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Abstract Rapid infrastructure development in
Malaysia especially in Selangor causes drastic change
in landscape and clearing of more vegetated areas.
This has gradually lead to slope instability problems
that causes enormous loss affecting human lives,
destruction of property and environment. Thus, con-
servation practices by incorporating vegetation to
enhance slope stability is much needed alternative to
the conventional technique of stabilization. Limited
studies had been done in discovering the effectiveness
of vegetative covers in relation to slope and soil
parameters. Hence, in this paper, a parametric study is
carried out to discover the relationship between some
of the various vegetation species and different soil
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types as well as slope angles. Conventional limit
equilibrium methods are applied in the analysis
considering the soil shear strength parameters, unit
weight of soil, as well as slope geometry. Typical
scenarios of cut-slope along highways in Selangor are
simulated in order to obtain comparable results from
the stability assessment by means of calculating the
factor of safety. The modelling showed that shallow
slip failure can be prevented when sufficient number
of roots of a certain tensile force interact with the slip
plane, increasing the overall factor of safety of the
slope. The percentage of FOS increased due to the
vegetation effects can reach up to 43% with slope
angles ranging between 15° and 25°. Moreover, based
on the parametric study, silty soils showed more
significance in contributing to the increase in FOS
when incorporating vegetation.

Keywords Eco-protection - Factor of safety -
Landslides - Slope stability - Vegetation

1 Introduction

Landslides or slope failures are naturally occurring
phenomena known as geological erosion. However,
artificially altered land by excavation, deforestation
and urbanization also contributed to these detrimental
effects. Hence, the combination of uncontrollable
natural events i.e. earthquakes and rainstorms as well
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as human land use practices can trigger disastrous
slope failures Varnes (1958).

Malaysian economy has been moving steadily on
the fast lane resulting in rapid infrastructure develop-
ment including highway and other transport systems
with drastic change in landscape. The demand for
more land area increases thus making clearing of more
vegetated areas seems inevitable. These massive and
expensive construction projects are usually sited on, or
pass through upland areas, which inevitably involve
cutting of vegetation cover and hillslopes. Nordin
(1995) explains that the cause of slope instability
problems may be due to poor environmental planning
and conservation practices due to the demands of fast
completion of the construction projects.

Hence, in order to mitigate slope failures effec-
tively, in-depth understanding of geological condi-
tions is vital. Furthermore, potentially unstable areas
should be identified and prevented while implement-
ing corrective measures to assist in minimizing these
slope failures (Truong et al. 2008). Beside internal
structural weakness, slope instability due to uncon-
trolled surface erosion is often overlooked. Surface
protection of slopes has been proven effective and
economical. Thus, it should also be considered

FOS =

Various species of different vegetation types found
in Malaysia which are suitable for slope protection has
been reported (Normaniza et al. 2008; Osman et al.
2011; Osman and Barakbah 2006, 2011). In this study,
the effects of grasses, shrubs and trees as surface
protection for slopes are discussed. However, due to
availability, ease of growth and high root pull-out
strength and tensile strength being reported (Ali 2010;
Normaniza et al. 2008; Norris 2008), Vetiver zizan-
iodes (grass), Melastoma malabathricum (shrubs) and
Leucana Leucophales (trees) are selectively chosen
for this parametric study.

2 Methodology

After reviewing different approaches of slope stability
analysis, suitable methods that take account of the
effect of vegetation in the analysis are identified. The
influences of vegetation on Factor of Safety (FOS) of a
slope can be modelled by method of slices in the limit
equilibrium approach.

Greenwood General Equation and Swedish meth-
ods can be adapted to include the effects of vegetation
in the analysis (Ali et al. 2012; Greenwood 2006).

(¢ + )+ (W W) cosa — (u+ Au,)l — (Uz + AUy,) — (Uy 4 AU,,)) sino — Dy, sin(o — B) + T'sin 0) tan (/]

STI(W 4+ W,)sina + D, cos(oe — f§) — T cos 0]

FOS =

S+ )+ [((W + W,)zcos o — (u + Auy)l — Dysin(oc — B) + Tsind))] tan ()]

(1)

STI(W + W,)sina + Dy, cos(a — ) — T cos 0]

(2)

significantly as other conventional techniques of slope
stabilization.

