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1 INTRODUCTION

1.1 Background of the study

Mass movement is the major denudational process in steeply sloping terrains. It is a
natural and common feature. - Mass movement is the downslope movement en masse
of soil and rock material under the influence of gravity. Mass erosion and mass
wasting are synonymous terms. Mass movement is popularly known as ’landslide’,
although strictly speaking landslide or slide refers to a particular type of mass move-
ment. A landslide is a mass movement, in which movement occurs along a specific
surface (Gray and Leisner, 1982). -

Field observations indicate that human activity influences the initiation and frequency
of mass movement. For example mass movements occur more often in the first few
years following the cutting of forests (Swanston, 1969; Burroughs and Thomas,
1977). On the other hand, mass movements also affect human activity by reducing the
productivity of forests and arable lands and supply large quantities of debris to rivers
(Sidle et al., 1985). The latter may endanger water quality and fish habitats down-
stream. Individual mass movements are usually not as spectacular as other natural
hazards, like earthquakes and major floods. However, mass movements are more
widespread. The total financial loss, due to mass movements, is estimated to account
for over one billion dollars per year for the USA alone (Gray and Leisner, 1982),
exceed that of other geological hazards.

The need for methods, to assess and evaluate the landslide hazard in an area is
therefore evident.

1.2 Landslide hazard analysis

Landslide hazard is defined by Varnes (1984) as the probability of occurrence of
landslides within a specific period of time (temporal hazard) and within a given area
(spatial hazard). Temporal landslide hazard is mainly determined by climatological
and meteorological factors, while landscape factors primarily determine the spatial
hazards.

The aims of landslide hazard analysis are to asses the landslide hazard in a region and
to subdivide the region into land units with different actual and/or potential landslide
hazard. -
Statistical and soil mechanical approaches dominate landslide hazard studies. Which
approach is used, depends on the scale level and the accuracy needed. At regional
scale, statistical methods usually are appropriate; at local scale higher accuracies are
needed, which ask for a soil mechanical approach (Mulder and Van Asch, 1987;
Ward et al., 1981).

At the statistical approach a variety of methods and techniques have been proposed.
All methods are based on the same conceptual model (Carrara, 1983). This model
implies the identification and mapping of a set of terrain parameters, which directly or
indirectly control the landslide hazard of an area. In addition, it involves the

13




estimation of the relative contribution of these parameters in generating mass
movements. This estimation may be based, either on personal judgement or on statis-
tical techniques (Carrara, 1983). The basic assumption is that future slope failure will
be more likely to occur under those circumstances which in the past have led to
slope failure. A landslide hazard map is finally obtained by superimposing maps of
the individual parameters, according to their assigned weight (Aniya, 1985).

In a soil mechanical approach the estimation of landslide hazard is based on the laws
of physics and causality. Application of the principles of soil mechanics has
advantages over the statistical approach, as it may give better predictions on the
effects of changes in land use. However, the high costs involved in this method,have,
until now, hampered a full exploration of its merits. It is the purpose of the present
study to contribute to this exploration. \

1.2.1 The soil mechanical approach
Basic principles

Every soil mass in a sloping area is subject to a shear stress, due to the gravitational
force. If the resistance to movement, defined by the shear strength of the soil, is at
any moment larger than the shear stress, the soil mass is stable. If the shear stress be-
comes larger than the shear strength, the soil will slump or slide down to a level
where the strength is again larger than the shear stress.

At the moment of failure, the shear stress mobilizes the available shear strength of the
soil. At stable slopes, the actually mobilized shear strength is less than the available
shear strength. In this respect it is conventional to introduce a factor of safety, F,
defined by (Craig, 1987):

shear strength available
F = 1.1)
shear strength mobilized

The available shear strength of the soil is given by the Coulomb Strength Law.

This law states that the shear stress, needed for failure 6, increases linearly with the
applied stress, normal to the failure surface o,.

The Coulomb Strength Law is:

7=C + (0, - u) tan ¢ or 7=c¢ + g, tan ¢ (1.2)
where :

g, =  +z = normal stress (kPa)
0% = unit weight (kPa/m)
z = depth (m)
T =  shear strength (kPa)
c = cohesion (kPa)
g, =  effective normal stress (kPa)

o, = total normal stress (kPa)
u =  pore pressure (kPa)
¢ =  angle of internal friction ©)

Five primary factors are pertinent for failure: unit weight, cohesion, angle of internal
friction, slope angle and pore pressure.

Effects of vegetation

Vegetation may influence the shear strength of the soil, as illustrated by its potential
effect on some of the primary factors, pertinent to failure.

Cohesion of the soil may increase, due to root reinforcement. Reported magnitudes of
this effect range from 2 to 25 kPa (Burroughs and Thomas, 1977; Ziemer, 1981;
Riestenberg and Sovonick-Dunford, 1983).

Normal stresses at the failure surface may increase, due to a surcharge of weight by
the vegetation biomass. Gray and Megahan (1981) show a range of 0 to 10 kPa for
extra normal stresses due to vegetation. An extra stress of 5 kPa is comparable to the
stress exerted by a soil layer of 25 cm and a bulk density of 2 g/cm?®; apparently this
vegetation effect has a minor importance to deeper seated failure surfaces.

Pore pressures of the soil may be affected, due to hydrological effects of vegetation:
evapotranspiration losses influence the depths of the groundwater table, which in its
turn determines pore pressure.

The assessment of landslide hazard

The assessment of landslide hazard involves the use of analytical or numerical
methods. Such methods are commonly formulated on the assumption of limit
equilibrium. The limit equilibrium method of analysis postulates, that a slope fails, if
a rigid soil mass starts to slide over a failure surface. The basic assumption is, that
the overall slope and each part of it are in static equilibrium at the moment of failure.
Such an analysis explicitly takes into account the primary factors, pertinent to failure, .
and is based on the safety factor (equation 1.1). Translation of a safety factor into a
landslide hazard is not easy. In the deterministic safety factor concept, the actual
landslide hazard of a slope with a certain safety factor is assessed on the basis of past
experiences with slopes with a comparable safety factor. This concept can be
criticized: the choice of a landslide hazard depends on personal judgement and is
therefore subjective and often arbitrary (Read and Harr, 1988). Furthermore, the
translation of a safety factor in a landslide hazard is not linear in any of the limit
equilibrium models. For example, a slope with a safety factor of 2.6, is not twice as
reliable as one with a safety factor of 1.3 (Read and Harr, 1988). In addition,
different assumptions in different limit equilibrium methods result in incomparable
safety factors.

An alternative to the deterministic safety factor concept is a probabilistic safety factor
concept where the landslide hazard is expressed in terms of the probability of a safety
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factor less than unity (VanMarcke, 1977), or as the probability that a safety margin
(i.e. the difference between the shear strength and the shear stress) less than zero
(Chowdhury and A-Grivas, 1982). The probability of failure may be estimated, if in
addition to the safety factor, its variance is known. A variance of the safety factor can
be calculated, using the uncertainties, associated with data, employed in limit
equilibrium methods (Read and Harr, 1988).

The probabilistic safety factor concept is still subjective, but the translation of a safety
factor into a landslide hazard is standardized. The subjectivity of the concept is caused
by the need to choose a probability density function of the safety factor.

Because the probabilistic safety factor concept is a relatively recent development, its
possibilities until now have not been fully explored and rarely been tested.

1.2.2 The statistical approach to landslide hazard analysis

On regional scale levels, landslide hazard analyses are dominated by statistical
methods. These methods explore the relations between landscape factors and the
occurrence of mass movements. Detailed study of the geological, soil, hydrological,
geomorphological and vegetation characteristics of the failed mass and the parent
slope, is required to identify and assign rates or weights to the landscape factors that
contribute in generating mass movements in an area.

The assessment of the degree of hazard may be based on the qualitative evaluation of
the landscape factors within a certain area. Good examples are the ZERMOS maps
made in France (Antoine, 1977). Other designers of hazard zonation maps assess the
degree of hazard in a more quantitative way by a numerical rating system: the degree
of hazard is determined by the total score of the values,assigned to the factors which
contribute to instability (Kienholz, 1978). The difficulty of these rating systems is the
weighting of the different factors. This weighting can be done more accurately by
computer assisted statistical (multivariate) analysis (Reger, 1979; Carrara, 1983). The
significant factors, contributing to instability, are weighted according to their statis-
tical significance. Discriminant analysis is often used for this purpose. The factors
used in a discriminant function, yield a discriminant score, which can be related to a
degree of stability (Neuland, 1976; Carrara, 1983).

The statistical methods require an elaborate assembling of data. The weight of the
factors is only valid for the specific study area.

A statistical approach is only suitable for large regions. For smaller regions the range
of the data will generally not be wide enough to give statistically and physically
meaningful results.

1.3 Aim of research

The general aim of this study is to extend the probabilistic soil mechanical approach
to landslide hazard analysis.

The central objective is to test this approach on a local scale (chapters 2, 3 and 5).
Special attention is given to the mechanical effects of roots on the shear strength of a
soil (chapter 4).

The final objective is to test both a statistical and a probabilistic soil mechanical
approach for a landslide hazard analysis on regional scales (chapter 6).

1.4 Study area.
General description

The study area is situated in the basin of Barcelonnette in the Southern French‘Alps
(figure 1.1). It is an area of about 15 km wide and 25 km long, with an elevation
from 1000 to nearly 3000 m above sea level. o
It is a geological window in the allochthonous Flysch 2 Helminthoides Nappes. Wlthm
these nappes, the autochthonous dark marl (terres noires) of early Malm (Ox.fordlen)
age crops out over considerable areas. The nappes consists of relatively erosion
resistant sand- and limestone.

Embrun
[

[ J
0 10 km Barcelonnette
[NESSE———— |

study plot : T = Le Treou R = Riou Bourdou

Figure 1.1 Location of the study area



The Ubaye River traverses the basin of Barcelonnette from the East to the West.
During the Wurm glaciation the Ubaye valley has been covered with ice, up to alti-
tudes of approximately 2000 m. A large part of the area is now covered by glacial
deposits. The presence of ground moraine on top of impervious marl (terres noires),
in combination with the relief and hydrological factors, is responsible for the
vulnerability to mass movements.

The climate is sub-mediterranean. The mean annual precipitation is 752 mm (1926-
1980). The most arid month is July with 47.5 mm (1926-1980). During winter
precipitation is mainly in the form of snow. Due to the East-West orientation of the
valley, there is a distinct difference in evaporation, temperature and duration of the
snow cover between the north-facing slopes,and those, facing south. The south facing
slopes have the highest temperatures and evaporation, and the shortest snow cover
period.

During the 18th and 19th century the developing industries caused a growing need for
timber. The logging of trees resulted in the deforestation of large areas. In the same
period a part of the rural population migrated to the cities. The study area was no ex-
ception to this development. The logged or abandoned agricultural areas were very
prone to erosion. Action was taken to stop the erosion. A reforestation program
started in the Ubaye Valley, as in other parts of the French Alps, at the turn of the
century. Pinus sylvestris is dominant in the lower regions, Larix decidua is commonly
found in the higher regions.

In the Barcelonnette basin two plots were selected for field observations and
sampling.

Riou Bourdou --- Plot 1

_ Plot 1 is situated east of the Riou ou, a small tribu Ubaye (see figure
1.1, R). The elevation is abou m. The exposure i§ south-west) The plot is
located at the site of & 1mass THOVeRent, which shows signs-of-reeefit activity, The

elevation difference between the toe and upper scarp is aboutfmfo—t%l length
is 170 m, the width varies between 30 and 45 m. The mass movement surface
comprises a large number (about 100) of small (about 2-5 m), and about five larger
(10-50 m) moving elements. This results in a fissured surface. The mass movemen )
site is characterized by a lower elevation and an smaller slope angle than the ‘)
surrounding stable area. (
The landslide material consists of weathered terres noires mixed with morainic
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% sand

Figure 1.2 Texture diagram for 16 soil samples from study plot "Riou Bourdou”

Atterberg limits show a plasticity index, varying from 5 to 10 %. The peak strength
of the material measured with tri-axial tests, shows a cohesion of 12.44 kPa and an
angle of internal friction ¢, = 24.7°. The residual values for the cohesion and the
angle of internal friction ¢, were 0.6 kPa and 25.6° respectively (van Asch et al.,
1989). The soil is slightly overconsolidated. Dry bulk density ranges from 1.2' to 2.3
g/cm® with a mean of 1.73 g/cm®. Wet bulk density ranges from 1.5 to 2.6 with a
mean of 2.08 g/cm®.

Terres noires have a dark grey clayey matrix, with larger pieces of chalk. The clay

material is made up of chlorites and illites. . m
The contact between the colluvium and the ’solid’ terres noires is abo: M ‘

the surface (J. Caris, pers. comm.).

In dry conditions the colluvium is able to absorb a large amount of water. The terres
noires are quite solid, when dry; in wet conditions they soften cor}smerably.

On the plot the maximum groundwater levels, reached in early spring, are at about
0.3 m below the surface. In autumn the groundwater level drops to more than 3 m
below the surface. On the stable areas surrounding the landslide groundwater levels
never reach within 3 m of the surface. There were no signs of surface runoff. R
The vegetation is mainly Pinus sylvestris with excessive undergrowth of grass and_
_small scrubs. T

La Maison Forestiere Le Treou --- Plot 2

ure 1.1, T). The width is about 25 m and length 73 m.
een scarp and toe is 31 m. The exposition of the plot is

elevation of about{1450 m
The elevation difference b

~—Plot-2-is-situated-2 w_e?t_éf the house "La-Maison Forestiere Le Treou’ at an

19



-

{

south. Th plot is also located at the site of a mass movement, which shows signs of

caused-an-increased activity of the mass movement.
The mass movement has developed in very coarse morainic material, with stones up
to 2 m in diameter. This has prohibited the determination of geotechnical parameters.

The bogda;y—betw%matenal and the underlying ’solid’ terres noires

grec t activity. Its toe is level with a forest road. An enlargement of this road in 1987

is about'5~-6 m below the's

On the Tandslide the maximum groundwater levels are at about 0.5 m below the sur-
face and are reached in early spring. In autumn the groundwater level drops to more
than 3 m below the surface. On the stable areas surrounding the landslide the
groundwater levels never reach within 3 m of the surface.

Vegetation is very sparse on this slide and consists mainly of grasses, and Elgugs.

2 SOIL MECHANICAL METHODS TO ASSESS LANDSLIDE HAZARD
ON A LOCAL SCALE

2.1 Introduction

In current practice, the assessment of the landslide hazard by soil mechanical
methods, like limit equilibrium analysis, is based on the deterministic safety factor
concept (see paragraph 1.2.1). The application of the deterministic safety factor
concept is difficult for several reasons:

- the translation of the safety factor into a landslide hazard is not clear and depends
on the personal judgement, which makes it subjective and arbitrary (Read and Harr,
1988).

- the translation of a safety factor into a landslide hazard is not linear and depends on
the method of analysis.

- deterministic limit equilibrium analyses are often used to determine the safety factor.
Generally in such analyses, the candidate failure surface is divided into a number of
slices. It is assumed that the individual safety factors of each slice are equal.
However, numerous stress-deformation studies on the basis of the finite element
method have shown that the safety factors of individual slices may be quite different
(Chowdhury and A-Grivas, 1982). Chowdhury and A-Grivas quote a study of Bishop,
where local failure occurred even though the calculated overall safety factor was as
high as 1.8. Such a failure occurs if the peak strength of a soil is reached at some
points on the (potential) failure surface, before this happens at other points. In that
case the average mobilized strength will be somewhat less than the peak strength
around the failure surface. The calculated overall safety factor, based on the peak
strength of a soil, will overestimate the safety of a slope. The effect is very prone in
materials that exhibit a clear difference between peak and residual strength, like clay.
- the Coulomb failure theory is not suitable in conjunction with a nonlinear increase in
shear strength with depth (or normal load). Such a nonlinear increase with depth is
often found in shallow landslides (Terwilliger and Waldron, 1990).

- the position of the failure surface is to a large extend unknown, even in areas with
previous sliding.

- the safety factor obtained is single valued and does not account for the inherent
variability of vegetation, soil or rock properties or their interaction. The true value of
the stability controlling factors or soil parameters is never known, but can be
estimated from a number of measurements. Measurements are subject to error and _
introduce a variance in the expected value of the soil parameters or controlling
factors. These uncertainties introduce a variance in the safety factor. This variance
offers an alternative for the deterministic safety factor concept: a probabilistic safety
factor concept. Based on the variance of the soil strength parameters, it is possible to
define the landslide hazard of an area as the probability of a safety factor below unity.
In this chapter the probabilistic safety factor concept is incorporated in a limit
equilibrium analysis. The incorporation consists of the following steps: (1) the basic
equations of a limit equilibrium analysis satisfying all equilibrium conditions and
using the method of slices will be derived (paragraph 2.2.1), (2) derivation of the




equations of the variance of the safety factor as function of the primary factors
(paragraph 2.2.2.1) and (3) estimation of the probability of failure if the safety factor
and its variance are known (paragraph 2.2.2.3). Finally the developed probabilistic
methods are applied to a test profile in order to reveal the validity of the assumptions
implied in the various methods (paragraph 2.4).

2.2 Limit Equilibrium Analysis in two dimensions - Method of Slices

In a limit equilibrium analysis, it is postulated that a slope fails, if a rigid soil mass
starts to slide over a failure surface. The basic assumption of a limit equilibfium
analysis is that the overall slope and each part of it, are in static equilibrium at the
moment of failure. Such analyses take explicitly into account the primary factors: unit
weight, cohesion, angle of internal friction, slope angle and pore pressure and is
based on the safety factor (equation 1.1). A rigid body is in static equilibrium if all
forces and moments applied to it, are in balance. In two dimensions the equations of
equilibrium may be written as (Meriam and Kraige, 1987) :

LF,=0 and XF,=0 and IM, =0 2.1

The first two equations assure the vertical and the horizontal force balance. The third
equation represents the zero sum of moments of all forces about any point, on or off
the body.

In order to establish the safety factor of a slide, the forces on the failure surface have
to be determined. The method of slices achieves this by dividing the *failed’ soil mass
into a number of slices. The forces acting on a slice are shown in figure 2.1.

The forces are (Craig, 1987):

- the total weight of the slice, W=+-b-h (y,, where needed).

- the total normal force on the base, N=¢-L. In general this force has two
components, an effective force N’=0¢’-L and the boundary force, U=u-L, where u is
the pore water pressure at the base center and ¢’ is effective normal pressure acting at
the base center.

- the mobilized shear force on the base, S.

- the shear force on the sides, T.

- the total normal force on the sides, E.

The forces T and E are commonly known as the interslice forces. Any external force
is neglected.

Boundary conditions and relations between the forces, which help to solve the
problem of estimating the safety factor, are:

- an equilibrium of forces exists for each slice and for the slide as a whole.

- an equilibrium of moments exists for each slice and for the slide as whole.

- a relation between mobilized shear force and the total normal force at the base of
the slice, i.e. the maximum mobilized shear strength in terms of a safety factor.

- the sum of change in interslice force over the slice is zero for the whole slide. (X
dT = X dE =0; Terzaghi and Peck, 1968).
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Every force (W, S, N, T, E) is defined by 3 variables: the line of action, the
direction and its magnitude. The forces shown in figure 2.1 are known only in
direction except for the weight, W, which has a known line of action, magnitude and
direction and the vertical force T, which has a known direction and line of action.

E+dE
7 h
T Rl w 5 T+dT
e r

L (Xm+Ym)
/)

@ ////,/

@
o = angle of base of the slice with horizontal )
w = total weight of the slice, W=+-b'h (y,, if needed) (kN/m)
v = unit weight (kPa/m)
N = total normal force on the base, N=¢-L ™)
S = mobilized shear force on the base mN)
T = shear force on the sides ™)
E = total normal force on the sides >~ M)
R = resultant of the interslice force ™)
XsY) = midpoint of the base
h = height of the slide (m)
L = base length of the slice (m)
b = width of the slide ) (m)

Figure 2.1 Forces acting on a slice of soil




This leaves as known variables in the n equations describing the safety factor:

- the safety factor of each slice (n unknowns variables)

- the normal effective force at the base of each slice (n unknown variables)

- the position of the lines of action of the effective normal force (n unknown
variables)

- the shear force on the base of each slice (n unknown variables)

- the position on the base of the shear force line of action on the slice (n unknown
variables)

- the interslice shear forces (n-1 unknown variables)

- the interslice effective normal forces (n-1 unknown variables)

- the position of the interslice normal force line of action (n-1 unknown variables).

In total 8n-3 unknown variables have to be estimated before the safety factor of the
whole slide is known. One should remember that n slices only have n-1 sides where
the interslice forces are active. There are 3n equations describing the static conditions
available and n equations relating the safety factor, the shear force and the normal
force at the base of the slice to each other. This leaves us with 4n-3 unknown
variables. The estimation of the safety factor is indeterminate.

Assumptions are made to overcome this indetermination. This implies that non of the
methods of slices is yielding the ’correct’ value of the safety factor. The
approximation of the safety factor by the different methods depends on the accuracy
of the different assumptions made. The assumptions in most cases imply that not all
boundary conditions needed for an equilibrium of forces and moments of each slice
and of whole slide are assured. For example the assumption by Fellenius (1927, 1936
in Nash, 1987) that the resultant of all forces acting on the vertical side of a slice, has
no component normal to the failure surface, implies no horizontal or vertical force
equilibrium per slice or of the slide as a whole (Nieuwenhuis, 1983). The assumption
by Bishop (1955) of a horizontal line of action of the resultant of interslice forces,
implies that in general the sum of all interslice forces is not equal to zero, i.e there is
no equilibrium of horizontal forces for the whole slide.

Commonly applied assumptions of the slice methods that satisfy all equilibrium
conditions are (Morgenstern-Price, 1965; Spencer, 1967):

(1) the normal force, N, acts at the center of the base of each slice (n assumptions).
The normal force is due to the weight of a slice. The weight of a slice, W, is a
gravitational force distributed over the volume of the slice and may be taken as a
concentrated force acting through the center of gravity (Meriam and Kraige, 1987).
This implies for small slices a line of action passing through the center of the slice
base.

(2) the line of action of the shear forces passes through the center of the slice base (n
assumptions). For small slices the base may be approximated by a straight line.

(3) the safety factor is constant along the failure surface (n-1 assumptions).

(4) the ratio of the vertical-horizontal component of the interslice forces is known
along the failure surface (Spencer, 1967; Morgenstern-Price, 1965) or the position of
the line of action of the interslice normal forces is known (Janbu, 1954) (n-1 assump-
tions).

These assumptions make estimation of the safety factor redundant, i.e. there are more
equations than unknown variables. Because the analysis is redundant it is not possible
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to ensure that all equilibrium conditions are satisfied in a physically acceptable
manner (Lambe and Whitman, 1969). The magnitude of error which is introduced is
difficult to asses. In order to avoid the redundant condition, a method of slices will be
formulated using the resultant of the interslice forces (see 2.2.1).

2.2.1 A deterministic general limit equilibrium analysis (DLEA) using the
resultant of interslice force per slice

The slices are assumed to be rigid bodies. The forces acting on the slice are shown in
figure 2.1. The use of the vertical and horizontal component of the resultant of the
interslice forces, dT resp. dE, leads to the following reasoning, a slope divided in n
slices has 8 n unknown variables: W is known in direction, line of action and
magnitude per slice. The forces N, S, dE and dT have an unknown line of action and
magnitude, but are known in direction.

Assume : .

(1) the normal force, N, acts at the center of the base of each slice (n assumptmns).
(2) the shear force, S, acts at the center of the base of each slice (n a§sumpt10ns).

(3) the safety factor is constant along the failure surface (n-1 assumptlons)..

The 3n-1 assumptions together with the 3n equations of the static equilibrium and the
n relations between S, N and F leaves 8n-(3n-1)- 3n-n = n+1 unknown variables.
The estimation of the safety factor is unspecified.

Assume (4) a function describing the ratio between the vertical and horizontal
component of the interslice forces along the failure surface (n assumptions). The .
remaining equation is derived from the boundary condition that the sum of change in
interslice force over the slice is zero for the whole slide (¥ dT = X dE =0; Terzaghi
and Peck, 1968). The method has just as many unknown as known variables and is no
longer redundant. .
The equilibrium condition of the slide determines that the resultant of all forces acting
on the slide and each part has to be zero and the sum of the moments of all for_c?,s
about any point O on or off the body equals zero (see equation 2.1). This condition
and the earlier mentioned assumptions lead to two expressions with two unknown
variables, the safety factor and the ratio between the vertical and horizontal
component of the interslice forces.

Force equilibrium equation

~.

The horizontal and vertical force balance of a typical slice of unit width, as depicted
in figure 2.1, gives:

vertical: W + dT =Ncosa + Ssina 2.2)
horizontal: dE = S cos a- N sin o - 2.3)




The relation between total normal force, N, mobilized shear strength, S, and the

safety factor, F, is based on the Coulomb failure criterion and is given by (Nash,
1987):

cL + (N-uL)tand

S 7 2.4)
¢ = cohesion
S = shear strength (kf\lklpr:;
N = total normal force (kN/m)
u = pore pressure (kPa)
¢ = angle of internal friction ©)
L = base length of the slice (m)

The fagtor of safety is not significantly affected by the choice of the function
describing the relation between the interslice forces (Craig, 1987). Therefore, it is
assumed that the ratio between dT and dE is constant along the failure surface.

_ 4T _
A= E - constant 2.5)

Combination of equations 2.2 - 2.5 together with 1=b/cosa yields an equation based
on an equilibrium of forces:

W(tan¢ - Ftana ) +(c -utand)( bz )
drT = - cos"« (2.6)
(—i)(F +tanatand)-(tanp -Ftana)

where:
b = width of the slice (m)

The conditions for equilibrium of the entire slidiné mass gives ‘(Terzaghi and Peck,
1968), with omitting the index, i, of each slice:

Witand —Ftana)+(c—utan¢)(;0%)
-0 @.7)

Y dar=Y%
(%)(F+tanatan¢)~(tan¢—Ftana)

Moment equilibrium equation

Before the moment equilibrium equation is derived, the application point of the
resultant of the interslice forces needs to be known.

The resultant of interslice forces at both sides of a slice is constructed using the
principle of transmissibility. This principle states that a force may be applied at any
point on its given line of action without altering the resultant effects of the force
external to the rigid body on which it acts (Meriam and Kraige, 1987).

If the interslice forces acting at the left or right side of the slice are not equal to each
other, their lines of action will intersect (see fig 2.1). Assume the intersection is at
(x,y). The force working at this point is the resultant of the interslice force over the
slice. The point of the application of the remaining forces (S, N, W) is at the
midpoint of the base of the slice (Xy,Yn; S€€ assumptions).

If the slice has a balance of forces, the resultant of the interslice forces acting at
(x,,y) is opposite but equal to the resultant of the forces acting at (X,,y)- If the two
forces don’t have the same line of action, the moment is known as a couple. The
moment of a couple has the same magnitude for all moment centers and is the product
of the perpendicular distance between the two lines of action of the forces and the
magnitude of the forces.

