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pressures exerted in crystallization are probably greater
than those produced by ice, but their absolute values de-
pend on the concentration of the ionic constituents in the
solution. The most common precipitates are sulfates, car-
bonates, and chlorides of very mobile cations (Ca, Na,
Mg, K), and the process is therefore more prone to oper-
ate in arid and semiarid regions where the ions are ren-
dered immobile by insufficient leaching. The growth of
salts from solution within rock fractures and pores is rec-
ognized as another form of salt-weathering phenomenon.
Crystal growth can occur for many reasons including
(1) decreasing solubility in some salts with declining tem-
perature, (2) common ion effects upon mixing of different
salt-rich solutions, and (3) evaporation (Goudie 1989).

The Significance of Water and Interaction
of Chemical and Physical Weathering Processes

Even a short review of physical weathering makes clear
the importance of water in the disintegrating processes.
Hydration, frost action, crystal growth, and swelling all
require water as the basic component of the system. The
amount of water need not be great. Many believe, for
example, that even thin films of condensing dew in
desert regions may be infinitely more destructive than
insolation (Twidale 1968). Therefore, a direct relation-
ship between climate and the prevalence of disintegra-
tion seems likely.

Peltier (1950) utilized mean annual temperature and
precipitation to predict relative intensities of physical and
chemical weathering (fig. 4.17). This figure broadly gen-
eralizes the relationships. For example, recent work by
Caine (1992) shows that chemical weathering also plays
a significant role in the removal of materials in alpine
catchments by solution. Physical weathering is generally
dominant where precipitation is readily available and the
mean annual temperatures are near or below freezing.
This analysis seems to correlate with the importance of
frost action as a mechanical tool and with the fact that
frost action is preeminent in those areas having the most
freeze-thaw cycles during the year. The frequency of
freeze-thaw events has been detailed for the United
States by Russell (1943) and Williams (1964).

Where unusual local problems exist, the regional
climatic characteristics may have little significance. In
those cases it may be extremely important to understand
in detail the climate-lithologic-weathering system, and a
more sophisticated approach than those just reviewed
will be necessary. An excellent example of this point
was provided by Weinert (1961, 1965). In the eastern
part of South Africa, the parent Karoo dolerite has been
altered into a mature soil that is unsatisfactory for main-
taining road foundations. In the western part of the re-
gion, this mature soil is not present. Instead, hydration
of the micas has apparently disintegrated the dolerite
into a grus that has considerable internal strength and is

quite sound from an engineering perspective. Weinert
found that the boundary between the sound and unsound
surface materials could be mapped by the distribution of
evaporation and precipitation in the area.

Weathering of granitic terrain, such as the inselberg
in figure 4.4, involves an intimate blend of physical and
chemical processes. The large-scale weathering features
such as sheeting fractures are due to physical stresses as-
sociated with the release of confining stress during un-
roofing of overlying sedimentary cover and possibly to
some combination of mineralogical and tectonic stresses
inherited during the emplacement of the pluton. The
emergence of isolated remnants like Enchanted Rock
above the surrounding granitic terrain involves the spa-
tially nonuniform activity of weathering processes. The
granite surrounding the inselberg has been lowered at a
more rapid rate because of more efficient chemical and
physical attack by water-related processes where joints
are more closely spaced compared to the lower joint
density within the inselberg itself (Twidale 1971, 1978).

Smaller-scale granite weathering features on the in-
selberg also originated from physical and chemical inter-
actions. Runoff is concentrated along major joints,
where on low-sloping surfaces it may remain long
enough for dissolution to occur. Repeated dissolution
along the joints eventually produces elongated potholes
or gnammas (fig. 4.18A), which then collect and retain
water, thereby further enlarging through a positive feed-
back process. Some of these potholes become sites for
sediment storage and plant growth, both of which con-
tinue to promote their enlargement. Over extended peri-
ods of time, surface runoff succeeds in creating an artic-
ulated network of rillen in the granite, and other unusual
phenomena occur through a combination of solutional
and abrasional processes (fig. 4.18B).

PHysicAL PROPERTIES
OF UNCONSOLIDATED DEBRIS

The resistance of unconsolidated debris to the forces of
erosion depends on the physical properties of the mate-
rial. These properties determine whether a slope devel-
oped on any substance will be stable or, if the physical
properties help determine the shape of the slope profile,
when and if it attains an equilibrium condition. Given
that the slope material itself directly influences the re-
sulting process and landform, it is rather disconcerting to
find that most geologists have only a vague knowledge
of the basic physical properties of soil, which have been
identified through years of study by engineers. These
characteristics directly control the mechanics of many
geologic hazards.

Before we examine these properties, however, it may
be helpful to look again at the concept of driving force,
which was briefly discussed in chapter 1. Figure 4.19A
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Relative intensities of physical and chemical weathering generalized for different temperature-precipitation conditions.
(From L. C. Peltier, Annals of the Association of American Geographers, vol, 40, p. 219, 1950. Reprinted by permission.)

depicts a boulder resting on a sloping surface. The force
of gravity acts vertically on the particle, and the force
magnitude stems from the weight of the particle mg
(mass times the acceleration of gravity). Actually, the
weight may be resolved into two components, one acting
perpendicular to the sloping surface and one acting par-
allel to it. The component acting parallel to the surface
tends to promote downslope movement and is measured
as W sin 6, where W is the weight in pounds or kilo-
grams. The perpendicular component tends to keep the
boulder in place by pushing it into the surface and

thereby resisting the downslope motion; its magnitude is
determined as W cos 6. Clearly, downslope movement
of the particle is enhanced on steeper slopes because the
sine value increases and the cosine value decreases as
the angle 8 is increased.

In the analysis of slope processes, however, engi-
neers and scientists are usually concerned with the force
acting on some potential plane of failure existing below
the ground surface along which movement of a block of
overlying material takes place (fig. 4.19B). In this case
the exerted force derives primarily from the weight of
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(A) (B)
Figure 4.18

Physical-chemical weathering features on granite surfaces in central Texas. (A) Solution pans, or gnammas, aligned along joints.
(B) Rillen and major surface microrelief formed by a combination of solution and abrasion.
(R. Craig Kochel)

ABCD = BFEC

(A) (B)
Figure 4.19

Analyses of slope stability. (A) Forces acting on a particle resting on a slope surface. (B) Stresses acting on a planar surface
covered by unconsolidated material.



[image: image4.jpg]the debris overlying the plane. Because the total weight
of this material cannot be determined like that of a sin-
gle, discrete boulder, it is calculated indirectly by multi-
plying the unit specific weight (y) of the material (Ib/ft®
or kg/m?) times the vertical distance (%) from the plane
to the ground surface. The resolved components are now
Yh sin © cos O in the downslope direction and YA cos?0
perpendicular to the plane. The reason for the change in
equations is that the block of soil, represented by the
parallelogram ABCD, is equal to the rectangle BFEC,
and the angles FBA and DCE are equal to 6. Therefore,

cos 6 =% and x = cos Bh

Because W = 7, substituting from above gives us
W = vh cos 6. Thus, the pressure acting perpendicular to
the plane is

o = Wcos 6 = YA cos 6 cos 0 = yh cos?0
and the shear is
T=Wsin 6 =yhcos 0 sin 0

Notice from the above that in the case of the buried
plane, we are no longer talking about force because the
value Yh is given in units of stress, which by definition is
the force acting on a specific area. Because y is in Ib/ft?
and h is in ft, yh = Ib/f3 X ft = 1b/fi2.

‘When used in this sense, stress and pressure are syn-
onymous. The perpendicular component of the total stress
is called normal stress and is usually indicated by the sym-
bol 6. The downslope component is called shear stress
and is denoted in mechanical analyses by the symbol .

Shear Strength

The properties of matter that resist the stresses generated
by gravitational force are collectively known as the
shear strength. The detailed analysis of internal
strength is an extremely complex procedure, well be-
yond the scope of this book. For our purposes, the shear
strength of any material is derived from three compo-
nents: (1) its overall frictional characteristic, usually ex-
pressed as the angle of internal friction; (2) the effective
normal stress; and (3) cohesion. These factors determine
shear strength by the Coulomb equation:

S =c+ o’tand

where S is shear strength (in units of stress), ¢ is cohe-
sion, ¢” is effective normal stress, and ¢ is the angle of
internal friction.

Internal Friction Internal friction is composed of two
separate types: plane friction, produced when one grain
slides past another along a well-defined planar surface,
and interlocking friction, which originates when parti-
cles are required to move upward and over one another.
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Plane friction

(A)

Interlocking friction

(B)

o= normal stress
¢ = angle of internal friction

Figure 4.20

Two types of internal friction. (A) Plane friction, in which
resistance occurs along a well-defined plane that may cut
through individual grains. Angle of plane friction is
approximated by angle at which sliding begins.

(B) Interlocking friction, in which resistance occurs around
particle boundaries.

These are shown graphically in figure 4.20. The angle of
plane friction is approximated by the angle at which a
block will begin to slide over another along the plane
separating them. Once sliding begins, the frictional
angle actually decreases slightly, requiring that a distinc-
tion be made between a static and a dynamic angle. In
addition, the plane friction angle varies considerably
with smoothness of the plane surface, moisture at the
contact, mineralogy, and other factors.

Interlocking friction is usually greater than plane
friction because extra energy must be used to move in-
terlocked grains in an upward direction. The angle of in-
terlocking friction also varies with mineralogy and mois-
ture and, it would seem, must be affected by the density
of packing within the mass. In loose particulate matter
of any size, the angle of repose should approximate the
angle of internal friction, but Carson and Kirkby (1972)
point out that a platform holding a cone of debris at its
angle of repose can be tilted up to 10° before the slope
fails. This suggests that the angle of repose may be
somewhat less than the maximum angle at which a slope
can stand.
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Figure 4.21

Buoyant stress produced by hydrostatic pressure beneath a
water table.

Effective Normal Stress The importance of normal
stress is its capacity to hold material together, thereby
increasing the internal resistance to shear. In theory, nor-
mal stress acting perpendicular to a shear surface
(fig. 4.20) is absorbed by the underlying slab at the point
of contact between grains. In reality, some of the shear
surface is occupied by openings filled with air or water.
Thus, the applied forces are resisted by solid particles
and by fluids present within the void spaces. Since pore
pressure exists in these interstitial spaces, it tends to sup-
port part of the normal stress. The total normal stress (o)
therefore includes two elements, effective normal stress
(o) and pore pressure (l), such that

o=0"+}

When considering internal friction, effective normal
stress (stress exerted at the solid-to-solid contacts across
the shear surface) is the critical parameter rather than
total normal stress.

The value of pore pressure (l1) has a direct bearing
on the effective normal stress because it can add to or
detract from the total stress value. For example,
figure 4.21 shows a distinct water table in unconsoli-
dated material. At some level x below the water table, a
hydrostatic pressure is exerted that is equal to the spe-
cific weight of the water (7,) times the vertical distance
(h) between the water table and the level of x. Although
the pore pressure beneath the water table is acting in all
directions, Terzaghi (1936) points out that a portion of
the pressure will be exerted in a direction opposite to the
normal stress and therefore will provide some relief
from the overburden weight. In contrast, in the unsatu-
rated zone above the water table, some of the water will
be prevented from moving downward because it is at-
tached to particles by capillarity. Simply stated, this at-
tached moisture increases the weight of the soil. Relat-
ing water content to the effective normal stress, three
possible situations can be envisioned.

Shear strength
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Figure 4.22

Relationship between shear strength and effective normal
stress. (A) Unconsolidated material has no shear strength when
effective normal stress is zero. (B) Rock material has shear
strength (c) from cohesion even where no effective normal
stress is present.

(From M. A. Carson and M. Kirkby, Hillslope Form and Process, copyright
1972 Cambridge University Press, Cambridge.)

