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Abstract. Soil bioengineering makes use of living plants to enhance soil stabil-
ity against erosion and failure. Its practice is strongly dominated by empiricism. 
Recently much effort has been made towards quantifying soil bioengineering 
measures. This paper provides a critical review of the numerical modelling of 
some soil bioengineering measures. We discuss the application of the numerical 
methods including the finite element method and the limit equilibrium method 
for the composite of soil-plant root. A detailed review of the mechanical and 
hydrological models for the complex interaction between soil, plant, water and 
atmosphere is provided. 
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1 Introduction 

Soil bioengineering (SBE) is becoming increasingly popular in riverbank restoration 
and in the management of hill and upland slopes. In general, both living and dead 
plants can be used to stabilize soil against erosion and slope failure. There are numer-
ous successful applications of SBE in different climatic zones worldwide. In spite of 
this success, however, SBE is still far from the sophistication of conventional engi-
neering practice with the safety factors coded in standards and norms. This state of 
affairs is mainly due to the difficulties in quantifying the effect of vegetation in the 
slope stability. Moreover, there are some ambiguities in SBE applications concerning 
safety level, life time and load combinations. In this paper, some recent developments 
in the numerical modelling of vegetated slopes are reviewed. 

We differentiate between natural slopes and engineered slopes. Typical engineered 
slopes are met in cuts and embankments. For natural slopes, the probability of slope 
failure or factor of safety requirements is often not a matter of concern unless there 
are specific demands from stakeholders. For engineered slopes, however, safety fac-
tors for different load combinations and life time are required. Not all SBE measures 
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can be and need be taken into consideration in the stability analysis. If SBE is used as 
complimentary to conventional engineering measures, the stability analysis is usually 
performed without considering the effects of SBE measures, which is on the safer 
side. However, if SBE is used alone, the stability analysis is to be performed ac-
cording to the conventional engineering standards. In general, vegetation can be bene-
ficial for slope stability in several ways. 

(a) The leaves of plants cushion the impact of raindrops, reduce the surface runoff 
and the susceptibility of surface erosion and soil degradation. The canopy of 
plants provides a protective cover against precipitations. The positive effect of 
vegetation in erosion control is well recognized but difficult to quantify. Since 
the safety is usually not relevant for erosion control, a quantitative analysis of 
the effect of vegetation is not necessary. However, plant canopy has significant 
influence on the amount of surface runoff and infiltration water, which have 
important bearing on the stability of slopes. Moreover, the infiltration water is 
used as boundary condition for some advanced analyses. Often the runoff and 
infiltration depend on the climatic conditions, vegetation cover and species and 
soil conditions. 

(b) Plants consume water from ground for their growth by transpiration. The water 
content in the vicinity of plant roots is often reduced, which gives rise to lower 
pore water pressure and higher suction force. Transpiration by plants may have 
large influence on the pore water pressure and water content in soil. A detailed 
study of the problem requires a coupled analysis of the hydrological and me-
chanical systems of soil and plant roots. Moreover, climatic boundary condi-
tions and initial conditions of water content need to be specified. Transpiration 
is most active in dry weather with high temperature but negligible in wet 
weather with low temperature. 

(c) Plant roots penetrate through soil to acquire water and nutrients, which gives 
rise to a composite material of soil and fibrous plant roots. Stronger roots can 
grow across failure surfaces to provide strong anchoring points. Compared with 
(a) and (b), soil reinforcement by plant roots is highly relevant for the structural 
stability of slopes and can be reliably quantified. The degree of reinforcement 
depends mainly on the root architecture and root mass. As plants and their roots 
grow, the root reinforcement will change along with time. For SBE slopes, the 
slope stability immediately after the installation of plants is usually the most 
critical phase since the plants grow and become stronger. 

