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Abstract

This study explores issues related to vegetation effects in slope stability analysis. The main objective of this
research was to assess the influences of suction in the stability of slopes. A slope inclination of 1:2 was tested in all
cases using SLOPE/W which is sophisticated software with useful features, including suction parameter. Therefore,
slope stability analysis was achieved with the usage of this sophisticated software so as to simplify the mathematical
processes which are time-consuming. The analysis was based on the Mohr-Coulomb equation arranged appropriately
so as to include suction effects. Field measurements recorded by Biddle for mature trees placed on clay subsoil
were used to measure the suction effects for each case. Overall, a satisfactory association between field data and
results was achieved. For the cases considered, it was indicated that moderately small suction changes from 18 to
39 kPa can influence the safety factor against failure of the slope. All of the analyses showed that the slope model
was stable in each case, since safety factor ranged from 1.689 to 4.750. Under undrained conditions Gault clay was
found to have a minimum safety factor of 2.553. Suction effects were found to increase the stability of slopes. In the
unsaturated analysis, it was found that as ¢’ increased the FOS also increased. Moreover, London clay was found

to have a minimum FOS of 2.303 when tested with the effects of matric suction.

Keywords: Slope stability; Vegetation; Suction parameter; Clay
subsoil; Geotechnical; Geo-environmental

Introduction

It is well known that the presence of vegetation has an important
role in slope stability analysis. It was suggested by Simon and Collison,
cited in Ali and Rees [1] that vegetation on slopes can be divided into
two categories, mechanical and hydrological. When dealing with
geotechnical and geo-environmental problems, soil suction variations
are taken into account which may occur in the presence of vegetation
and especially on the removal of vegetation. Moreover, the interaction
between the plant roots and soil suction is a field which needs to be
investigated since they influence the overall shear strength slopes and
may cause failure. The relationship between the presence of trees,
pore water pressures in embankments and climate with respect to soil
moisture deficits was discussed by Ridley et al., cited in Ali and
Rees [1].

This study explores the development of a slope model in SLOPE/W,
software which not only performs a reliable slope stability analysis,
but also considers the effects of suction which may be caused by the
presence of vegetation in embankment slopes. Furthermore, the
changes in moisture contents throughout seasonal periods are clearly
of importance. Therefore, three cases of clays (Boulder Clay, Gault
Clay and London Clay) were chosen with the respective trees (Lime,
Poplar and Oak) provided by Biddle’s field measured data. In addition,
different soil conditions were taken into account. Firstly, an undrained
analysis was conducted without the effects of vegetation and then two
different cases of unsaturated analysis using a modified form of the
Mohr-Coulomb failure criterion. The first unsaturated analysis took
into account the effect of matric suction and the second the additional
root strength.

Materials and Methods

Undrained analysis for circular slip surfaces

In the first stage of analysis for each case considered, SLOPE/W
was used to compute the minimum factor of safety of fully-saturated
clays. In order to estimate the minimum factor of safety, undrained
analysis was chosen where ® =0 which means that the clay is purely

cohesive and consequently t=c, where 7,is the shear strength of the

soil. Vegetation effects were not taken into account in this type of
analysis, since vegetation is correlated with suction and root strength.

The fact that clay is purely cohesive under undrained conditions
means that no drainage is allowed [2]. According to Craig, circular slips
are associated with homogeneous and isotropic conditions of the soil.
Failure of the slope could occur because of the weight of the soil above
the slip surface. Finally, undrained shear strength (C, ) was found for
the three soil types (Boulder clay, Gault clay and London clay). Due to
the fact that the aim of this dissertation is to estimate the minimum
safety factor, worst case scenarios were taken into consideration,
therefore the worst values of (C, ) were chosen.

Method of slices (Bishop’s Simplified Method)

Bishop’s simplified method was used to analyse the stability of
slopes for the next two stages where the cases of unsaturated clays
were taken into account. The assumption made in this method is that
the tangential interslice forces are equal and oppose each other thus
X, = X, . On the other hand, the normal interslice forces E, and E2
are not equal [3].