The moment of the slice is zero due to the equilibrium condition. The forces
themselves are unequal to zero. Therefore, the two forces have the same line of
action, which passes through the base of the slice (Xp,Yw)-

Because the slide is in equilibrium, the moments of each slice and of the slide as a
whole can be taken about any point without changing the result. The moment
equilibrium per slice, with turning point at (0,0) can be written as:

-dTx, + dEy, + Ex, - Fy, =0 (2.8a)
where F, and F, are respectively the vertical and the horizontal component of all
forces other than the interslice forces. This results in the following expression of the
moment equilibrium equation for the whole slide, omitting the index i for each slice:
-£dTx, + EdEy, + ZFx,-EFy, =0 (2.8b)
where x,, and y, are the coordinates of the midpoint of the base of the slide.

The result of a couple does not change if it is replaced by another couple in the same
plane and with the same moment. Thus, it is possible to construct a resultant of all
forces acting on the different slices as if they are acting at (0,0), i.e.: h
-ZdT+XdE+ XF,-ZF, =0. (2.8¢)
Because £ dT = 0 and I dE = 0 (see assumptions), equation 2.8c changes to:

LF,-LF,=0. (2.8d)



The action of a force does not change if (1) the force is transferred parallel to its line
of action and if (2) at the same time a couple is introduced with a moment equal to
the moment of the original force to its new point of action. If the resultant of the
forces in the x-direction (T F,) and the resultant in the y-direction (T F)) are moved to
the midpoint of each slice (x,,,y,), we get the following expression of the moment of
the slide as whole, with the turning point (0,0):

LFx, - LRy, =0 (2.8¢)
The constant ratio between dT and dE, and combining equation 2.8b and 2.8e, gives:

-L dTx, + L dBy, = -L dTx, + A £ dTy, =0 or

A = E dIx,

2.9)
Y dry,

The iteration scheme to estimate the safety factor and the ratio, A, for the whole slide
is as follows: First ratio, A, is assumed. The safety factor is calculated using equation
2.7. The calculated safety factor is used together with equation 2.6 and 2.9 to give a
new estimation of the ratio, A. The new ratio, A, is used to calculate a new F with
equation 2.7. The iteration loop is continued until the changes in F and the ratio, A,
are less than a given tolerance.

2.2.2 Probabilistic limit equilibrium methods

In this paragraph equations will be derived, relating the mean and variance of the
safety factor to variables used in a-deterministic limit equilibrium analysis.
Furthermore, it will be shown that if the mean and variance of the safety factor are
determined and a probability distribution for the safety factor is assumed, it is
possible to calculate the probability of a safety factor below unity, i.e. the landslide
hazard (paragraph 2.2.2.3).

The relations between safety factor, its variance and the probability of failure provides
an alternative for one of the assumptions which were made to overcome the
indetermination in estimating the safety factor (paragraph 2.2.1).

Three alternative assumptions will be considered, resulting in two new methods for
landslide hazard assessment. The alternatives are of equal merit. Which of the
alternatives is taken depends on the functionality of the assumptions. For example the
assumption of a constant safety factor is doubtful if the failure surface passes through
layers with different strength characteristics.

The alternative assumptions are:

(1) the safety factor is constant for each slice along the failure surface. The use of this
assumption makes it possible to calculate the variance of the safety factor and the
probability of failure for each slice (paragraph 2.2.2.1).
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(2) the probability of failure is constant for each slice. The use of this assumption
makes it possible to calculate the safety factor and its variance for each slice
(paragraph 2.2.2.3). ,

(3) the variance of the safety factor is constant for each slice. The use of this
assumption makes it possible to calculate the safety factor and probability of failure
for each slice (paragraph 2.2.2.4). v

Common to each of the alternatives are the assumptions:

- the normal force, N, and the mobilized shear force, S, act at the center of the base
of each slice.

- the ratio between the vertical and the horizontal component of the interslice forces is
constant.

The influence of the assumptions on the landslide hazard will be clarified in paragraph
2.4,

Both the Fellenius method and the DLEA method (paragraph 2.2.1) are extended with
a variance equation. The Fellenius method appeared to provide the fastest way to get
an impression of the probability of failure and the variance along the critical failure
surface.

Recalling from probability theory (Grimmett and Stirzaker, 1982; Mood et al, 1974):
Theorem 1, the sum of two independent random variables x and y

where a,, a,, a; are constants, is given by:

mean = : MJa;'x+a,'y+a;] = a;-M[x]+a,M[y]+a,
variance : V[a;"x+a, y+a;] = 3,2 V[x]+a,> V]y]

Theorem 2, the product of two independent random variables x and y is given by

mean : M[x-y] = M[x]-Mly]
variance : V[x-y] = M[x]*V[y]+MI[y}* V[x]+V[x] V[y]

M][.] = mean
V[.] = variance

2.2.2.1 General limit equilibrium analysis (GLEA)

Assume the safety factor, F, is a random variable and a function of other stochastic
variables, with a finite mean, M[F] and a variance of V[F].

Rewriting equation 2.6, an equation to describe the safety factor of each slice is
obtained. The use of Theorem 1 and 2 results in an equation describing the mean of
the safety factor (equation 2.10) and the variance of the safety factor (equation 2.11).
The strength parameters cohesion and angle of internal friction are assumed to be
independent (see 3.3.4).

Other assumptions are: b, is independent of tané and b, is independent of u, tan¢ and
c.



M[F] = MIb,]-M[tan ¢]-M[b,]-M[u]-M[tan $]+M]b,]-M[c] (2.10)

where:
dx
_ _W+dT-AdTvanao b2 - cos’a
AdT+(W+dTjtane AdT+(W+dT)tana

W = weight of slice (kN/m)
dx = width of slice (m)
o = angle of failure surface )
dT =  vertical component of the resultant of the interslice forces (kN)
dE = horizontal component of the resultant of the interslice forces (kN)

Using equation 2.10 and Theorem 1 and 2, the variance equation can be written as:

VIFl = VP +VQ+ VR (2.11)

VP = MIb,]*V[tang]+M[tang] V[b,]+ V[tand]-V[b,]

VQ = MIc]*V[b,]+Mlb,J*V[c]+V[c]-V[b,)]

VR = (M[b,]*V[tang]+M[tand]*- V[b,] + V[tang]- V[b,)(M[u]*+ V[u]) +
M[b,]*-M[tan$]*-V[u]

c = cohesion (kPa)

u =  pore pressure (kPa)

¢ =  angle of internal friction )

Equation 2.11 shows that the variance of the safety factor is a function of the mean
and variances of pore water pressure, u, tan(¢), cohesion and the variables b, and b,.
V[b,] and V[b,] are the variances of the variables b, and b,. These variances are due
to errors in the estimation of the bulk density, location of the failure surface, the
ratio, A, dT and dE. Because there is no simple exact formula for the mean and vari-
ance of the quotient of the independent random variables in terms of the mean and
variance of these two variables the variances of b, and b, are assumed. It will be
assumed that the coefficient of variation of b; and b, are constant. The coefficient of
variation is the ratio between the standard deviation and the mean value of a variable.

2222 Probabilistic Fellenius analysis
The Fellenius or ordinary method of slices assumes that the forces acting on the sides
of any slice have, a zero resultant in the direction normal to the failure surface for the

slice (Lambe and Whitman, 1969). The safety factor of each slice in a Fellenius
analysis can be expressed as (Nash, 1987):
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_ ¢L+(Wcosa -uL)tang

F 2.12
Wsina @12
where
c =  cohesion ' (kPa)
u =  pore pressure (kPa)
] =  angle of internal friction ©)
L =  base length of the slice (m)
W = weight of slice (kN/m)
o =  angle of failure surface )

This method is redundant and it is in general not satisfying the conditions of a static
equilibrium. In some problems the safety factor obtained with this method, may be
only 10 to 15 % below the range of equally correct answers, where as in other
problems the error may be as much as 60 % (Whitman and Baily, 1967). Comparison
of the results of the Fellenius method with simplified Bishop, Janbu and GLEA
methods reveals that erroneous answers are obtained if the angle of the failure arc is
very small over a part of the failure surface.

Rewriting equation 2.12 and using Theorem 1 and 2:

MIF]=M]b,]-M[tan ¢]-M[b,]-M[u]-Mtan ¢]+M[b,]-M[c] @.13)
b, = l/tanx b,= 1/(W-sina-cosa)

Using equation 2.13 and Theorem 1 and 2, the variance equation can be written as:

VI[F] = VP + VQ + VR (2.14)
\Z3 = M][b,]*V[tan¢]+M]tans]- V[b,]+ V[tan¢]-V[b,]

vQ = MIc]* V[by]+MIb,]* V[c]+VIc]-V[b;]

VR = (M[b,]* V[tan$]+M[tan¢]?- V[b,] + V[tané]- V[b,)(M[u]*+ V[u]) +

Mpb,]*M[tan¢]*- V[u]

~

2.2.23 A method assuming a constant probability of failure along the failure sur-
face (PROBCON)

Probability of failure

The variable F is defined by the equations 2.10 and 2.11 or 2.13 and 2.14 as a
random function of the stochastic variables cohesion, angle of internal friction, pore




water pressure and two variables b;, b, which are a function of the weight and The lognormal distribution is obtained by transforming a normal distribution. If x=In
geometry of the slice and in case of the GLEA model also of the interslice forces. _ F and x is normally distributed, then F has a lognormal distribution given by (Harr,
The probability of failure (Pg) for each slice is the probability of having a safety factor 1977; Mood et al, 1974):

smaller than 1 (F<1):

Py = P[F<I] (2.15) PDF(F) = —1 ¢ 2 4 @.17

P[.] = probability.

If the probability density function (PDF) of F is known then equation 2.15 can be

. 2
written as:

m_ = the mean value of x = ln(M[F])—oT"
P; = PDF(F) dF 2.16)

Figure 2.2 depicts an example of a probability density function for the safety factor of
an infinite slope model (see paragraph 6.3). The probability of failure is equal to the 7 °x2= the variance of x = h(ﬂ"l +1)
hatched area. A probability density function, which resembles closely the shape of MIFY
figure 2.2 is a lognormal distribution. The lognormal distribution describes the
behavior of many random variables in the range of 0 - oo. This is theoretically also
the range of the safety factor, because the shear strength required for stability is in L my?
the range of 0 - oo (equation 1.1). ‘ il A

& (eq ) ; P[F<1] - fln 1=0 1 e[ 2 g2 ! (2.18)

or
. F=1.0
land|slope unstable |4 stable

A R 1 52— -m
unit | class P[F<1] = e? A R = x 2.19)

10 0% probability V2 Oy
of failure :

5
1| s=

= F-val . I . . ,
GO e s oo TYAe R is normally distributed with a mean zero and a variance of unity.

® - Z Sfiue _ Equation 2.18 gives the probability that the safety factor is less than unity, under the
2 | i Evalue assumption that the probability density function of the safety factor is lognormal.
06 08 Jo, 12 14 1 18 20 -
4 robabili
“: o ure Derivation of the PROBCON method -
3 | 2ta
% “\ G F_va'uve A method for assessment of the landslide hazard assuming a constant probability of
623% probabili failure along the failure surface, was introduced by Read and Harr (1988). According
\ " Criaiure to Read and Harr the justification for this assumption is found in the thermodynamic
4| e \ theory. They state: the principle of maximum entropy demonstrates that the least
oo v u ww A biased estimate of the landslide hazard would present a constant probability of failure

of a slice along the failure surface.

Figure 2.2  The distribution of the safety factors for four slope classes
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The probability of failure is expressed in the parameter, R (equation 2.19), i.e. if R is
a constant along the failure surface, the probability is also constant. R is a function of
the variance and mean of the safety factor.

h(V[_F]Z +1)
%—m@m)

I In(-EL 1
MIF]

If the ratio, A, or R is known or assumed, both the variance and the mean of the
safety factor are complicated functions of one unknown variable, dT (equation 2.10
and 2.11).

M[F]=M{]b,]-M[tan ¢]-M[b,]-M[u]-M[tan ¢]+M{b,]-M[c] (2.10)
V[F]= VP + VQ + VR 2.11)
where:
VP = MIb,]*V[tang]+M[tang]V[b,]+V[tan¢]V[b;]
VQ = McPPV[b]+MIb,]*V[c]+VIc]V[b,]
VR = (M[b]*V[tang]+M[tan¢]*V[b,]+V[tang]V[b,])(M[u]*+V[u]) +

M[b,]*M[tang}*V[u]

dx
_ _W+dT-\dTwana b2 - cos’a
AdT+(W+dT)tana AdT+(W+df)tana

W = weight of slice . (kN/m)
dx = width of slice (m)
o = angle of failure surface )
dT = vertical component of resultant of the interslice

forces (kN)
dE = AdT = horizontal component of resultant of

the interslice forces | (kN)

The boundary condition, & dT =0, is used to solve the problem of finding the
constant probability of failure along the failure surface.

This resulted in the following iteration scheme: At first the ratio, A, is assumed. Then
R is changed until £ dT=0. This value of R and the assumed ratio, A, are used to
calculate dTx,, and dTy,, the vertical and horizontal moment of a slice. Equation 2.9
gives a new estimation for the ratio, A. This new ratio, A, is used to calculate a new
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R for which £ dT =0. This iteration loop is continued until the changes in R and the
ratio, A, are less than a given tolerance.

2.2.2.4 A method assuming a constant variance of the safety factor along a failure
surface (VARCON)

A constant variance of the safety factor of the slices along a failure surface is based
on the concept of a variance of the safety factor, which is independent of the mean of
the safety factor.

The variance of the safety factor is a function of the stochastic variables; weight,
cohesion, angle of internal friction, pore water pressure, bulk density and the location
of the failure surface and is given in equation 2.11.

If the ratio, A, or the variance of the safety factor is known or assumed the mean of
the safety factor is a complicated function of one unknown variable, dT.

V[F] = VP + VQ + VR 2.11)

where:

VP = M[b]?V[tan¢]+M[tang]V[b,]+V[tang]V[b]

VQ = M[cPPV[b]+M[b,]*V[c]+V[c]V[b,]

VR = (M[b,]*V[tang]+M][tans]>V[b,] + V[tand]V[b,N(M[u]*+V[u]) +
M[b,]’M[tan¢]*V[u]

W = weight of slice (kN/m)

dx = width of slice (m)

o =  angle of failure surface ©)

dT = vertical component of resultant of the interslice forces (kN)

dE = \-dT = horizontal component of resultant of the interslice forces (kN)

The boundary condition, £ dT =0, is used the solve the problem of finding a constant
variance along the failure surface.

This resulted in the following iteration scheme: At first the ratio, A, is assumed. Then
variance is changed until ¥ dT=0. This value of the variance and the assumed ratio,
A, are used to calculate dTx,, and dTy,, the vertical and horizontal moment of a slice.
Equation 2.9 gives a new estimation for the ratio, A. This new ratio, A, is used to
calculate a new R for which X dT =0. This iteration loop is continued until the
changes in variance and the ratio, A, are less than a given tolerance.



2.3 A computer program for the assessment of landslide hazard on a local
scale

The probabilistic limit equilibrium methods of GLEA, PROBCON, VARCON and the ‘

extended Fellenius method were programmed. The computer program uses an
automatic slice subdivision of the slide. The best combination of calculation speed and
accuracy is obtained in this way. The number of slices used depends on the accuracy
with which the safety factor and the other parameters, like the ratio, A, need to be
known; it is function of the geometry and stratigraphy of the landslide under consider-
ation.

Recognizing that summation equations may be written as an integral, a whole family
of powerful algorithms for numerical integration is available. The program uses the
computer code of the Romberg integration algorithm as it is given by Press et al.
(1986). This integration algorithm uses the least number of function evaluations to
reach a given accuracy (Press et al, 1986).

The problem of finding the safety factor for which equation 2.7 equals zero, was
solved using the van Wijngaarden-Dekker-Brent’ root finding algorithm (Press et al.,
1986). This algorithm was preferred to the well known Newton-Raphson algorithm
for the following reasons: it uses only function evaluations and does not require an
evaluation of the derivative of equation 2.7 with respect to safety factor, F.

In the next paragraph the computer program was used to discuss the advantages and
pitfalls of the different methods developed in this chapter.

2.4 The assumptions of the probabilistic limit equilibrium methods; their
validity and implications

The probabilistic limit equilibrium methods as developed in paragraph 2.2.2 are

applied to a test profile in order to reveal the validity and the implications for the

stress situation in the sliding soil mass, of the assumptions implied in the various

methods. The test profile was selected from Fredlund and Krahn (1977). Fredlund and

Krahn (1977) use the specific profile to compare various deterministic methods for

slope stability analyses. :

The slope profile is outlined in figure 2.3. Its is a simple 2:1 slope of 12 meter high.

The slope consists of three layers, labelled 1, 2, and 3 and has a groundwater level

labelled GW.

Two different conditions of the slope, will be discussed:

case 1 All three layers have the same strength parameters, ¢= 20°, c=28.73
kPa, bulk density = 1.92 g/cm®. The center of the circle representing the
failure surface is at Mx = 12.19 m, My = 27.42 m, the radius of the
circle is 24.38 m, the scarp is at 34.80 m and the toe is at 0.39 m.

case 2 Conditions like as case 1, the failure surface may be represented by a
circle of case 1 except that it never reaches layer 3. Instead it follows the
thin horizontal layer 2. This thin horizontal layer is at residual strength
with ¢= 10°, c=0 kPa, bulk density = 1.92 g/cm®. The failure surface
follows this weak layer (2).

Lee et al. (1983) give some coefficients of variation of the angle of friction, ¢, and
cohesion, c. A mean value of the coefficient of variation for ¢ is 0.1 and for the
cohesion 0.25. Therefore, the standard deviation of cohesion is assumed to be 7 kPa
and for the angle of internal friction to be 2°. '

The residual strength of layer 2 and a coefficient of variation of 0.25 would give a
standard deviation of zero for the cohesion. This is thought to be unrealistic, because
it would imply that there is no variation in the cohesion along the failure surface.
Therefore, it is assumed that the standard deviations remain unaffected by the fact that
a soil is at peak or at residual shear strength.

Table 2.1 Assumptions of the different probabilistic limit equilibrium analyses to overcome indetermination
Method
Assumption GLEA PROBCON VARCON Fellenius

Normal forces act at the center
of the base of a slice Yes Yes Yes Yes

Shear forces act at the center
of the base of the slice Yes Yes Yes Yes

Safety factor is constant

along the failure surface Yes No No No
Variance of safety factor is

constant along the failure No No Yes No
surface

Probability of failure is

constant along the failure No Yes No No
surface
Interslice forces constant constant constant no vertical
ratio ratio ratio component of
»n o)) » the resultant
to the failure
surface
Static limit equilibrium force force force moment
moment moment moment
2.4.1 Assumptions implied in the probabilistic limit equilibrium methods

Before the probabilistic limit equilibrium methods can be applied, some assumptions
need to be made and the boundary conditions defined. These are listed below.

- As shown in paragraph 2.2 the limit equilibrium methods need assumptions to
overcome the indetermination of the equations originating from the static equilibrium
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condition and the boundary conditions. The assumptions for the various methods to
overcome the indetermination are listed in table 2.1.- The variance of the safety
factors is defined by equation 2.11 for the methods satisfying static equilibrium
(GLEA, PROBCON and VARCON) and by equation 2.14 for the Fellenius method.
Variables used in these equations are the pore water pressure, u, and the variables b,
and b,. There is no exact formula for the variance of b, and b, based on the mean and
variance of bulk density, the location of the failure surface and the interslice forces.
Therefore, it is assumed that the coefficient of variation of u, b, and b, remains con-
stant along the failure surface. The coefficient of variation is the ratio between the
standard deviation and the mean value of a variable. No data was available to assess
its magnitude for the variable b, and b,. Therefore, it is assumed that SD[b,}/b, =
SD[b,]/b, = 0.1 and the SD[u}/u = 0.1, where SD[.] = standard deviation. The
assumed value of 0.1 is within the range of coefficients of variation of various geo-
technical parameters mentioned in Lee et al. (1983). For the Fellenius method the
assumption indicates a standard deviation of 0.1-tana for b,. If the mean angle of the
failure arc, o, is about 30°, b, has a standard deviation of about 2°.

- The pore water pressures acting on the failure surface are assumed to be the result
of a groundwater water level at a certain depth below the surface and a groundwater
flow parallel to the slope.

- The lognormal distribution is used to calculate the probability of failure. This
lognormal distribution for the safety factor is used, because it fits the obtained
experimental distribution of the safety factors in a Monte Carlo simulation (see
chapter 6 and paragraph 2.2.2.3).

T T T T 23.3

heigth (m)

17.0

9 10.7

1 I ! 1 i 2.0
-4.6 2.8 10.2 17.6 25.0 - 32.4 39.8

X - coordinate fest profile (m)
scarp at 34.50 m and toe at 0.39 m

Figure 2.3 Morphometry for case 1

2.4.2 Validity and implications of the assumptions

An analysis is physically realistic, if static equilibrium and boundary conditions along
the failure surface are satisfied and if the implied state of stress within the soil mass is
physically realistic (Morgenstern-Price, 1965). The latter is physically unrealistic if a
state of tension exists within a landslide over considerable length of the failure surface
or if the shear strength of the slope material is exceeded somewhere within the soil
mass (Morgenstern-Price, 1965; Nash, 1987).

The internal shear stress was used to check if the failure criterion of the Coulomb
strength law had been exceeded. The vertical internal shear stress, T ..., iS obtained
by dividing the vertical interslice shear force, T, by the height of the slice. Failure
will occur if the shear stress is larger than the shear strength. The shear strength on
the side of the slice is equal to ¢ + Es-tang = ¢ + AT, tang, where T, ., =
vertical shear stress along the sides of the slice, A is the constant ratio between the
vertical and horizontal component of the interslice forces and Es is the stress normal
to the side of a slice. Equation 2.7 is used to calculate the distribution of the vertical
interslice shear force, T, along the failure surface.

For case 1 under the assumption of T=0 at the toe the distribution of the vertical
interslice shear forces (T) is shown in figure 2.4 using the VARCON method.
Identical plots were obtained for the GLEA and PROBCON methods: however the
maximum values were different. The maximum values for the vertical shear force, T,
were 101.2 kN (PROBCON), 146.5 kN (GLEA) and 188.5 kN (VARCON). The
maximum values for the T, were 61.2 kPa (PROBCON), 57.5 kPa (GLEA) and
31.8 kPa (VARCON).

For case 1 the distribution along the failure surface of the vertical shear stress on the
sides of a slice is given in figure 2.4. Remembering that the cohesion of the soil
material is 28.75 kPa, figure 2.4 shows that the shear strength of the soil is exceeded
at the toe of the landslide. Only the first two or three slices in the toe area give
vertical shear stresses exceeding the shear strength of the soil. This is probably caused
by the calculation accuracy. The slices at the toe are of a very small height. A small
error in the height or the vertical shear force introduces a large error in the estimation
of the shear stress. It may be concluded that the overall stress situation of the analysis
is physically realistic with a possible exception of the toe area. A similar conclusion
could be drawn for the GLEA and PROBCON.

In case 2 the various methods show considerable differences in the distributions of the
vertical interslice shear force, T. The VARCON method showed a identical shaped
distribution to the GLEA method (figure 2.5). However, the magnitude of the  _
interslice forces was very different in the methods. While the VARCON method gave
a vertical interslice shear force, T, with a maximum of 220 kN, GLEA indicated a
maximum vertical interslice shear force, T, of 3 kN. Both stress situations are
physically realistic, because no tension exists along the failure surface and the shear
strength of the soil is not exceeded.

The sharp dips in the line at an x-coordinate of 2.8 metre and 21 metre are due to the
change in strength parameters, as the failure surface enters/leaves the weak horizontal
layer (2).
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using the VARCON method exists along a major part of the failure surface.
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Figure 2.5a  The distribution of the vertical interslice force, T, along the failure surface for case 2 using
the VARCON method




Table 2.2 Comparison of the overall values of the safety factor, variance of the safety factor and prob-
ability of failure of the test profile under different conditions along the failure surface

Case 1
Methods safety factor variance standard probability ratio A

of the deviation of failure

safety factor of the safety

factor

GLEA 1.845 0.140 0.374 0.050 0.242
PROBCON  1.819 0.171 0.413 0.041 0.191
VARCON 1.997 0.145 0.381 0.102 0.317
Fellenius 1.711 0.608 0.780 0.338 -
Case 2
GLEA 1.226 4.044 2.011 0.485 0.119
PROBCON  1.983 126.24 11.23 0.417 -0.024%
VARCON 1.278 0.147 0.383 0.546 0.325

A = constant ratio between vertical and horizontal component of the interslice forces
% implied stress situation physical unrealistic

The overall values represent the mean of the parameters of all individual slices

The largest overall probability is given by the extended Fellenius method. The overall
probability of failure is the mean of the probability to fail of every slice. In the
methods satisfying all equilibrium conditions, the VARCON method gives the highest
estimate of the overall probability.

The probability of failure along the failure surface for case I is shown in figure 2.6.
The Fellenius method indicates the highest probability of failure near the scarp (figure
2.6 a). This leads to the tentative conclusion that if failure occurs, it will start in the
upper part. Failure of a slice in the upper part, may give rise (1) an extra stress at the
adjacent slice in the direction of the toe and (2) the slice upwards of the failed slice is
loosing its support. Both effects may cause one or both adjacent slices to fail.

Figure 2.6b (GLEA) and 2.6c (VARCON) both indicate that the highest probability of
failure is in the center of the failure surface. If failure occurs, it will start somewhere
half way between the scarp and the toe of the landslide.

The differences in the probability of failure along the failure surface in the Fellenius
method and GLEA, PROBCON and VARCON methods may be explained by the
different assumptions concerning the ratio, A, between the vertical and horizontal
component of the interslice forces.

In case 2 the Fellenius method was omitted, because of the large extend of the failure
surface with an angle of zero.

Figure 2.6d (GLEA) and 2.6e (VARCON) display the distribution of the probability
along the failure surface. Both show that the probability of failure for the weaker

zone, between 2.8 m and 21 m, is much higher. The highest probability of failure is
in the weaker zone at the lower end of the slope.

Although the mean probability to fail does not differ much per method - 0.546 for the
VARCON method and 0.485 for the GLEA method-, the VARCON method has a
larger range in its estimation of the probability of failure as shown in their maximum
probability to fail, 0.958 for VARCON method and 0.739 for the GLEA method.

robability
2 T T T T T 0.978
) 1 1 1 0
-4.6 2.8 10.2 17.6 25.0 32.4 39.8

X - coordinate zest profile (m)
scarp at 34.50 m and toe at 0.39 m
Figure 2.6a  The probability of failure along the failure surface for case 1 using the Fellenius method.
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Figure 2.6b  The probability of failure along the failure surface for case I using the GLEA method.
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Figure 2.6c  The probability of failure along the failure surface for case I using the VARCON method
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X - coordinate fest profile (m)
scarp at 34.50 m and toe at 0.39 m

Figure 2.6d  The probability of failure along the failure surface for case 2 using the GLEA method.
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Figure 2.6e  The probability of failure along the failure surface for case 2 using the VARCON method

The overall values of the safety factors of slices along the failure surface remain

within 15 % of each other for the various methods, except for the PROBCON method

in case of failure surface cutting a heterogeneous material profile (case 2, table 2.2).