The above mentioned positive effects of vegetation on slope stability are impaired by 
a number of negative effects. The wind throw of trees on slopes may aggravate the 
slope stability. Moreover, rotten roots of dead plants may form channels for water 
flow and eventually lead to piping failure. As a consequence, trees and bushes are not 
allowed on and near embankments. The so-called grass carpets on embankments pro-
vide effective protection against surface erosion and overflow. However, grass carpets 
of same species with the same root depth are often held responsible for shallow slides 
along the root tips, below which the permeability soil is usually lower than the root 
permeated soil above. Because of the limited depth of plant roots, SBE measures are 
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only relevant for erosion control and prevention of shallow slides. For deeply seated 
slides, conventional measures remain the only choice e.g. retaining walls, soil nails 
and dowels. As stated above, the most critical phase for SBE is the time immediately 
after plant installation. However, if the slope has sufficient safety reserve at this stage, 
an increase of the longterm safety is a nice-to-have but not a must-have. This is the 
main reason why SBE measures are seldom used in lieu of conventional measures in 
construction practice, where a minimum safety factors are required for short and 
longterm stability. 

2 Numerical Methods 

The stability analysis of SBE slopes is carried out based on the established methods in 
soil mechanics. There are mainly two methods available for the analysis of slope sta-
bility, i.e. limit equilibrium method (LEM) and finite element method (FEM) [5], 
[12]. Although the slope stability analysis is a classic topic in soil mechanics, there 
are still some phenomena that cannot be properly modelled by the numerical methods. 
Usually slope failure begins as spontaneous formation of shear band from the slope 
shoulder. The shear band with the thickness of few millimeters (about ten times of the 
mean grain diameter) propagates, forms a continuous failure surface and eventually 
leads to slope failure. During this process, the soil within the shear band experience 
very large shear deformation and volume change. In spite of intensive research in the 
last decades the localized deformation still cannot be properly modelled. The reason 
lies in the multi-scale nature of the problem, i.e. the small thickness of the shear band 
(few millimeters) and the large dimension of the slopes (tens of meters). 

2.1 Limit Equilibrium Methods 

The LEM assumes the equilibrium along a failure surface, where the soil strength is 
fully mobilized simultaneously, e.g. the slice method of Bishop. The LEM is easy to 
use and requires few material parameters (unit weight, friction angle and cohesion). 
Usually the minimum safety factor is obtained by comparing the safety factors of 
many possible failure surfaces. 

The simplest case of LEM is an infinitely long slope. This failure surface is rele-
vant for shallow slides, where the sliding plane is parallel to the slope surface [6]. 
Forces due to anchorage (soil nail), geogrid reinforcement, earthquake and seepage 
can be easily incorporated. The LEM can be easily adapted to consider the reinforcing 
effect of SBE. Plant roots can be considered individually as discrete elements or col-
lectively as enhancement of the soil shear strength. Individual plant roots can be treat-
ed similar to anchor elements and geogrid reinforcement. In this case, the root orienta-
tion relative to the sliding surface need be considered. For plants with large number of 
fibrous roots, a smeared approach of increasing soil cohesion seems more appropriate. 
The advantage of LEM is its simplicity and the fact that a safety factor can be easily 
obtained. The major difficulty is the characterization of root architecture and root 
mass. 
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3 Mechanical Features of Soil-Plant System 

The first studies concerning the impact of vegetation on slope stability were conduct-
ed in the 1970s. Laboratory and in situ tests were conducted and analytical models 
were developed in order to quantitatively assess the mechanical contribution of plant 
roots to soil strength. The soil reinforcement by plant roots can be compared to rein-
forced concrete containing steel fibers. Both soil and concrete are strong in compres-
sion and weak in tension. 

Numerous tests were conducted to study the behavior of the soil-root composite 
system. Most tests were carried out with direct shear devices [16], [18, 19]. Brenner 
[20] conducted tests on an inclined model of the vegetated slope, where both live and 
dead roots after clear-cutting were used. The pull-out behavior of plant roots was also 
the subject of numerous investigations [18], [21, 22]. The tensile strength of plant 
roots was shown to be dependent on the root diameter. A threshold diameter exists 
above which roots are more prone to breakage than pull-out.  However, this threshold 
may change with the soil moisture. In moist soils the friction between root and soil is 
lower and the threshold diameter for the pull-out resistance increases. 