1. In a completely dry soil, the pore pressure is
atmospheric and [ is zero. Therefore, the effective
normal stress and the total normal stress are the
same since

¢'=0-0

2. Below the water table, pore pressure is positive
(greater than atmospheric pressure), causing the
effective normal stress to be lower because

o'=0c-pn

3. Above the water table, |1 is negative and the
effective normal stress is higher:

o'=0-(-p)

Because the effective normal stress directly influ-
ences internal friction, it is clear that dry or partially sat-
urated soils, especially those with a high clay content,
should have greater shear strength and stand at higher
slope angles than equivalent materials that are thor-
oughly saturated.

Cohesion Figure 4.22 demonstrates the relationship
between shear strength and effective normal stress. The
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Atterberg limits and their relationship to water content (W).

Montmorillo Illite® Kaolinite® Halloysite®
Plastic Liquid Plastic Liquid Plastic Liquid Plastic Liquid
Limit Limit Limit Limit Limit Limit Limit Limit
Na* 91 442 36 65 27 41 42 46
K- 63 173 41 75 33 52 45 48
Mgt 59 164 39 84 29 50 54 60
Ca* 68 155 39 86 31 54 48 60

Adapted from Grim (1962).

*4 samples

3 samples

<2 samples

41 sample 2H,0, 1 sample 4H,0

graph indicates that as the effective normal stress in-
creases, the values of shear strength also rise. The rela-
tionship between the two variables defines a straight line
that passes through the origin of both axes. The angle be-
tween the line and the abscissa represents the angle of in-
ternal friction. The material represented in figure 4.22A
has no discernible strength when the effective normal
stress decreases to zero, a condition that is common in
coarse, unconsolidated detritus. Thus, movement begins
immediately upon the application of stress. Solid rocks,
however, possess shear strength even when ¢” is re-
moved (fig. 4.22B) because the constituent particles are
bonded or cemented together. The strength revealed here
is cohesion, a factor that is unaffected by normal stress.
Clay-rich soils also have some cohesion, presum-
ably because adsorption of ions and water by clay min-
erals creates a binding structure among the particles. The
cohesive strength depends on the attractive force be-
tween the particles and the lubricating action of the in-
ferstitial fiquid. As Grim (1962) points out, the mole-
cules of the inner layers of water adsorbed to the
surfaces of clays are oriented by the electrical charge of
the minerals; because of this, fluidity and lubrication are
not possible when moisture content is low, even though
water is present. For clays to become plastic and exert a
lubricating action, the adsorption of water layers must
continue until the outermost ones can be held but are no
longer fixed in a rigid, oriented position. Fortunately,
simple tests can indicate how much water a soil can ab-
sorb before it begins to behave like a plastic substance

or, if more water is added, when the substance will lose
all its cohesion and become a muddy fluid.

If water is gradually added to a dry, pulverized soil,
the voids fill and the mixture becomes increasingly more
plastic. As more water is added, however, the cohesion
decreases, and when all the pores are filled, any further
input of water completely destroys the internal fabric
and produces a fluid. Atterberg (1911) suggested two
simple tests to indicate the transition from the solid to
the plastic state and from the plastic to the liquid state;
they are, respectively, the plastic limit and the liquid
limit. The two limits are expressed as moisture content,
determined by the weight of contained water, divided by
the weight of the dry soil. The range of water content
between the two limits is the plasticity index (LL-PL in
fig. 4.23).

The values of Atterberg limits are affected by a
number of auxiliary factors. First, they are related to the
types of clay minerals included in the soil, although the

precise limits for any particular clay species vary appre-
ciably (see table 4.3). In general, plastic and liquid limits
are higher for montmorillonite clays than for illites or
kaolinites, mainly because the montmorillonites are able
to disperse into very small particles with an enormous
total water-absorbing area. The type of exchangeable
cation in the montmorillonite, however, may engender
wide variations in the limit values, especially in the case
of Na* and Li*. Plasticity indices vary in a similar man-
ner. Second, limit values tend to increase when the parti-
cle size is smaller. The activity, defined as the ratio of
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Plasticity chart showing example
plots of several problem soils
susceptible to expansion.

(From “Urban Geology of Boulder, Colorado:

A Progress Report” by Victor R. Baker 1975

in Environmental Geology, Vol. 1, pp. 75-88. 0
Reprinted by permission of Springer-Verlag
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the plasticity index to the abundance of clays (Skempton
1953), shows that plasticity increases proportionately
with the percentage increase of clay-sized particles. Ac-
tivity values give a cursory indication of the major clay
minerals present in the soil. As the activity increases,
soils tend to have a lower resistance to shear, and so the
parameter has some engineering significance. Finally,
drying of a soil reduces its plasticity because shrinkage
during the dehydration process brings particles closer to-
gether. The attraction between particles is so strength-
ened that penetration by water is difficult. Conversely,
repeated wetting combined with only partial drying may
increase plasticity (Grim 1962).

Although the tests for Atterberg limits are rather un-
sophisticated, the results are consistent when determined
by more than one analyst, and they are geologically sig-
nificant (Casagrande 1948; Seed et al. 1964). Fig-

ure 4.24 shows the results of Atterberg limits analyses
for several very problematic swelling clays and their as-
sociated nonswelling units within the same formation.
The “A” line on the plasticity chart, from the Unified
Soil Classification System developed by Casagrande,
separates more plastic claylike soils above the line from
nonplastic silt-like materials below the line. Thus, this
chart can be used as a quick guide to the anticipated be-
havior of soil materials at a construction site.

The moisture content in fine-grained material is also
a guide to its internal strength. Some soils, called sensi-
tive soils, exist with natural water contents above their
liquid limits (fig. 4.25), an apparent inconsistency with
the limit concept. The fact is, however, that some soils
develop an open honeycomb structure that is capable of
holding water in excess of its liquid limit. Although the
structure is unstable, in an undisturbed soil the material
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of the internal structure by erosion, earthquake shocks,
or other phenomena will cause the excess water to be re-
leased, and the solid material will become a fluid, A
simple test for the liquid limit can reveal the presence of
sensitivity and the potential for dangerous mass wasting.

Loess soils are an example of a widespread surficial
material in glaciated regions and along rivers that drained
these areas (see chapter 10). Loess is silt-sized, wind-
blown sediment that exhibits dramatically different struc-
tural characteristics depending on its moisture content.
Loess exhibits pronounced vertical anisotropy with re-
spect to permeability (permeability varies depending on
direction in the unit), has relatively high activity, and has
plasticity indices ranging from 5 to 22 depending on its
clay mineralogy (Sweeney and Smalley 1988). Although
loess can maintain high, near-vertical slopes when dry, it
is well-known for its sudden collapsibility when satu-
rated and loaded (Feda 1988). Lutcnegger and Hallberg
(1988) have shown that the collapsibility of loess tends to
be greater near its source proximal to the major river val-
leys. Collapse becomes imminent when the in situ soil
moisture content of loess nears the liquid limit. Because
of these characteristics, engineers regard loess as one of
the most problematic geologic deposits worldwide.

Measurement of Strength

Although some field tests for strength have been devel-
oped, such as the Vane Shear Test and the Iowa Bore-
hole Shear Test (Luttenegger and Hallberg 1988), most
detailed analyses of shear strength in soil are done in a
laboratory by means of the direct shear test, the triaxial
compression test, or the uniaxial (unconfined) compres-
sion test. (The details of these tests are provided in most
textbooks of soil mechanics.)

Measurement of shear strength is a complicated
task, made more difficult because some of the tech-
niques do not yield certain critical data. In the direct
shear test, for example, pore pressure cannot be deter-
mined. Furthermore, laboratory tests are designed to
measure stress at the moment of failure, which is analo-
gous to shear strength. Natural materials, however, espe-
cially soils, begin to deform well below the stress level
that causes rupture (fig. 4.26) and may continue to de-
form at a rate that increases steadily with additional
stress. Ultimately the material ruptures at a critical stress
called the breaking strength.

Determining the strength of rocks is also difficult
because tests on small samples may not be reliable indi-
cators of the overall strength of a large rock mass. Struc-
tures within the mass such as joints and other fractures
may make the total mass relatively nonresistant to ero-
sion. However, analyses of rock samples taken in zones
between the fractures may indicate that the rock is quite
strong. Obviously methods for estimating rock strength
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Stress
Failure

Strain——

Figure 4.26

Relationship between stress and strain, Permanent deformation
begins at ¥ (yield stress), but rupture of the substance does not
occur until the stress value reaches B (breaking strength).
Material behaves like a plastic substance between ¥ and B.

in the field are needed. One method devised by Selby
(1980, 1982) is presented in table 4.4. The Selby classi-
fication allows any rock mass to be placed into one of
five categories representing overall rock mass strength.
Placement in a specific group is based on numerical rat-
ings (r) given for various strength parameters. All pa-
rameters are not considered to be of equal significance
in determining strength, so each is assigned a percentage
value representing its importance. The sum of the
weighted values is an estimate of the rock mass strength.

The appeal of an approach such as Selby’s is that a
rapid estimate of rock mass strength can be made with
normal geological field equipment except for the Schmidt
hammer, which is a portable engineering tool designed to
measure hardness (intact strength) of materials. In addi-
tion to providing information about stability, information
gained from strength analyses may provide important
clues in understanding slope profiles and evolution.

Mass MOVEMENTS OF SLOPE M ATERIALS

Three primary types of mass movements are slides,
flows, and heaves; each has distinctive characteristics
(Carson and Kirkby 1972). In slides, cohesive blocks of
material move on a well-defined surface of sliding, and
no internal shearing takes place concurrently within the
sliding block. In contrast, flows move entirely by differ-
ential shearing within the transported mass, and no clear
plane can be defined at the base of the moving debris.
The velocity in flows tends to decrease from the surface
downward. In heave, the disrupting forces act perpendic-
ular to the ground surface by expansion of the material.
This movement does not in itself provide a lateral com-
ponent of transport, but it facilitates slow, downslope
movement by gravity and is often an important forerun-
ner of more rapid mass movements such as rockfalls.
Although each of these movements could theoreti-
cally function alone, all seem to be involved to some ex-
tent in most natural slope failures. Many processes can
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1 2 3 4 5
Parameter Very strong Strong Moderate Weak Very weak
Intact rock strength 100-60 60-50 50-40 40-35 35-10
(N-type Schmidt
hammer “R") r=20 r=18 r=14 r=10 r=5
Weathering unweathered slightly moderately highly completely
weathered weathered weathered weathered
r=10 r=9 r=7 r=35 r=3
Spacing of joints >3m 3-1m 1-03 m 300-50 mm <50 mm
r=30 r=28 r=21 r=15 r=8
Joint orientations Very favorable Favorable Fair Unfavorable Very unfavorable
Steep dips into Moderate Horizontal dips, Moderate dips Steep dips
slope, cross joints dips into slope or nearly vertical out of slope out of slope
interlock (hard rocks only)
r=20 r=18 r=14 r=9 r=3
Width of joints <0.1 mm 0.1-1 mm 1-5 mm 5-20 mm >20 mm
=1 r=6 r=35 r=4 r=2
Continuity of joints none few continuous, continuous, continuous,
continuous continuous no infill thin infill thick infill
r=7 r=6 r=5 r=4 r=1
Outflow of none trace slight moderate great
groundwater <25 I/min/10/ m?* 25-125 I/min/10 m? >125 I/min/10 m?
r=6 r=5 r=4 r=3 r=1
Total rating 100-91 90-71 70-51 50-26 <26

From M. Selby (1980) in Zeitschrift fiir Geomorphologie. Used by permission of Gebriider Bomtracger Verlagbuchhandlung, Stuttgart.

in fact only be explained by some combination of the
primary types of movement. As figure 4.27 shows, mass
movements are multifarious events. The location of a
particular process near a corner of the triangle in the fig-
ure indicates the dominance of a particular primary type
of movement; the closer a process is to the corner, the
more dominant is that type of movement. Superimposed
on the diagram are lines that show relative transport ve-
locity for each process and the typical water content
within the moving debris,

Slope Stability

A body of material on a slope will remain in equilibrium
(stable) as long as the sum of the applied shear stresses
does not exceed the sum of the shear strength of the
slope materials. The various mass movements are alike
in that all begin when the shear stress tending to displace
material exceeds the resisting strength. Stability, there-
fore, represents some balance between driving forces
(shear stress) and resisting forces (shear strength), and
can be expressed as a safety ratio:

e resisting force (shear strength)
driving force (shear stress)

F values greater than 1 connote slope stability, but as the
ratio approaches unity a critical condition evolves and
failure becomes imminent. Clearly, any factor that lowers
the safety ratio (table 4.5) can trigger mass movement,
and this tendency can be produced by increasing the driv-
ing force, lowering the resistance, or both, Theoretically,
failure occurs when F = 1; this value is an excellent ex-
ample of a geomorphic threshold. In reality, however, be-
cause of our inability to accurately measure and model all
important aspects of the parameters affecting stability,
slope failures sometimes occur when the F value is
slightly positive. Likewise, some slopes have remained
stable in spite of small, calculated negative F values.
Once failure does occur, the type of movement depends
on precisely how the forces interact with one another.

