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ABSTRACT: Due to various decay processes associated with weathering, the stability of artificial slopes in weak rocks may be
affected well within their envisaged engineering lifetime. Conceptually, the decay following the initial stress release after excavation
can be described as a process seeking equilibrium between weathering and erosion. The extent to which such an equilibrium is
actually reached influences the outcome of the weathering-erosion decay process as well as the effects that the decay has on the
geotechnical properties of the exposed rock mass, and thus ultimately the stability of slopes affected by erosion and weathering. This
paper combines two conceptual models for erosion and weathering, and derives a numerical model which predicts the resulting
slope development. This can help to predict the development of a slope profile excavated in a weak rock in time, and can be
extended with the addition of strength parameters to the weathering profile to enable prediction of slope stability as a function of

time. Copyright © 2011 John Wiley & Sons, Ltd.
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Introduction

The problem of infrastructure works that become unsafe with
time due to decay of rock and soil masses in artificial and natural
slopes is a well-known feature in every part of the world. Many
economically hazardous and potentially life-threatening mass
movements in artificial as well as natural slopes are caused or
facilitated by decay of soil and rock (Hencher and McNicholl,
1995). This time-related decay of soil and rock affects all
engineering structures that involve natural, in situ materials, and
is easily recognized in artificial, engineered slopes in rapidly
weathering and easily eroding shales.

The combined processes of weathering and erosion will cause
decay of any rock mass exposed in a slope, with stress release and
stress—strain redistribution as catalysts; an elaborate example of
this is given by Nieuwenhuis (1991) for relatively weak ground
masses that show rapid deterioration. The relative rates of erosion
and weathering determine how the rock mass actually develops
and as will be shown later, the ratio of those rates can change
within a single slope as a function of both space (i.e. at different
locations in the slope) and time. Depending on the relative rates,
three main decay situations can be distinguished:

e imbalance favouring erosion;
e equilibrium between weathering and erosion;
e imbalance favouring weathering.

Assuming that natural hillslopes are in equilibrium, excava-
tions are by definition a disturbance of that equilibrium, and the

development of the excavation profile is an evolutionary model.
The boundary conditions for this model are set by the principal
slope properties after excavation: the slope profile and the
remaining weathering profile resulting from weathering of the
original surface, prior to excavation. The response of the slope
material to the environmental conditions then determines the
slope evolution after excavation, and this paper combines
conceptual models for erosion and weathering of slopes in order
to assess what stages of equilibrium and imbalance an artificial
slope can go through in its engineering lifetime.

Carson (1969) provides an overview of what can be
considered the starting point of mathematical modelling of
such processes, through process-response models. The devel-
opment of such models was done in three separate steps: the
identification of a particular process (or set of processes) and
the variables which control the rate at which the processes
operate; the definition of the way in which that process
operates to change the form of the system in an infinitely small
increment of time; and the extrapolation of the geometric
change in that small increment of time until the system reaches
equilibrium.

This process-based approach saw pioneering work done by
Kirkby and by Ahnert. Kirkby (1971) focused on a mass balance
approach and the resulting continuity equation in differential
form. Ahnert’s approach (Ahnert, 1976) investigated the equilib-
rium (or lack thereof) of debris supply and transport, which is
again essentially a mass balance, but without the differential
equations of Kirkby. He found that the assumed transport
mechanism has a major influence on the resulting slope profile,
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with the two possibilities for a control volume (i.e. the slope) being
complete removal of eroded material, or point-to-point transport
with re-deposition, resulting in an accumulation of re-deposited
erosion products at the toe of the slope.

As is apparent when setting up process-based slope
development models, a great number of parameters needs to
be considered, and the number and non-linearity of their
parameters renders their predictions ambiguous and often
unrealistic (Brazier et al.,, 2000). A revival of conceptual
models, such as the one described in this paper, may be helpful
to obtain somewhat crude but nevertheless reliable predictions
and also show how processes may interact on a fundamental
mathematical level, the second step defined by Carson (1969)
as being essential for process-based modelling. It is for these
two reasons, to find and understand physical relations and to
compare the outcome with available field data, that a
conceptual model is derived in this paper.

Models for Weathering and Erosion

The combined action of weathering and erosion can be
quantified by combining two concepts supported in the
literature on this subject into a conceptual model. This model
combines the Bakker — Le Heux erosion model (Bakker and
Le Heux, 1946, 1952) with a weathering penetration model in
which the penetration rate is a decreasing function of the
thickness of the weathering cover (Heimsath et al., 1997).