Some pioneer works in the quantitative modelling of root reinforcement were car-
ried out by Wu, Waldron and Wu et al. [16, 17, 18]. The Wu [16] model with some 
latter amendments is very simple and based on a number of approximations. The en-
hancement of strength by plant roots is considered as an additional cohesion, which is 
introduced into the Mohr-Coulomb failure criterion. The cohesion is dictated mainly 
by two factors, namely the average root tensile strength and root area ratio (RAR), 
which is the ratio of area occupied by roots on a certain plane. The model assumes 
that all roots are initially perpendicular to the slip surface and break at the same time. 

The contribution of plant roots to the shear strength is dependent on the angle of 
shear distortion of the root and can be formulated as follows: 

௥ݏ  = ௥ߪ tan ߶′ + ߬௥ = ௥(cosݐ ߠ tan ߶′ + sin  (1) (ߠ

where ߪ௥ and ߬௥ are normal and shear stress respectively, ߶′ is the friction angle of 
soil, ߠ is the angle of shear distortion of the root, ݐ௥ is the mean traction of plant 
roots, which is defined by the traction force ௥ܶ over the area A 

௥ݐ  = ∑ ௥ܶ௜/(2) ܣ 

Some test results show that the value of (cos ߠ tan ߶′ + sin  can be taken as 1.2 for (ߠ
the distortion angle ߠ in the range 48° – 72°. The contribution of plant roots to the 
shear strength of the soil can be then included into the Mohr-Coulomb failure criteri-
on as follows: 

∗ݏ  = ݏ + ௥ݏ = ܿᇱ + ᇱߪ tan ߶′ + ௥ݏ  (3) 

where ݏ and ܿᇱare the shear strength and cohesion of the bare soil respectively. 
The above approach is widely used in simulating the strength of soil-root compo-

site. Recently, some improvements are made towards better understanding of the pro-
cess and more realistic description of the deformation mechanism of the soil-root 
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composite [21, 22, 23]. The authors introduced a fiber bundle model (FBM), where 
the main assumption of the previous model by Wu and Waldron, i.e. the breakage of 
all roots at the same time is removed. Roots in FBM are assumed to break progres-
sively from the weakest to the strongest. The excessive load due to root breakage is 
redistributed into the remaining elements. The proposed model works by apportioning 
the total load applied to the bundle of N parallel fibers and then monitoring whether 
the load applied to the fiber exceeds its strength. Three different load apportioning 
methods were reported, i.e. apportioning by root cross section area, by root diameter 
and by root number. Two failure mechanisms, i.e. breakage and pull-out, can be  
considered [22]. 

The recent study by Schwarz et al. [24, 25] showed that the spatial distribution of 
roots should be taken into account, when considering the reinforcement of the soil 
with roots. The Root Bundle Model (RBM), proposed by Schwarz is based on the 
pull-out force – displacement relationship, coupled with the model for lateral root 
distribution. The RBM, similar to the FBM considers the progressive failure of the 
roots. The load is apportioned among all the roots by root diameter. RBM allows the 
estimation of the maximum value of soil reinforcement by plant roots, the root bundle 
elongation (displacement) as well as the secant Young’s modulus.  

Recently, a simplified version of the root bundle model was proposed [26] by con-
sidering the variability of the root strength. The Weibull survival function was used to 
describe the strength variation of the roots. This function is also known as comple-
mentary cumulative distribution function. All roots in the bundle are assumed to be 
linear-elastic fibers and break at the threshold displacements. This model is simpler 
than the previous RBM and can be easily implemented in numerical codes.  

An important aspect of modelling the root reinforcement is the characterization of 
the root architecture. This is very challenging, when taking into account different 
plant species, growing conditions and available growing space. In numerical model-
ling, especially in the slope stability models, it is almost impossible to implement 
complex root architectures, which take into account all these features. Due to this 
limitation, only simplified root architecture can be used in numerical modelling. 