The overall values represent the mean of the safety factors of all individual slices of

the landslide. The reason for the extremely high safety factor of the PROBCON

method may be explained by the fact that.the PROBCON method implies an

physically questionable stress distribution under the conditions of a heterogenous

profile.

The overall value of safety factor estimated with VARCON method is always higher

as the overall value factor of safety based on the GLEA method.

For case 1 the overall values of safety factors according to the various methods do

not differ much (table 2.2). However, the distributions of the safety factor along the

failure surface do differ strongly (figure 2.7).

The safety factor, F, of equation 2.10 may be divided in: -

(1) a part due to the effective normal stress, FP = (M[b,]-M[b,]-M[u])-M[tan¢]

(2) a part due to the cohesion, FQ = M[b,]-M|c]

(3) areduction of the safety factor due to the water pressure at the failure surface,
FR = M[b,]-M[u].

It should be noted that the safety factor, F, equals the sum of FP and FQ.

The safety factor of GLEA is shown figure 2.7b. The safety factor is made up equally

of FQ (cohesion) and FP (normal stress), where the contribution of the cohesion is the

largest towards the edges of the failure surface.
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Figure 2.7a " The distribution of the safety factors along the failure surface for case 1 using the Fellenius
method (The calculation of the safety factor was omitted between 10.4 and 12.2 m, because
the angle of the failure surface was less than 2°)

The distribution of the safety factors along the failure surface according to the
PROBCON method is shown in figure 2.7c. This method implies higher safety factors
in the center and decreasing safety factors toward the edges of the failure surface.
The distribution of the safety factor along the failure surface according to the
VARCON method is shown in figure 2.7d. This figure gives an opposite impression
of figure 2.7c. The safety factor is small in the center and increases towards the
edges. While the PROBCON method indicates that the overall safety factor of the
slope is determined to a large extent by the safety factors of the slices in the center of
the failure zone, the VARCON method indicates the opposite: an overall safety factor
of the slope, which is to a large extent determined by the safety factors of the slices at
the fringes of the failure surface. An interpretation of the results could lead to a
different assessment of the influences of an excavation at the toe of the slope on the
stability of the slope. The PROBCON method would suggests that such an excavation
is not of a large influence, because the overall safety factor is for a large extent
determined by the safety factors at the center of the failure surface. The VARCON
method suggests the opposite.
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For case 2 the analysis based on the Fellenius method was omitted due to the large
impact of a failure surface with an angle of zero on the safety factor. This causes the
safety factor, F, to go to infinity (see equation 2.12). The results for the other
methods are shown in figure 2.8a-c. The differences between the methods are much
larger than for case 1, figure 2.7a-d.

Both the assumption of a constant safety factor along the failure surface, the GLEA
method, and the assumption of a constant probability of failure along the failure
surface, the PROBCON method, seems to be unrealistic in case of a failure surface
crossing layers of different strength: the calculations show that the safety factors will
be equal or higher for the weaker layers than those of the stronger parts along the
failure surface. In case 2 the failure surface follows the weaker layer between 2.8 m
and 21 m. The safety factors are higher (PROBCON) or equal (GLEA) for the
weaker layer than for the stronger layer as shown in figure 2.8. The VARCON
method gives a distribution of the safety factor as could be expected: safety factors
below unity for the weak zone (figure 2.8c). Thus the VARCON method seems the
appropriate method to use if a stability analysis is performed of a slope with
heterogenous material, either in bedding or by changes in the material strength.
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X - coordinate fest profile (m)
scarp at 34.50 m and toe at 0.39 m

Figure 2.7 The distribution of the safety factors along the failure surface for case I using the GLEA
method




Figure 2.7¢

Figure 2.7d  The distribution of the safety factors along the failure surface for case 1 using the VARCON
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The variances of the safety factors of the VARCON method are nearly independent of I 1977

the conditions of a slope as shown by table 2.2. The GLEA method has very large
overall variances compared with the VARCON method in case of a failure surface
following a weak layer (2) (case 2, table 2.2).

For the sake of clarity, in the figures the standard deviations instead of the variances
are given. The standard deviation of the safety factor, S, may be divided into:

(1) a part due to the effective normal stress, SP,

(2) a part due to the cohesion, SQ, L
(3) a part due to the water pressure at the failure surface, SR.

For case 1 the distributions of the standard deviations estimated by PROBCON and
GLEA methods are similar, only the standard deviations of the GLEA method are
smaller (figure 2.9a and b). The standard deviations are due to the normal stress, SP,
for 90-95 % (figure 2.9a and b). The Fellenius method gives incomparable results
(figure 2.9c). This is probably due to the differences in the handling of the interslice X - coordinate fest profile (m)
forces between the Fellenius method and the other probabilistic methods. The ratio, Scarp at 35.80 m and toe at 0.39 m
A, between the vertical, T, and horizontal component, E, of the interslice forces is not
a constant in the Fellenius method.
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Figure 2.9b  The distribution of the standard deviation of the safety factors along the failure surface for
case I using the PROBCON method
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2.5 Concluding remarks concerning the various methods

As pointed out in paragraph 2.1, the application of the deterministic safety factor
concept to landslide hazard analysis is difficult due to several problems. Among the
problems are: ‘

- the translation of the safety factor into a landslide hazard.

- the assumption of a constant safety factor for all individual slices, while numerous
stress-deformation studies on basis of finite element method have shown that the
safety factor may be quite different (Chowdhury and A-Grivas, 1982).

- the safety factor is single valued and does not account for the inherent variability of

vegetation, soil or rock properties. )

A probabilistic safety facor concept may account for the variations of the stress and
strength along the failure surface. This concept makes it possible to calculate the
mean and variance of the safety factor of each slice on basis of the mean and
variances of the primary factors. The mean and variance of the safety factor may be

used together with an assumed probability distribution to give a probability of failure.

The obtained probability of failure is a linear measure for the landslide hazard. -
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The probabilistic concept provides alternatives to the assumption of a constant safety
factor along the failure surface. Two alternatives were formulated:

(1) a method based on the assumption of a constant probability of failure along the
failure surface (PROBCON) '

(2) a method based on the assumption of a constant variance along the failure surface
(VARCON).

The probabilistic concept may provide more details about the stress situation in a

- landslide. However, comparing the different probabilistic methods (GLEA, Fellenius,

PROBCON and VARCON) it appears that there are considerable differences in the
outcomes of the distribution of the safety factors, standard deviation and the ratio A.
This indicates that the four methods incorporate different stress distributions along the
failure surface. This implies that probably neither of the methods describes the actual
stress situation and that the interpretation of the results should be done with some
caution.

The variance of the safety factor seems to be primarily influenced by the normal
stress at the failure surface. The normal stress is a function of location of the failure
surface, the internal forces and bulk density. Furthermore, the variances of the safety
factor calculated by the VARCON method are nearly independent of the conditions of
a slope.

The results of the probabilistic Fellenius method are quite different to the other
probabilistic methods. This indicates that the way the interslice forces are
incorporated in the method influences the results considerable.

The assumptions of a constant probability of failure along the failure surface
(PROBCON) or a constant safety factor along the failure surface (GLEA, Fellenius)
are questionable in case of heterogeneous profiles and sometimes result in physically
unrealistic stress situations in the sliding soil mass.

The VARCON method seems to be the appropriate method to use if the landslide
hazard has to be estimated of a slope with heterogenous material, either in bedding or
by changes in the material strength.




3 THE VARIABILITY OF STRENGTH PARAMETERS USED IN
METHODS TO ASSESS LANDSLIDE HAZARD ON A LOCAL
SCALE

3.1 Introduction

The variability of strength parameters plays an important role in the assessment of
landslide hazard by means of probabilistic limit equilibrium methods (see chapter 2).
The actual probability of failure, which might be a measure for landslide hazard, is a
function of the safety factor and of its variance. The probability of failure can be
determined for each point in a grid system, if the mean and variance of the safety
factor are known or can be estimated at that point. The mean and variance of the
safety factor is depending on measurement errors and spatial variations in the strength
parameters (see par. 1.2.1).

Measurements are subject to error. Several sources of errors can be distinguished:

(a) random errors creating variance of unpredictable or unknown nature; these errors
are assumed to be normally distributed with a zero mean; (b) systematic errors
occurring as a result of: (1) samples not being representative for the area under
consideration, (2) sample properties being altered in the process of sampling and
transport, (3) inaccurate tests, and (4) calculation errors.

The total variance is the result of the accumulation of all different sources of errors.
Spatial variation in strength parameters is another factor to take account of. The value
of a continuous spatial parameter can be expressed as the sum of three major compo-
nents. These are: (1) a structural component associated with a constant mean or with
a constant trend, (2) spatially related variation in the variance, and (3) a random noise
or residual error term (Burrough, 1986).

32 Field sampling and laboratory methods to assess shear strength

Field sampling of cores for laboratory tests on shear strength, was performed in the
colluvium of plot 1, Riou Bourdou (Fig. 1.4).

The sampling depth varied between 10 and 450 cm. Sampling was performed using a
thin walled sampler (inner diameter 66 mm, outer diameter 67 mm, length about 400
mm), which was driven into the soil with a hammer. Visible disturbance of the
samples due to the sampling was restricted to the outer 2 mm.

Sampling was executed following an unbalanced nested sampling technique. The
number of samples taken on each scale level was roughly the same. This provides an
economic way of estimating the scale and pattern of variation of continuous spatial
variables (Oliver and Webster, 1986).

If a spatially related variation in the variance of strength parameters exists, it yields a
way to reduce the number of observations needed to estimate the mean and variance
of the parameters. One may expect that the parameters at places next to each other
have the same values, while these may differ over larger distances. Any observation
carries some information about its neighborhood. When a region is sampled at

~
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random, some of the observations inevitably will be close. The duplication of
information is minimized by locating the sampling points as far from each other as
possible (McBratney and Webster, 1983). The maximum distance, where information
duplication occurs can be estimated using a semivariogram. A semivariogram is a plot
of the semivariance versus lag or distance. It displays how the semivariance changes
with sample spacing. The semivariance (y(h)) is a measure of the variance of the
estimation of x(z+h) by x(z).

Ideally the semivariance increases with increasing sampling distance h until it reaches
a maximum value (the sill). This maximum value approximates the total variance of
the sample population (Journal and Huybregts, 1978). The lag or distance necessary
to reach the maximum value is known as the range (see figure 3.1). It is often
observed that if the lag approaches zero, the curve of the semivariance does not pass
through the origin, but crosses the y-axis at a positive value, the nugget.

sill

V. semivariance

range

lag
Figure 3.1 Idealized semivariogram

Different laboratory tests were used to determine the shear strength of the samples.
Consolidated drained direct shear tests were performed on 131 core samples. All
cores, each with a diameter of 66 mm and a length of 400 mm, were saturated by
submersion in water for one to two weeks. To fit in a standard direct shear box, the
saturated cores were divided into 4 sub-samples with a height of 25 mm and diameter
of 60 mm. The tests were run at a deformation rate of 10 mm/hr at a normal load
between 5 and 55 kPa. This resulted in 402 different combinations of normal stress
and shear strength.

Consolidated drained tri-axial tests (multi-stage) were used to estimate the peak
strength of the colluvium material. In total 7 core samples of 400 mm height and 66
mm diameter were utilized in the test. The cores were taken closely spaced at plot 1,
Riou Bourdou, at a depth between 100-150 cm. The 7 cores were divided in 2-3 sub-
samples, giving 19 different combinations of o, and o; at failure. The tri-axial tests
are run at a 0.25 mm/hr deformation rate on cylindrical shaped samples (66 mm
diameter by 135 mm long). Consolidation pressures varied from 20 to 200 kPa, with
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a standard back pressure of 300 kPa. A complete description of the tests is given in
Hazeu (1988).

Unconfined compression tests were used to test the relationship between peak shear
strength and root content. A total of 64 tests were performed on saturated samples
with a height of 120 mm and a diameter of 66 mm. The tests were run at a 2 mm/min
deformation rate on the cylindrical shaped samples. A complete description of the test
are given in Brombacher and Hartman (1989).

3.3 Estimation of peak shear strength
3.3.1 Approximation of the failure envelope

The failure envelope is the line connecting the different combinations of the shear
stress and normal stress, where failure just occurs. The shear stress needed to obtain
failure at a certain normal stress is also called shear strength. The failure envelope is
approximated by a straight line in the Coulomb failure theory (equation 1.2). The
parameters describing the linear relationship between shear stress and normal stress at
failure, are the cohesion (intercept with the y-axis) and the angle of internal friction
(tan(¢) = slope of the straight line). These parameters may be obtained by a linear
regression analysis.

7T=¢+ g, tan ¢ (1.2)
T =  shear stress : (kPa)
o, =  effective normal stress (kPa)
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Figure 3.2a Plot of the shear strength (kPa) versus normal stress (kPa) of sample 522. Linear

regression r12=0.917



64 —
- Z ]
< L 4
8 sS4 -
- o -
9 C ]
v 44 -1
1] o -
+ L p
# N J
] ™ _
€ 34 - —
0 - .
= L 4
7} B ]
24 - 1 1 i i 1 1 i i n " 1 n 1 2 1 1 i i i n 1 " L 1 1 i A A i i 1 7

8 18 28 38 40 1] 68

Normal stress (kPa)
Figure 3.2b Plot of the shear strength (kPa) versus normal stress (kPa) of sample 522. Power

regression (r2= 0.974)

It is commonly observed that the failure envelope has a curved character at smaller
normal stresses, while at higher normal stresses the envelope is almost a straight line
(Hawkins, 1988; see fig 3.2). The departure of the failure envelope of a straight line
is often attributed to increasing interlocking of the particles with decreasing normal
stresses (Nieuwenhuis, 1983) or to the presence of fissures due to sampling (Craig,
1987).

If no attention is given to the curvature at smaller normal stresses, the estimation of
the stability or landslide hazard of a shallow landslide may be in error. However, for

calculation purposes it is desirable to replace this curved envelope with a straight line.

This is done by providing a best fit line over the stress range of interest as shown by
Kenny (1984). Thus different strength parameters will be obtained, depending on the
stresses involved. Note that the linear relationship may give a non-zero cohesion
parameter, even though the actual failure envelope passes through the origin. Because
the linear regression on the lower stress range, is based on less combinations of shear
stress and normal stress, the already considerable variance of the cohesion and tan(¢)
will be further increased. In order to reduce the variance of the parameters describing
the failure envelope, it is proposed to fit a curved line on the different combinations
of shear stress, 7, and normal stress o,, where failure just occurs (equation 3.1). This
is a power regression, where P, and P, are regression constants.

t=Po.? V In(r)=In(P))+P,In(c,) @D
P, = modified ’cohesion’

P, = modified 'tan¢’
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3.3.2 Spatial variation of shear strength

If a slope starts to fail, it is important to know the dimensions of the area involved.
VanMarcke (1977) has developed a model for the estimation of the width of a
landslide, provided the depth of the failure surface is known and assuming that shear
strength has a specific spatially related variance. If such a spatially related variance
exists, VanMarcks’ model may be used to estimate the width of the landslide. So it is
worthwhile to study spatial dependence.

Core samples from plot 1, Riou Bourdou, were used to estimate the spatial
dependence of the variance.

The parameters of the linear fit (cohesion, angle of internal friction) and of the power
fit (P, and P,) have an estimation error. Not all combinations of shear stress and
normal stress are perfectly situated on the failure envelope (figure 3.2). The shear
strength at a normal stress of 55 kPa (Shear 55) was studied as well, because the
estimation error of the parameters may be large compared with other sources of error
and therefore may cover up (a part of) the spatial variation of the variance.

Spatial dependence of the mean values

The spatial dependence of the mean value or trend of shear strength parameters is
studied using a multi-variate analysis. The multi-variate analysis is used to obtain a
linear relation between geographical coordinates and the strength parameters. For the
analysis only those parameters were used, which refer to samples taken at a depth of
100-150 cm. In this way the variance due to a possible variation with depth of the
parameters was reduced. The results are listed in table 3.1.

If the slope of the linear regression is not significantly different from zero, the shown
increase is not significant. This slight increase was tested for significance using a
Student-t test. On the 0.975 significance level (n=100) the t-value has to be larger
than 1.984 to be significant on that level.

Table 3.1 Results of a trend analysis for the strength parameters

intercept X t-value Y t-value  1%(%)
cohesion (kPa) 0.702 -2.02:102  -1.46 -2.55-102  -1.04 3.82
tan(¢) (°) 0.772 6.63-10% 1.16 -9.23-10*  -0.91 0.00
P, 6.848 -0.90-10*  -0.91 -2.05-10%  -1.16 1.73 .
P, 0.543 2.52-10* 0.98 1.15-10* 0.25 0.00
Shear 55 (kPa) 61.17 -3.51-1102  -0.97 -1.68-102  -0.23 2.00

Table 3.1 reveals that non of the fitted trend surfaces are significant. Therefore, it is
concluded that there is no trend in the mean values of the strength parameters on plot
1.

59



The strength data are also tested for a difference in the mean values between sample
cores taken at the stable area or at the landslide of plot 1. The results are listed in

table 3.2.
Table 3.2 Comparison between the mean values estimated on the stable areas and the landslide of plot
1.
stable landslide hypothesis

number of 21 75

observations mean  variance mean  variance

cohesion (kPa) 17.55 55.61 17.28 42.61 accept
tan(¢) ®) 0.67 0.03 0.77 0.06 accept

P, 6.56 0.63 1.85 0.18 accept

P, 0.52 0.01 0.54 0.01 accept
Shear 55 (kPa) 54.87 1403 60.17 210.0 accept

The mean values of the different parameters are tested for a significant difference at
0.95 level using a Student-t test. The HO hypothesis is that the differences between
the means are equal to zero. As shown in table 3.2, for all parameters the HO
hypothesis has to be accepted. This indicates that there is no difference in the mean
values of strength parameters obtained from samples taken at the stable area or at the

landslide of plot 1.

Spatial dependence of the variance

The spatial dependence of the variance of shear strength parameters is studied using a
semivariogram over a maximum lag of 50 meters and a step size of 1 m. For the
semivariogram only those parameters were used, which refer to samples taken at a
depth of 100-150 cm. In this way the variance due to a possible variation with depth

of the parameters was reduced.

Table 3.3 Parameters estimations of the semivariograms (n=49)
intercept slope t-value (%)
cohesion (kPa) 40.86 0.0267 0.184 0.07
tan(¢) (°) 0.051 3.9-10* 1.775 6.16
P1 0.602 6.3-10" 0.650 0.87
P2 0.009 9.0-10° 1.819 6.45
Shear 55 (kPa) 177.2 0.777 0.758 1.18

The results of linear regression between semivariance of the different parameters and
the distance are shown in table 3.3. All five semivariograms show a slight increase of
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the semivariance with distance. If the slope of the linear regression is not significantly
different from zero, the shown increase is not significant. This slight increase was
tested for significance using a Student-t test. On the 0.975 significance level (n=49)
the t-value has to be larger than 2.01 to be significant on that level.

Table 3.3 reveals that non of the slopes are significantly different from zero at the
0.975 level. A zero slope of the regression line indicates no spatial dependence. The
semivariogram displays a pure nugget effect. In those situations the best estimate of a
value of a parameter is the usual mean, computed from all sample points without
taking spatial dependence into account (Burrough, 1986). A pure nugget effect is
indicative of a parameter that is highly variable over distances less than the sampling
interval.

The above presented analysis indicates that neither the mean value nor the variance of
the strength parameters is spatially related. Thus, VanMarcke’s model (1977) to
estimate the width of a landslide, is not appropriate for the study area.

3.3.3 Variation with depth of the shear strength parameters

Roots increase the apparent cohesion of a soil and have no influence on the angle of
internal friction (Waldron (1977), Wu et al (1979), Gray and Leisner (1980), Ziemer
(1981) and Greenway (1987)). Thus it may be expected that there is a difference in
cohesion between the rooting zone and the subsoil.

The root zone, which was defined as the soil layer containing 80 % of the roots, was
observed to be between 40-60 cm. The maximum rooting depth was more than 250
cm.

Table 3.4 shows that P, is the only strength parameter related to the depth at the
0.975 significance level.

In order to analyze if there is a difference in the strength parameters of the root zone
and the subsoil, the sample cores were divided in two groups. In table 3.5 the results
of a comparison between the mean values are shown.

None of the mean values of the root zone and the subsoil differed significantly from
each other at the 0.975 level, except for the shear stress needed to obtain failure at a
normal stress of 55 kPa (Shear 55).
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P, 0.587 2.6 10* -1.38 1.44 131 .. .
Shear 55 (kPa) 52.19 2.2 107 1.01 1.02 100 . 7
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Table 3.5 Comparison of the mean values of the strength parameters of the root zone and the deeper =, | [ N : 0
layer. 1 | i ! ! ! i ] I 1 | I |
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3
root zone subsoil hypothesis root content Kg/m
Figure 3.3 The relation between root content and peak shear strength
number of 15 121
observations
. mean variance mean  variance 3.34 Correlations between the parameters describing the shear strength
cohesion (kPa) 12.66 31.68 16.71 62.50 accept
tan(¢)  (°) 0.630 0.035 0.724  0.074 accept In paragraph 3.2.2 an equation of the safety factor variance was derived using two
§‘ (1"2(5)? g'ggg g'ggg (1)'3; :zz:g: statistical theorems, which assumed independence of the cohesion and tan¢. This
Shear 55 (kPa)  43.80 91.12 5642 2282 reject independence is tes‘tet_i by calculating the correlation between the cohesion and the
angle of internal friction.
It appears that cohesion and tan(¢) are independent variables (r = -.0578; n=131). A
similar conclusion was derived by Lumb (1970). He suggested that the slight negative
The magnitude of root reinforcement of soils in the study area has been analyzed by iggselauon Son;ee;mbles_ ObeCf{Vf«d (Ilzumb, 1?70; Mc(iGuffy ttat a_l, 19181; Read arllld H:}'r,.
comparing shear strengths established by unconfined compression tests on samples ) was caused by insufficient low strain rates during testing. It appears that this is

not the case in our data.
The parameters P, and P, of equation 3.1 are strongly correlated (r=-0.8035),
suggesting that it is possible to describe the failure envelope with only one parameter.

with different root contents. The data showed no relationship (r2= 0.03) between root
content and peak or residual shear strength (Fig. 3.3). There was a relation with dry
bulk density (r2= 0.34).

Table 3.6 Correlations (r) between the strength parameters (n=131). ~
cohesion  tan(¢) P, P,
cohesion 1 -0.0578 0.7879 -0.4417
tan() 1 -0.1278 0.5882
P1 1 -0.8035

P2 1




3.35 The shear strength of the colluvium

Because the shear strength data showed no spatial dependency, all combinations of the 128 - ]
shear and normal stress were used to establish the mean and the variance of the ~ san [ 3
cohesion, angle of internal friction and the parameters P; and P, of equation 3.1. & - ]
The results of a linear regression on the 402 combinations of shear and normal stress o g8 L 3
are shown in figure 3.4 (r=0.683). The plot shows a considerable variation. A multi- - ]
variate analysis revealed that 7 % of the total variance is due to variations in the bulk _ § ca 3
density of a sample. In figure 3.5 the fitting of the power regression (equation 3.1) is 5 - .
shown (r=0.734). The linear regression indicates a cohesion of 20.02 kPa and a tan¢ L. 3
of 0.773. The power regression indicates a P; of 7.43 and a P, of 0.516. & - 1

1] o 4
The failure envelopes based on direct shear tests are better approximated with a W :_ .
power model (y = P,x*, where y = shear strength, x = normal stress), than with oL h
the straight line as prescribed by the Mohr-Coulomb failure theory. The results of the P S S T S U S S
linear regression, estimating ¢ and tan(¢), and power regression, estimating P, and P, 8 14 28 EL 449 58 68
on 131 core samples are given in table 3.7. normal stress (kPa)

Table 3.7 Statistical parameters of all direct shear tests (n=131) Figure 3.5 A power regression on 402 combinations of shear stress and normal stress obtained in

consolidated drained direct shear tests.

tan(o) ¢ cohesion P, P,
mean 0.7118  35.44 13.55 575  0.545 :
median 0.6644  33.60 16.10 6.29  0.532 The peak shear strength of the colluvium was also estimated using consolidated
variance 0.0680 3.83  49.17 1.24  0.020 drained tri-axial tests (multi-stage). The results are listed in table 3.8.
stand. err  0.0220 1.26  0.62 0.05  0.013 5 Because the cores used for the tri-axial testing were closely spaced and the number of

samples is small, no attempt was made to establish any spatial variation in mean or

128 . : : r r T variancg of the samples.
C . Comparison of the results of the direct shear test (Table 3.7) and the tri-axial test
. r . E (Table 3.8) reveals higher estimates of the mean and smaller variances for cohesion
s 188 - "o _ . and tan(¢) in a direct shear test. This is probably due to factors inherent to a direct
2 w0 E_ . ,'_'.- . - _,:-’ - 'l E lszlfna; te;t, tile ff:u'lure surface has to follow a prescribed path, while in a tri-axial test
- [ : ] y develop in the weakest part of a sample.
o t= L -
E 68 - : ,!= ! ] Table 3.8 Results of 19 consolidated drained tri-axial tests (multi-stage) for the determination of the peak
5 o 1 i strength
" oal : E . .
g - . l : . variable estimate standard variance -
.;.' 28 o :_ ! . . error
r L - - . ] cohesion (kPa) 12.44 3.58 243.51
N e o S TP TP M- tan(¢) (%) 0.460 0.019 6.8:10°
a 18 28 a8 48 50 68
normal stress (kPa) - 2 = 0.972
' standard error of estimate = 0.081
Figure 3.4 A linear regression on 402 combinations of shear stress and normal stress obtained in con-
solidated drained direct shear tests.
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3.4 Conclusions

The variability of the strength parameters, like cohesion and angle of internal friction -

were estimated on 131 core samples taken at plot 1, Riou Bourdou. The variances of
the cohesion and the angle of internal friction in the data set are large, but well within
the range of coefficients of variation up to 80%, as mentioned by Lee et al (1983) .
The following conclusions may be drawn from the data:

- the absence of a spatial variation in the data on cohesion and the angle of internal
friction, implies that the mean of the total data set is the best estimate of these
parameters;

- the existence of a pure nugget effect in the data shows that the strength of a soil
sample is due to processes and interactions on a scale much smaller than the sample
size; .