With regard to erosion, Bakker and Le Heux (1946, 1952)
formulated two models for slope evolution with time, in order
to explain slope forms found in nature, in particular those in
high mountain areas in Anatolia (Turkey) where the slopes are
covered at their toe by pediments. In both models the down-
wasted weathering products are deposited in the form of a
growing scree slope at the original slope’s toe. The nature of
the down-wasting process (rolling downward, landslides,
avalanches or water/snow erosion) was not discussed. For the
down-wasting of the exposed slopes two potential mechanisms
were considered: parallel slope retreat through down-wasting
of slices of constant thickness over the full slope height (Bakker
and Le Heux, 1946), and rotating slope retreat through down-
wasting of triangular slices that are thick at the top and thin at
the toe (Bakker and Le Heux, 1952). The second mechanism
results in a decreasing slope angle. It must be noted that both
models are applicable to slopes where the eroding particles are
small compared with the slope size.

Whereas Bakker and Le Heux (1946) found that the parallel
slope retreat mechanism appeared well applicable to the
Anatolian mountains, the rotating slope retreat mechanism
seems to be a better fit for Western European slopes. In the
investigated slopes of road cuts in the research area near
Tarragona in Spain, angular rotation of the retreating slope face
has been observed. In view of this the rotating slope retreat
model has been adopted here, and developed further. This
model has been described in detail by Hutchinson (1998), who
performed small-scale field tests that showed good agreement
between the predicted and measured final slope profiles.

One of the few examples of a quantified relation for
weathering depth and time is given by Heimsath et al. (1997),
who determined soil production rates (calculated from in situ
produced cosmogenic '“Be and 2°Al in bedrock samples) as a
function of the thickness of the weathered soil cover for
hillslopes in northern California. The soil production rate,
which is equal to the increase of the thickness of the weathered
zone in time, is shown to decrease with an increasing thickness
of that same weathered zone. A similar formulation was used to
integrate weathering into slope erosion models by Martin
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(2000). This is the likely development for a weathering profile
as found in the case study slope described later in this paper, in
which the material underneath the weathered cover is protected
from the dominant weathering processes.

Since the thickness of the weathered zone in slopes is
affected by the erosion acting on it, applying this same
weathering model to slopes that evolve in a rotating manner as
described by Bakker and Le Heux (1952) leads to a set of
equations that describe the development of the slope profile as
well as the penetration of the weathering front. This set of
equations can be solved numerically by time-stepping.
Depending on erosion and weathering penetration rates,
different decay situations are shown to occur at a given point
in time for different locations along the slope profile, just as
different situations occur for a given location along the slope
profile for different exposure times.

The Bakker-Le Heux model for erosion and the Heimsath
model for weathering are described in more detail in the
following paragraphs.

Erosion: Bakker-Le Heux

The rotating Bakker-Le Heux model describes the ultimate slope
profile of a linearly retreating, initially straight slope, excluding
erosion from any surface above the slope. The model makes the
following assumptions, as summarized by Hutchinson (1998):

e An initially straight slope of uniform material of inclination
B exists, steep enough for debris removal not to be
transport-limited.

e The slope has horizontal ground at its toe and past its crest.

e No standing water is present at the foot.

® In a given amount of time, weathering weakens the surface
material, giving rise to retreat of all parts of the exposed free
face due to the erosion of fine debris. This can be
approximated theoretically by infinitesimal increments;
larger falls, where volumes larger than the individual
particles are affected, are not considered.

e The resulting debris accumulates at the cliff foot as a
rectilinear scree with a constant slope angle o (a <p).

® Beneath the accumulating scree, the rock surface is
protected from further erosion, while the rock face above
continues to retreat.

e Thus, with time, a convex-outward shape is produced in the
surface of the intact rock beneath the scree. Ultimately the
original cliff develops into a straight slope with an inclination
equal to the scree angle a, to which, in its last formed upper
part, the underlying convex rock core is tangential.

Basically, the model considers a decreasing angle of the
apex line through the origin (the initial slope toe) and the upper
section of the slope. A change in this angle results in a small
increment of the eroded volume, and thus a corresponding
small increment in the debris covering the toe of the slope in a
scree wedge, while taking into account volume changes and
erosion at the toe (Figure 1).

The original Bakker—Le Heux model describes only the
ultimate state of the eroded slope and gives an expression for
the ultimate rock profile, as used by Hutchinson (1998) for a
small-scale field check. The ultimate profile of the convex rock
core underneath the scree is given by the following expression
(for c#):

2 )21 ER
h* + (1 2c)z} M

y = az—(a—b)z[ s,

Earth Surf. Process. Landforms, Vol. 36, 1705-1714 (2011)



COMBINED EROSION AND WEATHERING OF SLOPES IN WEAK ROCK 1707

z y ult
*apex
¥ ultimate rock
b & profile
=
E|
h ;
o | :
0 y

Figure 1. Definition sketch of the Bakker-Le Heux model for slope
retreat (after Hutchinson, 1998).

with parameters y and z as defined in Figure 1 (y=0 and z=0
at the foot of the initial slope profile), and:

a cotangent of stable slope angle for scree, cot(o) -]

b cotangent of initial slope angle at time of -]
excavation, cot(p)

c 1 — (volume of rock) / (volume of scree) (-]

h height of the slope [m]