The stability of slope material above a suspected
plane of failure can be estimated if the components of
stress and strength can be measured. On shallow planar
surfaces, like that shown in figure 4.19B, the driving
stresses are numerically equal to yh sin 0 cos 0. Resis-
tance is equivalent to shear strength, which is derived
mathematically as s = ¢ + (Y cos? — ) tan ¢. Therefore,

_ c+(yhcos’ 6 — Wtan ¢
Yhsin 6 cos O

F
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Figure 4.27

Classification of mass movement
processes.

(From M. A. Carson and M. Kirkby, Hillslope

Form and Process, copyright 1972 Cambridge
University Press, Cambridge.)

Factors that Increase Shear Stress
Removal of lateral support
Erosion (rivers, ice, waves)
Human activity (e.g., quarries, road cuts)
Addition of mass
Natural (e.g., rain, talus)
Human (e.g., fills, ore stockpiles, buildings)
Earthquakes
Regional tilting
Removal of underlying support
Natural (e.g., undercutting, solution, weathering)
Human activity (mining)
Lateral pressure
Natural (swelling, expansion by freezing, water addition)

Factors that Decrease Shear Strength

‘Weathering and other physicochemical reactions
Disintegration (lowers cohesion)

Hydration (lowers cohesion)
Base exchange
Solution
Drying
Pore water
Buoyancy
Capillary tension
Structural changes
Remolding
Fracturing

After Varnes (1958).

In most analyses the vertical height of the water table
above the slide plane is expressed as a fraction of the
soil thickness above the plane (m), where m = 1.0 if the
water table is at the surface, and m = 0 if it is at or below
the sliding plane. Thus, the pore pressure can be ex-
pressed as

W =Yy mh cos?8

and

Fott (y — my,,) hcos? B tan ¢
Yhsin6cos @

The following hypothetical example will show how
to determine whether the slope is stable or close to fail-
ure. If laboratory tests tell us that ¢ = 10°, ¢ = 45 1b/ft2,
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vy =165 1b/ft3, 6 = 8%, h =12 ft, m = 0.6, and 7y, = 62.4
Ib/ft3, then
P 45+ (165-0.6x62.4) 12 x 98 x .18
165 x12 x .14 x .99

_45+(165-3744)2.12

N 274.43

_31s42

27443

The slope in our hypothetical case is stable, but changes
in the controlling factors could easily lead to failure. For
example, a rise in the water table to m = 0.9 would de-
crease the F value to 1.0 and presumably cause slope
failure.

The analysis of slope stability for curved sliding
surfaces such as those found in rotational slips is more
complicated because it involves balancing moments
(force times distance) rather than simply the forces act-
ing on the surface. Rotational failures are usually ana-
lyzed by dividing the material above the slip plane into
vertical slices and treating each slice by a modified form
of the planar analysis discussed above. The values of all
slices are then summed to determine the total resistance
and shear stress and an estimate of the slope stability.

Excellent discussions of slope stability, instrumen-
tation for measuring strength parameters, and analyses
of stability are found in Selby (1982), Franklin (1984),
and Graham (1984). Several computer programs are
now often used in assessing slope stability; they employ
a variety of field data related to slope geometry and geo-
technical properties of the bedrock and soil. An example
of one of these programs is PC-STABL4 developed by
Purdue University for the Federal Highway Administra-
tion (Federal Highway Administration 1985). This pro-
gram can use several of the methods for slices and has
considerable flexibility for inputting field data such as
heterogeneous and anisotropic soil properties, pore
water pressure, and seismic loading.

Recent approaches to assessing slope hazards have
used multivariate statistical analyses to delineate areas
with the highest potential for slope failure. Parameters in
these analyses include a variety of geomorphic indices
(e.g., slope angle, basin hydrology, soil thickness),
bedrock structural features, soil geotechnical indices
such as Atterberg limits, moisture, shear strength (Ken-
ney 1984), and indices relating to vegetal cover. Crozier
(1984) provides a good review of field criteria useful in
assessing slope stability. The most common statistical
approaches have employed stepwise multiple regression,
principal components analysis, and discriminant analysis
(Carrara 1983; Moser and Hohensinn 1983; Terranova
and Kochel 1987; Bernknopf et al. 1988; Crozier 1984).
(A good review of the various approaches used in land-
slide hazard analysis can be found in Hansen 1984.)
Typically, these studies are based on comparative analy-

ses of stable and recently failed slopes within a selected
region, in an attempt to determine which of the interde-
pendent factors is most diagnostic for instability and
also mappable over the area for use in prediction and
planning.

A growing number of studies in recent years have
been aimed at defining threshold limits of stability for
mass movements such as landslides and debris flows.
Caine (1980) surveyed debris flows worldwide to estab-
lish a relationship between precipitation intensity and
duration. Numerous studies in California have demon-
strated that two kinds of triggering thresholds are impor-
tant in slope failures. Minimum probability thresholds
(Crozier 1986), discovered through correlations between
landslides and precipitation records, indicate that no fail-
ures occur before a minimum cumulative rainfall has oc-
curred over an extended period of time (Campbell 1975;
Wieczorek and Sarmiento 1983; Schrott and Pasuto
1999). These studies (and others) have also uncovered
the existence of maximum stability thresholds where
failures always occurred when critical rainfall intensities
were exceeded. These relationships, and related issues of
antecedence and cyclic instability related to recovery
and climate fluctuations, are complex but show that
thresholds for slope stability can be established on a re-
gional basis.

Mass Wasting Processes

Heave and Creep The almost imperceptibly slow
movement of material in response to gravity is called
creep. Seasonal creep, or soil creep, is the downslope
movement of regolith that is aided periodically by the
heave mechanism. Heave involves vertical movements
of unconsolidated particles in response to expansion and
contraction, resulting in a net downslope movement
when these occur on even the slightest slopes. No con-
tinuous external stress is placed on the mass: it moves
under gravity when its cohesion and frictional resistance
are spasmodically lowered. This process occurs in the
upper several feet of the soil, and its effect decreases
rapidly with depth. For example, Godfrey (1997)
showed that creep involved only the upper few cm in
soils formed on the badlands of the Mancos Shale in
Utah. The phenomenon of soil creep was first recog-
nized in the latter part of the nineteenth century, and its
ubiquity was gradually accepted as its effects were ob-
served in the field. Historically, evidence suggesting the
influence of soil creep on slope materials has included
downslope curvature of bedding (fig. 4.28), stone lines,
downslope growth of trees or tilting of structures
(fig. 4.29), and accumulations of soil upslope from a
fixed obstruction (see Young 1972). In recent decades,
however, observations and measurements of seasonal
creep have become more sophisticated. Precise survey-
ing methods and the use of trenches such as Young pits
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Figure 4.28

Creep in vertical Romney shale. Western Maryland Railroad cut one mile west of Great Cacapon, Washington County,
Md.

(G. W. Stose, U.S. Geological Survey.)

(A) (B)
Figure 4.29

Examples of disturbances due to creep. (A) Trees tilted during their lifetime by creep of the substrate. (B) Telephone poles tilted to
nearly horizontal and turf lobes mobilized by creep processes.
(R. Craig Kochel)
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(Young 1960) have become fairly standard techniques
for measuring soil creep (Selby 1966, Revue de Geomor-
phologie Dynamique 1967), and new techniques are
continually being developed (Finlayson 1981).

Although burrowing animals and vegetation may
cause random disturbances in soils, their effects are
minor compared with the heave produced by swelling or
freezing and thawing. In the heave mechanism, expan-
sion disturbs soil particles perpendicular to the ground
surfaces; when the soil contracts, the vertical attraction of
gravity acts on the particles. The expansion-contraction
cycle thus adds a lateral component to particle motion in
any soil having an inclined surface. Because gravity is

Figure 4.30

Movement of near-surface material by heaving. During
expansion (E), particle is displaced perpendicular to the
surface. During contraction (C), particle settles in a vertically
downward direction under influence of gravity. Actual
movement is shown by line (D).
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reasonably uniform over the surface, the distance of
transport in each heave event, and presumably the rate of
creep in any climate, should vary with the slope angle
and should decrease with depth beneath the surface.
Schumm (1967a) has demonstrated a significant correla-
tion between the rate of surficial rock creep and the sine
of the slope angle, but documentation of this relationship
for fine soils or below the surface is lacking. Actually, as
figure 4.30 shows, the contraction event is never per-
fectly downward but usually moves in a direction about
midway between the normal and the vertical. Because
the lateral distance traveled in each heave is less than
would be theoretically predicted, a clear relationship be-
tween slope angle and creep rate may be difficult to
demonstrate. Considerable evidence suggests that even
the direction of creep movement is often random on a
short-term basis, complicating the presumed relationship
even more (Fleming and Johnson 1975; Finlayson 1981).
In addition, detailed measurements (Kirkby 1967) have
shown the creep rate to decrease with depth (fig. 4.31).
Presumably this relates to the lower frequency of heaving
at depth and to the greater difficulty of expansion with
increasing overburden. In any case, below a depth of
20 cm movement ceases or becomes drastically smaller
(Young 1960; Kirkby 1967).

Many studies have assumed that creep movements at
various depths below the surface are subparallel. Recent
observations in Africa (Moyersons 1988) have detailed
the complexity of creep movements, showing conver-
gence and divergence of creep lines to be most common.
These irregular movements can produce convoluted soil
structures which, in paleoclimatic reconstructions, may

Young pit results
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depth of material. Rate in all soils
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(From M. J. Kirkby, “Measurement and Theory of
Soil Creep,” Journal of Geology, vol. 75,

Pp. 359-378. Copyright © 1967 University of
Chicago Press. Used by permission.)
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frozen soil environments (see chapter 11).

Downslope creep rates are extremely variable be-
cause of differences in slope angle, moisture content,
and measuring technique (Caine 1981). Particle size also
introduces variability in the rate because fine-grained
clays tend to swell more upon wetting, and frost heaving
is greatest in silty material. Nevertheless, available mea-
surements indicate that downslope rates range from 0.1
to 15 mm/yr where the soil is vegetated. Rates may in-
crease to 0.5 m/yr or more on uncovered colluvial slopes
where frost action is prevalent (Gardner 1979; Selby
1982). Volumetric rate can also be calculated; this is the
volume of soil moved annually across a plane set per-
pendicular to the surface and parallel to the contour of
the slope for a unit of horizontal distance along the
plane. In semiarid regions the rate seems to be some-
what higher. Not surprisingly, slope angle can have a
significant effect on creep rates. In a 16-year study of
the relative importance of creep versus overland hy-
draulic flow processes on hillslopes in the Mojave
Desert (California), Abrahams and others (1984) found
that creep was only dominant at high elevations. On
slopes less than 24°, distances of stone movement ap-
pear to be dominated by hydraulic activity. In arctic cli-
mates a special kind of creep process called solifluction
is extremely important in the geomorphic scheme; it is
discussed in chapter 11.