By resolving forces in the vertical direction where E, and E, are
ignored, the following equation is produced [3]:

/ !
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Rearranging the above equation gives:
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The expression of N’ shown in equation 1.2, can be inserted in
equation 1.3, which occurs for homogeneous slopes where the effective
cohesion (C/) and the effective friction of angle (Sp/ ) are constant

along the slip surface.
e 'L, —l—tanga’ZN’

Zwsina
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This gives:
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As a result, of the existence of the factor of safety (F) in both sides
of the equation 1.4, an iterative process is needed in order to converge
to a close estimate of factor of safety. Iterative processes are time
consuming; that is why the use of software is commonly used in order
to carry out the analysis quickly and reliably.

F

tana tan(p/ (1.4)

The correlation of water retention curves with shear strength:
The next two stages of the analysis, also included the effect of matric
suction since there is an interaction with the root-plant systems, so
as to find how shear strength would change when the parameter of
matric suction was added in the equation. Fredlund and Rahardjo [4]
reported that matric suction is related to the capillary phenomenon
which is caused by the surface tension of water. Fredlund et al,, cited in
Vanapalli et al. [5] suggested a linear equation in order to interpret the
shear strength of unsaturated soils.

7, =c'+ (0 —u,)tang’ +(u, u,)tang’ (1.5)

a-ty
Where c' is the effective cohesion, 30/ is the effective friction
angle, (pb is the angle which describes the increase in shear strength
caused by a rise in matric suction [4], 7 s is the shear strength of an
unsaturated soil and (U —ua) and (”aﬂw> are the net normal stress
and the matric suction of the soil on the failure plane at failure. The
value of (pb is always equal or less than gol . Moreover, in order to
approximate the value of suction due to the presence of vegetation for
each case considered, water retention curves for the chosen soil types
of clays were illustrated graphically. This helped to correlate matric
suction with the volumetric moisture content changes for each soil
type, provided by Biddle [6]. In Figure 1, water retention curves for the
different soil types chosen for this study are shown in Figure 1.

In the current work, Boulder Clay-Lime tree, Gault clay-Poplar tree
and London clay-Oak tree were chosen to research the influences of
matric suction to shear strength according to Mohr-Coulomb failure
criterion. For comparison Figure 1 also shows measured data for two
other soil types: Boulder clay 2 and Kimmeridge clay. It can be seen
that the water retention curves conform to previous published data for
this types of soil since water retention curve of gault clay was produced
according to Rees [7], boulder clay according to Rees and Ali [8].
Finally, London clay was estimated in a similar way as Gault clay. In
addition, the values of moisture contents § and 0 .- where the former
is the saturated water content whereas the latter is the residual water
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Figure 1: Water retention curves of typical clay soils.

Figure 2: Specifications of slope model produced in CAD, Bishop’s simplified
method used.

content, have been taken directly from the measured moisture profiles
provided by Biddle [6].

Results

Case study: boulder clay-lime tree

Undrained Analysis without the effect of vegetation: The
undrained analysis, also known as total stress analysis, of a fully-
saturated boulder clay under undrained conditions was carried out
where ® =0and 7, =c, [9]. The assumption made in the analysis is
that the soil is homogeneous along the profile of the slope and the top-
soil which contains organic content is ignored. The trial slip surface is
a circular arc. A circle can be defined by specifying the x-y coordinate
of the centre and the radius. A large range of different slip surfaces can
be specified by defining the grid limits of circle centres and a number
of circle radii [10]. In SLOPE/W, this procedure is called the Grid and
Radius method. The undrained slope stability analysis was carried out
with the help of Slope/W software. The dimensions of the slope model
and the undrained shear strength of the soil were entered in SLOPE/W
which examined the safety factor for thousands of possible circular slip
surfaces using the Bishop's simplified method of slices (Figure 2).

Slope/W produced 49011 different slip circles, divided in 30 slices.
The critical slip circle has a factor of safety of 2.694 according to the
Bishop method of slices (Figure 3). The detailed results for critical
slip surface are shown in SLOPE/W report (boulder clay-undrained
analysis) in Appendix A. Slip surfaces within the soil were expected to
have a high factor of safety because the soil has a high undrained shear
strength (C, ) of 65kN/ m’ (Figure 3).