Vegetative cover provided by grass seeding or
hydro seeding is usually fairly effective against
erosion whereby deep-rooted plants such as trees and
shrubs may provide some structural strengthening for
the ground (Gray 1996). However, information on the
most suitable vegetation types with relation to soil
types and slope angles that can be effectively used to
stabilize typical slopes in Selangor is scarcely
available.
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whereby
List of symbols

c’ = effective cohesion at base of slice,

Coy = enhanced cohesion due to roots,

1 = length along base of slice,

w = weight of soil,

W, = weight of vegetation,

o = inclination of base of slice to
horizontal,

@’ = effective angle of friction at base of
slice,

u = water pressure on base of slice,
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It should be noted that in practice, the tangential
component of the root tensile force, T cos 0, is often
assumed to be a positive restoring force and is added to
the numerator in Eqgs. 1 and 2. However, as it is a
negative disturbing force, its deduction from the
denominator is acceptable. According to Norris
(2008), this approach is statistically correct as can be
referred to the force diagram shown in Fig. 1. The
calculated value will be identical for a value of Factor
of Safety of 1.

A computer program SLOPE/W was utilised to model
14 different slopes in Selangor, adopting the limit
equilibrium approach. The types of soil inclusive of the
soil shear strength properties as well as slope angle of
Fig. 1 Forces affecting each slice and additional forces due to these slopes are extracted and shown in Table 1.
vegetation and hydrological changes (Greenwood 2006) Concurrently, a spreadsheet program known as
SLIP4EX, developed by Greenwood in 2006, was also
used to model the slopes. Results in terms of FOS

wind force,
tensile force of roots,
angle of roots to slip surface

Au, = change in water pressure due to obtained from both analysis are then compared.
vegetation, Further modelling is then carried out using SLIPAEX
Uyand U, = interslice water forces on left and to investigate the stability of vegetated slopes by the
right-hand side of slice, application of grasses. In order to study the effects of
AU, and = change in interslice water forces due vegetation on the slope stability analysis, important
AU,, to vegetation, input to be considered is the pull-out strength of the

Table 1 Properties of soil and slope angle for modelled slopes

Project ref. Soil type Soil shear strength parameters Slope angle (°)

Effective Effective friction Unit weight, vy

cohesion, ¢’ (kPa) angle, ¢’ (°) (kN/m?)
la Silt 2.1 337 25.7 15-25
1b Clay 11.0 19.0 26.6 26-35
2a Silt 55 325 15.0 <15
2b Silt 55 29.5 14.0 15-25
2c Silt 6.5 31.0 14.5 <15
5 Clay 8.7 10.5 11.1 <15
6a Clay 21.0 19.0 12.0 15-25
6b Clay 19.0 26.0 13.0 <15
6¢ Clay 19.0 26.0 13.0 <15
6d Clay 18.0 26.0 13.0 15-25
6e Clay 22.0 27.0 14.0 15-25
6f Clay 15.0 27.0 13.0 26-35
6g Clay 8.0 26.0 13.0 26-35
6h Clay 24.0 29.0 14.0 26-35
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roots. This parameter is used to determine the force
from roots that act on the base of every slice in the
stability analysis. In other words, besides the addi-
tional effective cohesion provided by vegetation, c’y,
effective angle between slip surface and operational
roots, 0, increase in piezometric head due to vegeta-
tion, Ah,,, the effect of vegetation on slope stability is
majorly affected by the value of tensile force of root
reinforcement on each slice, T. Tensile force of roots is
the product of design root force, T,q and length of slip
surface, 1 on each slice. T,4 is based on the ratio of the
measured pull-out resistance (strength based on
diameter at clamp), the mean root diameter and the
number of roots per square m across the slip surface
(T,y) to a partial Factor of Safety (Fr). There is much
uncertainty about the root distribution in the ground
and the resisting forces that are available for a
particular slip surface geometry and soil conditions.
Hence, a conservative value of 8 is used for Fr to
reflect these uncertainties as well as to allow for large
strains. Finally, changes in FOS resulted from the
effect of vegetation are recorded. As reported by
Norris and Greenwood (2003), the design root force on
the slip plane, Trd can be derived by the application of
suitable partial Factor of Safety, i.e.
Tru

Trd == 7}’ (3)

Table 2 Root properties of selected vegetation species

In this paper, typical values of root properties are
obtained based on data collected from previous study
(Table 2). The root strengths value applicable for this
study are obtained from mature vegetation with typical
root length between 0.8 and 1.5 m and root growth
time between 6 and 24 months, depending on types of
vegetation.