A ratio of the volumes of rock to scree smaller than 1 (i.e. ¢>0)
indicates a volume increase of material during erosion and
sedimentation. A value larger than 1 (c<0) indicates removal of
sediment at the foot of the slope. The model is not defined for
c=0.5,and c=1 is the maximum value. For the results presented
in this paper, it has been assumed that cis constant in time but this
assumption does not affect the methodology. This parameter is
not only the result of the rock mass and debris properties, but also
of outside influences — e.g. human action (physical removal of
debris at the toe of the slope), further erosion in the debris zone,
etc. If there is no removal of debris from the site, ¢ can be
predicted by considering the unit weights of the in situ material
and the debris. For artificial slopes such as road cuts, outside
influences are likely to act on the debris and thus affect ¢, which
implies that this parameter will vary from site to site.

The development of the slope profile in time can be
simulated quantitatively by assigning a time function to the
inclination of the apex line through the origin y and taking
appropriately small time steps. At any time t, the profile of the
eroded rock surface is then given by (Figure 2):

2 _ 271
ifOSZSthﬁye:az—(a—b)z{w]]’k

2)

h2
if <z<h= __“
2w <z<h=ye =005
with
Ve y-coordinate of eroded rock profile [m]
z vertical coordinate [m]
Zint z-coordinate of interception between scree
wedge and eroded rock [m]
y inclination of the apex line through the crest
and toe (function of time) [°]
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Figure 2. Definition of parameters in time-dependent model for slope
retreat.

The profile of the overlying scree is given at any time t by:

Zing=Z

fOS < in = = Yimt—
1 Z = Zipgg Ys = Yimt tan(a)

(3)

with

vs  y-coordinate of scree profile [m]
Vine y-coordinate of interception between scree wedge [m]
and eroded rock

Field data gathered in the course of this study suggest that
the slope retreat is linear in time at least for the first years after
excavation, as will be discussed later in this paper.

If this observed linear trend for y is extrapolated until the
stable scree angle « is reached, then:

fo<t<P"* = 7y = B—Ryt
Rs (4)
ift > ﬁ_OC = y=o0
=R

with
R, rate of angular slope retreat [°/year]
t time [years]
a stable slope angle for scree [°]
B initial slope angle at time of excavation [°]

It should be noted that non-linear functions of y(t) would
also be allowed. The data reported by Hutchinson (1998)
suggest that the rate of slope retreat decreases with longer
exposure times. However, the time span covered by the field
studies undertaken for the present paper is too short to
confirm this. The observed linear decrease may not remain
valid for longer time intervals. Furthermore it is likely that the
trend will be influenced by the weathering of the slope
surface, and Equation (4) should be considered as an example
only. However, the methodology for derivation of the model
and the qualitative results do not depend on the nature of
Equation (4).

Earth Surf. Process. Landforms, Vol. 36, 1705-1714 (2011)
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Continuity of the rock profile in y;, and z;,, (the coordinates
of the point where the surface of the scree wedge intercepts the
intact rock, Figure 2) gives:

(5)

- In( a tan(y)—1
o __h - =t (a—b)tan(y)) _
Zin = 5e (1-2¢)] e 1 (6)

with
a cotangent of stable slope angle for scree, cot() [-]
b cotangent of initial slope angle at time of

excavation, cot(B) [-]
h slope height [m]

Starting at the point defined by the coordinates given by
Equations (5) and (6), the scree wedge stretches downward
with an inclination equal to @ and the rock face upward with
an inclination y (Figure 2).

At any time t, the profiles of the eroded rock surface and of
the overlying scree are given by Equations (2) and (3), in which
Vint and z;,; are found by combining Equations (5) and (6) with
(4). Provided that an expression for y(t) is known, Equations (2)
and (3) therefore define the slope profile and the profile of the
eroded rock core at any time t. The limiting case of this slope
development model is a convex, uneroded core of rock with
a curve that has an inclination equal to the scree angle o at
y(z=h) and equal to the initial slope angle § in the origin. The
curved rock core is covered completely by scree inclined at
angle « in this limiting case.

Weathering Penetration: Heimsath

The empirical relation derived by Heimsath et al. (1997)
has the following general shape defining the weathering
depth as a function of time, with the penetration rate of the
weathering front inversely proportional to the thickness of the
weathered cover:

dDy  aisp,

o~ © v
with
D,, depth (thickness) of weathered layer [m]
A, B constants

A relation of this form has also been adopted by Martin
(2000) to combine weathering and erosion. It must be noted
that it only defines the thickness of the weathered cover in
time, not the intensity of weathering in that cover, and this is an
important aspect: if the goal is to calculate the amount of
sediment available for transport, as is the basis of models such
as that of Anderson and Humphrey (1989) and Tucker and
Slingerland (1994), this alone would not be sufficient, and this
especially applies to weak rock in which even weathered
material may show a considerable resistance against erosion.