Analysis of unsaturated boulder clay including the effect
of matric suction: This analysis covers the case of unsaturated
boulder clay. The assumption made in the analysis is that the soil is
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Figure 3: Slope model produced by SLOPE/W, indicating the minimum Factor
of Safety.

homogeneous along the profile of the slope and the top-soil which
contains organic content is ignored. The dimensions of the slope model
remained the same. The unit weight of the soil (’y =22kN/ m3> , the
effective cohesion (C =9.6), effective friction of angle ( gol =27.3) and
(ph =21.7, parameter of the soil were entered in the software. Material
properties of Boulder Clay were taken from Ali and Rees [1]. From
a slope stability analysis point of view, effective strength parameters
give the most realistic solution, regarding the location of the critical
slip surface. The critical slip surface position predicted is more realistic
when effective strength parameters are used. SLOPE/W assumed that
(ph is constant, but in reality (pb changes with the degree of saturation.

When the soil is saturated, " is equal to the effective friction angle ¢’,
as the pore-water pressure in the capillary zone is under tension [10].
As the soil desaturates, cpb decreases. Furthermore, " is correlated
to the SWCC which is also known as the volumetric water content
function. It was noted that the most realistic position of the critical
slip surface is obtained when effective strength parameters are used in
the slope stability analysis. Effective strength parameters, however, are
only meaningful when they are used in conjunction with pore-water
pressures. The most common way of defining pore-water pressure
conditions is with a piezometric line, where SLOPE/W calculates the
vertical distance between the piezometric line and the middle of the
base of the slice. It then calculates the product of this vertical distance
and the unit weight of the water, so as to obtain the magnitude of pore
water pressure at the base of each slice. Therefore, a piezometric line
was chosen in the program which was located in the lower bound of the
slope model [10]. Therefore, the effect of the piezometric line does not
affect the analysis because it is considered to be negligible. In addition,
the effect of suction estimated from Biddle’s field data for seasonal (and
persistent) deficits of moisture content at 1.4m and 5.6m distance from
tree was added to the program. The value of matric suction was found
to be 20 kPa. The water retention curve was determined by using the
van Genuchten’s method [1]. The relationship corresponding to this
method is expressed as:

(95 B 9’” )
6 +———1
[1+(ay)']"

(1.6)

Where 05 and 9r are the saturated and residual water content

respectively, m, n and a are shape parameters gained from experience
and 1 is the capillary potential [8]. Capillary potential y is usually
expressed as a negative head of water. pF scale is the Log10 of y where
V is given in centimeter’s. The link between y and s is then given by:
(Figure 4)
u —u
y=—— (17)
Y

As it can be seen in Figure 4, 95 was taken as 0.4 in order to
keep one end of the water retention curve fixed. The residual water
content was predicted based on other measured data for clay soils
[8]. From Biddle’s field experiments it was found that QS occurred at
approximately 42% of moisture content and 0’, at about 27.5% at 0.5
m depth. Measurements were for 1.0 m and 1.5 m respectively due to
the fact that suction mainly influences the soil near the surface where
the roots are presented as well. Therefore, these values taken from
Biddle’s data were imported into the water retention curve of boulder
clay respectively and capillary potential was estimated for each case.

Suction values were estimated for the two cases of Biddle’s data at
0.5m, 1.0 m and 1.5 m and then an average from both of the two cases
was used as for the final suction used in the calculations for evaluation
of shear strength. Negative water pressures have the effect of adding
strength to a soil. In the same way that positive pore water pressures
reduce the effective stress and thereby decrease the strength, negative
pore-water pressures raise the effective stress and in turn increase the
strength [10].

SLOPE/W examined the factor of safety for thousands of possible
circular slip surfaces using the Bishop's simplified method of slices.
Slope/W produced 49011 different slip circles, divided in 30 slices.
The critical slip circle has a factor of safety of 2.324 according to the
Bishop method of slices (Figure 5). In addition, the shear strength was
obtained to be 40.3 kN / m* (Figure 5).