- the failure envelopes based on the direct shear tests are better approximated with a
power model (y = P,;x™, where y = shear strength, x = normal stress), than with a
straight line as prescribed by the Coulomb failure theory;

- the parameters cohesion and angle of internal friction are independent parameters as
shown by their correlation, r= -0.0578. Apparently, the assumption of independence
as assumed in derivation of the variance equation of a safety factor in paragraph
2.2.2.1 is correct.

- the modified cohesion, P, and modified ’tan¢’, P,, are strongly correlated (r = -
0.8035), suggesting that it is possible to describe the failure envelope with only one
parameter. Despite the reduction with one parameter, the resulting probabilistic limit
equilibrium models were far more complicated than the conventional methods based
on a straight line approximation.

- for core samples taken in the root zone and those from the subsoil no significant
difference in the values of the means of the strength parameters could be found. This
is in agreement with the results of unconfined compression tests where no relation
between the root content and the root reinforcement could be established. Apparently
the roots do not contribute to the shear strength of the soil. However, literature
indicates opposite results: e.g. Ziemer (1981) and O’Loughlin (1972), both using
large direct shear boxes for testing on peak strength, found correlations between root
content and shear strength of r2= 0.79, respectively r>= 0.56. Reported magnitudes
of root reinforcement range between 2 to 25 kPa (Burroughs and Thomas, 1977;
Ziemer, 1981; Riestenberg and Sovonick-Dunford, 1983). These contradictory results
have stimulated an investigation into the mechanical effects of roots of the shear
strength of a soil (Chapter 4).

4 THE MECHANICAL EFFECTS OF ROOTS ON THE VARIATION IN
SHEAR STRENGTH

4.1 Introduction

The mechanical effects of roots on soil strength are not very well understood.
Experimental data are scarce and sometimes conflicting (see par. 3.4). This
conclusion has initiated a further study of root effects.

Generally, research on the mechanical effects of roots on the strength of a soil was
stimulated after the successful stabilization of slopes by metal strips or sheets of
synthetic fabric. The research especially focussed on the magnitude of the stabilizing
effects of a reinforcement by roots. Less attention was given to a more theoretical
approach, which tries to explain the nature of root reinforcement of a soil.

An assessment of the effect of roots on the shear strength of a soil may be acquired
by comparing identical soils either with or free of roots. Commonly used methods to
measure the strength are the direct shear tests (in situ and on samples; Burroughs and
Thomas, 1977; Ziemer, 1981; Waldron, 1977; Chapter 3) and unconfined compres-
sion shear tests (chapter 3). Another method is a back analysis of a failed vegetated
soil mass (Riestenberg and Sovonick-Dunford, 1983). A back analysis uses a limit
equilibrium model to estimate the extra strength needed to obtain a safety factor of 1.
This extra strength is thought to be due to the presence of the roots. The used
strength parameters are often those of a root free subsoil, which are not necessarily
identical to those from the root zone. The higher biological activity in the root zone
may change the strength characteristics. In addition most measurements of the angle
of internal friction and cohesion are performed on saturated samples. A root zone
tends to be unsaturated. It has been shown (Anderson and Pope, 1984; Fredlund,
1987) that soil suction has a considerable influence on the strength of a soil.

The just mentioned methods have their limitations. There is a difficulty in finding
samples having the same soil properties, but different densities of roots. In addition
the accuracy of the determination of the strength parameters (chapter 3) is not very
great. As a result of these circumstances, there is a substantial variability in
outcomes, which makes the comparison between the strength of rooted to non-rooted
soils not very reliable. Quite often the variability is not acknowledged. This leads to
expulsion of the data or statements like: "there was no rather than a negative
reinforcement” (Terwilliger and Waldron, 1990).

Another limitation is the sample size. The sample size is often too small to represent
the structure and root pattern of the soil adequately. The sample size itself influences
the measured strength of a soil. The shear strength values of small undisturbed soil
samples appeared to be an order of magnitude larger than the measured strength of
larger samples (Terwilliger and Waldron, 1990; Schultz, 1957). Furthermore, a soil
matrix with larger elements like roots, stones and soil aggregates may show a far
larger soil strength in small cores than in large cores (Terwilliger and Waldron, 1990;
Schultz, 1957). v

Because of these limitations, theoretical approaches were undertaken to assess the
magnitude of root reinforcement of the shear strength of soils. Theoretical models for
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the root reinforcement of a soil are proposed by Wu et al. (1979), Gray and Ohashi
(1983) and Waldron and Dakessian (1981). The models differ in their assumptions
and are based on the concept of reinforced earth. This concept was developed by
Vidal (1969). Vidal states: "A fibre (root) reinforced soil may be analyzed as if it was
a composite material in which fibers of relatively high tensile strength are embedded
in a matrix of lower tensile strength. The additional strength of such a reinforced soil
is a result of frictional forces developing between the soil and the fibers".

4.2 Modelling of soil reinforcement by roots

A model for the reinforcement of the soil by will be derived and validated in this and
the following paragraphs. The model is based on the following concept of the
processes involved (see fig 4.1). Due to a displacement along a shear zone, a root,
which crosses the shear zone, will elongate. This elongation generates a stress inside
the root. This root stress gives rise to additional stresses in the shear zone. The root
stress is transferred to the soil by a friction stress at the root-soil contact. In this it
differs from the concept used by Waldron (1977), Wu et al. (1979), Gray and Ohashi
(1983) and Waldron and Dakessian (1981). They assume that the root stress is due to
stresses in the soil and these stresses are transferred to the root by friction at the root-
soil contact. The friction stress at the root-soil contact causes the anchorage of a root
in the soil. This is the concept of reinforced earth as proposed by Vidal (1969). The
total force, that can be applied to a root is limited either by breaking of the root, or
slipping of the root through the soil.

The derivation of a model for reinforcement of a soil by roots comprises the
following steps: (1) estimation of the forces acting on the shear zone due to the
presence of roots, (2) estimation of the root reinforcement of the soil assuming no
restriction on the stresses applicable to roots, and (3) inclusion of limitations on the
stresses applicable to roots.

Consider a shear zone intersecting a root zone (figure 4.1). After failing of the soil
mass along a-b, the forces on and inside a root are due to displacements of soil
material parallel and perpendicular to the root surface and the bending resistance of a
root. If a root is small and flexible, it has been shown that the force and the resulting
moment, M, due to bending is negligible (Wu, 1984; Jones, 1985).

Due to the displacements, a root force, F,, develops inside the roots. An equation for
this force is:

F,  =g0,A, ) “.1)
A, = cross sectional area of roots (m?)
o, = root stress (kPa)

This linear relationship is validated by Waldron (1977) for roots of herbaceous plants
and by Wu (1976) for woody plants.
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The root cross-sectional area A, occurring in a given soil cross-sectional area, A, can
be derived: from the number of roots n; in a diameter class and its average cross-
sectional area, a;:

A, =Z na, @.2)

A
b
a

a-b = shear zone
F, = normal force @™)
F, = shear force @™
F, = root force ™)
B = angle between shear zone and root

after displacement ®)
" = initial angle between shear zone and root - )
P = thickness of the shear zone (m)
q = displacement of upper part (m)
M = bending moment (Nm)

Figure 4.1 Schematization of roots intersecting a shear zone
(After Wu, 1984)

The root force, F,, is resolved into a tangential component, F, and in a normal
component, F, (figure 4.2). The tangential component produces an additional shearing
resistance, while the normal component is added to the confining force on the shear
zone intersecting a root zone.

The normal and tangential force components are: -

F, = F,cosf or 7 = (A/A) g, cos B (4.3a)
F, = F,sinf or Oy = (A/A) o, sin B (4.3b)
A = cross-sectional area of shear zone (m?2)
A, = cross-sectional area of roots (m?)
o, = normal stress on shear zone due to roots (kPa)
T =  shear stress on shear zone due to roots (kPa)
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B = angle between shear zone and root
after displacement ©)
L = length of a root in the shear zone (m)

Figure 4.2 Forces acting on a root extending across a shear zone

Combination with the Coulomb Strength Law (equation 1.1) yields an expression for
the shear strength of a root penetrated soil:

Srooted =c+ 71+ (0, + 0,-u)ytan ¢ 4.4
where:

o, = «~.z = total normal stress : (kPa)
% = unit weight (kPa/m)
z = depth below the surface (m)
S ooted = shear strength root penetrated soil (kPa)
c = cohesion (kPa)
u = pore pressure (kPa)
¢ = angle of internal friction ©)

The net effect of root reinforcement, S,, is obtained by comparing the shear strength
of a root penetrated soil with a root free soil:

Ar, .
Sr=s rooted_sroo#ree=tr+onr.tan¢=oao(7r)°(smp'tan¢ +COS|3) (45)
- 1
=tan i
P (g, 1 4.6)
p tanp
where:
S, =  root reinforcement (kPa)
S oot free =  shear strength of a root free soil (kPa)
u = initial angle between shear zone and root ©)
P = thickness of the shear zone (m)
(q-h)/p =  shear strain ¢
q =  displacement of the upper soil mass (m)
h =  displacement of the root perpendicular to the root surface.  (m)

The influence on the root reinforcement of the initial angle of a root to the shear
zone, S,, is reflected in the factor (sinS-tang + cosp) of equation 4.5. The factor
depends on the shear strain, (q-h)/p, and the initial angle of the root to the shear
zone, u. Figure 4.3 shows this factor in relation to the shear strain (q-h)/p for
different values of x. The average of the factor (sin8-tang + cosg) is calculated using
17 different values of initial angles, u, with the shear zone. The initial angles ranging
from 10° to 170° with the movement direction, at intervals of 10°. It is assumed that
the average represents the situation of randomly oriented roots.

The factor (sinB-tang + cosB) is sometimes simplified to 1.2 (Wu et al., 1979) or
1.15 (Greenway, 1987). As shown in figure 4.5, this factor depends strongly on the
initial angle, u, of the root to the shear zone. The assumption of Wu et al. (1974) and
Greenway (1987) is an overestimation of this factor for small shear strains and may
lead to erroneous estimations of the root reinforcement.

Figure 4.3 also shows that another simplification, =0, i.e., the factor (sin8-tan¢ +
cosB) equals 1 (Waldron and Dakessian, 1981), is valid at large shear strains. The
contribution of roots to the root reinforcement, S,, is in that case simply o,"(A/A) h
(see equation 4.5).
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Figure 4.3 Plot of the factor (sin8 tang + cosf) versus shear strain, (q-h)/p. ¢ = 30°, 8 is given by
equation 4.6.

A problematical parameter in equation 4.5 is the root stress, ¢,. What is its
magnitude? What is the influence of the shear strain on the magnitude of the root
stress? Is the root stress limited? Is a root capable to resist larger shear strains than a
soil material before breaking? Most soils materials reach their peak strength at shear
strains between 0.05 and 0.25 (Lee et al., 1983), while the ultimate strain before
breaking of poplar and willow roots is about 0.16 (Hathaway and Penny, 1975).
Two commonly used assumptions (Wu et al., 1979; Riestenberg and Sovonick-
Dunford, 1983) are: (1) the root stress, o,, equals the rupture stress of the roots, and
(2) the roots will break simultaneously.

These assumptions pay no attention to the influence of root elongation and soil
deformation on the stresses in the shear zone, before the rupture stress of the roots is
reached. This may lead to unrealistic situations as will be shown in the next
paragraph, where a relation between root stress, friction between root and soil matrix
and the elongation of a root due to displacements will be derived.

4.2.1 A relation between soil deformation and root stress

A root, which extends across a shear zone in a deforming soil, is elongated when a
displacement takes place along this shear zone. This elongation, j, brings a root under
stress. For simple uniaxial tension, the relationship between stress and elongation in
the elastic range can be expressed as (Hook’s law):

di
o, = 'Z] @.7n

where:

g, = root stress (kPa)

E = Young’s modulus or elasticity modulus of a root (kPa)

dj/dx= elongation of a root per length of a root ¢

Assume a root as depicted in figure 4.2. The root extends across a shear zone of
thickness p and is firmly anchored on both sides. If the upper mass of the soil is dis-
placed over a distance, q, the elongation, j, of the root, with an initial angle of u to
the shear zone, will be:

- ~h 2
joL--2 =,,\J 2 g-h,a-hy

sinp tang p p
where:
5 4.8)
. .. 2 .g-
j<o0 if —+1— < 0
tanp  p
, .. 2 .q-h
j20 if —+*2— >0
tanp  p
where:
j =  elongation of a root (m)
L =  length of a root in the shear zone (m)
L = (p/tanp + g-h)®> + p?
W = initial angle between shear zone and root ©)
P =  thickness of the shear zone ‘(m)
q =  displacement of the upper soil mass (m)
h =  displacement of the root perpendicular to the root surface. (m)

As shown in figure 4.4a and by equation 4.8, the elongation is negative, if 2/tany is
smaller than the shear strain (q-h)/p. Therefore, roots with an initial orientation, u,
opposite to the direction of displacement, i.e p > 90°, will be in compression for
small displacements. The average of the elongation was calculated using 17 different
initial angles with the shear zone. The angle ranged from 10° to 170° with the
movement direction and had an interval of 10°. As shown in figure 4.4b, an




enlargement of figure 4.4a, the average elongation is almost zero for shear strains less
than 0.4. Because the elongation is almost equal to zero, the root stress is almost zero
(e%uation 4.7), and therfore the root reinforcement will also be nearly zero (equation -
4.6).

Figure 4.4 shows different elongations of roots, with a different initial angle, u, to the
shear zone, at the same displacement. The root stress is linearly related to the
elongation of a root (equation 4.7). Therefore, the stresses in roots with different
initial angles, u, to the shear zone will not be the same at the same displacements.
The roots will not reach simultaneously the rupture stress, as it is assumed by Wu et
al. (1979) and Riestenberg and Sovonick-Dunford (1983).

I T T T T | T T T | T T T T | T T T T | T 1 L T [ C
- initialangle, 4112 8
| —— average _ >

—— 170° - c
L e o
........ 130° //// i @
r— 90° . ®
| —_ 500 = - 7.2 (—-NG
i IR
o
L i c
- - 3.2
F 4
L |
<< 0
— \. —
\.\ P
L ~ . P
- N, /‘ -
\‘\, e
L ~. S~ |
L S -~ —+-48
TN TN Y Y AN YOO YOO T [N T TN TN T Y TN N SN S A NN SO N W |
0 2 4 6 8 10

shear strain

Figure 4.4a  Simulations on basis of equation 4.8 of the dependence of normalized elongation on shear
strain, (q-h)/p, as a function of different initial angles, u, of the roots towards the shear
zone. The normalized elongation is the ratio between the elongation of roots, j, and the
thickness of the shear zone, p
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Figure 4.4b  Enlargement of figure 4.4a

4.2.2 A relation between root-soil contact friction, root stress and root
elongation

A root crossing a shear zone responses to a displacement along the shear zone either
by elongation, breaking or slipping through a soil. The response of a root is deter-
mined by the anchorage of the root on both sides of the shear zone. The anchorage of
a root in a soil is due to the friction that develops between a root and the soil materi-
al. This is the concept of reinforced earth as proposed by Vidal (1969). The friction
stress is tangential to the root surface and develops as a reaction to the root
elongation. Friction between root and the soil matrix can only develop when there is
direct contact. Complete soil contact along the whole length of a root may be the
exception rather than the rule (De Willigen and van Noordwijk, 1987). If a root has
only over a fraction, CO, of his length a perfect contact, than the friction at the root-
soil contact, B, has to be multiplied with CO to obtain the apparent friction, B’, that
is the friction stress measured in a pull-out experiment.

The following coordinate system is specified. An x-axis is defined with an origin at
the shear zone. The x-axis is parallel to the principal length axis of the root. The
values of x are increasing towards the end of the root. Under the assumption of
equilibrium conditions for stresses in the x direction and a complete and perfect
contact between root and soil, the following equation is obtained (Waldron, 1977;
figure 4.6):



ar’do, = 27Brdx or rdo, = 2B dx 4.9)

B = friction stress at the root-soil contact. (kPa)

.......... (Ga+do,) 7 r?
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dx 1 L ------- 271rdxB
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-

Figure 4.6 Cylindrical root section of radius, r, and length, dx, at equilibrium with root stress, o, and
tangential or friction stress, B. (after Waldron, 1977)

Under the assumption that B is independent of root stress and the place on a root,
together with equation 4.9 yields (Waldron, 1977):

_{d"a
2 dx

B = = constant . 4.10)

Integration under the boundary conditions, x=0 and o,=g,, gives a relation between
the root stress at x and root stress at the shear zone, o

o, (X) = 28£+a0 4.11)
r .

If the stress at the shear zone, oy, is known, than the distance along the root, x,,
before the root stress reaches zero, is given by:

or
2B

%, = 4.12)

The elongation of a root gives rise to a stress with a maximum at the shear zone and
decreasing to its end. The assumption (Waldron, 1977) of a symmetrical stress distri-
bution around the shear zone implies a root length under stress, x,, which is equally
spread on both sides of the shear zone.

2 (4.13)

x, = length of root under stress (m)

In order to find an expression for the elongation of a root in relation to the friction
stress at the root-soil contact and the elasticity modulus of a root, equation 4.11 and
4.7 can be combined to:

porde. TEdj & _ 2B 4.14)
2 dx 2 dx? dx: TrE

T

Integration under the conditions at x =0 of o,=0, and at x=x, of ¢,=0, j =0, yields:

2
](x) = ix2+&x+i (415)
rE, E, 2BE

T
j(x) = elongation of root at x (m)
The maximum stress of a root, gy, is found at the shear zone, x=0. A relation

between the maximum stress in a root, o, at x=0, with a radius of r, and the
displacement, q, is obtained by combining equations 4.15 and 4.8:

o - 2E Bj 4.16)

r

2 q-h_,q-h ~
J=p E—
\J tanp p p
. 2 .q-h
<0i + <0

IR e



4.2.3 Limitations to the root stress
where :
The stresses inside a root are limited to a maximum by two factors: (1) the
anchorage of a root in the soil is not sufficient, i.e. a root starts to slip through the . 2 gk +( 11_-’1)2
soil, and (2) the root strength itself is limiting the stress that can be applied on a root, /=P tanp p 4
i.e. a root breaks.
When shearing of a soil causes roots to slip through the soil, they continue to con- 2E Bj . 2 .q-h
tribute to the root reinforcement. The friction stress, B, on the roots is the resistance \ | " | <0if EP'J(T <0
of a root against direct sliding. The tension in a root will be:
o, = 1,2 @.17) @| »0if 24970, ¢
r N or tanp p
X, = length of root with a diameter of r slipping through the soil (m) B = tan'l(—quT—)
b SR
Roots do not contribute to the shear strength if they are broken at the shear zone. A p tanp
root breaks when its stress due to the elongation is larger than its rupture stress, o, ;.
The magnitude of the rupture stress will be discussed in paragraph 4.3.5. for slipping roots:
The length, x,, required to mobilize the rupture stress, ¢, ,, in a root of diameter r is .
obtained (equation 4.13): » s, - E (xf:a)(sinﬁtand)wos[i) (4.20)
o, = xf-fi (4.18) N
after breaking of the roots:
Let x be the actual root length. If x > x, the root can be broken. S, =0 “.21)
Combining the effect of root stress, g,, on the shear strength of a soil (equation 4.5)
and a relation between root stress, root diameter, r, and displacement (equation 4.16) where:
yields a relation for the root reinforcement, S,, omitting the index i for the different j = elongation of a root (m)
root diameter classes: : M = initial angle between shear zone and root )
' P =  thickness of the shear zone (m)
for stretching roots: q = displacement of the upper soil mass (m)
- h =  displacement of the root perpendicular to the root surface. (m)
S = | 2EBj I¢ ﬂ)(sinptantb +cosp) : (4.19) E, = Young’s modulus or elasticity modulus of a root (kPa)
r r A B = friction stress at the root-soil contact. (kPa)
X, = length of a root needed to break (m)
x, = length of the root under stress (m)
X, = length of root with a diameter of r slipping through the soil (m)
X = actual length of root (m)
g, = maximum stress in a root (kPa)
0,, =  rupture stress of a root (kPa)
n = number of roots in different diameter classes
A =  cross sectional area of shear zone (m?)
A, = cross sectional area of roots (m2)
a =  average cross sectional of roots per diameter class




The equations are essential the same as those of Waldron (1977). The major
difference is the inclusion of the effect of the initial angle of a root towards the shear
zone.

The calculation of the root reinforcement, S,, is as follows:

For 0y < 0,, and x, < x, equation 4.19 is used.

For gy > = 0,,, rupture will take place at the shear zone (place of maximum stress)
and the root does not contribute anymore to the root reinforcement, S,=0.

For x < x, < x, a root start to slip and the root reinforcement is calculated using
equation 4.20.

The model presented in the equations 4.19, 4.20 and 4.21 is validated using data
presented in Waldron et al. (1983; see table 4.1). A plot of the measured values of
the root reinforcement, S,, and displacement shows a gradual increase (figure 4.6; line
labelled experiment’). Waldron et al. (1983) claim that this curve can be produced
using a model based on equations 4.19 to 4.21, in which it is assumed that the initial
angle, p, of all roots towards the movement direction is 90°. However, simulations
with the same data set and putting x=90° in the model reveal a different curve (line
labeled ’Profile 1’ in figure 4.6). The predicted root reinforcement rises to certain
level and remains constant. Another simulation may be executed in which S, is
calculated for different angle of x and the values of S, are averaged (curve ’average’
in figure 4.6). This simulation gives a continuing upward trend and follows the
experiment curve more closely. Apparently an average of S,, which is based on the S,
of roots with different initial angle, p, to the shear zone, gives a good approximation
of the observed root reinforcement with increasing displacement of randomly oriented
roots.

The sensitivity of the model to parameters, fictions stress at the root-soil contact, B,
the elastic modulus, E,, and the rupture stress, will be considered in more detail in
the next paragraphs.

A'S, kPa

r : Profile |

average

experiment

i I 1 1

0
0 20 40 60 80 100
displacement in mm

Figure 4.6 A plot of experimental measurement of the root strength increase, S,, and prediction of the
model presented in Waldron et al. (1983) and the model presented in this study.
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Table 4.1 Soil and vegetation data of the shear displacement experiment by Waldron et al. (1983)

depth of shearing: 60 cm

angle of internal friction, ¢: 38°

material: clay loam (11% sand, 41% silt, 48% clay)
bulk density : 1000 Kg/m?

plants: Pinus ponderosa

elasticity modulus : 141-10° ¢%3% (kPa)

rupture stress : 8.820-10° g1 (kPa)
= diameter of the root (mm)

thickness shear zone :2cm

Pine root distribution at the shear plane.

root diameter, mm number of roots
1 473
2 195
3 40
4 20
5 7
6 3
7 3
8 0
9 0
10 0
15 1
total 742
AJA = 2.06 10°
4.2.4 Limitations to the friction stress at a root-soil contact

The root stress is a basic parameter in explaining the higher values of the shear
strength of a root penetrated soil compared to a root free soil. Root elongation causes
the root stress. A root can only elongate, if it is firmly anchored in a soil. In the
concept of Waldron and Dakessian (1981) and Wu (1984) stresses in the soil are
transferred to the root by friction at the root-soil contact. They assume that the
normal stress acting on the root-soil contact is due to overburden stress of the soil. A
root will break if the friction between soil and root is large enough. The interaction
mechanism between soil and root in sliding is shown in figure 4.7, under the
assumption that a soil exerts a stress on a root.




root movement
\ L “— [P
A ! < - .
B B B direction

Figure 4.7 Interaction between a root and soil in direct sliding. Stresses in the soil are transfered by
friction to a root.

The root-soil contact obeys the Coulomb friction-cohesion strength law (Milligan and
Palmeira, 1987). The friction stress, By, increases linearly with the normal stress ap-
plied to the failure plane, which is parallel to the root surface. A variation to Cou-
lomb’s strength law for the friction at a root-soil contact is proposed by McKyes,
1985:

B = C, + o,'tané = C, + o, R-tan¢d 4.22)
B; =  shear stress along the root-soil contact due to direct sliding (kPa)
C., = soil to root adhesion strength, independent of normal stress (kPa)
g, = stress normal to shear zone (kPa)
0 =  root-soil contact friction angle &)
R =  ratio of root-soil contact friction angle to soil friction angle ¢)
o = angle of internal friction of the soil ®)

The assumption of an equal shear strength of the root-soil contact and shear strength
of the soil, means that R=1.

Assume a coefficient of friction of about 0.5 (¢ = 30°) and a overburden stress
normal to the root surface. The use of equation 4.22 results in an estimation of the
friction stress at the root-soil contact, By, of less than 4 kPa for a soil depth of less
than 50 cm. This value may be compared with field data. Waldron (1977) estimated
the friction of alfalfa roots in coarse gravel-sand mixture to be 40 kPa. Waldron and
Dakessian (1981) gave a friction of about 2.5 kPa for barley and pine roots in a
saturated clay loam. Stolzy and Barley (1968) measured the pull out resistance of sin-
gle roots of field pea (Pisum sativum) that had penetrated a few millimeters into a
compacted clay loam with a bulk density of 1.7 g/cm® at a matrix potential of -0.3
bar. They found values of about 10 kPa in absence of root hairs, and where root hairs
extended into the dense unsaturated soil, the values ranged between 30-60 kPa.

So it appears that in field situations much higher values for the friction at the soil-root
contact are found with a mean of 40 kPa. These values can hardly be explained with a
friction generated by overburden stress alone (Waldron and Dakessian, 1981). The
values of the friction calculated under the assumption of the soil exerting stresses on a
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root (equation 4.22) seems especially low if one considers the fact that the calculation
also assume a complete and perfect contact between the root and soil. If there is only
a complete and perfect contact over a fraction of the root, CO, the calculated friction
has to be multiplied with CO. '

In the following paragraphs two mechanisms for higher friction stresses at the root-
soil contact will be discussed. The difference with the concept of Waldron (1977) and
Waldron and Dakessian (1981) is that in this case not the soil is exerting a stress on a
root, but oppositely a root is exerting a stress on the soil. The stress in a root is
transferred to the soil by friction. This friction stress on a soil may cause the soil to
fail at a certain distance from the root. The first of the two mechanisms is considering
a stress exerted by a root in a direction perpendicular to the root surface onto the soil.
The second addresses to a stress applied by a root parallel to the root surface onto the
soil.