Recently, a new approach to characterize the root growth and distribution was pro-
posed by Dupuy et al. [27, 28], where a density function is introduced to describe the 
root structure (Fig. 3). This model allows the description of the relationship between 
the dynamics of meristem distribution and root architecture. Three density distribu-
tions are considered: the root length density ߩ௡ – which defines the geometrical  
properties of root architecture; the branching density ߩ௕  – which defines the plant 
topology; and the root apical meristem density ߩ௔– which characterizes the regions of 
primary growth and links the dynamic of root length and root branching density. The 
model is based on two concepts. Firstly, root distribution at a given point in space is 
prescribed by representative volume (typically between 100 cm3 and 200 cm3). Sec-
ondly, the variations in time and space in the representative volume are assumed to be 
smooth. This approach has certain advantages over the traditional models. However, 
the computational time is rather long. Therefore it is mainly restricted to modelling 
single plant. 
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The failure mechanisms of root reinforcement are tensile breakage, bending load-
ing and pull-out. One of the important observations is that the soil-root reinforcement 
cannot be considered as constant additional shear resistance, because the mobilization 
of root strength is dependent on the shear strain. 

4 Hydrological Features 

Vegetation has great impact on the moisture content of soil and the suction, as well as 
the permeability and preferential flow paths of ground water. The suction contributes 
to the development of bonds between soil particles, which gives rise to an increased 
strength called “apparent cohesion”. 

The evapotranspiration is the governing process of water uptake by plant roots and 
has been investigated by many researchers in agricultural engineering. In geotechnical 
engineering, however, evapotranspiration has received little attention. A numerical 
model which accounts for both mechanical and hydrological features of the soil-root 
system has to be developed. In fact, the increase of apparent cohesion due to water 
uptake by plant roots can be significant. However, the safety factor of slope is usually 
obtained without considering the apparent cohesion due to suction. A realistic model 
is needed, which consider not only mechanical, but also hydrological impact of the 
roots presence on the slope stability and enable the calculation of realistic FOS. 

Evapotranspiration is the water vapor exchange between the vegetated soil surface 
and atmosphere. Its maximum value, when the soil moisture content is not restricted 
is called the potential evapotranspiration. In assessing the evapotranspiration, the 
current atmospheric conditions and the plant characteristics need be considered. This 
evapotranspiration is defined as the actual evapotranspiration.  The estimation of its 
value is rather complex, and dependent on many factors. The Penman-Monteith equa-
tion first formulated by Penman [32] and further modified by Monteith [31] can be 
used to calculate evapotranspiration from the vegetated surface [33]. 

The root water uptake depends largely on the matric suction in the soil. The higher 
the matric suction, the more difficult it is for plant to extract water from soil. There-
fore, the matric suction is a reducing factor for the rate of the root water uptake. It is 
experimentally proved, that for most plants the value of the suction above which a 
plant cannot extract water is about 15 bars. This threshold is defined as “the perma-
nent wilting point”. The value, at which the water uptake reaches the maximum, is 
called “field capacity”. It can be defined as the amount of the soil moisture, which 
remains in the soil a few days after wetting and when free drainage has ceased. A 
matric potential corresponding to this soil moisture content has a value between 1/10 
and 1/3 bar. Between these threshold values, the water is available for plant and be-
comes more restricted when approaching to the permanent wilting point. 

Usually the development of the root water uptake (RWU) models, started from 
simple analytical models. The first model was based on the analogy to Ohm’s law for 
the sink term ܵ(ݖ,  :[34] (ݐ

,ݖ)ܵ  (ݐ = ሾ(Φ௦ − Φ௅)/ܴ௦௟ሿ  ܵ௔௖௧(ݖ,  (4) (ݐ
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The extraction of water from the soil via root network and the loss of water from the 
leaf surface, result in reduced pore-water pressure in the slope, which leads to in-
crease in the effective shear strength and thus enhanced stability of the slope. The 
maximum rate of water uptake is described using the formula proposed by [36],  
assuming a homogeneous root distribution: 

 ܵ௠௔௫ = ௩ܶ/ݖ௥ (5) 

where ܵ௠௔௫  is maximum uptake rate, ௩ܶ is the transpiration rate and ݖ௥ is the root 
depth. The model accounts also for the changes in the soil hydraulic conductivity 
caused by the root network distribution in the soil mass. The increase in this parame-
ter can be described by relating the RAR to the saturated hydraulic conductivity as 
follows: 

௦ܭ∆  = ߙ +  (6) ܴܣܴߚ

where ∆ܭ௦ is the increase in the soil hydraulic conductivity, ߙ and ߚ are material 
parameters. 