Copyright © 2011 John Wiley & Sons, Ltd.

This is not further addressed in this paper, since the mode of
erosion is pre-defined (by the Bakker—Le Heux model) and the
erosion rate is empirically fitted to field observations.

Note that if in Equation (7) A=In(W,) and B=—-1/W; , with
W; a penetration rate coefficient (m/In(year)) other than zero,
this can be simplified to:

dD, W,
dt 1+t

(8)

In that case, the weathering depth at any time t can be
directly computed from:

Dy = WiIn(1+1) 9)

Equation (9) assumes that there is zero erosion from the
surface; if erosion occurs, the actual weathering depth will be
less than predicted by this equation.

Following this model, the weathering penetration rate
decreases with increasing thickness of the weathering mantle.
Since the weathering mantle may be subject to erosion, the
penetration rate of the weathering front is affected by the erosion
rate. In order to investigate the interaction between erosion and
weathering penetration processes acting on a slope, the erosion—
time description of Equations (2) and (3) are combined here with
the empirical weathering-time description of Equation (7). In this
combination (to be described in the next paragraph) the term
‘conceptual model’ needs some explanation. The Bakker-Le
Heux model is conceptual as it prescribes the nature of slope
denudation as linearly increasing upslope. In the previous
paragraph a linear rate of rotation was added (although the
time-step computation described in this paper allows for non-
linear rotation rates). Heimsath’s weathering model is conceptual
only in the sense that weathering is considered to be independent
from z (vertical location in the slope). Heimsath’s further
description is empirical however, and based on field observa-
tions. As explained previously the same applies to the function
that describes the slope angle as a function of time, (1.

Combined Model for Erosion and
Weathering Penetration

Consider a time interval At starting at time t, with a weathered
zone having thickness D,,/; (Figure 3). During the interval At,
some erosion will occur above the point of intercept of the
scree cover and the rock core. The slope profile will be
changing as described by the following equations:

| o zZ
Yelt = an(al,)
. Z
ifz > Ziy y€|t+At:m
t+At
z z (10)

Ay, — v = -
Ve = Yelearyel: tan(6|t+At) tan(d|,)
y€|t+At = Vel

ifz <z
" { AYe = YelrarVely =0

The angle & is the inclination of the intact rock profile (i.e.
the slope without the scree cover), and depends on the vertical
location, z. In the upper slope, above the scree and thus for
z>7i , 0 is equal to y as defined in Equation (4). Below the
scree top, for z<z;,, § is equal to the angle of the tangent to
the rock core. The angle & is given by:

Earth Surf. Process. Landforms, Vol. 36, 1705-1714 (2011)
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" it

Figure 3. Representation of a weathering profile developed in a slope
at time t.

exact equilibrium, and the third a case where erosion exceeds
penetration of weathering. Since the weathering depth cannot
become negative, the weathering depth in the latter case is
restricted to values larger than or equal to zero.

In terms of y-coordinates, the weathering front is defined by:

Ywlerar = Yelryar + Dwyleiae (13)

with

vw horizontal coordinate of weathering penetration front (m)

Using Equation (13) the profile of the weathering front can be
calculated through an iterative procedure with the boundary
condition:

Dwli—g = 0= yuli—g = Yeli—o (14)

if0<z<z, = 3|, = atan

5 (1)

1-c

aS+ ah? (;—f) 2¢—1-ay2

if zyy<sz<h = 3|, =v|,

1-c 1-c 1-c

=S =S =S
(F)2C*1 —bh2 (F>2cf1 + by?2 (F)ZC*‘]

with

S —h? =y’ +2cy m?]

Simultaneously, some small penetration of the weathering
front will occur in that same interval, on top of the penetration
that had already been achieved at time t. The erosion during At
will however remove some of the weathered material that was
present at time t and therefore the additional weathering
penetration leads to a smaller depth than suggested on the
basis of the weathering depth D,,/; alone. Depending on how
much of the weathered material is removed by erosion (none,
some or all), the maximum increase of the weathering depth at
any height z is only partially obtained. With D,,, being the
horizontal weathering depth, measured along the y-axis
(Figure 3), the weathering depth is given by:

Dy, +e*BPAL

Dusleesr = sin(8),) Aye
A+BD, |,
esm(8|t)At7Aye >0
Duss = Duok =t 12
A+BDy |, A
' esiTgmt*Aye =0
Dy ylyar = max (0;%_ ye)
A+BD, |,
esm(&\t)AtiAye <0

The first line in Equation (12) represents a case where
penetration of weathering can exceed erosion, the second

Copyright © 2011 John Wiley & Sons, Ltd.