4.24.1 Stresses exerted on the soil by a root perpendicular to its surface

If a root is firmly anchored in the soil, elongation of the root will make it to
straighten. This straightening results in a root cutting through the soil. Assume the
stress situation at the root-soil contact is analogous to a plough. McKyes (1985)
proposed a model, which describes the movement of a soil and the stresses involved,
when a plough cuts through a soil. The mechanisms taken into consideration are
derived from the mechanics of deep foundation failure and are depicted in figure 4.8.
Mckyes (1985) postulates that a vertical soil wedge is developed in front of the root,
perpendicular to the direction of movement (figure 4.8b). The soil wedge has an in-
cluded angle of ¢$=45°+¢/2. The soil fails to the sides of the root along planes in the
form of logarithmic spirals with a limiting angle of o (figure 4.8b). The value of o
differs for various practical applications. Several values of oo mentioned in literature
are: a = ¢ (McKyes, 1985; agricultural equipment), o« = 0 (Craig, 1987; bearing
capacity), a varies between 0 and -#/4 + ¢/2 (Milligan and Palmeira, 1987;
stabilization of a slope by geotextile).
Outside the log spiral wedge acts the earth stress at rest, P, = yz(1-sin¢) (Craig,
1987). According to McKyes (1985) the stress, P,, acting on the root face can be
calculated with:

W,-D

P=c tazub +PN, (4.23)

~

where:

‘b T\ (n+2a)tand
N =tan?(—+-—)e
Y

c =  cohesion : (kPa)
¢ =  angle of internal friction ©)
a = limiting angle of the logarithmic spiral planes ©)
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Figure 4.8 A mechanism for soil failure on a horizontal plane around a root below the critical depth due
to a movement perpendicular to the root surface (adapted from McKyes, 1985)

If a root makes an angle ¢ with the horizontal, a correction has to be made. P, is
multiplied by sin ¢, to correct for the angle, e. Because P, is due to movement
perpendicular to the root surface, it is the normal stress to the root surface. Therefore
the Coulomb friction law is rewritten to give a friction stress, B,, at the root-soil
contact due to perpendicular movement: :

B, = c+P R-tané'sine or B, = c+N,(c+P, R-tang)-sine (4.24)
The model of Mckyes is only valid if the soil moves in a horizontal plane around the

root. Above a certain critical depth, d., the soil is lifted upwards to the soil surface
(Figure 4.8 a, c). Below this critical depth it requires less energy to compress the soil
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and to move it horizontally around the root, than to slide the soil towards the surface.
Experimental evidence of the critical depth phenomenon indicates that the ratio of
critical depth to tool width (critical depth ratio) varies over a wide range and depends
upon the consistency of the soil (Mckyes, 1985). For most soils the critical depth
ratio seems to be less than 20 (McKyes, 1985). If the findings of Mckyes are applied
to our problem, it appears that most roots grow below the critical depth. The
assumption of a soil being compressed and moving around a root and not moving
upwards seems reasonable.

4.2.4.2 Stresses exerted on the soil by a root,parallel to its surface

Let us assume: a friction stress, B,, is generated at the root-soil contact by an
elongation of a root along its longest axis.The root exerts a stress on the soil and
there is perfect contact between the root and soil along the total root length. Under
these assumptions, it is possible to establish a relation between the principal stresses
and the direction of displacement.

If a root is exerting stress on a soil, than the major principal stress, o, is parallel to
the root surface. Because of the assumed stress equilibrium it is equal but opposite of
sign to the friction stress. The angle between root and the horizontal, e, is also the
angle between the major principal stress and the horizontal.

root
movement

-

direction
~— slipline

Figure 4.9 Slip lines due to a movement along the longest axis of the root (after Jones, 1985)

The assumption of a major principal stress parallel to the root surface implies, that if
failure occurs, the failure plane makes an angle, &, to the surface of a root. The angle
of the failure plane relative to the major principal stress, oy, plane can be calculated
with (McKyes, 1985):

& = 45° + ¢/2 _ , (4.25)

85




The proposed stress situation results in a slip line patron as depicted in figure 4.9.
Similar slip lines have been found in experiments where a fibre is pulled out ofa
glass plate (Jones, 1985).

The Mohr circle of stresses together with Coulomb strength law and equation 4.25,
makes it possible to give a relation between the major, a;, and the minor, o, prin-

cipal stress (Craig, 1987).

o0 = 06.K?2-2.cK, (4.26)
K, = tan(45°- ¢/2)
c = cohesion (kPa)

If the angle e between the major principal stress and the horizontal plane is known,
together with o, and o3, the following relation with the overburden stress, o,, is ob-
tained (Scott, 1963):

o, = 0,.8in% + 03.c08% 4.27)

From equation 4.26 and 4.27 it follows that the friction stress, By, at the root-soil
contact is given by:

2,
B -0 - _0,*2cK cos*e. (4.28)
» sin?e +K 2cos?e

4.2.4.3 Results of simulations of friction stresses at the root-soil contact

Table 4.2 presents different friction stresses: B, B, and B,, where B; is based on the
assumption of a soil exerting stress on a root (equation 4.22), B, is based on the
assumption of a stress exerted by a root perpendicular to its surface (equation 4.24)
and B, is based on a stress exerted by a root parallel to its surface (equation 4.28).
The listed values of the friction stress are maximum estimates, due to the assumptions
of a complete and perfect root-soil contact, CO=1, and of the same strength charac-
teristics for soil and root-soil contact, R=1. According to De Willigen and Van
Noordwijk (1987) a complete contact between soil and root is rather an exception than
a rule. McKyes (1985) has estimated that the ratio between the friction angle of the
soil plough contact and the soil friction angle to range from 0.4 to 1.

Table 4.2

Calculated values for friction stress (kPa)

depth=40 cm depth=40 cm

cohesion = 10 kPa Cohesion = 0 kPa

€ B; B, B, € B B, B,
0° 13.66 50.73 92.28 0° 3.66 19.34 14.35
10° 13.97 47.68 91.03 10° 3.97 18.52 14.13
20° 14.16 40.18 87.32 20° 4.16 16.51 13.49
30° 14.23 31.39 81.25 30° 423 14.16 12.43
40° 14.16 23.53 73.03 40° 4.16 12.05 10.99
50° 13.97 17.38 62.89 50° 3.97 10.40 9.23
60° 13.66 12.96 51.14 60° 3.66 9.22 7.18
70° 13.24 10.04 38.14 70° 3.24 843 4.91
80° 12.72 8.38 24.29 80° 272 7.99 2.49
90° 12.11 7.85 10.00 90° 2.11  7.85 0.00
€ = 40° e = 40°

cohesion = 10 kPa cohesion = 0 kPa

depth depth

(cm) B B, B, (cm) B: B, B,

10 11.04 14.49 64.78 10 1.04 3.01 2.75
20 - 12.08 17.50 67.53 20 2.08 6.02 5.50
30 13.12 20.52 70.28 30 3.12 9.04 8.25
40 14.16 23.53 73.03 40 4.16 12.05 10.99
50 15.20 26.54 75.78 50 520 15.06 13.74
60 16.24 29.55 78.53 60 6.24 18.07 16.49
70 17.28 32.56 81.27 70 7.28 21.09 19.24
80 18.32 35.58 84.02 80 8.32 24.10 21.99
90 19.36 38.59 86.77 90 9.36 27.11 24.74
Assumptions:

complete contact between root and soil, CO=1.

the root-soil interface has the same strength characteristics as the soil, R=1.

with :

PEEnR e
11 [ | S 1|

25°, angle of internal friction

0°, limiting angle of the logarithmic spiral planes
18.2 kPa/m, unit weight
angle of root to the plane parallel to the soil surface

friction stress due to overburden pressure
friction stress due to parallel movement

friction stress due to perpendicular movement

)~
(&Pa)
(kPa)




Table 4.2 reveals that the friction stress is strongly influenced by the cohesion of the
root-soil contact. Only the mechanisms, where a root exerts stress on the soil, gave
friction stresses, B, and/or By, high enough to explain values of 40 kPa as found in
field situations.

A realistic estimation of the friction stress between root and soil is still not feasible.
The parameters, like R, CO, P, and «, describing the stresses and the strength
characteristics at the root-soil contact are difficult to quantify. But the mechanisms
based on the assumption of a root exerting stress on a soil are explaining the high
values of the friction stress mentioned in the literature.

The influence of the friction stress, B, on the root reinforcement, S,, is shown in
figure 4.10. The experimental results of Waldron et al. (1983) are also plotted in this
figure. The simulations were done using equation 4.19, 4.20, 4.21 for different initial
angles to the shear zone and the data presented in table 4.1. The results of the
different angles were averaged. A friction stress of 6.4 kPa gave a good approxima-
tion of the line. The value of 6.4 kPa was obtained by trial and error.With increasing
displacements all roots within the successive diameter classes break, causing an
irregular rise of the curve.
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Figure 4.10  Simulations on basis of the equations 4.19, 4.20 and"4.21 of the dependence of the average
root reinforcement, S,, on the displacements as function of the friction stress, B (kPa)

Roots will break under high values of friction stress, B. At smaller displacements and
with higher values of B, the increase in root reinforcement, S, is larger, but the
overall maximum S, is less compared to soils with only slipping roots (low values of
B). The friction stress dictates at what displacements the maximum S, is reached.
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In the figures 4.8 and 4.9 the results of simulations of the root reinforcement, S,, are
shown in relation to the initial angle of the root to the shear zone, u, while the
friction stress is kept constant.

Figure 4.11 depicts the results of simulations using the data presented in table 4.1 and
under the assumption of a friction stress at the root-soil contact of 6.4 kPa. Figure
4.11 is an example of root reinforcement due to slipping and stretching of roots. As
long as the roots are mostly slipping, i.e. at small friction stresses, the simulated
average increase in Sr is: (1) a little smaller than the root reinforcement due to roots
at an angle of 90° to movement direction and (2) identical to results obtained using
the average root reinforcement due to roots with different initial angles at the shear
zone (figure 4.11).

These results are in agreement with the tests of Gray and Ohashi (1983) and Freitag
(1986), showing that roots/fibers perpendicular to the shear zone provide a
reinforcement, comparable to randomly oriented roots. This indicates that in their
tests they may have had slipping roots/fibers.
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Figure 4.11  Simulations, based on the equations 4.19, 4.20 and 4.21, of the dependence of the root
reinforcement, S,, on the displacement as a function of p, the initial angle of the root to the
shear zone. The friction stress, B, is assumed to be 6.4 kPa.
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Figure 4.12 depicts the results of simulations using the data presented in table 4.1 and
under the assumption of a friction stress at the root-soil contact of 29.0 kPa. Figure
4.12 is an example of breaking and stretching roots. When roots are breaking, the
simulated increase of S, with increasing displacements is much higher for roots at an
angle of 90° to movement direction than the average increase in S, (figure 4.12).
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Some of the simulations show a decrease in root reinforcement, S,, in abrupt steps as
roots in the successive root diameter classes were ruptured.

A distinct feature of figure 4.11 and 4.12 is a negative S, for roots with an initial
angle, u, larger than 90° to the displacement direction, during one stage of the
displacement. These roots are decreasing the strength of the soil. It should be noted
that an initial angle, p, larger than 90° to the displacement direction is not identical to
a negative S,. For a certain displacement both the root stress as the factor (sinf tan¢
+ cosp) are negative and therefore the resulting S, is positive, see for example the
curve of a root with an initial angle of 170° towards the shear zone in figure 4.11.
Furthermore, it shows the influence of the initial angle of a root to the shear zone on
the resulting root reinforcement. The peak strength for each initial angle of a root to
movement direction is at another displacement. It will be clear that the inclusion of
the initial angle of the root to the movement direction is essential when modelling the
root reinforcement. )
One of the parameters that might influence the friction stress, B, and therefore the
root reinforcement, S, is the contact area between root and soil. CO is defined as the
ratio between the total root surface and the root surface where the root makes contact
with the soil. A CO value of 1 indicates complete and perfect contact. Figure 4.13
shows the influence this ratio CO. CO influences the magnitude of S,, but not at what
displacement /shear strains it is reached.

|

IS

N
(KPa)

6.2

. '..u_.“”.' 1 22

0.25 0.3
displacement (m)

Figure 4.12  Simulations on basis of the equations 4.19, 4.20 and 4.21 of the dependence of the root
reinforcement, S, on the displacement as a function of g, the initial angle of the root to the
shear zone. The friction stress, B, is assumed to be 29.0 kPa.
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Figure 4.13  Simulations on basis of the equations 4.19, 4.20 and 4.21 of the dependence of the average
root reinforcement, S, on the displacements as function of the contact area root-soil, CO.(B
= 4.9 kPa)

4.2.5 Rupture of roots

In paragraph 4.2.4 the different concepts of friction stresses at the root-soil contacts
and the effect on the reinforcement of the roots, S,, in relation to deformation, were
investigated. A second important parameter in the root reinforcement model is the
rupture stress, o, ,, of the roots. The rupture stress of a root has great influence on
the root reinforcement, because it determines whether a root breaks or slips through
the soil.

Imagine a shear zone, which intersects a root zone (figure 4.1a). As reaction to a
displacement along a-b, the roots crossing the shear zone, start to stretch. The
elongation of the roots continues until the root stress exceeds the rupture stress, or-
until the frictional force on the root-soil contact is less than the force applied on the
root. A root is either in tension or compression when the applied force acts in the
principal length direction of the root.

The variation in rupture stress of roots is considerable, both between and within spe-
cies. In absolute values, the rupture stress of roots, o, ,,, appears to range from 6 to
100 MPa (Lee, 1985).

The rupture stress of a root, o, , seems to depend on the structural and chemical
characteristics of roots, governed by environmental factors (Hathaway and Penny,



1975; Greenway, 1987). Schiechtl (1980, 1973) demonstrated that roots, extending
uphill, were stronger than those extending downhill. Burroughs and Thomas (1977)
found that Douglas Fir roots in the Coastal Range (USA) are 4 times stronger than
those from the Rocky Mountains (USA). Hathaway and Penny (1975) reported a
seasonal fluctuation in rupture stress within poplar and willow roots, due to variations
in specific gravity and lignin/cellulose ratio.

Estimation of the rupture stress

The rupture stress of Pinus sylvestris roots, gathered at plot 1, have been determined
by using an unconfined uniaxial extension test, with an apparatus as depicted in figure
4.14. The roots are on both ends embedded in gypsum. Prior to the testing the
gypsum is hardened, approximately 12 hours. The hardening is executed under water
to prevent desiccation of the root. After the hardening the root is placed between the
weigh-beam and cog-wheel. Stress is applied to the root by slowly turning the cog-
wheel.

The method has some drawbacks. Some of the roots were broken because the gypsum
was cutting the root, or the root was pulled out of its bark without breaking. Further-
more, it was impossible to measure the strength of small roots.They were already
broken, due to the weight of the gypsum.

The results of 11 tests are shown in figure 4.15. The data indicate a rupture stress of
6.91 MPa.

Several papers suggest a decrease in rupture stress of the roots with increasing root
diameter (Greenway, 1987; Turmanina, 1965; Burroughs and Thomas, 1977; Waldron
and Dakessian, 1981; Tsukamoto and Minematsu, 1987). However, figure 4.15 does
not show such a relationship. Hathaway and Penny (1975) and Ziemer and Swanston
(1977) also found a rupture stress, independent of the root diameter.

weigh-beam

gypsum root

pull direction by a cog-wheel

Figure 4.14  Tester for rupture stress of roots
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Figure 4.15  Relationship between force (N), needed to break the root and its squared root diameter (cm?)

Equation 4.8 (paragraph 4.3.3), which gives a relation between rupture stress, o, ,,
friction stress, B, and the minimum length of root, x;, with a certain radius, r, needed
to break the root, is used to answer the question: will a root break or slip though the
soil. The equation is based on a stress equilibrium and given by:

o = BY : 4.18)
r

rm

A minimum value for the rupture stress of roots seems to be about 6 MPa (Lee,
1985). Assume furthermore that friction stress at the root-soil contact, B, is about 40
kPa (par. 4.3.4). This would result in a x/r of about 150. The ratio between x; and r
is about 2-5 for small roots (Lyford, 1975). It is expected that the smaller roots never
break and only slip. This is in line with the conclusions of Waldron and Dakessian\
(1981), who found that root slippage, rather than breakage, may be the prevailing
process, limiting root reinforcement of saturated, fine textured, soils.

root force (Newton)




4.2.6 Elastic modulus of a root

A third important parameter in the root reinforcement model is the elastic modulus,
E,. The elastic modulus determines the root stress at a certain elongation of a root
(equation 4.6) and therefore the root reinforcement, S..

The elastic modulus, E,, shows a wide variation between and within plant species
(Whiteley and Dexter, 1981; Hathaway and Penny, 1975; Waldron and Dakessian
1981). Environmental factors, such as water potential and plant nutrition seem to have
a significant influence on the elastic behavior of roots. Whiteley and Dexter (1981), in
a study with 16 field crops, investigated the effects of nitrate concentration and water
potential on the magnitude and linearity of the elastic moduli. They found, that
differences in mechanical properties of roots were in general greater than the differen-
ces, observed between different plant species. However, no simple relation was found
between the magnitude of either of these factors and the resultant modulus. Fur-
thermore, the elastic modulus depends on chemical (cellulose and lignin content) and
structural differences of the root tissue (Hathaway and Penny, 1975; Whiteley and
Dexter, 1981). In absolute values E, seems to range from 1 to 130 MPa (see table
4.3).

As shown in figure 4.16 variation in the elastic modulus of the roots influences the
magnitude of the root reinforcement.

Table 4.3 Elastic modulus, E, (MPa), for several plants

plant E, reference

Poplar 8.7- 16.4 Hathaway and Penny (1975)
Willow 10.8 - 15.8 Hathaway and Penny (1975)
Pinus ponderosa 141 - 100 Waldron et al.  (1983)
Barley 24 Dexter and Hewitt (1978)
Lucerne 22 Dexter and Hewitt (1978)
Barrel 36 Dexter and Hewitt (1978)
Oats 97 Dexter and Hewitt (1978)
Pea 21 Dexter and Hewitt (1978)
Rye 17 Dexter and Hewitt (1978)
Soy Bean 57 Dexter and Hewitt (1978)
Triticale 61 Dexter and Hewitt (1978)
‘Wheat 45 Dexter and Hewitt (1978)
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Figure 4.16  Simulations on basis of the equations 4.19, 4.20 and 4.21 of the dependence of the root
reinforcement, S, on the displacement as a function of the elastic modulus, E,. The friction
stress, B, is assumed to be 4.9 kPa.

4.3 Conclusions and summary

The processes causing the reinforcement of the soil by roots are not well understood.
Experimental data are scarce, sometimes conflicting and not always conclusive. To
assess the mechanical effect of roots on the strength characteristics in a limit equi-
librium analysis, is the purpose of this chapter. This led to the development of a
model.

The model is based on the following concept of the processes involved. Due to a
displacement along a shear zone, a root, which crosses the shear zone, will elongate.
This elongation generates a stress inside the root. This root stress gives rise to
additional stresses in the shear zone. The root stress is transferred to the soil by a
friction stress at the root-soil contact. The friction stress at the root-soil contact causes
the anchorage of a root in the soil. The total force, that can be applied to a root is ~
limited either by breaking of the root, or slipping of the root through the soil.

The model is formulated by equation 4.19, 4.20 and 4.21 and needs as input
variables: initial angle between the root and the shear zone, u, the displacement along
the shear zone, q, the elastic modulus of roots, E,, the rupture stress of root, o,,, a
friction stress, B, at the root-soil contact, and the cross sectional area of roots per
cross sectional area soil.

A basic assumption of this model is, that the friction is independent of the root stress
and the place on the root. ’




The model was validated against the well documented experiments of Waldron et al.
(1983). It appeared, that averaged root reinforcement of the soil due to roots with
different initial angles to the shear zone is in good agreement with the data of
Waldron et al. (1983; see figure 4.6)

The following tentative conclusions and remarks result form the analyses:

- The average elongation of randomly oriented roots crossing a shear zone remains
aproximately zero, upto a shear strain of 0.4. This shows that roots are contributing
to the shear strength of a soil only at shear strains larger than 0.4. At these shear
strains, most soils are already at their residual strength (Lee et al., 1983). Therefore,
the mechanical effects of roots increase the residual strength of a soil, i.e. roots make
a soil less brittle. This also explains why no relationship was found between root
content and the strength characteristics of a soil (paragraph 3.3.3). Shear strains
beyond 0.4 are hardly reached on small samples, i.e. conventional direct shearing and
unconfined compression shear tests are unsuitable in estimating the effects of roots on
the peak strength.

- A limit equilibrium analysis is based on the assumption of static equilibrium, i.e. no
movement takes place. Root reinforement of a soil only starts after displacements
have taken place. Thus root reinforcement needs no consideration in a limit
equilibrium analysis.

- The elongations of roots, with different initial angles, y, to the shear zone, vary for
a given displacement (figure 4.4). The root stress is linearly related to the elongation
of a root (equation 4.6). Therefore, the stresses inside roots with different initial
angles, u, to the shear zone will vary at any displacement. The roots will not
simultaneously reach the rupture stress, as is assumed by Wu et al. (1979) and
Riestenberg and Sovonick-Dunford (1983).

- A realistic estimation of the friction stress between root and soil is still not feasible.
The parameters, like R, CO, P, and e, describing stresses at and strength charac-
teristics of the root-soil contact, are difficult to quantify. Two proposed mechanisms,
however, related to roots exerting stress on a soil, explain the high values of the
friction stress, as mentioned in literature.

- Roots will break under higher values of friction stress, B at the root-soil contact. At
smaller displacements and with higher values of B, the increase in root reinforcement,
S,, is larger, but overall maximum S, is less, compared to soils with only slipping
roots (low values of B). The friction stress dictates which displacements the maximum
S, have reached (figures 4.8 and 4.9).

- Root slippage rather than breakage of roots may be the prevailing process, limiting
root reinforcement.

- The following concept of the development of a landslide and the influence of the
roots on the strength of the soil may be outlined: at maximum groundwater levels, in
early spring, a slope may fail for the first time. This initial failure of a slope happens
as the soil is at peak strength. After failure and sufficient displacement have taken
place (shear strains > 0.4), the soil is at its residual strength and the root
reinforcement of a soil increases. This may enlarge the total shear strength (root
reinforcement, plus the residual strength of the soil) and may cause the landslide to
stop sliding. It may even be possible, that the total strength rises to a level above the
peak strength of the soil material alone. The influence of the root reinforcement on
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the total strength of the soil will be most obvious in soil materials, which do not
exhibit a clear difference between peak and residual strength like, for example, sandy
soils. After the landslide stops, the root stress and therefore the root reinforcement
may decrease, due to processes like root growth or creep at the root-soil contact.




5 EXAMPLES OF LANDSLIDE HAZARD ANALYSIS ON A LOCAL
SCALE
5.1 Introduction

The presence of morainic material on top of impervious marl (terres noires) in
combination with relief - and hydrological factors induce a large number of mass
movements in the study area of the Barcelonnette basin (see par. 1.4). Many of these
mass movements have been (re-)activated during the 18th and 19th century, due to
abandoning of agricultural land and the logging of large areas.

Three slope profiles typical for situations in the study area, have been used to
exemplify the application of a probabilistic limit equilibrium analysis to assess the
landslide hazard on a local scale. Two profiles are located at plot 1, Riou Bourdou:
one representing the stable locations, the other illustrating a landslide typically for
colluvium. The third profile is located at plot 2, the landslide next to "la maison
forestiere Le Treou"; this landslide is one of the few that partly have developed in
coarse morainic material. Both plots are described in paragraph 1.4.

Because no movement has taken place on the monitored landslides from november
1984 till may 1988, an estimation of the location and shape of the failure surface had
to be made, before a stability analysis could be performed. Methods that can assist in
the estimation of the shape and the location of the failure surface will be considered in
the next paragraph.

5.2 Estimating the location of the failure surface

There are several considerations that can assist the estimation of the location and the
shape of a failure surface.

- The terrain itself may provide clues like location of the scarp and toe of a landslide,
or material characteristics may dictate the location.

- Assumptions about the shape. It is often noted (Narayan et al, 1982) that the critical
failure surface deviates from the circle. The actual failure surface resembles a loga-
rithmic spiral (Peck and Terzaghi, 1968), that is the curvature has its apex towards
the lower boundary (toe) and the upper portion has a flat curvature. The static
moment of this type of curves is independent of the normal stress distribution (De
Josselin de Jong, 1981). N
- Statistical reasoning. Read and Harr (1988) assume on the basis of the maximum
entropy principle that the most critical failure surface will have the highest entropy
and highest probability of failure.

- Mathematical reasoning. The calculus of variations provides mathematical
procedures to minimize a functional F[y(x)], where y(x) is a mathematical function,
describing the slip surface and the functional itself is describing the stability or safety
factor of a slope. In literature several examples of this approach can be found (Greco
and Gulla, 1988; Oboni and Bourdeau, 1983; Narayan et al, 1982). The mathematical
approach is not always feasible, because the functional not always satisfies the
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Legendre, Weierstrass and Jacobi conditions of positive definiteness and global
extreme (Narayan et al, 1982; De Josselin de Jong, 1980, 1981). A functional, which
is discontinuous or contains a cusp, is most susceptible not to satisfy the conditions.
A computer program was used to estimate the failure surface with the smallest safety
factor based on the DLEA method (paragraph 2.21). Two possible shapes of the
failure surface will be considered: (1) a circular, this type of failure surface can be
described by the coordinates of its center and the radius of the circle and (2) a
parabolic, this type of failure surface can be described by function in the form of
ax2+bx+c, where x is the x-coordinate of the profile and a, b, and ¢ are constants.
The programmed minimizing algorithm is given in Press et al (1986). It is a so-called
conjugate direction set method first described by Powell (Press et al, 1986). The
Powell procedure is as follows: starting from a circular or parabolic surface defined
by the user, the program derives the 3 parameters describing the surface. During the
~ iteration two of the parameters are held constant, while the third is shifted until a
local minimum of the safety factor is located. The optimum position, corresponding to
a minimum safety factor, is obtained if the change of the parameters is below a
certain tolerance, given by the user. The Powell procedure was chosen because it
doesn’t need partial derivatives with respect to the parameters used.

Although the algorithm appears to be very efficient, it should be noted that the
minimum safety factor found is quite often an approximation of a local minimum
(Press et al, 1986; Greco and Gulla, 1988). There is no guarantee that it represents
the global minimum of the safety factor (if one is present). This limitation is partly
overcome by starting the procedure over again only from another starting point. If the
various critical failure surfaces are sufficiently close, it is assumed to be the global
minimum of the safety factor. If the various failure surfaces are still scattered, the one
with the highest overall probability of failure is assumed to be the global minimum.
Experience with the program showed that it is difficult to find the global minimum of
the safety factor and its corresponding failure surface of a natural slope, because:

- more often there are several local minima in the safety factor which hardly differ
from each other, but each with a complete different failure surface.

- due to the irregular topographic surfaces and/or a stratification having different
geotechnical characteristics, the functional is all but, smoothly declining to its global
minimum of the safety factor. :

Thus the estimate of the failure surface may not be the real failure surface, but the
estimated safety factor and its corresponding probability of failure is often several
magnitudes smaller as one obtained after a visual estimation of the failure surface.

53 Examples of landslide hazard analysis for the study area
The landslide hazard analysis has been based on the VARCON method (see par.

2.2.2.4); the method, most appropriate to be applied to slopes with heterogenous
material (see 2.5).