A second type of creep, continuous creep (Terzaghi
1950), is fundamentally different from seasonal creep in
that (1) it is driven by gravity alone, (2) it may affect
consolidated rock, and (3) it can function at levels well
below the surface. Continuous creep is the strain re-
sponse to stress and continues even though no additional
stress is placed on the material. Continuous creep is es-
pecially pronounced where rocks or semi-consolidated
materials with low yield stress (see fig. 4.26) are over-
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lain by stronger substances. For example, a weak clay
unit sandwiched between resistant strata is prone to de-
form by continuous creep. Excavations of any kind
through that rock sequence will reduce the lateral con-
fining pressure on the clay unit, and it will begin to flow.
Creep of this type is not important in terms of the vol-
ume of material it moves or the distance of transport, but
it is very significant as a precursor of rapid, sometimes
catastrophic, mass movements. In many cases landslides
are immediately preceded by accelerated creep (i.e., Fu-
ruya et al. 1999); human agents who intervene in the
natural setting can trigger these events by not recogniz-
ing the potential for continuous creep (Kiersch 1964).
Furuya et al. (1999) demonstrated that creep can be ac-
celerated by groundwater seepage along shear zones.

Thick creep mantles of colluvium (1-2 m) can be pro-
duced on convex hills and may be important in engineer-
ing considerations (Moyersons 1988). Figure 4.32 shows a
typical exposure of colluvium emplaced by creep.

Rockfalls The heave mechanism is also an essential
element in some rapid mass movements, especially falls.
Falls in both rock and soils involve a single mass that
travels as a freely falling body with little or no interac-
tion with other solids (fig. 4.33A). Movement is usually
through the air, although occasional bouncing or rolling
may be considered as part of the motion. Rockfalls are
most common where the parent material is well jointed
and a steep slope is developed on the rock face. The
fractures become enlarged progressively by heaving,
mainly in the form of freezing and thawing, until the
gravitational force exceeds the internal resistance. Un-
dercutting of the rock or soil face by erosive agents act-
ing at the base of the material accelerates the process.
The removal of the subjacent support tends to increase
tension in the overhang and so helps to create and ex-
pand incipient cracks.

Figure 4.32

Two layers of Quaternary colluvium
emplaced by distinctly different episodes of
creep are visible in this central
Pennsylvania hillside exposure. Note the
imbrication of the poorly sorted, angular
colluvium. The colluvium overlies
stratified glacial outwash, visible in the
lower third of this view.

(R. Craig Kochel)
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Figure 4.33

Types of mass movements. (A) Rockfall on
Interstate 70 west of Denver, May 5-6, 1973.
(B) Rock topple leading to a rockfall in Morgan
County, Ky.

(A): (U.S. Geological Survey)

(B): (Dale Ritter)

(B)

Along with snow avalanches and debris flows, rock-
falls are one of the most significant geological hazards
in alpine regions. Encounters with falling rocks are not
the only hazards associated with the rockfalls. Wiec-
zorek et al. (2000) documented more than 1000 trees
snapped by a powerful air blast of up to 110 m/s associ-
ated with a rockfall in Yosemite National Park. Planners
in these regions not only face the problem of delineating
the runout zones for rockfalls (for example in the Col-
orado Rocky Mountains, Ives and Krebs 1978) but must
also determine whether rockfalls have occurred under
modern climatic regimes and make assessments regard-

ing their frequency and magnitude. Parsons (1988)
points out that assessments of future probability of mass
movements are not as straightforward as for river floods
(discussed in chapter 5). In a comprehensive study of re-
cent large rockfalls in Yosemite National Park, Califor-
nia, Wieczorek and Snyder (1999) demonstrated that the
role of structure and propagation of cracks is very com-
plex. No reliable predictions of rockfall events could be
made, but they were able to document that falls and
crack development were variable over time. Studies by
Matsuoka and Sakai (1999) in the Japanese Alps indi-
cated a lack of correlation of rockfall activity with rain-




[image: image16.jpg]fall events. Rather, they observed maximal rockfall ac-
tivity about 10 days after the thaw of cirque headwalls
related to the movement of a thaw front into the cliff. A
survey of slope failures in Vermont by Lee et al. (1997)
indicated that conditions favoring failure included:
(1) intense rainfall, (2) steep hillslope angle, (3) debris
in shallow hillslope hollows or chutes, and (4) intersect-
ing joints with orientations parallel to valley strike. Most
Vermont [ailures seem to occur in late spring to early
summer (May—early August). The occurrence of a slope
failure affects the future probability of similar events be-
cause it removes the unstable debris from the slopes,
which will require a certain recovery period before a
similar triggering event, such as a given amount of rain-
fall, can result in movement.

Successful studies dating past rockfall events have
used combinations of botanical and geomorphic data.
Porter and Orombelli (1981) mapped and dated rockfalls
in the Italian Alps using observations of lichens growing
on rockfall deposits. Because lichens grow primarily on
the upper surfaces of boulders, uniform lichen cover in-
dicates the boulder has moved or rolled within the life
span of the lichens. Additionally, once regional growth
curves can be established for specific lichens (Benedict
1970), measurements of their diameters can be used to
date rockfall deposits. Bull and Brandon (1998) were
successful in using lichenometric dating to correlate
New Zealand rockfalls with earthquakes. Hupp (1983)
used observations of damage to trees on steep blocky
slope sites like the one shown in figure 4.35 in Virginia
to document rockfall activity within the past century.

Establishing the process responsible for the em-
placement of coarse rock debris proximal to steep slopes
is not always an easy task. Rockfall talus typically dis-
plays a size gradation with a coarsening of clasts down-
slope (fig. 4.34). Studies of boulder fabric, the preferred
alignment of clasts, have been useful in distinguishing
mass movement deposits. Flows tend to produce a longi-
tudinal fabric parallel to flow axes (Shreve 1968), while
simple rockfall deposits are less organized. Perez (1998)
found distinct differences in fabric with respect to posi-
tion on the talus slope. Upper talus clasts had their long
axes oriented parallel to slope, suggestive of emplace-
ment by sliding. Basal slopes fabrics were less organized
indicating deposition by free fall. Considerable success
in dating rockfall deposits has also been achieved by
using indices of weathering measured by response to
hammer impact (i.e., Nesje et al. 1994). However, Gates
(1987) observed a crude fabric aligned parallel to trans-
port in an ancient rock avalanche in the northern Black
Hills of South Dakota. Recently, workers have begun to
quantify block fabric associated with a variety of mass
movement processes (for example, Mills et al. 1987;
Bertran et al. 1997).

Topples (see fig. 4.33B) are similar to falls except
that forward movement of a material block is produced
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by slow rotation around a fixed hinge located at the base
of the block, followed by a fall. Although the process is
not commonly cited, in some cases toppling may be the
most important factor in cliff retreat (Caine 1982).

Slides Rapid mass movements are grouped according
to which aspects of the phenomena are most important.
Because most rapid movements are not observed as they
occur, the fundamental properties of motion must be in-
terpreted after the event, based on analyses of the sedi-
mentology and geometry of deposits or the effects of im-
pact on permanent objects. The lack of samples and
observations of these phenomena while in motion has
resulted in a number of viable classifications of rapid
mass movements (Sharpe 1938; Ward 1945; Varnes
1978; Hutchinson 1968). Clear-cut distinctions between
the primary modes of transport are difficult to assess.
The classification prepared by Varnes (1978) is adopted
here because it suits our process orientation (fig. 4.36).
The classification is based on the type of material being
moved and the primary type of movement. Additions to
the classification (Varnes 1978) are shown in table 4.6.

As defined earlier, slides are slope failures that are
initiated by slippage along a well-defined planar surface.
The sliding mass is essentially undeformed; however, it
may partially disintegrate during the sliding motion, giv-
ing rise to flow movement in the latter phase of the
event, The plane of sliding may be shallow and approxi-
mately parallel to the ground surface as in the case of
rockslides and debris slides, or it may penetrate to some
depth as a concave surface along which rotational slip or
slumping may occur (fig. 4.37).

Slides on shallow planar surfaces, called transla-
tional slides, are the most common of sliding phenomena.
Like all forms of mass movements, the initiation of trans-
lational slides occurs when the material’s resisting strength
is exceeded by the shear stress. As long as F is greater than
1.0 at the potential surface of sliding, the slope will be sta-
ble. If an increase in the driving force or a decrease in re-
sistance brings the ratio to unity, sliding will ensue. Com-
monly the driving force is increased by an addition of
mass to the sliding block, but other factors can produce the
same effect. Earthquakes, for example, generate a horizon-
tal mass force that passes through the center of gravity of
the slope material and adds an extra driving element (i.e.,
Shuster et al. 1996; Keefer 1999). Much of the loss of life
in the January 2001 earthquake in El Salvador was caused
by mass movements triggered by earthquake-induced
mechanisms. Steepening of the slope also adds driving
force because shear stress increases as the slope angle ()
increases. Thus, human activity (such as undercutting) or
erosion that increases slope may trigger mass movement.
Actually this is a rather simplistic view because steepening
also reduces the shear strength by complicated changes in
cohesion, pore pressure, and effective normal stress
(Terzaghi 1950; Carson and Kirkby 1972).
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Figure 4.34

Rockfall talus in the Colorado Rocky
Mountains. Note the general gradation of
angular talus, coarsening downslope.

(R. Craig Kochel)

Figure 4.35

Scree slope in the Virginia Blue Ridge near Waynesboro.
Largest blocks in the foreground are about 1 m long.
(R. Craig Kochel)
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Figure 4.36

Classification of landslides.

(From D. J. Varnes, 1978, “Landslides: Analysis and Control,” TRB Special Report 176, Transportation Research Board, National Research Council,

Washington, D.C. Used by permission.)
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Type of Movement Type of Material
Engineering soils
Bedrock 5 £
Predominantly coarse Predominantly fine
Falls Rockfall Debris fall Earth fall
Topples Rock topple Debris topple Earth topple
Rotational Rock slump Debris slump Earth slump
Slides Few units
Translational Rock block slide Debris block slide Earth block slide
Many units Rockslide Debris slide Earth slide
Lateral spreads Rock spread Debris spread Earth spread
Rock flow Debris flow Earthflow
Flows (deep creep) (soil creep)
Complex Combination of two or more principal types of movement

From D. J. Varnes 1978 “Landslides: Analysis and Control.” TRB Special Reports 176: Landslides, Transportation Rescarch Board, National Research Council,

Washington, D.C. Used by permission.

The sliding phenomenon can also be produced by a
variety of events that reduce the internal resistance of
the debris. From observation, sliding usually occurs after
prolonged or exceptionally heavy rainfall, indicating that
the lowering of resistance is predominantly a function of
water, In the past, the water effect was interpreted to be
lubrication along the sliding surface. Terzaghi (1950),
however, refuted this notion by pointing out that water
applied to many common minerals, such as quartz, is ac-
tually an antilubricant. Furthermore, most soils in humid
regions contain more than enough water to cause lubri-
cation at all times, yet they also fail after rainstorms.
Clearly water affects strength in other ways. You will
recall that shear strength is a function of cohesion (c),
effective normal stress (¢”), and friction (¢) such that

S=c+ (o) tan ¢

The response of these factors (¢, 67, ¢) to wetting is
significantly more important in the initiation of slippage
than is lubrication (Sidle and Swanston 1982). For ex-
ample, the rise of the water table or the piezometric sur-
face, which accompanies all prolonged rainfalls, may be
the most common culprit in sliding. As the water table
rises, the pore pressure (p) at any point within the satu-
rated mass increases, ultimately resulting in a decrease
in effective normal stress (6”) and a concomitant reduc-
tion in shear strength. Numerous recent studies have fo-
cused upon linkages between landslide initiation and
shallow groundwater dynamics (i.e., Miller and Sias
1998; Van Asch et al. 1999; Matsuoka 1996). Miller and
Sias (1998) showed that the spatial variability in land-
sliding was controlled by groundwater flux. Figure 4.38
shows the close relationship between rainfall, ground-

water flux, and landsliding (Matsukura 1996). Signifi-
cant progress has also been made to define rainfall inten-
sity and cumulative rainfall thresholds important in the
initiation of landslides (i.e., Schrott and Pasuto 1999).
Iverson (2000) provides a detailed theoretical analysis of
landslide initiation by rainfall initiation.