The FOS of the slope can be calculated using either Bishop’s method for circular 
slip surface or Janbu’s method for non-circular slip surface [39]. Numerical models 
like CHASM are quite simple, but contain all salient features which should be taken 
into consideration for stability analysis of vegetated slopes. 

Greenwood (2006) developed a simple numerical tool (SLIP4EX), which allows 
calculations of the stability of the vegetated slope. SLIP4EX is based on MS Excel 
spread sheet. Due to its simplicity, the program can be used for preliminary analysis 
of the problem and may serve as a tool for parameter study of the effect of plant on 
slope stability. The spread sheet computes the change in pore pressure and the in-
crease of apparent cohesion. Moreover, the mass of vegetation, wind forces and me-
chanical root reinforcement can be considered. The FOS is calculated using different 
limit equilibrium methods, considering the influence of vegetation on the slice forces. 

Fatahi [41] developed the root water uptake model and implemented the model in a 
finite element code. The RWU is regarded as a sink term in the Richard’s equation, 
which takes the following form: 

ݐ߲/ߠ߲  = ∇(݇∇߰) − (߲݇௭)/߲ݖ − ,ݔ)ܵ ,ݕ ,ݖ  (7) (ݐ

where ߠ  is the soil moisture content, ݇௭  is the vertical permeability and ܵ(ݔ, ,ݕ ,ݖ  is the sink term, i.e. the root water uptake. This equation can be applied (ݐ
for both homogenous and heterogeneous porous media. 

The three important features which are considered in his model are the change in 
soil suction, the root distribution in soil and the potential transpiration from the vege-
tated surface. The rate of transpiration is assumed to be equal to the root water uptake 
and hence has the following form: 

(ݐ)ܶ  = ׬ ,ݔ)ܵ ,ݕ ,ݖ ௩(௧)ܸ݀(ݐ  (8) 
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where ܶ(ݐ) is the transpiration rate at time t, ܵ(ݔ, ,ݕ ,ݖ  is the root water uptake at (ݐ
point (ݔ, ,ݕ -The de .ݐ is the volume of the root zone at time (ݐ)ݒ and ݐ at time (ݖ
veloped RWU model was implemented and tested in the commercial FE code 
ABAQUS. The numerical results were compared with in-situ measurements. Moreo-
ver, Fatahi et al. [42, 43] analyzed the rate of water uptake by plant roots in compari-
son with the matric suction caused by the prefabricated, vertical, vacuum preloaded 
drains. 

Wan et al. [44] developed a simple, two-dimensional model for the stability analy-
sis of slopes and considered both mechanical and hydrological aspects of plants. The 
model includes the role of the main vegetation features influencing the stability of 
slopes, i.e. the root water uptake, the apparent cohesion, i.e. the additional soil shear 
strength and the increase in the soil hydraulic conductivity. They assumed a linear 
correlation between the saturated infiltration coefficient of root-permeated soil and 
the RAR. Moreover, rainfall boundary conditions are also introduced in the model. 
The mechanical root reinforcement was accounted for, using simple perpendicular 
model [16, 17, 18]. 

5 Conclusions 

The soil-plant system presents a complex coupled problem, which poses great chal-
lenge for numerical modelling. It is not possible to simulate all problems precisely 
with numerical modelling, because some parameters cannot be put in numbers. A 
grass carpet is known to be effective against surface erosion. However, it is difficult 
to prove it through a mathematical model. When SBE measures are considered in 
slope stability, however, their effect needs to be quantified, e.g. to reach a required 
FOS. In doing so, some salient features of the soil-vegetation system should be taken 
into account and combined into a physically consistent model in order to model the 
complex interaction between soil, plant, water and atmosphere.  
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