3 Result and Discussion
3.1 Factor of Safety

Factor of safety (FOS) is calculated based on the ratio
between the shear strength, obtained from the Mohr—
Coulomb failure criterion, and the actual shear force
that applies at the slip surface. In the analysis done, the
value of FOS is determined based on the critical slip
surface of the slope. All of the 14 modelled slopes in
Selangor showed that the calculated FOS passes the
stability design criteria of FOS > 1. Figure 2a and b
shows the FOS obtained when incorporating two
different approaches, i.e. Greenwood General and
Swedish methods for different soil types and slope
angles respectively.

Based on the results obtained, only minor differ-
ences in the calculated FOS by either approached is

Vetiver Melastoma Leucaena
zizaniodes malabathricum Leucocephala
Typical root diameter, d (mm) at root length 0.8-1.5 m 0.73* 8¢ 10f
Typical no. of roots (m?) 10° 54 54
Root growth time (months) 6" 248 24#
Additional effective cohesion due to vegetation, ¢’ (kN/m?) 7.5¢ 0.49° 0.55°
Pull-out resistance of root (kN/m?) - 2.02¢ 2.25%
Root tensile strength (N/mm?) 75 29.72¢ 104.838

“Ke et al. (2003)

PRetrieved from www.vetiversolutions.org
“Norris (2008)

dAli (2010)

®Norris and Greenwood (2006)

fSaifuddin and Nirmaniza (2012)

£0sman et al. (2014)
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Fig. 2 a Difference in FOS increase (%) between greenwood general and Swedish approach for different soil types. b Difference in
FOS increase (%) between greenwood general and Swedish approach for different slope angles

noticed. This is in accordance with the study con-
ducted by Norris (2008) when FOS calculated by these
two approaches shows identical values. On the other
hand, with the integration of vegetation effects on the
slopes, it is observed that the FOS increased when
incorporating vegetation. The percentage of FOS
increased due to the vegetation effects by Vetiver
zizaniodes can reach up to 48% for silty soil types
whereby higher value of about 5-35% is obtained
when incorporating vegetation in silt compared to clay
soil type (Fig. 3). In terms of slope angles, range of
slope between 15° and 25° resulted in the highest
increase in FOS, especially when using Vetiver
zizaniodes as surface slope protection (Fig. 4).

Based on the analysis carried out, Vetiver zizan-
iodes (grass) showed the highest increase in Factor of
Safety followed by Leucaena leucocephala (tree) and
Melastoma malabathricum (shrub). This might be due

to the attributes of the chosen species of grass, Vetiver
zizaniodes, given its extensive and deep root system
(Hengchaovanich and Nilaweera 1996). Besides the
deep root system for soil stabilisation, Vetiver grass
also has thick leaves which spread water and trap
sediment. Moreover, it also has high tolerance to
hostile conditions which allows it to rehabilitate soil
and water impurity. Another point to note is that,
besides the root pull-out resistance and resultant root
force (T), only additional effective cohesion (c’v) and
effective angle between operational roots and slip
surface (0) were taken into consideration in this
analysis.

Architecture of the roots determines the value of 0.
Assumptions were made on the vegetation effects
whereby T acts at 0° to the slip plane for grasses
(0 =0°) and T acts at 45° (0 = 45°) to the slip plane
for both shrub and tree species chosen in this study.
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FOS Increase (%) between Dlferent Vegetation Types in
Cohesive Soils
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Fig. 3 FOS increase (%) between different vegetation species in cohesive soils

FOS Increase (%) between DIferent Vegetation Types in Various
Range of Slope Angles
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Fig. 4 FOS increase (%) between different vegetation species in various range of slope angles

Roots with diverse positioning in soils may develop
wider shear zones and hence the soil is able to slowly
transfer reinforcement from roots via their tensile
strength even at large shear displacements (Stokes
et al. 2009).

Therefore, it could be concluded that the properties
of vegetation root systems do assist in alleviating soil
erosion and providing soil reinforcement for slope
stability.