5.3.1 Landslide in colluvium (Profile Caris)

Profile Caris is situated at plot 1, Riou Bourdou (paragraph 1.4) and runs from the
road to the scarp (figure 5.1). It is an example of the many landslides, developed in
the colluvium. X T

—Thedata of this profile are kindly provided by J. Caris. It is the only profile where

both the surface and the location of the boundary, between the colluvium and the solid

terres noires, was measured by electro-resistivity methods.

Five different conditions of the profile are compared, to reveal the landslide hazard of

the slope and the influence of vegetation, pore water pressure and strength parameters

on it. The following cases will be discussed:

Case 1 The profile is outlined in figure 5.1. The groundwater level is at 0.3 m
below surface. The profile embodies three layers. The root zone (labelled
1) is 1 m thick. It has the same strength parameters as the sub soil (layer
2), consisting of colluvium. The layer, labelled 3, consists of solid terres
noires. Strength parameters are listed in table 5.1.

Case 2 Same as case 1, except with groundwater level at 3 m below surface.

Case 3 Same as case 1, except with trees covering the landslide The influence
of the vegetation is assessed, by adding 5 kPa to the stress, acting in the
vertical direction. Gray and Megahan (1981) give a range from 0 to 10
kPa for the extra vertical stress due to the vegetation. An extra stress of 5
kPa is comparable to a soil layer of 25 cm with a bulk density of 2 g/cm’.

Case 4 Same as case 1 except with layer 2 at residual strength.
Case 5 Same as case 2 except with layer 2 at residual strength.
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Figure 5.1 Morphometry of the Caris profile for case 1
The scarp at 169.57 m and the toe at -3.86 m




Table 5.1 Material descriptions

peak strength parameters

mean values layer

1 2 3
bulk density (g/cm®) 2.02 2.02 2.30
cohesion (kPa) 16.55 16.55 72.0%
phi ) 27.8% 27.8% 28.7%
variance layer

1 2 3
cohesion 53.71 53.71 13.00%
phi 3.83% 3.83% 1.70%

Residual strength parameters (Van Asch et al, 1989)

mean values layer

1 2 3
cohesion (kPa) 0.6 0.6 --
phi (@) 25.6 25.6 -

$ =  estimated using the straight line approximation to the failure envelope at normal stress between

30 and 55 kPa. The failure envelope was estimated with the direct shear tests.
i from Antoine et al, 1988

The strength parameters were obtained from literature and measurements. Literature
provided estimations of the residual strength of colluvium (van Asch et al., 1989) and
of the peak strength of solid terres noires (Antoine et al., 1988). The results of direct
shear tests were used to estimate the peak strength of the colluvial material. The tests
are discussed in chapter 3. It is found that the failure envelope was curved in the
lower normal stress ranges. The failure envelope is the line connecting the different
combinations of the shear stress and the normal stress where failure occurs. For
calculation purpose the curved failure envelope is replaced with a straight line. This is
done by providing a best fit over the stress range 30-55 kPa, coincides with a normal
stress due to a soil layer of 1.5-3.0 metres. The fitting results in the following mean
values; 16.55 kPa for cohesion and 27.8° for the angle of internal friction and a
variance of 53.71 for the cohesion and 3.83 for tan¢. ,

The positions of the scarp and toe of the landslide are estimated by using the search
program for the smallest safety factor, based on DLEA (see explanation of the search
program paragraph 5.2). The estimated scarp coincides with the actual scarp, while
the estimated toe is 2 m below the (actual?) toe near the road.

It is assumed that the coefficient of variation of the water pressure and variables b,
and b, in the safety factor variance equations (2.11 and 2.14) are constant and equal
to 0.1.
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Table 5.2 Comparison of the overall values of the safety factor, variance of the safety factor and
probability of failure of profile Caris under different conditions along the failure surface

safety factor variance probability - ratio A
of the of failure
safety factor

case 1 1.156 0.333 0.538 0.293
case 2 1.415 0.147 0.332 0.297
case 3 1.164 0.321 0.513 0.296
case 4 0.705 0.331 0.823 0.823
case 5 0.932 0.269 0.690 0.823

Description failure surface:
Failure surface follows boundary layer 2-3, i.e. boundary colluvium - solid terres noires.
Toe at -3.86 m : scarp 169.57 m

Figure 5.2 shows the plots of the distribution of the vertical shear forces for case 2
(peak strength, groundwater at 3 m below the surface). The plot of the vertical
interslice forces, T, shows after a sharp rise near the toe, a line, which fluctuates
around a constant value, (figure 5.2). Only at the toe the shear stress, T, along the
sides of the slices exceeds the shear strength of the soil. This indicates that the
assumptions of the VARCON method results in physically realistic stress situations,
with a possible exception of the area near the toe. Similar plots and conclusions were
derived for the other cases.

The VARCON method indicates a landslide with a probability of failure of 53% in
early spring, when groundwater levels reach to 0.3 metre below the surface (case 1
table 5.2). The landslide still has a probability to fail of 30 %, when groundwater
levels drop below the 3 metres below the surface (case 2 table 5.2).

The landslide under field conditions of peak strengths and groundwater at 0.3 below
the surface, consists of five blocks with almost equal probability of failure (figure
5.3). The probability of failure does not changes much along the failure surface, if the
profile is considered to be under residual strength conditions, i.e. the slide may reacts
as one block (figure 5.4).

The extra normal stress due to the vegetation biomass-hardly effects the safety factor
and the probability of failure (compare case 1 and 3 in table 5.2).

““The-influence of the pore water pressure at the failure surface on the probability of

failure is higher under peak strength conditions, than under residual conditions. This
indicates that changes in the hydrology of a slope have a larger influence on initial
failure, than on the continuation of movement of an already failed soil mass, at
residual strength (compare case 1, 2, 4, 5 in table 5.2).

The overall value of variance of the safety factors along the failure surface changes a
little between the different cases. Higher variances are associated with higher pore
pressures at the failure surface and with residual strengths.
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3 Figure 5.4 The probability of failure along the failure surface of profile Caris for case 5
s The scarp at 169.57 m and the toe at -3.86 m
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5.3.2 A stable slope (profile Rbprof3)
~0.276 Profile Rbprof3 is situated at plot 1, Riou Bourdou (paragraph 1.4). It is an example
of a stable slope in the study area. The depth of the boundary between colluvium and
the solid terres noires was not measured systematically. Some indications were
do13s obtained from hand auger data. The maximum depth reached with the auger, was
' about 4 meters. At this depth weathered terres noires were found.
The profile is depicted in figure 5.5. The groundwater levels,observed in the field,
never came within 3 meters of the surface. It is assumed that both groundwater level
; ! ! ! ! 0 and the boundary between the solid terres noires and the colluvium parallels the sur-
-8.9 217 523 829 1134 1440 1748 face. Another assumption is that the position of the failure surface lies at the
. boundary between layer 2 (colluvium) and layer 3 (solid terres noires). Layer 1 is a
X - coordinate profile (m) root zone of 1 meter developed in colluvium.
Figure 5.3  The probability of failure along the failure surface of profile Caris for case 1 Four different coqdlnons of the p IOﬁl.e are compared to reveal the landslide hazard ‘Of
The scarp at 169.57 m and the toe at -3.86 m the slope and thf: mﬂuen.ce: of vegetation, pore water pressure, strength parameters
and the assumption of sliding depth on it. The following cases will be discussed:
Case 1 Groundwater level at 3 m below the surface. The strength parameters are
listed in table 5.1. layer 1 and layer 2 consists of colluvium, while layer 3
contains solid terres noires. The boundary between layer 2 and 3 is at 4
meter below the surface. The failure surface lies at the boundary of layer
2 and 3. _
Same as case 1 except with groundwater level at 0.3 m below surface.




Case 3 Same as case 1 except w1tlﬁrees cov%}he landslide and adding 5 kPa
to the normal stress. -

Case 4  Same as case 1 except with failure depth at 2.5 meters below the surface.

Table 5.3 Comparison of the overall values of the safety factor, variance of the safety factor and
probability of failure of profile Profrb3 under different conditions along the failure surface

safety factor variance probability ratio A
of the of failure
safety
factor
case 1 1.077 0.031 0.475 0.641
case 2 0.846 0.038 0.767 0.636
case 3 1.057 0.029 0.497 0.643
case 4 1.493 0.068 0.128 0.717

Description failure surface:
Failure surface follows boundary layer 2-3, i.e. boundary colluvium - solid terres noires.
Toe at 5.93 m : scarp 85.08 m

Material description and calculation parameters for Profrb3 profile are identical to the
Caris profile and given in table 5.1.

The positions of the scarp and toe of the landslide are estimated using the search pro-
gram for the smallest safety factor based on DLEA (see explanation of the search
program paragraph 5.2).

The stability of profile Rbprof3 is strongly influenced by changes in groundwater
levels and the assumption of the failure depth.

The VARCON method indicates, that this profile has, under field situations (case 1
and 3), an overall probability of failure of about 48%, which is comparable with the
53 %, obtained for profile Caris. Although there is a considerable difference in
geometry of both profiles, there is not much difference in the probability of an initial
failure under the field conditions. Apparently the landslide area and the stable area
have under the conditions of peak strength and their shallowest groundwater levels of
0.3m below the surface for the landslide and 3.0 metres for the stable area, an almost
equal probability of failure.

The distribution of probability of failure along the failure surface is only slightly
fluctuating, as shown in figure 5.6 for case 1 and case 2. It seems that if an initial
failure occurs, the landslide will move as one block: because there are hardly any
changes in the probability of failure along the potential failure surface.

Alterations in the groundwater level change the probability with 27 %. Under normal
field conditions (case 1; groundwater levels below the 3 metres beneath the surface)
the failure probability is 48%, while extreme groundwater levels of 0.3 metres below
the surface give a probability of 76 % .

A decrease from 4 to 2.5 metres below the surface, in the assumed depth of sliding,
reduces the probability of failure to 12.8 %.
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The overburden of vegetation hardly affects the stability of this slope (compare case 1

Figure 5.5

Figure 5.6a

and 3, @hle 5:3). ——
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Morphometry of the Profrb3 profile for case 1
The scarp is at 85.08 m and the toe at 5.93 m
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The probability of failure along the failure surface of the Profrb3 profile for case 1

The scarp is at 85.08 m and the toe at 5.93 m
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= +0.554

- - 0.369

Case 1

Case 2
Case 3

Case 4

Groundwater level at 0.5 m below the surface. For layer 1 and 2 the
strength parameters of the colluvium are used, and for layer 3 those of

the solid terres noires (table 5.1). v

Same as case 1 except with groundwater level 3 m below surface.//-~\ -
Same as case 1 except with trees covering the landslide and adding 5 kPa
to the normal stress.

Same as case 1 except with layer 2 at residual strength. -

An alteration in the groundwater level changes the probability of failure by 25 %.
Under springtime conditions, characterized by groundwater levels at 0.5 metres below
the surface (case 1), the probability is SO0 %. Under autumn conditions, characterized
by groundwater levels below 3 metres beneath the surface, the probability of failure
is 25 % (table 5.4).

The assumption of the residual strength results in an increase of the probability of
failure of 30 % compared with peak strength conditions (table 5.4; case 1 and 4).
The distribution of the probability of failure along the failure surface, as shown in
figure 5.8, suggests at least three blocks with equal probability of failure. Block 1,
actually has moved after some excavation took place at the toe, for an enlargement of
the road. The sharp dip in probability of failure between block 1 and 2 is the basis for
hypothesis, that failure of block 1 is not affecting the probability of failure of the
other blocks.

The extra normal stress, applied by trees, hardly results in any change of the
probability of failure (compare case 1 and 3, table 5.4).
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Figure 5.6b  The probability of failure along the failure surface of the Profrb3 profile for case 2
The scarp is at 85.08 m and the toe at 5.93 m

5.3.3 A landslide in coarse morainic material (profile FTI)

Profile FT1 is situated 20 meters west of ’La Maison Forestiere Le Treou’ at an
elevation of 1450 m (paragraph 1.4) and is an example of a landslide that partly
developed in coarse morainic material. The boundary of the solid terres noires is
assumed to be at 5.5 meters below the surface. This is based on information obtained 36.6 =
during the drilling of holes for positioning open stand pipes. It is further assumed that ' ' ' ' | l Zn
the failure surface lies at the boundary between layer 2 (morainic material) and layer , g
3 (solid terres noires).In the surface layers the material of this landslide consists of a Z
mixture of fine to very coarse morainic material (stones up to 2 meter diameter). i = 1%°
Nevertheless the strength characteristics of the colluvium, estimated at plot 1, have gw_~
been applied in the calculations. This seems to be justified, because the coarse 1 ZZ
material does not reach up to the boundary of the terres noires. The interface between i 2" 2 1
layer 2 and 3 (see figure 5.7), shows material with a comparable nature to that at 7
plot 1. The main differences between this profile and profile Caris are its hydrology 7
and geometry. For profile FT1 the maximum groundwater level is at 0.5 meter below 4 744 -
the surface. The root zone (layer 1) is estimated to be 1 m. The location of scarp and 4
toe were estimated using the search program for the smallest safety factor based on :
DLEA (see paragraph 5.2). The estimations of the toe and scarp appeared to coincide L ' ' ' . 6.4
with the actual ones. 0.3 132 262 39.1 52.0 65.0 77.9
Four different conditions of the profile are compared to reveal the landslide hazard of
the slope and the influence of vegetation, pore water pressure and strength parameters
on it. The following cases will be considered:
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Figure 5.7 Morphometry of the FTI profile for case 1
The scarp is at 72.88 m and the toe at 5.81 m




Table 5.4 Comparison of the overall values of the safety factor, variance of the safety factor and
probability of failure of profile FT1 under different conditions along the failure surface

safety factor  variance probability ratio A

of the of failure

safety

factor
case 1 1.171 0.203 0.503 0.400
case 2 1.450 0.187 0.250 0.402
case 3 1.161 0.234 0.487 0.409
case 4 0.682 0.228 0.819 0.404

Description failure surface:

Failure surface follows boundary layer 2-3, i.e. boundary colluvium - solid terres noires.

Toe at 5.81 m : scarp 72.88 m

T T 0.639
L -10.479
1 2 3
o 410.320
L \) -0.160
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0.3 13.2 26.2 39.1 52.0 65.0. 77.9

X - coordinate profile (m)

Figure 5.8 The probability of failure along the failure surface of the FTI profile for case 1

The scarp is at 72.88 m and the toe at 5.81

m

probability

5.4 Conclusions

Some tentative conclusions for the landslide hazard in the study area may be drawn
from the analyses of the three slope profiles.

- The landslides have a failure probability of 50% in early spring, when groundwater
levels are close (0.2-0.5 m) to the ground surface. The failure probability decreases to
30 %, when the groundwater levels drop to more than 3 metres below the surface
(autumn condition).

- The stable areas have under field conditions of peak strength and a groundwater
level of 3 metres below the surface, a landslide hazard, that is slightly lower than that
of a landslide, with a groundwater level at 0.3 metres below the surface and peak
strength. '

- The distribution of the probability of failure along the failure surface indicates
landslides, consisting of several ’blocks’ of material with a comparable probability,
separated by stretches of lower probability of failure.

- The influence of water pressure at the failure surface on the probability of failure is
higher under peak strength conditions than under residual conditions. This shows, that
changes in the hydrology of a slope have larger influence on initial failure, than on
the continuation of movement of an already failed soil mass.

- The overburden of vegetation hardly affects the mean and the variance of the safety

:
1
factor of a slope. Removal of the vegetation may increase the landslide hazard, due tcl;)
their effect on the hydrology of the slope: the removal reduces water losses through |
interception and evaporation, thus increasing the amount of infiltrating water. This } /

may result in groundwater levels closer to the surface. This condition increases the /
landslide hazard. //
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6 ASSESSMENT OF LANDSLIDE HAZARD ON A REGIONAL SCALE

6.1 Introduction

The estimation of landslide hazard on a local scale is based on a soil mechanical
_approach (chapter 2, 3, 4, 5). On a regional scale, usually statistical methods are
used. In this chapter a soil mechanical approach is proposed to assess the landslide
hazard on a regional scale. Both a statistical and soil mechanical approach are applied
to the study area (see par. 1.4).
A general procedure for preparing landslide hazard zonation maps of a region usually
involves four steps (Carrara, 1983; Aniya, 1985): (1) selection of critical terrain
factors; (2) assessment of the relative contribution of the critical terrain factors in
generating mass movements; (3) mapping of the different critical terrain factors; and
(4) production of a landslide hazard zonation map by superimposing these terrain
factor maps according to an appointed weight.
This chapter focusses on the abilities of the statistical and the soil mechanical
approaches to select the critical terrain factors, assess their relative contribution to the
landslide hazard and the assessment of the landslide hazard itself.

6.2 - A A statistical approach to the assessment of landslide hazard on regional
scale: an example of the use of a discriminant analysis

In a statistical approach, the degree of landslide hazard may be assessed by a
statistical (multivariate) analysis (Reger, 1979; Carrara, 1983). The most significant
factors, contributing to the instability, are weighted quantitatively, according to their
statistical significance.

A standard technique is the discriminant analysis (see for example Carrara et al.,
1977; Neuland, 1976; Aniya, 1985; Haigh et al., 1988). The analysis can be used to
select the critical terrain parameters and to give an assessment of their relative
contribution to the landslide hazard. In the following paragraph the use of a
discriminant analysis for the assessment of the landslide hazard in the Ubaye River
Valley, will be tested.

6.2.1 Methods of data collection and -analysis
Data collection

The collection of quantitative and objective information on a large number of terrain
parameters, related to slope instability phenomena, is simplified by the use of a
standardized form (Carrara and Merenda, 1976).

Collecting the data, the study area has been divided into squares of 500 by 500 m. In
each square one standardized form was compiled on (1) the Iand unit with the greatest
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vegetation coverage and on (2) each landslide, encountered in a field reconnaissance
of the entire square. The form used to gather the data is shown in table 6.1. It covers
aspects of geomorphology, geology, hydrology, vegetation and morphometry of the
mass movements of an area. Geological factors, determining the susceptibility of
slopes to mass movements, are related to cohesion and angle of internal friction and
include rock composition, structure and bedding sequence. Actual or potential failure
planes may form, when downslope dipping planes separate rocks of different
competence. Other geological situations, favorable to mass movements are: a soil
poorly attached to the underlying bedrock, or an impermeable bedrock.

Soil factors, related to slope stability, are cohesion, angle of internal friction and
water retention and transmissibility.

Hydrological processes determine the pore water pressure in the potential slip plane.
Infiltrating water can decrease the stability of a slope by increasing the weight of the
soil and by eventually creating positive pore water pressures. A perched groundwater
table, creating positive pore pressures, will form within the soil mantle, if the subsur-
face flow is lower than the infiltration rate, for an extended period of time. The
height and the persistence of a groundwater table depends furthermore on rainfall or
snow melt intensity and duration, type of vegetative cover, agricultural practice,
morphology and soil physical properties, like hydraulic conductivity and void ratio.
The large interconnected soil pores, like soil pipes and cracks, are important pas-
sageways for the transport of water on a slope. Although piping networks are inter-
connected over large areas, small breaks in this network create sites of extensive pore
water pressures (Sidle et al., 1985).

Vegetation influences the hydrology and the normal stress on the failure surface.
Slope gradient is the most prominent geomorphological factor. It governs directly the
normal and shear stress. Slope shape and gradient influence the water distribution in
and on the slope. Convex slopes disperse subsurface water and therefore tend to be
more stable than concave slopes, which concentrate subsurface water into small areas.
The frequent association of shallow mass movements and slope depressions is not
surprising.

The geotechnical information gathered, was limited.

Micro-relief is defined as smaller relief elements of a hillslope within an area, not
more than 100 m2. Meso-relief is composed of larger relief elements of a hillslope in
an area, more than 100 m2. Slope length is the distance of a sampling point to the
main water divide. Slope length has been estimated by using a topographic map, scale
1:25.000. Distance to the water divide, is the distance of the sampling point to the
nearest water divide.

In total 392 forms have been processed. 211 sites have been classified in the field as a
stable site, 155 as a landslide and 26 as unknown.

Discriminant analysis

In a two-group discriminant analysis,discriminating between stable sites and
landslides, a linear discriminant function is given by (Norusis, 1985) :

DS = B,*B,X +B,X,+......... +B X 6.1)

The discriminant function is similar to the multiple linear regression equation. The
X’s are the values of the variables and the B’s are the coefficients estimated from the
data. If a linear discriminant function is used to differentiate between stable sites and
landslide sites, the two groups must differ in their discriminant score (DS). The
estimation of the coefficients of the B is such, that the discriminant scores differ as
much as possible between the groups, i.e the own value or the ratio of the variability
between the groups and the variability within the groups, is at a maximum. The
variables, used in the discriminant function may be considered as the critical terrain
parameters and the standardized constants B are often seen as their relative
contributions to the landslide hazard (Carrara et al., 1977)

The discriminant score can be used, to obtain a rule for classifying sites into one of
the two groups. The classification technique, used in SPSS-x version 2.0 is based on
Bayes’ rule. The probability, that a site with a discriminant score of DS belongs to
group i, represented by P(G; | D), is estimated with (Norusis, 1985):

P(D|G)P(G)
P(G,|D) = - (6.2)
X5, P(D|G)P(G)

Where (P(D | G)) is a conditional probability. The prior probability, P(G), is an
estimate of the likelihood of a site to belong to a specific group, when no information
about the site is available. For example, if 40 % of the sites is a landslide, the prior
probability that a site is a landslide is 0.4.

The conditional probability (P(D | G))), for obtaining a particular discriminant score
(DS), given the group membership of the site, can be estimated, when the
discriminant scores are normally distributed for each of the two groups and the main
and variance of each group can be estimated. A site is classified, based on its
discriminant score DS, in the group for which P(G; | D) is the largest. The
discriminant score has been related by Carrara (1983) and Neuland (1976) to the
degree of stability.

The percentage of sites classified correctly is often taken as an index of the
effectiveness of the discriminant function. During an evaluation of this index, it is
important to compare the observed misclassification rate to the rate expected by
chance alone. Two groups with equal prior probabilities result in an expected
misclassification rate of 50 %. A discriminant function with an observed misclassifi-
cation of 50 % is not performing better than chance.

In this study two assumptions about the prior probability have been tested separately:
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- the probability for a certain group member is proportional to the number of sites in
each group, i.e. sites will more likely be assigned to the greater group of stable sites.
- the probability of group membership is equal, i.e. there is no difference in the
probability of assignment between the groups, stable or landslide sites.

A discriminant analysis assumes that the classification variables are from a
multivariate normal distribution and the covariance matrices of all groups are equal. If
these assumptions are violated, the linear discriminant analysis is less optimal
(Norusis, 1985).

The Box’s M test tests the equality of the group covariance matrices (Norusis, 1985).
For the data used,the test gave a significance of 0.43, indicating two matrices, which
are not too dissimilar.

There is reason to suspect that the multivariate normality assumption is violated,
because some of the variables have markedly non-normal distribution. But Norusis
(1985) states that the linear discriminant function performs quite well if the covariance
matrices are not too dissimilar and in case of dichotomous classification variables,
especially when the data sets are small.

6.2.2 Results of discriminant analysis

Before any further analysis is performed, it is tested how successful the obtained
discriminant function is in differentiating stable sites from landslide sites.For this
purpose the variability between the groups, within the groups and the total variability
of the data were estimated.

The ratio of the variability between the groups and the variability within the groups or
eigenvalue of the discriminant function is maximized in a discriminant analysis. Large
eigenvalues are associated with a good discrimination (Norusis, 1985). The data had a
eigenvalue of 1.3423, which indicates a rather good discrimination (Norusis, 1985).
Another measure of the success of discrimination is the Wilks’ A. This is the ratio
between the variability between the groups with the total variability. Small values are
associated with analyses with much variation between the groups and less within the
groups. A Wilks’ A of 1 indicates that all group means are equal to each other. The
gathered data had a Wilks’ A of 0.4269, which indicates a reasonable discrimination.
This was confirmed by a Chi-square test. The Chi-square test indicates that the groups
of stable and landslide sites are significantly different at the 0.00005 level.

For each site a discriminant score or group membership was calculated using the
discriminant function. By comparing the predicted group membership with the actual
group membership, one can empirically measure the success of the discrimination.
Table 6.2 shows that 87.7 % of the sites were correctly classified.

The percentage of correctly classified sites will always be too optimistic, when the
same sites are used, both to compute the discriminant function and to classify (Nie et
al., 1981). To get an unbiased estimate of percentage of correctly classified sites, the
sample has to be split randomly into two parts: one for computing the discriminant
function and one for estimating the percentage of correctly classified sites. This way
of testing gives a good indication of the reliability of the predictive power of the
discriminant function (Nie et al., 1981).
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Table 6.2 Percentage of incorrectly and correctly classified sites due to two different assumptions about
the prior probability
Prior probability
equal group size
total correctly classified 87.7 87.7
incorrectly classified as stable 10.2 15.7
correctly classified as stable 86.3 90.0
incorrectly classified as landslide 13.3 10.0
correctly classified as landslide 89.8 84.3
Table 6.3 Percentage of correctly classified sites as function of the percentage of the total number of sites

used to compute the discriminant function

% of forms used to compute biased unbiased
discriminant function

100 87.7 -
80 86.8 78.2
60 92.7 68.3
40 94.3 71.6

Table 6.3 gives the percentage correctly classified sites; ’biased’ stands for the
percentage of correctly classified sites in the sample population, used to determine the
discriminant function; ’unbiased’ stands for the percentage of correctly classified sites,
not used in the determination of the discriminant function.

Table 6.3 demonstrates that the unbiased percentage of correctly classified sites is
always less than the biased percentage, indicating a moderate reliability of the dis-
criminant function for classification.

Although the biased percentage of correctly classified sites is about 90%, the
discrimination between stable and landslide sites is not optimal. Figure 6.1 depicts a
plot of the cumulative frequencies of the discriminant scores, of landslide and stable
sites groups. There is a transition zone between both groups and just this transition
zone is interesting for landslide hazard mapping.

Interesting in aspect to landslide hazard mapping, are those sites, classified as a
landslide by the discriminant function, but which are found to be a stable site in the
field. Carrara (1983) and Neuland (1976) consider these "incorrectly classified" areas
as a potential landslide and hence very dangerous. This interpretation is based on the
assumption that slope failure, in the future, will be more likely to occur under
circumstances, which both in the past and recently, have led to slope failure.

The group of incorrectly classified sites should be interpreted with some care: one
might neglect the fact, that the classification can be incorrect, because of
methodological errors. The methodological errors are related to sampling or data
processing or to using the incorrect discriminating factors.
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Figure 6.1 Frequency plot of the discriminant score for stable and landslide sites.

There also is a group of sites, which are classified as stable, but have proved to be a
landslide in the field (see table 6.2). For this group is no physical explanation and it
can only be interpreted as a result of methodological errors. A significantly larger
percentage of sites, incorrectly classified as landslides, than the percentage of sites,
incorrectly classified as stable, indicates that some sites can be considered as a po-
tential landslide and thus dangerous. In this way, discriminant analysis may detect
potential landslides. However, table 6.2 shows that in the study area, there is not a
larger percentage of sites, incorrectly classified as a landslide. This makes it doubtful,
that these sites can be considered as potential landslides.