In a similar way, the weathering penetration extending
vertically downward from the (assumed) horizontal surface
above the slope can be taken into account. Any weathering
depth along the slope profile and the top surface above it
predating excavation can also be incorporated by adapting the
boundary condition of Equation (14) to reflect the pre-existing
weathering profile.

In the above equations it is assumed that the coefficients A
and B are not influenced by the presence of a scree cover, in
other words that for the rock covered by scree and for the rock
that is not yet covered, the same coefficients A and B can be
used. Although it is generally accepted (Heimsath et al., 1997;
Martin, 2000) that the penetration rate of a weathering front
decreases with increasing penetration depth with uneroded
weathered material acting as a protective cover over the
unweathered part of a rock mass, it is quite possible that a
cover of loose slope waste such as scree, with a higher porosity
than the in situ material it is covering, may retain more water
after rainfall than the in situ rock and enhance the potential for
chemical weathering. In rock types where chemical weather-
ing processes are dominant, this would lead to higher
weathering rates for scree-covered sections of the slope profile.
If weathering penetration rates thus change because of the
influence of a scree cover, this can be included in the iteration
by defining A, and B, in Equation (12) for all z< z;,, and A
and B, for all z> z;,; (Ac# A, and B.# B,, with the indices . and
s indicating ‘covered by scree’ and ‘slope surface’, respective-
ly). For the results presented, A and B have, however, been
kept constant for simplicity.

Field Investigations

The model derived in this paper has been calibrated for a small
road cut near the village of Gavada in the Tarragona province
in Spain (Figure 4). This slope was studied for several years
after its excavation in relatively fast-weathering shales. The

Earth Surf. Process. Landforms, Vol. 36, 1705-1714 (2011)
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Figure 4. Gavada study slope, May 2004.

research done at this slope is described in detail by Huisman
(2006).

The Gavada case study slope was excavated during the
reconstruction of a small road leading from the C-233 main
road towards Gavada. For the reconstruction works, which
were executed in 1999, a number of road cuts had to be made.
Since a considerable stretch of the road alignment runs through
Keuper shales, this reconstruction provided the opportunity to
monitor the rapid decay of these shales. The study slope
consists of such shales, intercalated with thinly to very thinly
bedded dolomitized limestones. Although it is ~50 m long, the
slope is fairly small, with a maximum height of ~2 m.

The shales weather more rapidly, and erode more easily than
the dolomites and therefore the rate of retreat of this slope is
controlled by the shales. Their decay is predominantly
determined by the presence of clays in combination with
pronounced changes in water content at the surface induced
by rain, sun and wind. Due to the resulting wetting and drying
cycles, the shales swell and shrink repeatedly, and the
associated volume changes will lead to weakening of the
material by the repeated tensile and compressive stresses.
These strains and the break-up of material bonds at the
microscopic scale (Kihnel, 2002) lead to a slaking and
loosening of material at the surface, which is then easily
eroded mainly by gravitational processes as well as splash
erosion and sheet wash in wet periods and deposited at the toe
of the slope, a process defined as pelitoclastesis by Wetzel and
Einsele (1991). Other processes such as hydrolysis may well
occur simultaneously but the effects of these are not dominant.
The main clay mineral present in the Keuper shales in the study
slope is illite (21% by volume), but swelling capacity is
determined mainly by the montmorillonite content of approx-
imately 4% by volume. The swelling/shrinking behaviour is
associated with considerable slaking. Laboratory tests on these
shales show a second cycle slake durability shales of only 17%
(‘low durability’, Dick and Shakoor, 1995).

Apart from the observations made in the study slope
described in this paper, a number of other artificial slopes
made in the same lithologies have been investigated,
describing the weathering intensity as well as the weathering
rate. In the context of this study weathering intensity refers to
the degree of decomposition at one particular moment in time,
whereas the weathering (intensity) rate refers to the amount of
change in this weathering intensity per unit time. We have
added the word ‘intensity’ to the weathering rate here, to

Copyright © 2011 John Wiley & Sons, Ltd.

distinguish it from the weathering penetration rate — which is a
quantity for the rate of advance of a weathering penetration
front.

Overall, there is a clear trend that the weathering intensity
rates increase with an increasing amount of intercalated shales,
and the highest weathering intensity rates are observed in
slopes facing the sun and dominant wind during rainfall and
are therefore exposed to the most pronounced wetting and
drying cycles (Huisman et al., 2006).

Model Calibration

For the combined erosion—weathering model, processes along
the slope were simplified to down-wasting or denudation
whatever actual form these may have (rolling, sliding, water
erosion, mud flows, etc.) and to depth-dependent weathering
which mobilizes material for erosion. Even so, this simple
model demonstrates the complexities for practical observations
on decay in slopes. The model exhibits three variables y, z and
t, and six parameters Ry, a, b, ¢, A and B that need to be
quantified. These parameters were calibrated for the Gavada
case study slope described above.