Case study: Gault clay-poplar tree

Undrained analysis without the effect of vegetation: Similarly,
the undrained analysis of a fully-saturated gault clay under undrained
conditions was carried out, where ® =0 and 7, =¢, [9]. Shear
strength of unweathered gault clay was equal to the undrained shear
strength which was equal to 56 kPa under worst case conditions since
the minimum Factor of Safety needs to be evaluated [11]. The same
assumptions were made thus a homogeneous gault clay along the
profile of the slope was examined. Moreover, the undrained slope
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Figure 4: Water retention curve of Boulder Clay, after Rees and Ali (2006).
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Figure 5: Slope model produced by SLOPE/W, indicating the minimum
Factor of Safety.

Figure 6: Specifications of slope model produced in CAD, Bishop’s
simplified method used.

stability analysis was carried out with the help of Slope/W software.
The dimensions of the slope model and the undrained shear strength
of the soil were entered in the software. SLOPE/W examined the safety
factor for thousands of possible circular slip surfaces using the Bishop's
simplified method of slices (Figure 6).

The critical slip circle has a factor of safety of 2.553 according to the
Bishop method of slices (Figure 7).

Analysis of unsaturated Gault Clay including the effect of
matric suction: This analysis covers the case of unsaturated gault
clay. The same assumptions were made for this specific analysis as in
previous section. The dimensions of the slope model remained the
same and the unit weight of the soil ('y =20kN/ m3), the effective
cohesion ( =25), effective friction of angle ( <p/ =25) and the angle of
shearing resistance with regard to soil suction, <,0b which ranged from

16 to 23 degrees were entered in the software. Material properties of
unweathered Gault Clay for worst case conditions were taken from Bell

[11]. Moreover, a parametric study for (pb parameter was conducted
since a minimum, an average and a maximum value of it were taken.
As a result, three cases for the effect of matric suction were examined
with the help of SLOPE/W in order to define the effects of it in stability
analysis with the presence of vegetation. Furthermore, the effect of

suction estimated from Biddle’s field data for seasonal (and persistent)
deficits of moisture content at 4.2 m distance from tree was added to
the program. The overall value of matric suction was found to be 39 kPa
according to (Figure 8).

From Biddle’s field experiments was found that ((9S) occurred
at approximately 37% of moisture content and ((9r) at about 21.5%
at 0.5 m depth. Measurements were for 1.0 m and 1.5 m respectively
due to the fact that suction mainly influences the soil near the surface
where the roots are presented as well. Therefore, these values taken
from Biddle’s data were imported into the water retention curve of
gault clay respectively and capillary potential was estimated for each
case (Figure 8). Since y-axis of the water retention curve is logarithmic
a conversion of capillary potential to suction needed to be done.
Therefore, by converting capillary potential into suction, a value of 39
kPa was estimated for suction.

Suction values were estimated for the chosen case of Biddle’s
data at 0.5 m, 1.0 m and 1.5 m and then an average was found as for
the final suction used in the calculations for the estimation of shear
strength. The critical slip circles defined by the program are shown in
the following Figure 9, as well as, the minimum factors of safety for
each case (Figure 9).

Figure 7: Slope model produced by SLOPE/W, indicating the minimum
safety factor.
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Figure 8: Water retention curve of Gault Clay, after Rees.
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Figure 9: Slope models produced by SLOPE/W, indicating the minimum
Factor of Safety for case a, b and c.

o? (degrees) Shear Strength, T (kN/m?)
Case a 16 54.84
Caseb 19.5 57.46
Casec 23 60.21

Table 1: Shear strength estimated for the three cases using Mohr-Coulomb
equation.

Figure 10: Specifications of slope model produced in CAD, Bishop’s simplified
method used.

The values of shear strength computed for case a, b and ¢ and are
shown in Table I:

Case study: London clay-oak tree

Undrained analysis without the effect of vegetation: The
undrained analysis of a fully-saturated London clay under undrained
conditions was carried out, where O =0 and 7, =¢, [9]. The same
procedure as in previous sections was followed. The shear strength of
unweathered London clay was found to be equal to 100kPa according
to Bell [11] (Figure 10).

The critical slip circle has a factor of safety of 4.750 according to the
Bishop method of slices (Figure 11).