The type of landslide that ultimately occurs at a site
is influenced by a range of factors, most importantly
lithology and structure. Structural discontinuities, be-
cause they control material strength limits, play a large
role in the morphology of landslides. Rocks with pro-
nounced structure, such as foliation or inclined bedding,
and prominent joint planes will tend to yield planar land-
slides and rockfalls, respectively. In contrast, failures in
homogeneous materials and horizontally stratified units
tend to be rotational in character. For example, Jacobsen
and Pomeroy (1987) report that slumps and rotational
earthflows account for most of the slope failures re-
ported in the Appalachian Plateau, which occur primar-
ily in colluvium and flat-lying fine-grained sedimentary
rocks. In some cases, the style of movement is regulated
primarily by the depth of weathered residuum. Crozier
(1986) cogently reviews the effects of material and
structure on landslide form. Often overlooked is the in-
fluence of relict bedrock structures on slope stability.
Irfan (1998) clearly showed the control of landslides by
relict joints in saprolitic soils. This study argues for de-
tailed analyses of stability for development in regions
characterized by saprolite at the surface.

Rockslides are usually associated with major struc-
tural features within the rock such as the stratigraphy of
the rock sequence, joint patterns, and orientation of the fo-
liation in metamorphic rocks. Massive rock units normally
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Figure 4.37

(A) Features of a rotational
slide.

(B) Example of rotational
slump in which toe area has
disintegrated into an
earthflow.

(C) Small rotational slide
(slump) in colluvium along a
new highway cut in the
Virginia Blue Ridge

(A): (From D. J. Varnes, 1978,
“Landslides: Analysis and Control,”
TRB Special Report 176,
Transportation Research Board,
National Research Council,
Washington, D.C. Used by
permission)

(B): (U.S. Geological Survey)

(C): (R. Craig Kochel)
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have several prominent joint sets as well as a superim-
posed network of randomly spaced and oriented frac-
tures. Prior to the creation of the joints these rocks have
great shear strength associated with the high cohesion in
lithified materials. Once joints begin to form, however,
the process becomes self-generating because shear
stresses are concentrated preferentially on the unfrac-
tured zones of solid rock. With time, more and more of
the original rock is consumed by jointing, and eventually
the near surface becomes a cohesionless mass of densely
packed angular blocks (Terzaghi 1962). At this stage,
except for particle size, the rock mass resembles an ag-
gregate of dry sand in which the cohesion within the in-
dividual particles has little bearing on slope stability.
The shear strength of the total mass stems entirely from
internal friction because the cohesion across the joint
openings is zero. In a reconnaissance of several hundred
rockslides in Alberta, Cruden and Eaton (1987) related
the probability of rockslides to the geometry of slope
angle and dip. Rockslides were found to be most fre-

—> Time

quent where dip was nearly parallel to slope and in
overdip slopes. Rockslides were less common in
reverse-dip slopes and underdip slopes.

Rockslides can be divided into two types: rock
avalanche and slab failure (Carson and Kirkby 1972).
Both obey the same mechanics, and they differ only in
the amount of fracturing within the rock and the angle
on the potential surface of sliding. In slab failure,
cracks develop where a rock mass expands because the
horizontal confining pressure is removed, allowing
strain to proceed outward in the direction of the pres-
sure release. This process is similar to pressure-release
sheeting. As lateral stress is removed, a tensional zone
develops in the upper part of the mass, and cracks form
with the zone. The tensional fractures penetrate to a
depth that is controlled by the strength of the material.
Because rocks usually have high tensile strength, frac-
turing does not penetrate the total depth of the ten-
sional zone. This is not always the case in unconsoli-
dated substances.




[image: image22.jpg]The stability of the outer slab depends on the
depth of the fracture relative to the height of the un-
confined surface that is undergoing expansion. Equa-
tions have been derived to predict the maximum
height attainable before slab failure occurs (Terzaghi
1943), but predictive models are not always com-
pletely reliable. For example, in one study (Lohnes
and Handy 1968), tension cracks probably did not ap-
pear until slab failure was imminent. As a result, the
unsupported face was considerably higher than would
have been possible had the cracks developed at an ear-
lier stage. In addition, Terzaghi (1962) considered the
worst possible case, the weakest rocks, and found that
most rock types could probably stand vertically up to
heights of 1300 m. The observation that few vertical
cliffs stand at this height even in stronger rocks indicates
that fracturing drastically reduces the height that can be
maintained on an unsupported rock face.

Rock avalanches occur when the joint network be-
comes essentially continuous down to the potential sur-
face of sliding. An avalanche differs from slab failure in
that it involves the entire mass above the sliding surface,
whereas slab failure includes only the material outside
the outermost continuous joint. Both types of rockslide
differ from rockfalls in that the rocks fail only when
fractures intersect the potential slide plane. Both heaving
and sliding processes may be involved in some natural
mass movements (Schumm and Chorley 1964). In fact,
the incidence of sliding is so complicated that Terzaghi
(1950) was able to list 19 possible causes.

Flows In true flows, the movement within the dis-
placed mass closely resembles that of a viscous fluid, in
which the velocity is greatest at the surface and de-
creases downward in the flowing mass. In many cases,
flows are the final event in a movement begun as a slide,
and the distinction between the two is sometimes un-
clear. For most types of flow, abundant water is a neces-
sary component, but dry flows, called rock fragment
flows by Varnes (1958), do occur when rockslides or
falls increase drastically in velocity and lose their iden-
tity as a unitized mass. When rocks slide or fall down a
steep slope, the material disintegrates as it crashes into
the relatively flat surface at the base of the slope. From
there the rocks travel as masses of broken debris (called
sturzstroms in German), moving with enormous veloci-
ties over the gentler slopes in the piedmont or valley
bottom. For example, the wet, mud-soaked sturzstrom at
Mount Huascaran, Peru, sped at approximately 400 km
an hour over a distance of 14.5 km, wreaking destruction
along its path and killing some 80,000 persons (Eriksen
etal. 1970; Browning 1973).

The exact mechanism required to move these large
bouldery masses (usually greater than | million m3) for
such long distances is the subject of some controversy.
Shreve (1966b, 1968) proposed that the material slides
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continuously on a layer of compressed air that is trapped
beneath the debris as it comes to the bottom of the steep
slope. This air-lubrication hypothesis has been chal-
lenged by Hsu (1975) who suggests that sturzstrom
movement is primarily a flow phenomenon, reviving a
conclusion made earlier by Heim (1932). In most cases
the highest strata involved in the fall are contained in the
rear portion of the deposited debris. Shreve correctly in-
dicates that this distribution negates viscous flow as the
transporting mechanism, because in that process the up-
permost layers are transported at higher velocities and so
would be farther downstream in the blocky debris. The
deposits, however, also have geometric features similar
to those formed by lava flows and glaciers, and care must
be used to distinguish between the different types of de-
posits (Porter and Orombelli 1980). Hsu therefore feels
that the debris moves by flow, but that the mechanism
differs from viscous transport in that individual particles
are dispersed in a dust-laden cloud, and the kinetic en-
ergy driving the flow is transferred from grain to grain as
particles collide and push one another forward. The en-
tire mass moves simultaneously until all the original en-
ergy is dissipated by friction from the particle collisions.

Flow by this process would explain the distribution
of the source rocks within the deposits. It would also
permit great distances of transport because the frictional
resistance decreases when grains are immersed in a
buoyant interstitial fluid that reduces the effective nor-
mal stress. Variations in flow distance and velocity in
different events probably depend on the properties of the
interstitial substance.

Debris flows are a complex group of gravity-
induced rapid mass movements intermediate between
landslides and water flooding (Johnson 1970). Debris
flows include a variety of grain sizes from boulders to
clay mixed with varying amounts of water (table 4.7).
Because of the high velocity and impact force of many
debris flows, they represent significant geological haz-
ards (i.e., fig 4.39). Costa (1988) notes that sediment
concentration in debris flows ranges from 70 to 90 per-
cent by weight (47 to 77 percent by volume) and both
water and solids move together as a unit at the same ve-
locity. Mudflows contain mostly fine-grained material,
such as sand, silt, and clay, admixed with water. Debris
avalanches are an extremely rapid form of debris flow
typically generated on steep bedrock slopes with thin
colluvial and soil cover. We will use the term debris
flow to include this entire range of related processes and
features as well as others such as volcanic lahar (John-
son and Rodine 1984) because of their mechanical simi-
larities and the difficulty in distinguishing between their
rates of movement and grain size following the event.

Debris flows may originate and become mobilized
in a variety of ways. The prerequisite conditions for de-
bris flows include (1) an abundant source of moisture,
(2) an abundant supply of fine-grained sediment, and
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TaBLE 4.7
Velocity Slope  Bulk Density Newtonian Depth Solids Shear Strength Flow

Material (m/s) (%) (g/em3) Viscosity (poise) (m) (% by weight) (dn/cm?) Character
Debris flow 0.6-31 5.8-47 1.8-2.6 200-60,000 0.5-12 70-90 >>400 Laminar
Hyperconcentrated 1.33-1.8 20-200 40-70 100400 Laminar

flow and turbulent
Water flood 1-15 1.01-1.33 0.01 0.5-20 <<40 0-100 Turbulent
Cement 24 480
Honey 115 580

Modified from Costa (1984); Costa (1988).

Figure 4.39

Impact forces from debris flow boulders undermined part of
this high-rise apartment in Venezuela. Several major cities
were seriously impacted like this by flows in December 1999.
The cities are situated on major debris fans. Note the huge
boulder lodged on the third floor.

(Photo by L. S. Eaton)

(3) relatively steep slopes (Costa 1984). Although nu-
merous ideas exist concerning how debris flows are ini-
tially mobilized (Johnson and Rodine 1984), most re-
searchers feel that they begin either as a debris-laden
slurry that erodes its own channel and thus increases its
sediment concentration, or as a shallow landslide that
provides a high concentration of unconsolidated debris
and mobilizes as a flow when runoff is mixed with the
debris. Sasaki (2000) showed that soil creep, initiated by
rainfall, triggered debris flows in Japan. Numerous stud-
ies have shown that debris flows were initiated by shal-
low planar slides that evolved into flows with the addi-
tion of water downslope (i.e., Shimokawa and Jitousono
1999). The abundant moisture necessary for debris flows
is commonly provided by intense rainfall or rapid
snowmelt, or in some cases by snow and ice melt during

volcanic eruptions such as Mount St. Helens in 1980.
Flows are typically sourced in small drainage basins
where slopes are steep, where runoff can be concen-
trated, and where sediment supply is likely to be high.
Many studies suggest that debris flows may be responsi-
ble for the bulk of the sediment eroded from a basin, al-
though these movements occur episodically during in-
frequent but catastrophic events (for example, Zicheng
and Jing 1987).