In the presented analysis, large discriminant scores are associated with landslides,
while small discriminant scores are associated with stable sites. Larger values of vari-
ables, with a positive coefficient B of the discriminant function, contribute to an
increase in the discriminant score and have a negative effect on the slope stability.
Larger values of variables, with a negative sign, are associated with an increase in
stability.

Table 6.4 The seven most important variables in the discriminant function, with their standardized coeffi-
cient

steps/terracettes 0.57
maximum rooting depth 0.21
ground area of meso relief -0.29
material type -0.45
maximum slope angle 0.28
thickness of litter layer 0.15
basal area of trees 0.13

Table 6.4 lists the 7 most important variables in the discriminant function, together
with their standardized coefficients: the presence of steps/terracettes, maximum
rooting depth, ground area of meso relief, material type, maximum slope angle,
thickness of litter layer and basal area of trees.

Table 6.5 Correlations between variables used in discriminant function
A B C D F G
B .2602 1.0000
C .0088 -.1375 1.0000
D -.0990 -.0620 -.0904 1.0000
E . .0583 .0682 -.0391 .1747 1.0000
‘F 0792 3612 -.2243 .0566 .0424 1.0000
G -2672 -.1062 -.1108  -.1184 -.0244 .1363
A = Steps / terraccettes
B = Maximum rooting depth
C = ground area of meso relief
D = material type
E = maximum slope angle
F = thickness of litter layer
G = basal area of trees

Since some of the variables are correlated (table 6.5), it is not possible to assess the
importance of an individual variable by the magnitude of his standard coefficient. The
coefficient for a particular variable depends on the other variables, included in the
function (Norusis, 1985).

Despite this, a general trend for the study area can be deduced. Generally is observed
that the discriminant score increases, with increasing values of the variables:
maximum rooting depth, thickness of the litter layer and basal area of trees, points at
a frequent association between landslide and forests. A possible explanation for the
association between landslide and forest is the planting of trees at the turn of the
century, on areas, that suffered most from erosion, including mass movements.
Apparently these landslides are still active.




6.3 A soil mechanical approach to the assessment of landslide hazard on
regional scale

The use of soil mechanical methods in the assessment of landslide hazard on regiohal
scale may give more predictive answers on the effects of human activities than the
statistical approach, because the soil mechanical methods are based on the laws of
physic and causality. The factors, which have a strong influence on landslide hazard,
may be deduced from a sensitivity analysis using limit equilibrium methods
(paragraph 6.3.1). The landslide hazard will be assesses using Monte Carlo
simulations (paragraph 6.3.2)

6.3.1 Landslide hazard modelling using limit equilibrium methods

To determine the landslide hazard of slopes,the infinite slope model was used. This
model assumes the sliding of a slab of soil on a failure surface, which is parallel to
the ground surface. The safety factor equations, resulting from a force equilibrium
perpendicular, and parallel to the slope, are simple. Since the slope is infinite, the
interslice forces can be neglected, i.e their line of action is parallel to the ground
surface and they are of equal magnitude, but opposite of sign (Nash, 1987).

The resulting equation describing the safety factor can be written as (Gray and
Megahan, 1981):

2c + % + Y—s‘"—l M+ (1- tand
. _ TS [ G DM =M1 .

% +1§“_‘M +X(1-M)

(0% B PR
where:
F =  safety factor
M = relative height of piezometric surface = Hw/ H. ¢
Hw =  height of piezometric surface above potential failure surface (m)
H = thickness above potential failure surface (m)
c = effective cohesion of the soil (kPa)
0% = unit weight of moist soil above piezometric surface (kPa/m)
Y =  saturated unit weight of the soil (kPa/m)
Y« =  density of water (kPa/m)
4, = vertical surcharge due to the vegetation weight (kPa/m
B = slope angle &)
¢ =  angle of internal friction )

6.3.2 Sensitivity analysis for the study area

In order to obtain an impression of the relative importance of different parameters,
given their range found in the study area, a sensitivity analysis was carried out, using
the infinite equilibrium model (equation 6.3). In the analysis only one parameter was
changed, all other parameters were kept constant at their median value. The changed
parameter was increased stepwise, from its minimum to its maximum value.

Figure 6.2 shows the results of sensitivity analyses carried out on the colluvium soils,
found in the Barcelonnette Basin and done for two depths of slippage: 0.4 to 0.6
metres, the depth of the root zone, and 4 to 6 metres, the variation in the depth of the
colluvium cover. The results in figure 6.2 indicate slope angle as a very sensitive
parameter, while the strength parameters and the groundwater height only have a
moderate influence on the safety factor. Remarkable is the fact that the depth of the
colluvium, the surcharge of the vegetation and the bulk density parameters become
relatively unimportant, if slippage occurs in deeper soil layers (figure 6.2b).
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Figure 6.2 The sensitivity of the input parameters in the infinite slope model. Percentage change in
safety factor (F), versus percentage change in the input variables ( x).




6.3.3 Assessment of landslide hazard

The best way to construct hazard zones in a region is, to subdivide the landscape into
land units, according to the most sensitive parameter. The sensitivity analysis
indicated that the slope angle is under all circumstances a sensible parameter; _
fortunately this parameter is easy to map. Depth of slipping is especially important, if
it occurs in the first 2 metres. The soil strength proved to be also an important
parameter. However, it is not suitable for a further division of the landscape into
units, because the values of this parameter vary considerable over short distances (see
chapter 4). In the calculation of the hazard within each land unit, for the two soil
depths, it is assumed, that the groundwater will rise once to the maximum level
(M=1). This might give conservative estimates, especially for the upper (root-) zone.
Five slope classes were chosen for subdivision of the landscape into land units. For
the assessment of the hazard degree, the variability of the safety factor in each slope
zone was calculated by means of the Monte Carlo method (Benjamin and Cornell,
1970). A Monte Carlo method consists of drawing a large, but finite number, of
values from a probability distribution. In this case the probability distributions of
parameters, used in the equilibrium model (equation 6.3). This equation 6.3 is used to
calculated the safety factor.

Monte Carlo simulation within each land unit resulted in a distribution of the safety
factor. The probability of sliding of a slab of soil is expressed as the percentage of the
safety factors with a value below unity.

Many probability distributions have been proposed for the angle of internal friction
and the cohesion. Lumb (1966) concluded that the cohesion and tan(¢) followed a
normal distribution. The normal distribution provided a good fit at the central values,
but it deviated significantly at the marginal values. The use of a normal distribution
implies, that there is a small, but finite probability for a negative value. The use of
normal probability for the shear strength would imply, that negative shear strength is
possible, which is impossible in the commonly used models of soil strength parame-
ters. Two alternative distributions were suggested: lognormal, a distribution in the
range 0-o0 (Wu and Kraft, 1969), and a beta distribution, a distribution bounded on
both extremities (Harrop-Williams, 1986; Oboni and Bourdeau, 1983; Lumb, 1970;
Harr, 1977). .

The histograms of the distributions of cohesion and tan(¢) estimated on the 131
sample cores taken at plot 1, Riou Bourdou, are given in figure 6.3. The Chi-square
goodness of fit test was used to compare the experimental distributions of the
cohesion and of tan(¢) with the normal, lognormal and beta distribution. The results
are given in table 6.6.
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Table 6.6 reveals, that the experimental distribution of the cohesion can be
approximated with a lognormal distribution, with a mean of 13.55 kPa and a variance
of 49.17, while the distribution of tan(¢) best is approximated with a normal
distribution, with a meéan of 0.71 and a variance of 0.068.

The experimental distribution of dry bulk density is plotted in figure 6.4. Nielsen et al

Table 6.6 The results of a Chi-square test for fitting the experimental distribution of cohesion and tan(¢)
on a lognormal, normal and beta distribution.

normal s lognormal s Beta s

cohesion (kPa) 12.20 0.708 24.36 0.006 11.30 0.255
tan(¢) (@) 23.19 0.994 16.91 0.050 14.45 0.008

‘st significance level of equalling the proposed distribution.

(1973) and Russo and Bresler (1980) approximate the experimental distribution of the
bulk density with a normal distribution. Both normal and lognormal distributions were
used to fit the experimental distribution. The outcomes of the Chi-Square goodness of
fit test appeared to be slightly higher for the lognormal distribution (normal Chi2 =
25.86, lognormal Chi2 = 26.78, both 12 degrees of freedom).

There are few estimates available about the depth of the colluvium. Augering on the
plots and exposures in the ’terres noires’ badlands revealed, that the colluvium cover
has a minimum thickness of about 4 m. and a maximum of about 6 m. Therefore a
uniform distribution is introduced in the Monte Carlo simulations for the colluvium
depth of 4 to 6 metres.

50 |- % 7 % .
: 77 :
M ] :
a3 - 3
1.1 1.4 1.7 2 2.3 2.6

dry bulkdensity

Figure 6.4 Frequency histogram of dry bulk density (g/cm®)
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The variation of slope angle and the groundwater depth, within each class, were
assumed to be uniform in the Monte Carlo simulations.

The distribution of vertical normal stress, due to vegetation, is assumed to be
uniform and between 0-10 kPa. Gray and Megahan (1981) give a range of 0-10 kPa
for the extra vertical stress, due to vegetation. An extra stress of 5 kPa is comparable
to a soil layer of 25 cm, with a bulk density of 2 g/cm’.

The time component in the landslide hazard analysis may be neglected if the most
dynamic variable, the groundwater level is assumed to be at its maximum. This is
achieved by assuming, that groundwater reaches the surface everywhere at the same
moment. It is interesting to compare such a conservative calculation with the landslide
frequency, found in the field. Therefore, in figure 6.5 the normalized distributions
over five slope classes of the cumulative probability of sliding (% F< 1), is com-
pared with the normalized distribution of the number of landslides per unit area. The
figure shows that the predicted relative chance is too low for the lower slope classes
and too high for the higher slope classes.The conclusion is, that the distribution of the
maximum groundwater levels cannot be considered independently from the slope
angle. Obviously, lower slope angle classes give relatively higher maximum
groundwater levels than the higher slope angle classes.

o
o

normalized chance of
landslide occurrence
o
N
T

0.2F

0 §
15-20° 20-25° 25-30° 30-35° 35-40°
slope class

Figure 6.5 A comparison between the normalized distribution over five slope classes of the cumulative
probability of sliding (% F < 1) and the normalized distribution of the number of landslides
per unit area, as compiled in the study area.

Table 6.7 gives for five slope classes the mean and standard deviation of the F-values
and the percentage probability, that the safety factor (F) has a value lower than one,
indicating instability. The hazard analyses were carried out for three different depths
of sliding: (1) 0.4-0.6 m (maximum density of the roots), (2) 1.8-2.0 m (maximum
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Table 6.7 The probability of landslide occurrence (% F<1, column 3, 6, 9) for different slope classes
in the basin of the Riou Bourdou (France)

slope depth of max. max. GW level GW <3m
class slip GW without trees
surface level

% F<1 mean S.D. % F<1 mean S.D. %F<1 mean S.D.

40°-35° o 0.0 10.6 4.9 0.0 5.6 2.4 0.0 11.1 5.0
M 0.0 3.4 1.2 12.4 1.8 0.6 0.0 49 1.5
D 51.8 1.1 0.4 50.8 1.0 0.4 16.6 1.7 0.6
35°-30° o 0.0 10.9 5.3 0.0 6.5 2.9 0.0 129 5.1
M 0.0 3.8 1.3 8.4 2.0 0.7 0.0 54 19
D 36.1 1.2 0.4 35.6 1.2 0.4 7.4 20 0.8
30°-25° o 0.0 12.2 5.0 0.0 6.9 2.0 0.0 125 5.6
M 0.0 4.3 1.5 3.2 2.3 0.8 0.0 6.8 1.8
D 23.2 1.5 0.6 23.9 1.5 0.5 1.6 2.1 0.8
25°-20° o 0.0 13.3 6.6 0.0 7.1 3.0 0.0 155 7.1
M 0.0 4.9 1.7 1.6 2.8 0.9 0.0 7.6 23
D 10.2 1.8 0.6 11.0 1.8 0.6 0.0 29 1.0
20°-15° o 0.0 17.7 8.6 0.0 10.2 4.3 0.0 20.5 8.3
M 0.0 6.4 2.2 0.0 3.6 1.2 0.0 9.1 3.0
D 1.4 2.1 0.8 1.4 2.3 0.8 0.0 39 13

Three situations are simulated: maximum groundwater level (column 3-5); maximum groundwater
level without trees (column 6-8); groundwater 3 metres, below the surface with trees (column 9-
11). Three depths of potential slip surface has been analyzed (column 2) : 0.4-0.6 (O); 1.8-2.0
metres (M); 4-6 metres (D). Mean = mean value of safety factor after 500 Monte Carlo
simulations; S.D = standard deviation of the safety factor values.

possible depth of roots), and 4-6 m (expected thickness of colluvium material).

Table 6.7 shows there is a real danger for deeper landslides (4-6 m), if the
groundwater level is at its maximum. Piezometric measurements on the plots revealed
that in the landslides groundwater reaches to the topographical surface, while at the
same time in the stable areas groundwater remains 2 to 3 metres below the surface. It
indicates that in case of lower groundwater levels for all slope classes, the landslide
hazard is very low. This again stresses the fact, that an estimation of maximum
groundwater levels in the colluvium, within each land unit, is very important for the a
more precise assessment of the landslide hazard. An indication of the maximum
groundwater height within the slope class zones in the field gives more precise
information about landslide hazard, than can be deduced from table 6.7. This can be
done by introducing simple groundwater models, relating input of rain, slope angle
and groundwater height.

Table 6.7 also shows the mechanical effect of the forest cover on the stability within
the different land units. It appeared that after the removal of trees, there is a slight
increase in hazard for mass movements with slippage at a depth of about 2 metres.
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- - The low unbiased percentage of correctly classified sites. This indicates a low

6.4 Conclusions

The use of discriminant analysis for landslide hazard zonation in the Ubaye river
valley is questionable The reasons are:

- The high percentage of incorrect classified sites due to methodological errors. This
large methodological error is caused by the uniformity in the study area of several of
the terrain parameters.

reliability of the predictive power of the discriminant function.

Some tentative conclusions may be drawn:

- The analysis gives no indication of the relative contribution of the various terrain
parameters to the landslide hazard, because the parameters are correlated. The most
important parameters of the discriminant function were: the presence of steps-
/terracettes, maximum rooting depth, ground area of meso relief, type of material,
maximum slope angle, thickness of litter layer, and basal area of trees.

- The analysis indicates a frequent association between forests and the landslides in
the study area. This is probably due to the planting of trees at the turn of the century
in areas, which suffered most from erosion, including mass movement. Apparently
these mass movements are still active.

A more laborious way of quantitative hazard analysis is the use of soil mechanical
models, in order to determine the probability of failure within a certain land unit. The
case study here presented, used the infinite slope model. It shows that the use of
sensitivity analysis enables the selection of the most important factors. A very
sensitive factor proved to be the slope angle. Therefore, it was proposed to distinguish
hazard zones, according to the slope angle. For all other parameters, a randomized
value was introduced. It is assumed that this randomized value is drawn from a proba-
bility distribution, which is valid for the whole area under investigation. This
probability distribution can be assessed with little effort.

Given the probability distributions of these parameters, the probability of a safety
factor, less than one, can be calculated using Monte Carlo simulations. This
probability is considered to be a measure for landslide hazard within a land unit.

The results show that a reliable estimate of maximum groundwater levels can lead to
a more precise assessment of the landslide hazard. The soil mechanical approach also
shows that different scenarios can be developed to study the effect of human activity
on landslide hazard. In this case the effect of deforestation and changes in
groundwater level on the landslide hazard was analyzed. It showed a relatively weak
influence of the mechanical effect of a forest cover on the landslide hazard, while
changes in the groundwater level did considerably change the landslide hazard.
Groundwaterlevel close to the surface are assiociated with high probabilities of
failure.

A combination of the qualitative and quantitative assessment of the landslide hazard,
on basis of detailed geomorphological mapping and soil mechanical analyses may lead
to a more valuable hazard assessment of landslides on regional scale.




SUMMARY AND GENERAL CONCLUSIONS

Mass movement is the major denudational process in steeply sloping terrain. Field
observations indicate that human activity influences the initiation and frequency of
mass movement. On the other hand mass movements also affect human activities.
Therefore it is evident that, when human activities are planned, there is a need for
methods to assess and evaluate the hazard of mass movement.

This study focuses on the assessment of the hazard on local and regional scale of a
particular type of mass movement, the landslide. A landslide is a mass movement, in
which movement occurs along a specific surface.

Landslide hazard is defined by Varnes (1984) as the probability of occurrence of
landslides within a specific period of time (temporal hazard) and within a given area
(spatial hazard).

The assessment of landslide hazard involves the use of analytical or numerical
methods. Such methods are commonly based on the assumption of limit equilibrium.
The limit equilibrium method postulates that a slope fails, if a rigid soil mass starts to
slide over a failure surface. The assumption is, that the overall slope and each part of
it are in static equilibrium at the moment of failure. Such a method explicitly takes
into account the primary factors, unit weight, cohesion, angle of internal friction,
slope angle and pore pressure, and is based on the safety factor (equation 1.1).

The deterministic safety factor concept is limited in its use for landslide hazard
assessment. The limitations are due to following problems:

- the translation of a safety factor into a landslide hazard. This translation is not easy.
In the deterministic safety factor concept the actual landslide hazard is assessed on the
basis of past experiences. This translation can be criticized: the assessment of a land-
slide hazard depends on personal judgement and is therefore subjective and often
arbitrary. Furthermore, the translated safety factor does not result in a linearly scaled
landslide hazard in any of the limit equilibrium methods.

- the assumption of a constant safety factor for all individual slices of a slide is not
valid. Numerous stress-deformation studies on the basis of finite element method have
shown that the safety factor may be quite different (Chowdhury and A-Grivas, 1982).
- the inherent variability of vegetation, soil or rock properties is not accounted for in
a deterministic safety factor concept.

An alternative to the deterministic safety factor concept is the probabilistic safety
factor concept where the landslide hazard is expressed in terms of the probability of a
safety factor less than unity. The probability of failure can be estimated when in )
addition to the safety factor, its variance is known. The mean and variance of the
safety factor of each slice may be calculated on the basis of the mean and variances
of the primary factors.

In the probabilistic safety factor concept, the translation of a safety factor into a
landslide hazard is standardized. It is still a subjective method, because of the need to
choose a probability function of the safety factor.




Soil mechanical methods to assess landslide hazard on a local scale (chapter 2)

In the conventional analysis a constant value of the safety factor is assumed for all
individual slices along the failure surface. Two conventional analyses were extended -
with a variance equation, (1) GLEA, a method that satisfies all equilibrium conditions
and is not redundant and (2) the Fellenius method.

The probabilistic safety factor concept provides alternatives to the assumption of a
constant safety factor along the failure surface. Two alternative methods were
formulated:

(1) a method based on the assumption of a constant probability of failure along the
failure surface (PROBCON)

(2) a method based on the assumption of a constant variance of the safety factor along
the failure surface (VARCON).

The methods based on the probabilistic safety factor concept may provide more details
on the stress situation in a landslide. However, comparing the probabilistic methods it
appears that there are considerable differences in the outcomes of the distribution of
the safety factors, variance and the ratio A of the vertical and horizontal interslice
forces. This indicates that the four methods incorporate different stress distributions
along the failure surface. This implies that probably neither one of the methods
describes the actual stress situation and that the results should be interpreted with
some caution.

The variance of the safety factor seems to be influenced primarily by the normal
stress at the failure surface. The normal stress is a function of location of the failure
surface, the internal forces and bulk density. Furthermore, the variances of the safety
factors estimated by the VARCON method are nearly independent of the conditions in
shear strength or hydrology of the slope.

The results of the probabilistic Fellenius method are quite different from the other
probabilistic methods. This indicates that the way the interslice forces are
incorporated in the method influences the results considerably.

The assumption of a constant probability of failure along the failure surface or a
constant safety factor along the failure surface is questionable in case of heteroge-
neous profiles and sometimes result in physically unrealistic stress situations in the
sliding soil mass. -

The VARCON method seems to be the appropriate method to use when the landslide
hazard of a slope with heterogenous material, either in bedding or by changes in the
material strength has to be estimated.

The variability of strength parameters used in methods to assess landslide hazard on a
local scale (chapter 3)

The variability of strength parameters plays an important role in the assessment of
landslide hazard by means of probabilistic limit equilibrium methods.

The variability of the strength parameters, like cohesion and angle of internal friction
were estimated on 131 core samples taken at plot 1, Riou Bourdou. The variances in
the cohesion and the angle of internal friction are large, but well within the range of
coefficients of variation upto 80%, as mentioned by Lee et al (1983).
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The following conclusions can be drawn from the data:

- the absence of a spatial variation in the data on cohesion and angle of internal
friction, implies that the mean of the total data set is the best estimate of these
parameters;

- the pure nugget effect in the data shows that the strength of a soil sample is caused
by processes and interactions on a scale much smaller than the sample size;

- the failure envelopes based on the direct shear tests are better approximated by a
power model (y = P,;x™, where y = shear strength, x = normal stress), than by a
straight line as prescribed by the Coulomb failure theory;

- the parameters cohesion and angle of internal friction are independent parameters, as
shown by their correlation, r=-0.0578. Apparently, the assumption made in the
derivation of the variance equation of a safety factor, is correct.

- the constants P, and P,, are strongly correlated (r = -0.8035), suggesting that it is
possible to describe the failure envelope by only one parameter. Despite the reduction
by one parameter, the resulting probabilistic limit equilibrium models were far more
complicated than the conventional methods based on a straight line approximation.

- for the core samples taken in the root zone and those from the rootfree subsoil, no
significant difference in the mean of the strength parameters could be found. This is
in agreement with the results of unconfined compression tests where no relation
between the root content and the root reinforcement could be established. Apparently
the roots do not contribute to the shear strength of the soil. However, literature
indicates opposite results: e.g. Ziemer (1981) and O’Loughlin (1972), both using
large direct shear boxes for testing on peak strength, found correlations between root
content and shear strength with r2= (.79 and r2= (.56 respectively. Reported
magnitudes of root reinforcement range between 2 and 25 kPa (Burroughs and ‘
Thomas, 1977; Ziemer, 1981; Riestenberg and Sovonick-Dunford, 1983). / ;
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The mechanical effects of roots on the variation in the shear strength of a soil
(Chapter 4)

The processes causing the reinforcement of the soil by roots are not well understood.
Experimental data are scarce, sometimes conflicting and not always conclusive.

A model for the reinforcement of the soil was derived and validated in this chapter.
The model is based on the following concept of the processes involved. Due to a
displacement along a shear zone, a root which crosses the shear zone, will elongate.
This elongation generates a stress inside the root. This root stress gives rise to
additional stresses in the shear zone. The root stress is transferred to the soil by a
friction stress at the root-soil contact. The friction stress at the root-soil contact causes
the anchorage of a root in the soil. The total force, that can be applied to a root is
limited either by breaking of the root, or by slipping of the root through the soil.

The derivation of a model for reinforcement of a soil by roots, comprised the
following steps: (1) estimation of the forces acting on the shear zone due to the
presence of roots, (2) estimation of the root reinforcement of the soil assuming no
restriction on the stresses applicable to roots, and (3) inclusion of limitations on the
stresses applicable to roots.




The model is formulated by equation 4.19, 4.20 and 4.21 and needs as input
variables: initial angle between the root and the shear zone, the displacement along
the shear zone, the elastic modulus of roots, E,, the rupture stress of the root, the
friction stress at the root-soil contact and the cross sectional area of roots per cross
sectional area of soil.

The model was validated against the well documented experiments of Waldron et al.
(1983). It appeared, that averaged root reinforcement of the soil due to roots with
different initial angles to the shear zone is in good agreement with the data of
Waldron et al. (1983; see figure 4.6)

The following tentative conclusions and remarks result from model simulations:

- The average elongation of randomly oriented roots crossing a shear zone remains, to
a shear strain of 0.4, approximately zero. This shows that roots are contributing to
the shear strength of a soil only at shear strains larger than 0.4. At these shear strains
most soils are already at their residual strength (Lee et al., 1983). Therefore, the
mechanical effects of roots increase the residual strength of a soil, i.e. roots make a
soil less brittle. Shear strains of beyond 0.4 are hardly reached on small samples.
This explains why no relationship was found between root content and the peak
strength characteristics of a soil (paragraph 3.3.3). Conventional direct shearing and
unconfined compression shear tests are unsuitable in estimating the effects of roots on
the peak strength.

- A limit equilibrium analysis is based on the assumption of static equilibrium, i.e. no
movement takes place. Root reinforement of a soil only starts after displacements
have taken place. Thus root reinforcement needs no consideration in a limit
equilibrium analysis.

- The elongations of roots, with different initial angles to the shear zone, vary for a
given displacement. The root stress is linearly related to the elongation of a root (eq
4.6). Therefore, the stresses inside a root will vary for roots with a different initial
angle to the shear zone at the any displacement. The roots will not simultaneously
reach the rupture stress, as is assumed by Wu et al. (1979) and Riestenberg and Sovo-
nick-Dunford (1983).

- A realistic estimation of the friction stress between root and soil is still not feasible. .
The parameters describing stresses and strength characteristics at the root-soil contact,
are difficult to quantify. Two proposed mechanisms, however, related to roots exert-
ing stress on a soil, explain the high experimental values of the friction stress, as
mentioned in literature.

- Root slippage rather than breakage of roots may be the prevailing process, limiting
root reinforcement.

- The following concept of the development of a landslide and the influence of the
roots on the strength of the soil may be outlined: at maximum groundwater levels, in
early spring, a slope may fail for the first time. This initial failure of a slope happens
as the soil is at peak strength. After failure and sufficient displacement have taken
place (shear strains > 0.4), the soil is at its residual strength and the root
reinforcement of a soil increases. This may enlarge the total shear strength (root
reinforcement, plus the residual strength of the soil) and may cause the landslide to
stop sliding. It may even be possible that the total strength rises to a level above the
peak strength of the soil material alone. The influence of the root reinforcement on

’

134

the total strength of the soil will be most obvious with soil materials, which do not
exhibit a clear difference between peak and residual strength. After the landslide
stops, the root stress and therefore the root reinforcement may decrease, due to pro-
cesses like root growth or deformations at the root-soil contact.

Examples of landslide hazard analysis on a local scale (chapter 5)

The presence of morainic material on top of impervious marls (terres noires) in
combination with relief and hydrological factors induce a large number of mass
movements in the basin of Barcelonnette. Many of these mass movements were (re-)
activated during the 18th and 19th century, due to abandoning of agricultural land and
the logging of large forested areas.