Analysis of unsaturated London Clay including the effect of
matric suction: This analysis covers the case of unsaturated London
clay. The same assumptions were made for this specific analysis as in

previous section. The dimensions of the slope model remained the same
and the unit weight of the soil (7 =20kN / m’ ) , the effective cohesion

(¢ =17), effective friction of angle ( ¢ =20) and the angle of shearing

resistance with regard to soil suction, ¢~ which ranged from 16 to 23
degrees were entered in the software. Material properties of unweather
London Clay for worst case conditions were taken from Bell [11].
The same procedure was followed as in previous section. The effect of
suction estimated from Biddle’s field data for seasonal (and persistent)
deficits of moisture contents at 4.0 m and 8.0 m distance from tree were
added to the program. The overall value of matric suction was found to
be 18 kPa according to Figure 12.

From Biddle’s field experiments at 4.0 m and 8.0 m distance from
the oak tree was found that (HS ) occurred at approximately 49.5% of
moisture content, (9r ) at about 35.4% at 0.5 m depth and 51.3% and
39.3% respectively. Measurements were taken for 1.0 m and 1.5 m
respectively for both of the two cases due to the fact that suction mainly
influences the soil near the surface where the roots are presented as
well.

Suction values were estimated for the chosen case of Biddle’s
data at 0.5 m, 1.0 m and 1.5 m and then an average was found as for

Figure 11: Slope model produced by SLOPE/W, indicating the minimum
Factor of Safety.
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Figure 12: Water retention curve of Gault Clay, after Rees (1990).
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the final suction used in the calculations for the estimation of shear
strength. The critical slip circles defined by the program are shown in
the following Figure 13, as well as, the minimum factors of safety for
each case (Figure 13).

The values of shear strength computed for case a, b and ¢ and are
shown in the following Table 2.

Conclusion and Discussions

Results of this study were analyzed with respect to the changes in
factors of safety, variations in " parameter values taken. Three cases
were examined for different types of trees and soil types and the results
produced showed the significance of matric suction in slope stability
analysis under vegetation effects. In order to make it possible to make
comparisons of the results, three clay types of soil were chosen (Figure 14).

Figure 13: Slope models produced by SLOPE/W, indicating the minimum
safety factor for case a, b and c.

b (degrees) Shear Strength, T (kN/m?)
Case a 16 36.14
Caseb 19.5 37.35
Casec 23 38.62

Table 2: Shear strength estimated for the three cases using Mohr-Coulomb
equation.

120
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=
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Figure 14: Implication of undrained shear strength in Factor of Safety.

Figure 14 shows the variations of factor of safety with respect to the
undrained shear strength of each soil. It can be said that, the greater
the undrained shear strength is the greater is the factor of safety. In
addition, it is observed that, boulder and gault clay have very close
factor of safety as a result of the very close value of undrained shear
strength whereas London clay has a great increase in factor of safety
due to very high undrained shear strength (Figure 15).

Figure 15 shows the variation of the safety factor according to the
different values of " taken. It is observed that both London and gault
clay have the same increase in o’ parameter whereas the increase in
factor of safety is less in London clay with respect to gault clay. This
occurs because the effective cohesion and suction value of London clay
is less than in gault clay. Therefore, factor of safety of London clay is
smaller than in gault clay (Figure 16).

Figure 16 shows the changes of the safety factor with regard to the
changes in shear strength. By drawing the best fit line, it can be said that
a nearly linear relationship between the FOS and the shear strength
exists. The smaller the shear strength is the less is the factor of safety
for each of the two soil types. Furthermore, comparing case a and b,
a percentage difference in @ of 21.875% was found which reflects
to a percentage difference in factor of safety of 2.909%. Moreover, by

comparing case b and ¢, a percentage difference of 17.948% in ng
which reflects to a percentage difference of 2.573% in factor of safety.
Finally, for the cases a and ¢, a percentage difference of 43.75% was
found which reflects to a percentage difference of 5.557% in factor of
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Figure 15: Variations of the safety factor with respect to ¢®.
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Figure 16: Comparisons of shear strength between London and Gault clay.
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Figure 17: The effects of @° parameter in factor of safety.

safety. In addition, with respect to Gault clayhby comparing case a and
b, a percentage difference of 21.875% in (¢~ parameter, this reflects
to a percentage difference of 2.428% in factor of safety, respectively.
Similarly, for case b and ¢, a percentage difference of 17.948% in ("
reflects to a percentage difference of 2.214% in factor of safety. Finally,
for cases a and ¢, a percentage difference a percentage difference of
43.75% was found which reflects to a percentage difference of 4.696%
in factor of safety (Figure 17).