Debris flows can vary greatly in their physical proper-
ties between sites and even during an event at one loca-
tion, but they often have many commonalities which pro-
duce distinctive erosional and depositional effects on the
landscape. Figure 4.40 shows a typical debris flow chan-
nel, lateral levee deposits of coarse, unsorted debris, and
an abrupt lobate terminus. Debris flows do not behave me-
chanically as Newtonian fluids such as water. Instead, they
possess a significant internal shear strength which enables
the flow to behave as a relatively rigid plug moving over a
laminar boundary zone; as such, a debris flow is referred
to as a Bingham material. Debris flows have a high bulk
density and high viscosity compared to water flows. This
shear strength, in concert with other processes operating
within the flow because of its excessive sediment concen-
tration, enables debris flows to transport exceedingly large
boulders (up to tens of meters) and allows them to flow
with far less turbulence than water floods. Figure 4.41A
shows examples of the extreme erosion incurred by Blue
Ridge debris flows in Madison County, Virginia, in June
1995. The shear strength of these Virginia debris flows is
impressively illustrated by the size of the clasts transported
in figure 4.41B. A survey of the impacts of the Madison
flood event can be found in Morgan et al. (1999). The spe-
cial rheological properties of debris flow, approximated by
a Coulomb-viscous model (Johnson 1970), also account
for (1) their ability to construct extensive channels with
boulder levees, (2) their typical inverse grading, (3) their
ability to stop abruptly, and (4) their damaging impact
forces. Iverson (1997) and Major and Iverson (1998) pro-
vide good recent discussions of debris flow dynamics.
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Figure 4.40

Two debris flows on a talus slope in
southern Iceland. Talus is forming from
the erosion of the basaltic cliff. Note the
bouldery levees lining the twin debris-flow
channels and the abrupt cessation of flow
once slope angles were encountered that
were too low to permit internal shear
within the flow.

(R. Craig Kochel)

Figure 4.41

Debris flows in the Virginia Blue Ridge in
June 1995. Catastrophic rainfall, centered on
Graves Mill, along the Rapidan River
triggered hundreds of debris flows, landslides,
and other mass movements. (A) View from
Kinsey Run (foreground) of a major flow
deposited on the margin of an older debris
fan. (B) Example of the scour along the
debris-flow track and transport of large clasts
in Kinsey Run.

(B) (R. Craig Kochel)
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Figure 4.42
Components of a typical debris flow observed near Mount
St. Helens.

(Source: T. C. Pierson, in Hillslope Processes, ed. by A, D. Abrahams,
copyright 1986 Allen & Unwin.)

Although debris flows typically follow preexisting
channels, they can flow across unchanneled alluvial fan
surfaces because of their ability to construct leveed
channels as the flow proceeds. Viscosities and other
characteristics of debris flows can vary greatly at a sin-
gle point of observation during the course of a flow.
Changes in the character of the moving debris are gener-
ally regulated by additions of debris and water from lat-
eral sources along the flow path. Debris flows have been
observed to move in pulses or surges accompanied by
changes in the fluid characteristics (Sharp and Nobles
1953; Pierson 1980; Costa 1984). Figure 4.42 illustrates
the major components of a typical debris flow observed
along streams draining the Mount St. Helens volcano in
Washington (Pierson 1986). From this view, it is easy to
see why the flow characteristics change with time at a
given observational point. Following the passage of the
viscous and coarse-grained flow front, the flow is com-
monly transitional to a more turbulent muddy slurry and
fully turbulent streamflow. A series of gradations from
landslide through debris flow is common from the source
to downstream depositional areas. In companion studies
of debris flows in the Mount St. Helens area, Scott
(1988) showed that flow transformations are also com-
mon along the flow path as a function of changing hy-
draulic conditions with distance from their source, both
in recent flows and in paleodebris flow deposits recog-
nized in the stratigraphy of the flow channels. These
transformations occur because of constant increases and
decreases in sediment concentration within the flow, re-
ferred to as bulking and debulking, respectively. Flows
may transform along their paths from debris flow to
streamflow, by passing through a transitional state
known as hyperconcentrated flow (Beverage and Cul-
bertson 1964; Pierson and Costa 1987). Figure 4.43
shows an example of these flow transformations.

Because of the catastrophic nature of debris flows,
direct sampling and observations of the movements are
rare. Considerable progress has been made in recent
studies in developing methods for estimating the physi-
cal properties and character of the flowing debris based
on analyses of the remaining deposits, erosional effects
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along the channels, debris lines, and channel geometry
(Costa 1984; Johnson and Rodine 1984; Brunsden 1984;
Berti et al. 1999),

Debris flows can flow for many kilometers from
source regions, but they typically come to rest on rela-
tively low-gradient areas lacking channel confinement on
alluvial fans (fans are discussed in detail in chapter 7).
Despite the exceedingly complex controls on flowing
debris and its deposition, progress is being made in de-
termining threshold slope angles for debris flow deposi-
tion (Van Dine 1985; Rickenmann and Zimmermann
1993). Major and Iverson (1998) suggest that past no-
tions of the importance of excess pore-fluid pressure
may not be as important in the control of debris-flow
runout. Instead, they suggest that depth and runout are
more affected by grain-contact and bed friction along
the flow margins. In like manner they warn that deposit
thickness may not be useful in estimating the shear
strength of debris flow. Webb and Fielding (1999)
demonstrated that the high mobility of some debris
flows can result from high percentages of clay in the
flow matrix. Thus, debris flows can continue to flow on
far gentler slopes than expected. Such studies, in combi-
nation with studies of the characteristics of debris flow
source areas, are useful in planning for construction and
preventative design in regions prone to debris flow
(Hungr et al. 1987; Reneau and Dietrich 1987). Mitiga-
tion of debris flow hazards is an issue of increasing con-
cern in mountainous regions (U.S. Geological Survey
1982) because debris fans (the depositional zones) tend
to be favored for development because of their location
above floodplains. Figure 4.44 shows that the three re-
gional areas having high potential for mass movements
are the Appalachian Mountains, the Pacific Coast
ranges, and selected regions of high relief in the central
Rocky Mountains.

A good example of the serious magnitude of the de-
bris flow problem is the frequent and damaging flows
that occurred along the Wasatch Front in Utah during
1983. Damages from these flows exceeded $250 million
along this zone where most of the urban centers of the
state are located. Most notable, the Thistle landslide-flow
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Transformations of debris flow along its path originating at Mount St. Helens.
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(A)

Figure 4.45

(B)

Debris flow and avalanches in Nelson County, Va., during 1969. (A) Flows deposited debris on small fans at the base of first-order
hillslope channels (near Lovingston). (B) Catastrophic erosion and impact forces from these flows removed some structures and

devastated others (view from Davis Creek).
(A, B): (Courtesy Virginia Division of Mineral Resources, Charlottesville, VA.)

may have been the most expensive mass movement in
United States history. It severed major east-west trans-
portation arteries, U.S. Highway 6, and the main line of
the Denver and Rio Grande Railroad, dammed the Span-
ish Fork River, and flooded about 15 homes in the tem-
porary lake that resulted (National Research Council
1984). Some of these slides and flows occurred at sites
of prehistoric mass movements as the colluvium was re-
mobilized (Fleming et al. 1987). Activity had been ob-
served for several years prior to the major Thistle event
(Witkind 1988). Over 150 major debris flows, hypercon-
centrated floods, and landslides occurred during
1983-84 following the culmination of several anom-
alously wet years. A combined heavy winter snowpack,
followed by a cool spring and rapid late-spring melt pro-
duced most of the flows. Many of the debris flows oc-
curred on slopes with shallow colluvial cover over
weathered metamorphic rocks and were initiated by
shallow soil slides caused by elevated pore water pres-
sures at the soil-bedrock boundary (Mathewson and
Keaton 1986). Detailed geomorphic studies have led to
techniques for evaluating the potential for debris flows
and hyperconcentrated floods along the Wasatch Front
(Wieczorek et al. 1989).

Generally associated with semiarid regions having
sparse vegetation, debris flows are also common in
densely vegetated chaparral in California and forested
mountain slopes in humid regions (Hack and Goodlett
1960; Williams and Guy 1973; Kochel 1987, 1990).
Nelson County, Virginia, was the site of one of the most
cataclysmic debris flow and flooding episodes in United
States history on the night of August 19, 1969 (Williams
and Guy 1973). Up to 30 inches of rain fell in less than

eight hours on a small, rugged area, resulting in hun-
dreds of debris flows and avalanches, the loss of
150 lives, and massive road and bridge destruction in
this rural area (fig. 4.45). The combined effect of exces-
sive moisture from the inland remnants of Hurricane
Camille moving northeastward from the Gulf of Mexico,
an easterly advancing cold front, and orographic effects
of the Blue Ridge Mountains produced intense local
rainfall. Debris flows were mobilized on the slopes as
intense rains elevated pore water pressures at the soil-
bedrock interface, typically about 1 m below the surface
on the steep, colluvial forested slopes. Debris flows
scoured out shallow hillslope hollows. Subsequent ob-
servation of weathering on the bedrock that was under
the colluvium suggests that these sites normally concen-
trated shallow subsurface flow (Kochel 1987). Reneau
and Dietrich (1987) and Reneau et al. (1990) empha-
sized the importance of identifying colluvium-filled hill-
slope hollows in the anticipation of future debris flow
events in northern California (fig. 4.46).

The linkage between climate change and debris
flow activity is being investigated in many areas.
Reneau et al. (1989, 1990) observed patterns in the
chronology of hollow evacuation episodes in California
that they attributed to changes in climate. Bovis and
Jones (1993) have linked episodic activity among sev-
eral forms of mass movement in British Columbia with
Holocene hydroclimatic variations. Kochel (1987) ob-
served a coincidence between the initiation of debris
flow activity on alluvial fans in Virginia and the time
when climate may have ameliorated enough to permit
frequent invasion of tropical air masses into the central
Appalachian Mountains. Debris flow activity may be a
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Schematic model of a colluvium-filled hollow. (A) Hollow excavated to bedrock by a recent debris
avalanche/debris flow. (B) Hollow has been refilled with colluvium and slope wash after a few hundred
years. The site is now primed for another debris-flow event once again.

sensitive indicator of paleoclimatic variability. Likewise,
changes in the frequency and occurrence of debris flows
could result from future climate variations.

The erosive potential of debris flows like those in
Virginia is enormous (see fig. 4.45B). Geomorphologists
must be able to recognize and assess the potential for de-
bris flows in a specific region. Are the fans active or
relict from some ancient environmental regime? What is
the anticipated frequency of deposition? Are the fans
and channels subject to debris flow or water flood or
both? What is the magnitude and extent of anticipated
future flows? Determination of process, whether debris
flow or water flood, requires detailed analysis of the
morphology and sedimentology of the deposits. Costa
and Jarrett (1981) and Costa (1984) show how debris
flow sediments can be distinguished from waterlaid de-
posits and discuss the likely environmental conse-
quences of misidentification. Determination of fan activ-
ity and anticipated debris flow frequency is difficult. A

first approximation of flow activity on debris fans can be
accomplished by detailed studies of the stratigraphy, sed-
imentology, and soils on the fans. Based on stratigraphic
studies from excavations of debris fans where debris
flows were deposited, Kochel (1987) showed that cata-
strophic flows like the 1969 Hurricane Camille flows in
central Virginia occurred at least three times within the
past 11,000 years (fig. 4.47). In an extensive study using
more than 45 radiocarbon-dated flows in Madison
County, Virginia, Eaton (1999) found similar recurrence
intervals of 2000 to 3000 years for Quaternary Blue
Ridge debris flow events (fig. 4.48). Similar events are
known to have occurred periodically in the central and
southern Appalachian Mountains in historic times. In this
region these types of terrain-locked rainfall events asso-
ciated with tropical moisture may be rather common. Cli-
matologists point out that such localized intense storms
often go undetected because of the low density of
weather observation stations and their localization in
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Figure 4.47

Stratified debris fan sediments in Nelson County, Va. (A) Radiocarbon-dated
organic debris shows that events like the Camille flows have occurred there at
least three times in the last 11,000 years. (B) Stratified floodplain sediments
in Davis Creek, Va. The top layer above the glove was deposited by the
Camille flood in 1969. The two lower units have paleosols developed on

them and erosional upper boundaries.