Since its excavation, significant erosion has taken place in
this slope. A succession of cross-sections of the slope surface
measured at the location of the traffic sign (Figure 4) is shown
in Figure 5. At this location, the slope height is 2.05m. As is
apparent from these cross-sections, erosion debris accumulates

2.5 -
i o 3 \L
)

2003 1
I—leﬁ?"‘i i )|

bttt |

==nitial profile - 19%%

— Mexsured profile - May 2001
Measured profile - May 3003

- = - Mexsured profile - May 2003

- Measured profile - May 2004

—— Mepured profile - May 2007

Mesured profile - September 2005

f
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Figure 5. Cross-sections of the Gavada slope.
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at the foot of the slope, whereas the top of the slope recedes.

The initial slope angle was 62°. The stable angle of the
erosion debris was determined to be approximately 35° by
measuring the stable angle of repose of a small pile of scree
collected from the slope. Thus the parameters a and b of the
erosion model are taken as cot(35) and cot(62), respectively. It
is noted that a constant scree angle and therefore a constant
value for a is valid for relatively small slope heights only, since
the scree profile at the slope toe would have a concave profile
for high slopes in which the fall energy of particles, which
decreases as the slope development progresses, has a notable
influence on the angle of repose.

A comparison of the eroded volume and the debris volume
in each cross-section shows that a larger volume erodes than
what is actually present as scree at the foot of the slope. The
‘missing’ debris is transported away from the slope by rainfall
runoff; a ditch at the toe of the slope connects to a culvert and a
small circular pond, where the eroded and transported material
accumulates. On average, the volume of eroded rock is
approximately twice the volume of the remaining scree,
resulting in a negative value for ¢ (c=1- (volume of rock)/
(volume of scree)=—1).

In Figure 6 the inclination of the apex through the upper
section of the slope is plotted against time. For the first 5 years
after excavation this angle y decreased at an approximately
linear rate of 1.2°year. The latest measurement seems to
indicate that this rate of retreat is decreasing. This would be in
line with the data reported by Hutchinson (1998), which also
suggested a decreasing rate of slope retreat. However, the time
span covered by the observations in the study slope is too short
to verify this, and for the present paper a linear rate of Ry;=1.2°/
year has been assumed as an example. A non-linear decrease
of y can nevertheless easily be incorporated in the model (in
fact any function would be allowed for y(t)).

In order to confirm the uniform rotating retreat mechanism
that is assumed for the Bakker-Le Heux model used in this
paper, a detailed scan was made of a part of the slope in May
2004 with an Optech llris 3D laser scanner. This provided a
high resolution point cloud with x, y and z-coordinates and
reflection intensity for each of the reflection points (see Slob
and Hack (2004) for a description of this LIDAR method). The
resulting point cloud was compared with the initial planar
slope surface. By calculating the retreat of the slope in a
horizontal direction for each reflection point, a contour plot
can be made showing the amount of erosion or accumulation.
The results showed erosion contours with respect to the
original excavated slope surface that are approximately
parallel to the toe of the slope, with accumulation in the
bottom section of the slope and an increasing amount of
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Figure 6. Development of gamma with time.
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erosion towards the top, in accordance with the rotating retreat
model (Huisman, 2006). Since the contours showed uniform
amounts of erosion over the length of the slope, the
development shown in the local cross-sections of Figure 5 is
considered representative for the entire slope.

While the erosion parameters are relatively easy to obtain
from a sequence of slope cross-sections, the parameters related
to the weathering penetration are more difficult to quantify. In
the study slope, small excavations were made at sufficient
distance from the cross-section location so as not to influence
future measurements, to estimate the penetration depth of the
weathering front. In 2004, 5years after excavation, it was
found that the irregular pattern of disintegrated weak material
covering the slope turned into a weak rock with clearly
distinguishable discontinuity sets, with a block size of
approximately 4 to 5cm, within 10 to 12 cm from the slope
surface and at a height of 1 m above the toe of the slope. This
transition was taken as the depth of the weathering front. Since
erosion occurs on the surface, it is not possible to directly
compute the Heimsath A and B parameters of Equation (7) or
W, in the simplified Equation (9), which would otherwise
simply be equal to W,=D,, / In(1 +1). Therefore the combined
erosion-weathering model was run to find the best fitting value
for these parameters. It was found that in combination with the
linear slope retreat rate of R,=1.2%year, values of W,;=0.1 m/
In(year), A=In(Wy)=-2.30, and B=—1/W,=-10 gave a good
match for the weathering penetration depth estimated from the
excavations. Due to the destructive nature of determining the
weathering penetration depth by excavation this was not repeated
in later years, and finding representative values for A and B
remains a difficult aspect of the method presented in this paper.