@ Springer

3.2 Establishment and Limitation of Vegetation

Over the last century, human has been concerned with
increasing productivity through technological pro-
gress in their daily activities, at the cost of environ-
mental degradation (Painter 2003). Hence, necessary
actions should be taken to rectify the damages caused.
However, many countries are unable to invest pro-
foundly in environmental restoration of degraded



Geotech Geol Eng (2019) 37:2007-2014

2013

lands due to limited resources. Eco-engineering tech-
niques can therefore provide a low-cost, long-term
solution in certain cases (Norris 2005, 2008). The role
of vegetation in stabilising slopes prone to shallow
failure is not limited to general planting techniques.
One aspect of ground bio-engineering i.e. the use of
living plant materials to perform some engineering
function, to stabilize problematic site. Although plant
exhibits many elements, generally, the structures that
are probable to be beneficial in providing eco-techno-
logical solutions to slope stability includes the roots
(provide anchorage, absorb water and nutrients from
the soil), stems (support above-ground parts and
capture eroding soil) as well as leaves (intercept
precipitation and initiate evapotranspiration to
decrease soil moisture level) (Norris 2008). According
to Geotechnical Manual for Slopes, Hong Kong, as a
general rule, a single species of vegetation should not
be planted in isolation. In adaptation of this guideline,
the use of vegetation in Selangor which has mostly
concentrated on grassing by hydro seeding approach,
should also incorporate shrub or tree planting wher-
ever viable. It should be noted that, the surface layer of
newly-constructed slopes is often not well consoli-
dated. As aresult, rill and gully erosion may still occur
even on well-vegetated slopes since deep-rooted trees
grow slowly and are often difficult to establish in such
hostile territory. It is in these cases engineers often rue
the inefficiency of the vegetative cover and install
structural reinforcement soon after construction.
Besides that, other limitations to ground bio-engineer-
ing techniques include planting or installation
restricted to the plants’ dormant season, availability
of locally adapted plants, as well as intensive and
skilled labour needs. Therefore, in achieving ultimate
vegetation cover on engineered slope in a relatively
short time, shrubs and trees should be planted
preferably at the toe of slope in addition to grass.

Appropriate  vegetation management techniques
should also be considered to assist the natural succes-
sion process. Geo-synthetics and vegetation combina-
tion may be more applicable for deep-seated slides.

In regard to the relationship of vegetation types and
slope angle, decision makers should take into consid-
eration the slope angle limitations on vegetation
establishment when steeper slopes are required for
construction as shown in Table 3.

Incorporating vegetation as an eco-protection tech-
nique for slopes can be challenging in its initial stage.
Therefore, some precautions that should be noted
includes consideration in seasons and growth time of
the vegetation types. Careful consideration in design
should be taken to establish and maintain an effective
vegetative slope protection due to certain difficult
conditions.

4 Conclusion and Recommendation

The effect that vegetation has on stability of slopes is a
complex interaction of mechanical, hydrological and
biological factors that are challenging to measure.
Many cases occurred in Malaysia had proven that
continued slope stability can be ensured by applying
some preventive measures which normally cost much
less than corrective measures (See-Sew and Wong
2004).

The modelling showed that shallow slip failure can
be prevented when sufficient number of roots of a
certain tensile force interact with the slip plane,
increasing the overall factor of safety of the slope. It
can be concluded from the parametric study that the
average percentage of increase in FOS when incorpo-
rating Vetiver zizanniodes is nearly 50% in silty soil
followed by Leucaena leucocephala and Melastoma
malabathricum with percentage of FOS increase of

Table 3 Slope angle limitations on vegetation establishment (GEO 1984)

Slope angle (°)  Vegetation type

Grass Shrubs/trees
0-30 Low in difficulty; routine planting techniques may be used
3045 Increasingly difficult for turfing; routine application for hydro-seeding  Increasingly difficult to plant
> 45 Special consideration required Planting must generally be on benches
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15% and 14% respectively. However, the increase in
percentage of FOS when using Vetiver is only 9% in
clayey soil followed by both Leucaena and Melastoma
at the same increase of 7%. Hence, Vetiver zizanniodes
could potentially be used in conjunction with other
deeper rooting species as it provides good surface root
reinforcement. Further studies are recommended to be
carried out to find a better establishment for vegetative
slope stabilisation suiting the Malaysia’s slope geom-
etry and soil condition.
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