(From R. C. Kochel, Holocene Debris Flows in Central Virginia, in “Debris Flows/Avalanches:
Process, Recognition, Mitigation,” Reviews in Engineering Geology, vol. 7, p. 148; 1987.)

(B): (R. Craig Kochel)

remote regions (Michaels 1985). As population contin-
ues to expand into more remote regions of the Ap-
palachians, damage like that caused by the Camille
storm in 1969 may become increasingly common. De-
tailed histories of debris flow frequency and magnitude
have also been reconstructed by studying debris flow-
induced damage in tree rings. Hupp (1984) used a den-
drogeomorphic approach at Mount Shasta, California, to
elucidate a 300-year record of debris flow activity.
Bowers et al. (1997) were able to determine debris flow

(B)

history in the Grand Canyon using ecological aspects of
plant colonization on debris flow surfaces.

Progress is being made in identifying threshold in-
tensities required to destabilize slopes in selected re-
gions of rainfall and snowmelt (Campbell 1975; Caine
1980; Church and Miles 1987; Wieczorek 1987; Taka-
batake et al. 1998). Recent studies have clarified the re-
lationships between hillslope fires and subsequent debris
flows (Parrett 1985) and indentified a wide range of
mechanisms that may ultimately produce debris flows



[image: image30.jpg](Clague et al. 1985). Although many studies have shown
that debris flows often occur in steep basins shortly after
a fire, Florsheim and Keller (1987) have shown that de-
bris flow frequency may be much lower than the fre-
quency of fires in a given region (Meyer and Wells
1997). These kinds of studies, in concert with laboratory
investigations, are beginning to uncover some of the
complex threshold relationships that control debris flow
initiation, transportation, and deposition (see Wieczorek
et al. 1997).

The impact of catastrophic inputs of coarse sedi-
ment by debris flows has been shown to have a marked
effect on the character of downstream alluvial fan and
fluvial systems (fig. 4.49). Common impacts include re-
duction of channel flow capacity, pulses of migrating,
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Figure 4.48

Poorly sorted debris-flow deposits from June
1995 overlying buried soil developed on older
debris-flow deposits, Madison County, Va.

(R. Craig Kochel)

coarse sediment, changes in channel pattern, and develop-
ment of alluvial fan and terrace surfaces (Cu 1999; Kochel
etal. 1997; Eaton 1999; Cenderelli and Kite 1998).
Earthflows are one of the most common mass
movement phenomena (Keefer and Johnson 1983) in-
volving rates ranging from slow to rapid. Earthflow me-
chanics are complex. Some earthflows have basal lobes
and other features suggestive of fluid-like flow, while
others exhibit slickensides and other properties sugges-
tive of rigid blocks moving on distinct shear surfaces. In
slow earthflows the original failure of the slope usually
occurs as a slump, often when the mass becomes satu-
rated with groundwater. A rising water table and in-
creasing pore pressure tend to lower shear resistance,
and slippage results (Wells et al. 1980). If the slumped
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(A)

Figure 4.49

Debris flows in Madison County, Va., 1995.
(A) Flow tracks and scour along the east side
of Kirtley Mountain. Flows were common on
this slope where foliation and joints aligned
nearly parallel to slope. Note the forest-
covered depositional area and coalescing
debris fans. (B) Kinsey Run flow (far left) and
neighboring debris flows. Note the small,
steep source basins. Debris-flow sediments
were deposited on alluvial/debris fans
throughout the area here at Graves Mill.

(L. S. Eaton) (B)

mass is relatively wet, it may slowly bulge forward at its
front by viscous flow and take the form of tongues, su-
perimposed piles of rolled mud, or bulbous toes
(fig. 4.50). This movement may continue at a slow pace
for many years until stability is finally reached.

Keefer and Johnson (1983), working with earth-
flows in California, developed a model for earthflow be-
havior that incorporates elevated pore water pressure
and loading from deposits of other mass movements as
the predominant mobilization processes. Earthflows
have been observed on a variety of slope angles. Their
mobility appears to depend on a combination of factors,
including unit weight of the material, shearing resistance
(shear strength) of the soil, maximum pore water pres-
sures, and geometry of the slope mass (Keefer and John-
son 1983). Unlike most other forms of mass movement,
earthflows are commonly characterized by slow move-
ments spread over long periods of months to years.
Episodic surges have also been observed in earthflows

(Keefer and Johnson 1983; Grainger and Kalaugher
1987), but correlations between environmental variables
and activity appear complex.

To summarize, the distinction between slides and
flows is often rather nebulous. Several generalizations
can be proposed, however, to help put mass movements
in some reasonable perspective.

1. Slides are characterized by distinct masses or blocks
of earth materials that move along distinctive planar
or curviplanar failure surfaces by shearing
mechanisms.

2. Flows possess no discrete shear planes but
experience deformation throughout their thickness.

3. Mass movement events are commonly transitional
between several different forms both temporally at a
site and spatially along their path. Many flows
observed in downslope areas are actually initiated
by slides and other phenomena, acquiring attributes
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pd Figure 4.50

Earthflow along Mississippi River bluffs, southern Illinois.

(Courtesy of Illinois Department of Transportation)

of flow later as water and sediment are contributed
to them during the course of their travel. Slope
stability analyses, therefore, must consider the
mechanics of sliding and the factors that might
produce failure as well as the downslope products
of these events.

4. The mobility of mass movements depends to a large
degree on the amount of water and sediment within
the displaced material, particularly in flow
movements.

Morphology of Mass Movements

It is appropriate to ask how we can reconstruct the mode
of mass transfer, especially since subtle transitions from
one mechanism to another are common and most inter-
pretations of movement characteristics are made after
the event is over. The distinction between mass move-
ment processes is exceedingly important from the per-
spective of environmental engineering because of the
great differences in volume of water runoff, duration,
and impact forces associated with the various mass
wasting processes. Unless some concrete relationship
can be established between the surface configuration of
the displaced material and the genetic process, we face
an insoluble problem.

Fortunately, there is some evidence to suggest a
morphologic relationship that discriminates between

mass movement processes. In a study of 66 landslips in
New Zealand, Crozier (1973) arranged the common
types of mass movements into five primary process
groups: fluid flow (mudflows, debris flows, debris
avalanches), viscous flow (earthflows, bouldery earth-
flows), slide-flow (slump/flow), planar slides (turf glide,
debris slides, rockslides), and rotational slides (earth and
rock slumps). The aim of the study was to characterize
the slope movement process using simple morphometric
indices (table 4.8), assuming that the degree of flow de-
formation of the displaced mass could be correlated to
water content (fig. 4.51). The relationship between each
process group and the index values was tested statisti-
cally to ascertain whether the correlation was significant.

Crozier found that the classification index relating
depth to length (D/L) was the best indicator of the
process group, reaffirming Skempton’s (1953) assertion
about the importance of this parameter. As one would
expect, the D/L value decreases markedly with greater
flow (table 4.9) because the displaced material will ex-
tend farther downvalley than it would if moving as a
sliding block. Some uncertainty will remain, however,
unless the classification index is used in conjunction
with other indices. Importantly, a definite inverse rela-
tionship was found between D/L and three other mor-
phometric indices (flowage, dilation, fluidity). Each of
these is presumably controlled by the water content of
the material during its movement. Although more work



[image: image33.jpg]124 CHAPTER 4 Physical Weathering, Mass Movement, and Slopes

Index Description

Classification D/L
Maximum depth of displaced mass prior to its displacement over maximum length.

Dilation Wx/We
Width of convex part of displaced mass over width of concave part; indicates lateral spreading.

Flowage (Wx/We - 1) x Lm/Le x 100
Lm is length of displaced mass; Lc is length of concave segment.

Displacement Li/Le
Lris length of the surface of rupture exposed in concave segment. Low value indicates instability.

Viscous Flow Lf/Dc
Lfis length of bare surface on displaced material; Dc is depth of the concave segment.

Tenuity Lm/Lc
Indicates how dispersed or cohesive the material is during displacement.

Fluidity Amount of flowage expected from particular type of material on distinct slope. Varies with water content,

After Crozier 1973,
Note: Compare figure 4.51.

2° scarp
Main (1°) scarp

Lx convex.
Transverse crevice.

Surface of rupture

Scar

Displaced mass

&

Radial
crevice
Hollow A
3 Parent slope
Figure 4.51 Original surface | Y

Different morphometric indices
shown in diagram can be used
to describe and distinguish
processes of movement:

(A) landslip terminology;

(B) longitudinal section;

(C) plan view.

(From: M. J. Crozier. 1973, “Techniques
for the morphometric analysis of
landslips,” Zeitschrift for :
Geomorphologie 17; 78-101. Gebriider g e

Borntraeger Verlagsbuchhandlung, Buried original surface Surface of rupture

Stuttgart, Used by permission.) (B) )
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is needed before a clear relationship between morphol-
ogy and process can be defined, the morphometric ap-
proach exemplified by studies like Crozier’s holds real
promise. Predictions of slope stability, possible modes
of failure, and areas that might be affected are potential
benefits if we can understand how previous movements
occurred in any given region.

Landslides are ubiquitous in most all lithologies and
climates. One of the primary goals of slope hazard
analyses is the determination of whether landslides are
active. Table 4.10 (from Crozier 1984) summarizes field
criteria useful in distinguishing between active and inac-
tive landslides. An even more fundamental concern of
the geomorphologist is to be able to distinguish land-
slide deposits from deposits left by other geomorphic ac-
tivity such as fluvial and glacial processes. Table 4.11
presents a summary of characteristics useful in making
such determinations in the field. Brabb and Harrod
(1989) have compiled an extensive collection of encap-
sulated descriptions of modern landslides and accounts
of their mitigation and economic implications in virtu-
ally every country in the world. Extensive relict Quater-
nary landslides have been recognized in most regions as
well (for example, Southworth 1988).

Research on mass movements and their effect on
environmental planning is continuing at a high level.

Type of Landslip

Flows 1.58
Planar slides 6.33
Rotational slides 20.84

Feature Active

Scarp area Sharp breaks, unweathered

Fresh tension cracks common

Unfilled grabens, depressions
Vegetation Tilted trees

Vegetation differences and disruptions between slide

and adjacent area

Rapid colonizers only
Drainage Deranged, disrupted with sag ponds
Slide margins Fresh shear planes. slickensides
Soils Lack of soil development on exposures
Toe area Active lobes rolling over vegetation

Deposits may block slope-base drainage
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New techniques are being applied to real-time monitor-
ing of hillslope processes, including the installation of
shallow piezometers (wells) and global positioning sys-
tems (GPS), which permit communication between parts
of the hillslope not within line of sight (Gili et al. 2000).
Brunsden (1993) provides an assessment of the current
state of knowledge in the field and the anticipated direc-
tion of future research in each of the following areas re-
lated to mass movements: description and morphology,
mapping and inventory, recognition, process monitoring,
and mechanisms and causes.

SLOPE PROFILES

The profiles of natural slopes formed primarily by ero-
sional processes are generally regarded as reflections of
the major geomorphic factors—climate, rock type and
structure, time, and process. The relationship between
slope form and geomorphic factors, however, is not
straightforward. There is no simple method for decipher-
ing which factors will determine the precise characteris-
tics of a slope profile, and all of the factors are involved
in some way to produce slopes. Therefore, many debates
about the development of slopes revolve around to what
degree a factor is involved in slope formation rather than
whether a factor is involved. Invariably individual value
judgments are involved since very few, if any, studies
can absolutely isolate the effect of one factor by keeping
all others constant.