Example of Modelling Results

Figures 7 and 8 show results of a numerical calculation based
on the model described above, using the parameters calibrated
for the Gavada case study slope. The example calculations
exclude weathering from the top surface for ease of interpre-
tation. If this is included, the top parts of the slope will be
affected by that too, and weathering depths calculated for the
top of the slope will be larger than on the basis of weathering
from the slope surface alone.

The model parameter values used for these graphs are given
in Table I. Figure 7 shows the calculated slope profile at
different exposure times, with the eroded rock core, a scree
cover, and the weathering penetration front. The development
of the modelled slope through the years as shown in Figure 7
indicates that (when assuming constant values for R,, a and ¢)
after some 20vyears a situation will be reached in which the
final convex shape of the rock core is reached, the whole slope
is covered by scree, and erosion has come to an end. Before
this occurs, the section of the eroded rock face that is not
covered by scree extends linearly upward, creating a knick
point at the intersection with the convex section underneath
the scree cover, and the surface of the scree itself. This same
knick point is reflected in the weathering penetration front; this
is most pronounced in Figure 7(c). Note that for an exposure
time of 5years the cross-section of May 2004 has been
included in the figure. The modelled and measured profiles are
a close match but obviously this also results from the fact that
the model parameters that describe the erosion process have
been derived directly from the set of cross-sections.

Although cross-sections as in Figure 7 are visually appealing,
a better insight into the fine balance between erosion and
weathering is obtained in the graphs in Figure 8, which show
the thickness of the weathered layer perpendicular to the slope
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per year; (d) 3° per year.

surface as a function of (exposure) time. Figure 8(a) shows the
result for the case where the rate of slope retreat is set at 0°/
year, so zero erosion. A single curve is found representing
points at all heights throughout the slope profile. Since the
simplified Heimsath model was assumed to derive A and B
from field observations, with A=In(W,) and B=—1/W, , this
curve is given by Equation (9).
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Figure 8(b)—(d) presents cases where erosion rates in terms of
slope angle decrease are larger than zero. Points at different
heights in the slope profile now show different curves; lines are
given for points at 0.0*h, 0.1*h, 0.2*h, ..., 1.0*h (with h the
slope height). At the foot of the slope (height 0.0*h), no erosion
occurs and the same curve as in Figure 8(a) is obtained; this is
the limiting situation, visible in all graphs of Figure 8(b)—(d).
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Table I.  Model parameters used for results shown in Figure 7
Parameter Symbol Value Unit
Stable angle of scree o 35 [°]
Initial slope angle B 62 [°]
Slope height h 2.05 [m]
T—(volume of rock)/(volume of scree) c -1.0 [-]
Rate of slope retreat R 1.2 [°/yr]
Weathering penetration parameter A -2.30 -]
Weathering penetration parameter B, -10 [1/m]
Weathering penetration parameter Ac -2.30 [-]
Weathering penetration parameter B, -10 [1/m]

The curves representing the development of a weathered layer
at the other points do however show clear differences.

In the graphs of Figure 8(b) and (c), with erosion rates of 1°/
year and 2°/year, a weathering layer develops at the start of the
decay processes at all heights in the slope profile; this can be
recognized as an increase in the weathering thickness (rising
curves) although not as fast as in the limiting case for the curve
representing height 0.0*h. These initially rising curves repre-
sent decay situations where some erosion occurs, but an
imbalance favouring weathering exists. The curves for points
higher in the slope profile tend to become horizontal after
some time; this signifies equilibrium between erosion and
weathering penetration, resulting in a constant thickness of the
weathered zone. Some curves even develop a negative slope
signifying a decrease in the thickness of the weathered zone,
and therefore an imbalance favouring erosion. This may even
extend to the case where the weathered layer disappears
altogether with D,, becoming zero (a situation almost reached
in Figure 8(c) for 1.0*h). All curves finally trend upward again
after a sudden knick point. This knick point occurs at the time
at which the scree extends to the height that is represented by
each curve, resulting in erosion coming to an end at that
particular height. The small sharp step, which is also visible in
most curves at this knick point, results from the step-wise
change of the slope angle at this specific point in time. This
causes the weathering depth perpendicular to the slope to have
a discontinuous first-order derivative. In the limiting case of
t— oo all curves tend to become equal to the curve for 0.0%h,
implying that the whole slope is then covered by scree and
erosion has ended, and the simplified Heimsath relation of
Equation (9) applies.

Figure 8(d) shows the same basic decay situations existing at
various times and locations; however, with the relatively high
erosion rate of 3°/year, the curves for the upper section of the
slope profile show a zero thickness of the weathered zone until
the scree has built up to that particular height. These horizontal
curves at D,, =0 represent a decay situation in which erosion
outpaces weathering, and no weathering mantle can establish
itself because any weathered material is continuously eroded
(a weathering-limited situation). With a further increase in
erosion rates, the knick points at which the scree wedge passes
the height represented by each curve will shift to the left, towards
shorter exposure times. In the limiting case for Ry— oo the final
slope profile is reached after an infinitely short time, and all
curves will fall on the same line again, given by Equation (9).

