Wu et al. (1988) and Wu (2013) used cable and beam

solutions for the same beam on elastic foundation problems.
The comparison of the beam and cable models was produced
by Mao et al. (2014), differentiating the behaviour of dif-
ferent types of roots. Wu (2013) suggested that the cable
solution should be adopted when the tensile resistance of the
root tr is much greater than the flexure stiffness, EI, i.e. when
the product ηL > 2.5. Conversely, the beam solution is the
most adequate when ηL < 1.5, where the parameter η is
given by (13).

g ¼
ffiffiffiffiffiffiffiffiffiffiffi
tr=EI

p
ð13Þ

The generic beam on elastic foundation problem is
described by (14), where u is the displacement in the
direction normal to the root axis, z is the coordinate along
the axis and p is the soil reaction, which is the product
between the displacement u and the reaction constant.

EI
d4u

dz4
� tr

d2u

dz2
¼ pd ð14Þ

The beam solution can be found in Wu et al. (1988). The
ultimate load py is given by (15), where c is the soil cohe-
sion, Nc, Nq and Nc are bearing capacity numbers, q is the
lateral surcharge and py is the yielding reaction pressure of
the soil on the root [limit of p of (14)].

py ¼ cNc þ qNq þ 1=2cdNc ð15Þ
At large displacements, the depth of the plastic zone

increases, which makes the flexible cable solution more
adequate to describe the behaviour of the root, because the
coupling between horizontal and vertical component of the
tensile strength of a root should be considered (Wu et al.
1988). Due to the large deformations, the ultimate soil

Fig. 7 Scheme of the stresses in
the root during shear
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resistance py given by (15) is mobilized along all the root.
This way, Wu et al. (1988) described the problem using (14)
and adopted the flexible cable solution described by (16),
where T(0) is the tensile force in the root at the shear surface
and T(L) is the tensile force at the tip of the root. For further
details it is recommended to consult the work of Wu (2013).

Tð0Þ sin h ¼ TðLÞ
pydL ¼ Tð0Þ cos h

uð0Þ ¼ pydL2

2TðLÞ
uðzÞ ¼ Tð0Þ cos hL�pydð2L�zÞz

2TðLÞ

8>>><
>>>:

ð16Þ

Investigation on the root-soil interaction when the soil is
sheared was also made using numerical models. Mickovski
et al. (2011) and Mao et al. (2014) used FEM and DEM to
simulate the response of roots in a direct shear test,
observing that the root reinforcement varied as a function of
soil strain, and was closely related to root geometry, position
in the soil and mechanical traits. On the other hand, Liang
et al. (2015) considered the interaction between roots and
soil using existing p-y curves for piles under lateral loading
in a FEM model of a root, validated using experimental
observations. It was concluded that the plastic deformations
dominates over elastic deformations, because large relative
soil-root deformations were found even for relatively small
global slip of the rooted soil (Fig. 8). This means that the
ultimate resistance of the soil surrounding the root is reached
before the critical state of the soil. This also justifies the use
of py by Wu et al. (1988) in the beam solution. In fact, at
shallow depths, the soil was pressed against the root forming
an upward moving wedge due to the low confining pres-
sures. When the confining pressure increases, soil tends to
contour the root.

Conclusions

This review regards the mechanical effects of roots on
shallow landslides, by identifying and describing the types
of root failure that can occur in a slope. It was intended to
provide basic knowledge on the loads that lead to root
failure, so that geotechnical engineers can better consider
root resistance for the improvement of slope stability anal-
ysis, in particular, with regards to shallow landslides.

Three main forms of root failure were identified: pull out,
breakage and buckling. Nevertheless, soil-root interaction
under shear actions and tortuosity effect are also considered.

The main observations made in this work are that:

• a better estimation of the pull out resistance may be
obtained if the variation of root diameter with depth is
considered, because the available contact area between
soil and root that mobilizes friction varies;

• there is more than one way of calculating soil-root fric-
tional resistance. However it depends on the normal
stresses which are considered in a very simplified way,
ignoring its variation along the root length. Importance is
also given to the effect of root deformation under shear;

• the comparison of roots to structural elements, such as
beams and cables, provides an improvement on the
description of root response;

• the tortuosity effect is responsible for a great variation of
the Young’s modulus of the root, which causes the root
to mobilize its frictional resistance only after
straightening;

• root under compression is still a less investigated topic,
however it is generally accepted that a root tends to
buckle.
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