The landslide hazard of three typical slopes in the study area were assessed. The
analysis uses the VARCON method. Two slopes are on plot 1, Riou Bourdou. One
represents the stable locations, while the other illustrates a landslide typical for
colluvium. The last profile is from plot 2, the landslide next to "la Maison Forestiere
Le Treou". This landslide is one of the few that partly developed in coarse morainic
material. Both plots are described in paragraph 1.4.

Some tentative conclusions regarding the landslide hazard on a local scale in the study
area may be drawn:

- The landslides have a failure probability of 50% in early spring, when groundwater
levels are close to the ground surface (about 0.2 till 0.5 metres below the surface).
This decreases to a probability of 30 %, when the groundwater levels drop to more
than 3 metres below the surface.

- The stable areas have under field conditions of peak strength and a groundwater
level of 3 metres below the surface, a landslide hazard, that is slightly lower than that
of a landslide, with a groundwater level at 0.3 metres below the surface and peak
strength.

- The distribution of the probability of failure along the failure surface indicates
landslides, consisting of several *blocks’ of material with a comparable probability,
separated by stretches of lower probability of failure.

- The influence of water pressure at the failure surface on the probability of failure is
higher under peak strength conditions than under residual conditions. This shows, that
changes in the hydrology of a slope have a larger influence on initial failure than on
the continuation of movement of an already failed soil mass. .
- The overburden of vegetation hardly affects the probability of failure of a slope. |
Removal of the vegetation may increase the landslide hazard, due to their effect on 1
the hydrology of the slope: the removal may reduce the water losses through inter- |
ception and evaporation, thus increasing the amount of infiltrating water. This may /
result in groundwater levels closer to the surface. This condition increases the '
landslide hazard.
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Assessment of landslide hazard on a regional scale (Chapter 6)

On regional scale, usually statistical methods are applied for assessment of landslide
hazard. In chapter 6 a soil mechanical approach is proposed to assess the landslide
hazard on a regional scale. Both the statistical and soil mechanical approach are
applied to the study area.

In a statistical approach, the landslide hazard may be assessed by a statistical
(multivariate) analysis. The factors contributing to the landslide hazard, are weighted
quantitatively, according to their statistical significance. A standard technique is
discriminant analysis. This analysis can be used to select the critical terrain parame-
ters and to assess their relative contribution to the landslide hazard. A standardized
form was used to gather the data on terrain parameters. They covers aspects of
geomorphology, geology, hydrology, vegetation and morphometry of the mass move-
ments in an area.

The use of discriminant analysis for landslide hazard zonation in the Ubaye river
valley is questionable. The reasons are:

- The high percentage of incorrect classified sites due to methodological errors. This
large methodological error is caused by the uniformity in the study area of several of
the terrain parameters.

- The low unbiased percentage of correctly classified sites. This indicates a low
reliability of the predictive power of the discriminant function.

Some tentative conclusions may be drawn:

- The analysis gives no indication of the relative contribution of the various terrain
parameters to the landslide hazard, because the parameters are correlated. The most
important parameters of the discriminant function were: the presence of steps-
/terracettes, maximum rooting depth, ground area of meso relief, type of material,
maximum slope angle, thickness of litter layer, and basal area of trees.

- The-analysis indicates a frequent association between forests and the landslides in
the study area. This is probably due to the planting of trees at the turn of the century
in areas, which suffered most from erosion, including mass movement. Apparently
these mass movements are still active.

A more laborious way of quantitative hazard analysis is the use of soil mechanical
models, in order to determine the probability of failure within a certain land unit. The
case study here presented, used the infinite slope model. It showed that the use of
sensitivity analysis enables the selection of the most important factors. A very
sensitive factor proved to be the slope angle. Therefore, it was proposed to distinguish
hazard zones, according to the slope angle. For all other parameters, a randomized
value was introduced. It is assumed that this randomized value is drawn from a proba-
bility distribution, which is valid for the whole area under investigation. This
probability distribution can be assessed with little effort.

Given the probability distributions of these parameters, the probability of a safety
factor, less than one, can be calculated using Monte Carlo simulations. This
probability is considered to be a measure for landslide hazard within a land unit.

The results show that a reliable estimate of maximum groundwater levels can lead to
a more precise assessment of the landslide hazard. The soil mechanical approach also
shows that different scenarios can be developed to study the effect of human activity
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on landslide hazard. In this case the effect of deforestation and changes in
groundwater level on the landslide hazard was analyzed. It showed a relatively weak
influence of the mechanical effect of a forest cover on the landslide hazard, while
changes in the groundwater level did considerably change the landslide hazard.
Groundwater levels close to the surface are assoiciate with high probabilities of
failure.

A combination of the qualitative and quantitative assessment of the landslide hazard,
on basis of detailed geomorphological mapping and soil mechanical analyses may lead
to a more valuable hazard assessment of landslides on regional scale.
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SAMENVATTING

Aardverschuivingen zijn het belangrijkste denudatieve proces in bergachtige gebieden.
Veldwaarnemingen geven aan dat menselijke activiteit het optreden en de frequentie
van aardverschuivingen beinvloedt. Aan de andere kant wordt de menselijke activiteit
beinvloed door aardverschuivingen. Het zal duidelijk zijn dat er behoefte is aan
methoden die het gevaar van het optreden van aardverschuivingen kunnen taxeren en
evalueren bij de planning van menselijke activiteiten.

In dit proefschrift wordt de nadruk gelegd op de taxatie van het gevaar voor het
optreden van aardverschuivingen op lokale en regionale schaal. In het bijzonder wordt
gekeken naar aardverschuivingen waarvan het glijvlak duidelijk gedefinieerd is.

Het gevaar voor aardverschuivingen wordt door Varnes (1984) gedefinieerd als de
kans van het optreden van aardverschuivingen in een bepaalde periode (temporeel
gevaar) en binnen een bepaald gebied (ruimtelijk gevaar).

De taxatie van het aardverschuivingsgevaar houdt het gebruik in van analytische of
numerieke methoden. Deze methoden worden gewoonlijk gebaseerd op de aanname
van een beperkt evenwicht. De analysemethode van een beperkt evenwicht veronder-
stelt dat wanneer een helling bezwijkt, een starre moot grond begint te glijden over
een glijvlak. De basale aanname is dat de gehele helling en elk gedeelte ervan in een
statisch evenwicht zijn op het moment van bezwijken. Dit type analyse houdt expliciet
rekening met de primaire factoren, volumegewicht, cohesie, hoek van interne
wrijving, hellingshoek en waterdrukken en is gebaseerd op de veiligheidsfactor
(vergelijking 1.1).

Het deterministische veiligheidsfactorconcept is beperkt in zijn gebruik om het
aardverschuivingsgevaar te taxeren. De beperkingen zijn als volgt samen te vatten:

- de omzetting van een veiligheidsfactor in een aardverschuivingsgevaar is niet
gemakkelijk. In het deterministische veiligheidsfactorconcept wordt de taxatie gedaan
aan de hand van ervaringen met hellingen met een vergelijkbare veiligheidsfactor.
Deze manier van omzetten kan worden bekritiseerd: De keuze van het aardverschui-
vingsgevaar hangt af van persoonlijk inzicht en is daardoor subjectief en vaak
willekeurig. Verder geldt dat de omzetting van de veiligheidsfactor voor geen van de
kritisch evenwicht situatie methoden lineair is.

- de aanname van een constante veiligheidsfactor voor alle individuele helling-
gedeelten is niet geldig. Talrijke spanning-deformatiestudies op basis van de eindige
elementenmethode hebben aan getoond dat de veiligheidsfactor duidelijk kan variéren.
- de vegetatie-, bodem- en rotseigenschappen zijn variabel. Hiermee houdt het
deterministisch veiligheidsfactorconcept geen rekening.

Een alternatief voor het deterministisch veiligheidsfactorconcept is het probabilistisch
veiligheidsfactorconcept, hierbij wordt het aardverschuivingsgevaar uitgedrukt in
termen van de kans dat een veiligheidsfactor kleiner dan 1 wordt. De kans van
bezwijken kan worden bepaald wanneer naast een gemiddelde waarde van de veilig-
heidsfactor, de variantie van de veiligheidsfactor bekend is. De variantie of spreiding
van de veiligheidsfactor kan berekend worden met behulp van de kritisch evenwicht
situatic methoden, wanneer er gebruik gemaakt wordt van de spreiding in de waarden
van parameters die in deze methoden gebruikt worden.
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Het probabilistisch veiligheidsfactorconcept is nog steeds subjectief, omdat er een
waarschijnlijkheids-verdeling voor de veiligheidsfactor aangenomen moet worden.
Maar de omzetting van een veiligheidsfactor naar een kans voor het optreden van
aardverschuivingen is gestandaardiseerd. '

Grondmechanische methoden voor de taxatie van het aardverschuivingsgevaar op
lokale schaal. (hoofdstuk 2)

In een conventionele analyse wordt een constante veiligheidsfactor aangenomen langs
het glijvlak. Twee conventionele analyses zijn uitgebreid met een variantievergelij-
king, (1) GLEA, een methode die aan alle evenwichtcondities voldoet en niet
overbepaald is en (2) de Fellenius methode.

Het probabilistisch veiligheidsfactorconcept schept de mogelijkheid om alternatieven
voor de constante veiligheidsfactor langs het glijvlak te geven. Twee alternatieve
methoden zijn afgeleid:

(1) een methode gebaseerd op de aanname van een constante kans van bezwijken
langs het glijvlak (PROBCON).

(2) een methode gebaseerd op de aanname van een constante variantie van de
veiligheidsfactor langs het glijvlak (VARCON).

De methoden gebaseerd op het probabilistisch veiligheidsfactorconcept kunnen meer
details geven over de spanningssituatie in een aardverschuiving. Uit een vergelijking
van de probabilistische methoden blijkt dat er grote verschillen in de uitkomsten van
de verdeling van de veiligheidsfactoren, variantie in de veiligheidsfactor en de ratio
tussen de horizontale en verticale interlaminaire krachten zijn. Dit geeft aan dat alle
vier methoden een andere spanningsverdeling langs het glijvlak impliceren. Dit
betekent dat waarschijnlijk geen van de methoden de werkelijke spanningssituatie
beschrijft. Bij de interpretatic moet dan ook enige voorzichtigheid in acht worden
genomen.

De variantie van de veiligheidsfactor lijkt voornamelijk beinvloed te worden door de
normaalspanning op het glijvlak. De normaalspanning is een functie van de ligging
van het glijvlak, de interne krachten en het volumegewicht. Verder blijkt dat de
variantie bepaald met de VARCON methode bijna onafhankelijk te zijn van de
condities van de helling.

De resultaten van de Fellenius methode zijn volkomen verschillend van die van de
andere probabilistische methoden. Dit betekent dat de manier waarop de interne
krachten in de methoden verdisconteerd zijn de resultaten beinvloeden.

De aannamen van een constante kans van bezwijken of een constante veiligheidsfactor
langs het glijvlak zijn discutabel in het geval van heterogene profielen en resulteren
soms in fysisch onmogelijke spanningssituaties in de afglijdende moot grond.

De VARCON methode lijkt de aangewezen methode te zijn om het gevaar voor
aardverschuivingen te bepalen van hellingen bestaande uit heterogene materialen.




De variabiliteit van sterkteparameters, die gebruikt worden in methoden voor de
taxatie van aardverschuivingen op lokale schaal (hoofdstuk 3)

De variabiliteit van de sterkteparameters speelt een belangrijke rol in de taxatie van
het aardverschuivingsgevaar door middel van probabilistische methoden.

De variabiliteit van de sterkteparameters, als cohesie en hoek van interne wrijving zijn
bepaald met behulp van 131 monsters verkregen op plot 1, Riou Bourdou.

De variantie in cohesie en hoek van interne wrijving is groot, maar binnen de range
van waarden die er voor gegeven wordt in Lee et al. (1983).

De volgende conclusies kunnen worden getrokken:

- De afwezigheid van een ruimtelijk athankelijke variatie van de cohesie en de hoek
van interne wrijving, betekent dat het gemiddelde van de totale verzameling gegevens
de beste schatting is van deze parameters;

- Het bestaan van een puur ’nugget’ effect in de gegevens toont aan dat de sterkte van
een bodemmonster bepaald wordt door processen en interacties op een schaal die veel
kleiner is dan de monster grootte;

- de ’failure envelope’ gebaseerd op metingen van ’direct shear’ experimenten wordt
beter beschreven door een vergelijking in de vorm van y=P;x", waarin y, de
schuifsterkte en x, de normaal spanning is en P, en P, regressieconstanten zijn, dan
door de rechte lijn, zoals wordt voorgeschreven door de Coulomb bezwijktheorie;

- de parameters cohesie en hoek van interne wrijving zijn onafhankelijk, zoals wordt
aangetoond door hun correlatiecoéfficiént van r=-0.0578. Dit is blijkbaar terecht
aangenomen in de afleiding van de variantievergelijking van de veiligheidsfactor;

- de parameters P, an P, zijn sterk gecorreleerd (r=-0.8035). Dit suggereert dat het
mogelijk is de ’failure envelope’ te beschrijven met behulp van 1 parameter. Ondanks
de reductie met 1 parameter zijn de resulterende kritisch evenwicht situatie methoden
veel gecompliceerder dan wanneer de conventionele rechte lijn beschrijving van de
"failure envelope’ wordt gebruikt;

- tussen de monsters, genomen in de wortelzone en die van de wortelvrije ondergrond
kan geen verschil in het gemiddelde van de sterkteparameters worden vastgesteld. Dit
komt overeen met de resultaten van ’unconfined compression tests’ waarmee geen
relatie tussen het wortelgehalte en de pieksterkte van de grond kan worden vastge-
steld. Blijkbaar dragen de wortels niet bij aan de sterkte van de grond. Dit is in sterke
tegenstelling tot hetgeen vaak in de literatuur wordt aangetroffen, waarin bijdragen
van de wortels in de sterkte van de bodem worden genoemd van 2-25 kPa.

De mechanische effecten van wortels op de variatie in schuifsterkte van een grond
(hoofdstuk 4)

De werking van de processen, die de versterking van de grond door wortels veroor-
zaken is niet duidelijk. Experimentele gegevens zijn schaars, soms tegenstrijdig en
niet altijd afdoende. In dit hoofdstuk wordt een theoretisch model voor de versterking
van de grond door wortels afgeleid en gevalideerd. Het model is op het volgende
concept van de betrokken processen gebaseerd: door een verplaatsing langs een
schuifzone wordt een wortel die deze schuifzone passeert, verlengd. Deze verlenging
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wekt een spanning op in de wortel. Deze wortelspanning is de oorzaak van additionele
spanningen in de schuifzone. De wortelspanning wordt op de grond overgebracht door
wrijving aan het wortel-grond contact. De wrijvingsspanning aan het wortel-grond
contact veroorzaakt de verankering van een wortel in de grond. De totale kracht die
kan worden toegediend aan een wortel wordt beperkt doordat de wortel breekt of
doordat de wortel door de grond gaat slepen.

De afleiding van het model omvat de volgende stappen: (1) de schatting van de
krachten die werken in de schuifzone bij de aanwezigheid van wortels, (2) de
schatting van de versterking van de grond bij de aanname dat er geen beperking is aan
de spanningen die kunnen worden toegediend aan wortels, en (3) het meenemen van
beperkingen op de spanningen die toegediend kunnen worden aan wortels.

Het model is weergegeven met de vergelijkingen 4.19, 4.20 en 4.21 en heeft als
invoer gegevens nodig: de initi€le hoek van de wortels naar de schuifzone, de
verplaatsing langs het glijvlak, de elasticiteitsmodulus van de wortels, de spanning
nodig om een wortel te breken, de wrijvingsspanning aan het wortel-grond contact en
het oppervlak aan wortel per doorsnede van de bodem.

Het model werd gevalideerd met behulp van de uvitvoerig beschreven experimenten
van Waldron et al. (1983). Het lijkt, dat het middelen van de versterking van de
bodem door wortels met een verschillende initiele hoek naar de schuifzone, leidt tot
een schatting van de versterking van de grond door wortels die goed overeenkomt met
de door Waldron et al. gemeten versterking.

De volgende voorzichtige conclusies en opmerkingen resulteren uit de model simula-
ties:

- De gemiddelde verlenging van de wortels is tot bij vervorming van het glijvlak van
0.4 praktisch nog gelijk aan nul. Dit geeft aan dat wortels pas aan de schuifsterkte
van een grond bijdragen wanneer de vervorming van het glijvlak meer is dan 0.4. Bij
deze vervormingen zijn de meeste gronden op hun reststerkte (Lee et al., 1983). De
mechanische effecten van wortels doen de reststerkte van de grond toenemen. De
vervorming van het glijvlak van 0.4 wordt zelden gehaald in de kleine monsters.
Daarom wordt er ook een geen relatie tussen de sterkteparameters en het wortelgehal-
te gevonden. De monsters die gebruikt worden in *unconfined compression tests’ en
*direct shear tests’ zijn te klein om voldoende vervorming te bereiken;

- Een kritisch evenwicht situatie analyse methode is gebaseerd op de aanname van
statisch evenwicht. Dit betekent dat er geen beweging plaatsvindt. Versterking van
grond door wortels vindt pas plaats wanneer er verplaatsingen zijn opgetreden. Dus
versterking van de grond door wortels hoeft niet beschouwd te worden in een Kritisch
evenwichtssituatie analyse; .
- De verlenging van de wortels met verschillende initi€le hoek naar de schuifzone is
verschillend voor een bepaalde verplaatsing. De wortelspanning is lineair gerelateerd
aan de uitrekking van de wortel. Daardoor is de spanning in de wortels met een
verschillende initiele hoek naar het glijvlak eveneens verschillend bij een bepaalde
verplaatsing. De wortels zullen nooit allemaal tegelijkertijd breken.

- Een realistische schatting van de wrijvingsspanning tussen de wortel en de grond is
nog niet mogelijk. De parameters die de spanningen en de sterkteeigenschappen aan
het wortel-grond contact beschrijven zijn moeilijk te kwantificeren. Twee voorgestelde
mechanismen, waarbij wordt aangenomen dat de wortel een kracht uitoefent op de
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grond, verklaren de hoge experimentele waarden van de wrijvingsspanningen die in de
literatuur worden gevonden;

- Het slippen van wortels door de bodem is meer nog dan het breken van wortels de
beperkende omstandigheid voor de versterking van de grond door wortels.

- Het volgende concept van de ontwikkeling van een aardverschuiving en de invloed
van wortels op de sterkteeigenschappen van de grond kan worden geschetst:

Onder de maximale grondwaterstanden in het voorjaar kan een helling voor de eerste
keer bezwijken, wanneer de pieksterkte van de grond wordt overschreden. Na
bezwijken en voldoende verplaatsing (vervormingen van het glijviak > 0.4) is de
grond op zijn reststerkte en zal de versterking van de grond door wortels toenemen.
Dit kan de totale sterkte van de grond (=versterking als gevolg van wortels plus de
reststerkte van de grond) vergroten en de aardverschuiving doen stoppen met bewe-
gen. Het is zelfs mogelijk dat de totale sterkte toeneemt tot een niveau dat boven de
pieksterkte van de grond alleen ligt. De invloed van de versterking door wortels zal
het meest prominent aanwezig zijn bij gronden die geen duidelijk verschil hebben
tussen de rest- en pieksterkte. Nadat de aardverschuiving is gestopt, kan de wortel-
spanning afnemen als gevolg van processen als wortelgroei of vervormingen aan het
wortel-grondoppervlak.

Voorbeelden van analyses van het gevaar voor aardverschuivingen op lokale schaal
(hoofdstuk 5)

De aanwezigheid van morenemateriaal bovenop ondoorlatende mergels (terres noires)
in combinatie met het reliéf en hydrologische factoren hebben geleid tot een groot
aantal aardverschuivingen in het gebied van het bekken van Barcelonnette. Veel van
deze aardverschuivingen zijn geactiveerd gedurende de 18% en 19% eeuw, toen
landbouwgebieden verlaten en grote bosgebieden gekapt werden.

Van drie profielen, die typisch voor het onderzoeksgebied zijn, is het aardverschui-
vingsgevaar getaxeerd. De analyses maken gebruik van d¢ VARCON methode. Twee
profielen komen van plot 1, Riou Bourdou. Een vertegenwoordigt de stabiele
omstandigheden, terwijl de andere een typisch voorbeeld is van een aardverschuiving
ontwikkeld in kolluvium. Het derde en laatste profiel is van plot 2, de aardverschui-
ving naast het boshuis *Le Treou’. Deze aardverschuiving is een van de weinige die
gedeeltelijk is ontwikkeld in grof morenemateriaal.

Een paar voorzichtige conclusies kunnen getrokken worden betreffende het gevaar
voor aardverschuivingen op lokale schaal in het studiegebied:

- de aardverschuivingen hebben een bezwijkkans van 50 % in het vroege voorjaar
wanneer de grondwaterstanden het dichtst (0.2-0.5 m) onder het maaiveld staan. Deze
kans neemt af tot 30 % wanneer het grondwater naar meer dan 3 meter onder het
maaiveld zakt.

- de stabiele gebieden hebben een iets kleinere kans om te bezwijken dan een aardver-
schuiving, wanneer beiden uit materiaal van pieksterkte bestaan, en het grondwater 3
m onder het maaiveld staat in het stabiele gebied en 0.3 m bij de aardverschuiving.

- de verdeling van de kans van bezwijken langs het glijvlak geeft aan dat de aardver-
schuivingen uit een aantal blokken materiaal bestaan met een gelijke kans gescheiden
door stukken met een lagere kans van bezwijken. ‘

- de invloed van de waterdrukken aan het glijvlak op de kans van bezwijken is hoger
onder pieksterkte dan onder reststerkte condities. Dit geeft aan dat veranderingen in
de hydrologie van een helling een grotere invloed hebben op initieel bezwijken, dan
op de continuatie van de beweging van een reeds bezweken moot grond.

- het gewicht van de vegetatie beinvloedt nauwelijks de kans van het bezwijken van
een helling. Verwijdering van de vegetatie kan het gevaar voor aardverschuivingen
doen toenemen, vanwege haar potentiele effecten op de hydrologie van de helling. Na
verwijdering van de vegetatie nemen de verliezen als gevolg van interceptie en
evapotranspiratie af. Er kan meer water infiltreren. Dit kan resulteren in grondwater-
niveaus dichter bij het maaiveld. Deze omstandigheid kan het aardverschuivingsgevaar
doen toenemen.

Taxatie van het aardverschuivingsgevaar op regionale schaal (hoofdstuk 6)

Op een regionale schaal worden voor de taxatie van het aardverschuivingsgevaar
meestal statistische methoden gebruikt. In hoofdstuk 6 wordt een grondmechanische
benadering voorgesteld om het gevaar voor aardverschuivingen op regionale schaal te
schatten. Zowel de statistische als de grondmechanische benadering zijn toegepast op
het onderzoeksgebied.

In een statistische benadering kan het aardverschuivingsgevaar getaxeerd worden door
statistische (multivariate) analyses. De meest significante factoren, die bijdragen aan
het gevaar, worden kwantitatief gewogen op basis van hun statistische significantie.
Een standaard techniek is de discriminant analyse. De analyse kan worden gebruikt
voor de selectie van de meest kritische terreinparameters en hun relatieve invloed op
het aardverschuivingsgevaar. Een gestandaardiseerd formulier is gebruikt voor de
verzameling van gegevens betreffende terreinparameters. Het formulier beslaat
aspecten van de geomorfologie, geologie, vegetatie and morfometrie van de aardver-
schuivingen in het gebied.

Het gebruik van de discriminant analyse is twijfelachtig door:

- het hoge percentage fout geclassificeerde terreinen als gevolg van methodologische
fouten, veroorzaakt door uniforme eigenschappen van het studiegebied voor een aantal
van de terreinparameters.

- het lage niet-beinvloede percentage van goed geclassificeerde terreinen geeft aan dat .
de ontwikkelde discriminantfunctie een geringe voorspellende kracht heeft.

Een paar voorzichtige conclusies zijn:

- de analyse geeft geen indicatie voor de relatieve bijdrage van de verschillende
terreinparameters aan het aardverschuivingsgevaar, omdat een aantal van de parame-
ters aan elkaar gecorreleerd zijn. Belangrijke factoren zijn: het voorkomen van
terracettes, maximum bewortelingsdiepte, dikte van de organisch laag, oppervlakte

van het mesoreliéf, type materiaal, maximum hellingshoek, en het stam oppervlak van
de bomen.



- de analyse geeft aan dat er een samenhang bestaat tussen het voorkomen van bossen
en aardverschuivingen in het studiegebied. Dit is waarschijnlijk het gevolg van het
planten van bomen rond de eeuwwisseling in het studie gebied op die terreinen die het
meest hadden te lijden van erosie, waaronder aardverschuivingen. Blijkbaar zijn deze
aardverschuivingen nog steeds actief.

Een meer arbeidsintensieve manier om het aardverschuivingsgevaar te analyseren is
het gebruik van grondmechanische modellen. Het voorbeeld dat hier gepresenteerd
wqrdt maakt gebruik van het oneindige hellingmodel en toont aan dat een gevoelig-
heid al?alyse de mogelijkheid biedt om de belangrijkste parameters te bepalen. Een erg
gevoelige parameter is de hellingshoek. Er wordt dan ook voorgesteld om gevaren
zones te onderscheiden aan de hand van de hellingshoek. Voor alle andere parameters
is een toeval_sgetal geintroduceerd. Aangenomen wordt dat de waarschijnlijkheidsver-
c!ehng van dit toevalsgetal geldig is voor het gehele onderzoeksgebied. De waarschijn-
lijkheidsverdeling kan met weinig moeite bepaald worden.

Wanneer de waarschijnlijkheidsverdelingen bekend zijn van de verschillende parame-
ters dan kan de kans op een veiligheidsfactor kleiner dan 1 berekend worden door
middel van Monte Carlo simulaties.

De resultaten van die simulaties laten zien dat een betere bepaling van de hoogste
grondwaterstanden kan leiden tot een meer precieze taxatie van het aardverschuivings-
gevaar. De grondmechanische benadering laat verder zien dat verschillende draaiboe-
ken ontwikkeld kunnen worden om de invloed van menselijk handelen op het aardver-
schuivingsgevaar te bepalen.

In de voorbeeld studie zijn de effecten van ontbossing en veranderingen in de
grondwaterstand op het aardverschuivingsgevaar bekeken. Het blijkt dat het mechani-
§che effect van bossen een geringe invioed op het gevaar heeft, terwijl veranderingen
in de grondwaterstanden een duidelijk invloed hebben op het gevaar. Een grondwater-
stand dich.ter bij het maaiveld resulteert in een groter gevaar voor aardverschuivingen.
Een combmgtie'van kwantitatieve en kwalitatieve taxatie van het aardverschuivingsge-
vaar, op basis van een gedetailleerde geomorfologische kartering en een grondmecha-
nische analyse kan leiden tot een waardevollere gevarenanalyse voor aardverschuivin-
gen op een regionale schaal dan het gebruik van statistische analyse.
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