Points at different heights in the slope profile will generally
be in different decay situations at the same time, and the decay
situation at a specific location may change in time. The most
homogeneous slope development will occur with either very
small (relative to weathering penetration rates) erosion rates, or
with very large erosion rates (again relative to weathering
penetration rates). With intermediate combinations of erosion
and weathering penetration rates, the upper slope will tend to
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show imbalance favouring erosion whereas the lower slope
will show imbalance favouring weathering.

Discussion and Conclusions

The model derived in this paper combines the Bakker-Le Heux
erosion model (with rotating slope retreat mechanism) with a
weathering penetration model in which the weathering
penetration rate decreases with increasing thickness of the
weathering cover. The resulting set of equations has been solved
numerically by time-stepping, and gives both the slope profile
and the weathering front as a function of time. The simplicity of
the derived conceptual model may well be preferable over more
sophisticated process-based models for predictions based on
scarce observations on actual slopes or for back-analysis of
existing slopes. Although in this paper the model parameters
have been assumed to remain constant in time for simplicity, the
modelling approach allows for time-variable parameters, most
notably for the erosion parameters R;, a and c.

An interesting discussion point is the general observation in
the study area that the rotational Bakker-Le Heux model for
slope evolution is the better fit for the observations. In this model
the down wasting is represented by the erosion of triangular
slices that are thick at the top and thin at the toe. At first sight this
may seem to be in conflict with the modelling results presented
in Figures 7 and 8, which show that in all cases the weathering
penetration depth is greater at the toe than at the top of the slope
section which is not covered by scree material. It must be noted
that if the slope profile development is transport-limited, with an
imbalance of decay processes favouring weathering and the rate
of erosion and transport of weathered material being the limiting
factor, removal of sediment from the slope surface will not be
related to the depth of the weathering front (at least if the degree
of weathering on the slope surface does not vary over the slope
height). As long as this situation remains, weathered material
accumulates, and transport processes act at their full capacity
(Kirkby, 1971). As shown in Huisman (2006), the slope profile
development in the study area and the case study slope is indeed
almost uniquely transport-limited.

The better fit of the rotational slope development model must
therefore be explained from the following factors: the possibility
of a higher weathering intensity at the top of the slope, due to the
existence of an old weathering mantle parallel to the original
(natural) slope profile before excavation, increasing the soil
erodibility near the top; weathering from the top of the slope,
which is not incorporated in the results shown in Figures 7 and
8 (but can easily be included in the model), and the specific
transport processes. Although no detailed observations have been
made regarding the latter, it is believed that soil creep and sheet
wash are the dominant transport processes in the study slope.

Depending on erosion and weathering penetration rates,
various possible decay situations are shown to occur at a given
point in time for different locations along the slope profile, just as
different situations occur for a given location along the slope
profile for different exposure times. This is demonstrated for a
linear decrease of the slope angle with time; the qualitative results
are independent of the precise nature of this particular trend.

The most homogeneous slope development will occur with
either very small (relative to weathering penetration rates) or
zero erosion rates, or with very large erosion rates (again
relative to weathering penetration rates). Intermediate combi-
nations of erosion and weathering penetration rates will cause
different behaviour in the upper and lower parts of the slope. It
has to be noted that the lower part of a slope may be covered
by scree after some time, which will probably affect the
weathering penetration rate in that part. Different penetration
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rates for these parts of the slope can easily be incorporated in
the model but this does not affect the general shape of the
curves as presented in Figure 8.

The greatest difficulty in determining realistic values for the
parameters of this model lies with the determination of the
weathering depth and weathering penetration parameters A and
B. For the study presented in this paper these were estimated
based on a few shallow and destructive excavations. Future
research should investigate the possibilities of non-destructive
techniques to monitor the weathering depth (e.g. ground radar
based methods).

In engineering practice, models such as the one presented in
this paper can help to predict the development of a slope
profile excavated in a weak rock in time. With the addition of
strength parameters to the weathering profile, the presented
model may be extended to serve as the basis for the prediction
of the stability of slopes in weak rock as a function of time as
well. Perhaps of even greater value is that the model results
clearly show just how intricate the balance between erosion
and weathering in a slope can become, and that this balance
will change and shift in time and vary for different locations in
the slope. This implies that rock mass classifications and slope
stability assessments carried out in the field may not only be a
snapshot at a particular time, but also a snapshot of a particular
location in a slope. With this understanding, engineers in
the field shall carefully assess whether even with a single
lithology, a slope is actually homogeneous enough in terms of
weathering and erosion to warrant a classification as a single
unit, or that the slope needs to be split up into various levels
with a similar development.
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