In Figure 17, it can be observed that as ©” increases the factor of
safety increases as well, for both of the two soil types. Moreover, it can
be observed that there is a linear relationship between ([)b and factor
of safety in gault clay whereas in London clay is not. In addition, at @
equal to 16 and 19.5 degrees the factor of safety of gault clay is higher
than London clay but at 23 degrees London clay has a greater factor of
safety in comparison to gault clay.

Recommendations for Further Research

It was concluded, that vegetation plays an important role in slope
stabilisation. Although, it is a complex issue since there are various areas
of uncertainties when it comes to engineering problems. Estimations
of factor of safeties cannot be precise since there are many aspects
of vegetation that are not taken into account in this research such as
weight of vegetation and wind loading. However, various outcomes
were produced by the work done in regards with matric suction due
to presence of vegetation on site. More specifically, three cases were
examined, Boulder clay- Lime tree, Gault clay-Poplar tree and lastly
London clay- Oak tree. Soil suction had an impact on a limited increase
in the safety factor. In addition, it can be said that vegetation helps in
reducing the pore water pressure. Vegetation also varied seasonally
thus affecting suctions. It was found that suctions for all types of trees
were low during the period from late autumn to late spring. Therefore,
stabilisation of slopes comes from root reinforcement in wetter
periods of time rather than soil moisture reduces. Actually, the above
information is an important issue so as to choose the right plant species
[12]. Moreover, for all cases examined, the minimum safety factor was
found to be 1.689 occurring in the third case of London clay-Oak
tree. Therefore, all slopes examined under different conditions were
found to be stable since it is suggested by geotechnical engineers that
safety factors between 1.10 and 1.30 are potentially unstable thus some
protection in order to prevent slope from failing is needed [13]. More
specifically, for all the three species and soil types under undrained
conditions, the slope model tested and was found to stable with a
minimum safety factor of 2.553 which occurred in gault clay. This can

be explained by the high undrained shear strengths of the soils. On
the other hand, when unsaturated conditions were taken into account
for the second and third case of analyses of each case, it was noticed
that the maximum changes in matric suctions based on the moisture
contents provided by Biddle [6] were found to occur at 0.5m depth.
Furthermore, for each case examined, it was proved that the slopes
are stable since a minimum factor of safety of 2.303 occurred in the
case of London clay-Oak tree. It can be observed that as 4pb parameter
increases, the more the shear strength increases and as a result the
safety factor increases as well. However, the changes between shear
strength and factors of safety were not so high. A percentage difference
of 5.557% between minimum and maximum values of gpb (16 and
23 degrees) was found considering the case of London clay-Oak tree.
However, this was not expected since the effective strength parameters
and suction value of gault clay-Poplar tree case were higher.

The Following Topics are Recommended for Future
Research

e DPosition of a tree (middle, toe or top of a slope) or a plant is a
very important issue since it can affect the slope stability in a
significant way with respect to real root architecture for each
species [14].

e Another parameter which needs to be investigated is the effect
of wind to which vegetation is exposed. Wind loading provides
a pressure to vegetation and forces are transmitted to the soil
thus reducing its resistance to failure [15].

e Surcharge which arises from the weight of vegetation on the
soil has a significant effect on the stability of a slope. Normally,
shrubs and grasses in comparison to trees have a smaller effect
in slope stabilization. Moreover, weight of vegetation covering
the soil, increases the downslope forces and as result lowering
the resistance of the soil mass to sliding but it also increases the
frictional resistance of the soil [15].

¢ Additional important factors such as climate changes, rainfalls,
and chemical properties of the soil, as well as, physical
properties, and plant ages, soil temperature and precipitation
which play a significant role on plant growth need to be
investigated [16]. Therefore, models which take into account
the impact of vegetation need to be designed accordingly.
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