Geomorphologists have paid considerable attention
to the geometry of slopes and the angles developed on
different parts of the profile. Ideally, slope profiles can
be divided into four general components (fig. 4.52): an
upper convex segment, a cliff face (or free face), a
straight segment, having a constant slope angle, and a
concave segment at the hillslope base (Wood 1942; King
1953; Carson and Kirkby 1972). More detailed distinc-
tions of components have been suggested. For example,

Inacti

Weathered, rounded scarps

No fresh tension cracks
Colluvial-filled grabens, depressions
Unaffected trees

Lack of vegetative differences

Mixed, with old growth vegetation
Integrated drainage system, few ponds
No fresh planes or slickensides

Soil development on exposures

Inactive lobes, no vegetative disturbance
Toe deposits eroded by basal drainage

Adapted from Crozier (1984).
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Landslide Deposits

V Glacial Deposits (till)

Characteristic

Sedimentology

Sorting Very poor Very poor

Roundness Angular Moderately rounded
Grain size Variable, may be large Variable, may be large
Fabric Generally lacking Generally lacking
Composition Local, monolithologic Variable, extrabasinal
Stratification None None to poor
Transport process Creep, sliding Ice

Morphology

Internal forms Transverse ridges Sinuous moraines
Surface relief Hummocky Hummocky
Drainage Poor, undrained sags Poor, undrained sags
Head region Scarp, local None or cirque
Profile Convex-up surface Irregular

Valley form None specific U-shaped

Lateral associations

Downstream outwash and loess

Fluvial Deposits (coarse)

Variable, generally good
Rounded

Generally finer-grained
Imbricated

Variable, within basin
Well-layered
Tractive-bedload

Lacking ridges
Organized bedforms
Well-drained

None

Concave-up longitudinal
None specific

Source region upslope

Downstream-fining fluvial deposits

Figure 4.52
Major components of slope profiles. CC = concave segment,
S = straight segment, CF = cliff race, CV = convex segment.

the classification shown in figure 4.53 recognizes nine
slope components and additionally suggests that each is
associated with certain dominant processes. In an actual
situation, all of the components may not be present in
the profile or they may have negligible significance. The
upper convexity, for instance, is usually more prevalent
in humid-temperature regions than in semiarid or arid
climatic zones because soil creep is known to be more
important in the humid environment.

Measurements in a variety of climatic zones have
revealed the interesting fact that slope angles appear to
be concentrated in groups with rather small ranges of
values (see Carson and Kirkby 1972; Young 1972).
Most pronounced are those that cluster at 43°-45°,
30°-387, 25°-29°, 19°-21°, 5°-11°, and 1°—4°. Al-
though any slope angle is possible, the frequency of
these recurring groups is tantalizing to geomorphologists

because it probably reflects the underlying control of the
great geomorphic variables.

Each of these groups has well-defined maximum
and minimum values, which have been termed limiting
angles by Young (1972) and threshold angles by Carson
and Kirkby (1972). The general interpretation of the an-
gular distribution is that angles within any group repre-
sent a stability regime for slopes formed in a particular
climatic and lithologic setting. Under those conditions,
threshold values can be exceeded if the intrinsic proper-
ties of the parent material are altered or if the climate
changes. When threshold values are reached, any further
change requires a fundamental response in the system
that adjusts the slope angle and places it within a differ-
ent stability group. Exactly why and how slopes adjust,
however, is a debatable question. According to one hy-
pothesis, groups and their limiting angles represent char-
acteristic angles for the processes that are working on
the slopes. Thus, geomorphologists recognize process as
an important ingredient in the development of slope
components and slope angles.

The significance of process was understood years
ago by Gilbert (1877), who believed that the develop-
ment of any slope was controlled by either weathering or
sediment transport. Since then, the terms weathering-
limited and transport-limited have been generally ac-
cepted to describe slopes formed under each process
control. Weathering-limited slopes are created where
the rate of soil or regolith production is lower than the
rate of its removal by erosion. As a result, most of these
profiles are determined by the character of the parent
rock. Such profiles seem to prevail in dry climates or in
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Figure 4.53

Diagrammatic representation of the hypothetical nine-unit landsurface model.
(Redrawn from J. B. Dalrymple, et al., “A Hypothetical Nine-Unit Landsurface Model,” Zeirschrift fiir Geomorphologie 12:60-76, 1968. Used by permission of

Gebriider Borntraeger Verlagsbuchhandlung, Stuttgart.)

mountainous terrain where erosion is rapid, and are nor-
mally characterized by thin, weakly developed rocky
soils. The rate of physical weathering tends to be at a
maximum when the thickness of the residuum (the soil
and colluvium) is minimal (fig. 4.54). Chemical weath-
ering, which proceeds most efficiently under a signifi-
cant cover of residuum, will be slowed, however, when
the residuum becomes so thick that it interrupts the
movement of water to the bedrock weathering front (an
example of negative feedback). Numerous examples of
weathering-limited slopes can be seen on slick-rock
slopes developed in sandstones of the Colorado Plateau
(Oberlander 1977; Howard and Kochel 1988). In con-
trast, transport-limited slopes are formed where the
rate of weathering is more rapid than erosion. Slopes

produced under this regime normally develop on any un-
consolidated parent material regardless of environment,
but they are typically dominant in humid-temperate
zones where vegetation cover is continuous. These pro-
files are less affected by parent rock and more dependent
on the type and rate of slope processes.

Selby (1982) has made a cogent argument that
weathering-limited slopes are directly dependent on the
relative resistance of the underlying parent rocks. As ev-
idence, he has demonstrated a high correlation between
rock mass strength (see table 4.4) and the angle devel-
oped on various slope segments (fig. 4.55). A line drawn
around the data points shown in figure 4.55 creates what
Selby calls the strength equilibrium envelope, and the
slopes represented by points within that envelope are
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Schematic showing relative rates of production of weathering
products on transport-limited and weathering-limited slopes.

referred to as strength equilibrium slopes. Presumably,
as long as the mass strength is maintained, strength equi-
librium slopes will keep a constant angle and the slope
surface will retreat parallel to itself.

Whether we can expect rock strength to remain con-
stant is debatable, however, because once joints form in
bedrock, the process becomes self-generating and more
of the rock will become fractured. This, of course, de-
creases rock mass strength and requires an adjustment in
the slope angle. In addition, during the process of slope
retreat, material eroded from the cliff face by rockfalls
accumulates lower in the profile as talus. Technically,
talus refers to the slope formed from the accumulation
of debris eroded from a cliff face, although many geo-
morphologists use the term ralus or scree in reference to
the debris itself. Any model proposed to explain the evo-
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Figure 4.55
The relationship between mass strength and profile angle for
all rock units studied in Antarctica and New Zealand.

(Redrawn from M. Selby, “A Rock Mass Strength Classification for Geomorphic
Purposes: With Tests from Antarctica and New Zealand,” Zeitschrift fiir
Geomorphologie 24:31-51, 1980. Used by permission of Gebriider Borntraeger
Verlagsbuchhandlung, Stuttgart.)

lution of talus or scree slopes must explain the straight
slope profile and basal concavity along with a gradual
fine to coarse particle sorting in the downslope direction
(Statham and Francis 1986). The supply of talus to the
slope is controlled by weathering along mechanical dis-
continuities in the cliff rock, predominantly features
such as jointing, bedding, and foliation. Therefore, the
size of talus blocks is largely inherited from the struc-
tural characteristics of the parent bedrock. Talus extends
upslope with time and eventually may bury the original
rock face (fig. 4.56). If and when this occurs, a transition
has been made from a weathering-limited slope to a
transport-limited slope, and the strength of the parent
rock is no longer significant. Instead, it is the relation-
ship between resistance of the talus debris and the ero-
sional forces that should determine the slope angles.
Theoretically it can be shown that in cohesionless
material the angle of internal friction ¢ is equal to the
slope angle 6 (Carson and Kirkby 1972). Therefore, a
strong correlation should exist between slope angles and
the physical strength properties of unconsolidated mate-
rial. In talus accumulates, angles are uncommonly high
(43°-45°) because the mass is densely packed and the
rock fragments are interlocked (Carson and Kirkby
1972). If the void percentage is large, little pore pressure
will develop and the stable angle of slope will corre-
spond to the ¢ angle. Continuous breakdown of the talus
deposits without much clay formation will produce a
sandy matrix that should stand near the angle of repose
for cohesionless sands, approximately 35°. Statham and
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Upslope extension of talus slopes.

Francis (1986) point out that with enough time for con-
tinued weathering, disintegration products will eventu-
ally plug pore spaces within the blocky colluvium, re-
ducing hydraulic conductivity. The accumulation of
horizons of concentrated fine-grained sediments facili-
tate increases in pore water pressure which eventually
acts to destabilize the coarse hillslope mantles—a geo-
morphic illustration of a negative feedback mechanism.

Ample evidence from a wide variety of climates
suggests that a weathered mixture of rock rubble and
soil underlies slopes between 25° and 29° (Young 1961;
Melton 1965b; Robinson 1966). As the original talus de-
posits are progressively broken down by weathering, the
mass gradually loses its openpore framework. During
times of abundant water and high water tables, the mate-
rial attains positive pore pressures that reduce the effec-
tive normal stress by buoyancy. This obviously lowers
shear strength and changes the relationship between in-
ternal friction and the potential failure surface. Thus, the
recurrence of slope angles at 25° to 29° may be associ-
ated with saturated soils. As summarized by Skempton
(1964), cohesionless materials subjected to pore pres-
sures are likely to experience shallow landsliding along
failure planes that approximate

tan 6 1/2 tan ¢

Assuming an original ¢ angle of 45° for coarse talus de-
posits and 35° for a sandy mantle, the stable slope devel-
oped on these materials when they become saturated
would be about 26° and 19°, respectively. In clay-rich
soils the ¢ angle is much lower, and stable slope angles
are considerably less.

Carson (1969) proposed that instability in slopes re-
quires the progressive replacement of steep slopes by
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gentler ones. In this model, many landscapes should go
through more than one phase of instability, but the exact
number depends on the characteristics of the rocks and
how they ultimately break down. In the initial stage, a
steep rock cliff is replaced by talus or slopes developed
on thoroughly fractured rocks. This phase might be fol-
lowed by a change to lower slopes and eventually to the
gentle slopes formed on clay-rich soils. Each slope is
only temporarily stable, for as weathering changes the
mantle’s properties and pore pressures vary, the mass
reaches its slope threshold value. Further change causes
the slope to adjust rapidly into a new stability range con-
sistent with the revised properties of the mantle. Because
of the variability of soil properties and pore pressures,
any limiting angle values are possible, even though they
apparently cluster in recurring groups. The types of ma-
terial, the number of instability phases, and the threshold
values combine in any area to control the progression of
slope development. The net effect of the variables is
eventually to form slopes that have long-term stability
with respect to rapid mass movements; at that point,
creep and surface water erosion become much more sig-
nificant as slope processes.

The salient point of this discussion is that recurring
angles measured on slopes can be easily explained by
the relationship between erosive process and the differ-
ent strengths of unconsolidated materials caused by tex-
tural variations. However, whether all slope materials
experience an evolution in texture as envisioned by Car-
son is debatable, and perhaps unnecessary to explain
slope angle and form.

Processes of weathering and erosion are intimately
involved in slope development. Process, however, is not
an independent variable because it is directly controlled
by climate and geology. Of the many variables cited as
being responsible for hillslope form, only geology and
climate can be considered independent variables.

The Rock-Climate Influence

As we have seen, slopes in weathering-limited situations
are controlled by the mass strength of the parent rock.
This is especially significant in maintenance of a cliff
face. The lithologic influence on slopes is shown in both
declivity and profile shape. Coherent rocks tend to sup-
port steeper slope angles, and with equal cohesion, the
more massive the bedding, the steeper the slopes. Where
strata contain alternately weak and resistant rocks, an ir-
regular profile may develop, and resistant units will as-
sume higher than normal angles where they overlie
weaker rocks.

In regions where a cliff face is not present, lithology
may still exert a control on slopes. Topography gener-
ally reflects lithology and the fact that “resistant” rocks
underlie hills and “nonresistant” rocks become the val-
leys. Resistance is not defined by the intrinsic properties
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of a particular rock type but is a relative feature deter-
mined by how rapidly slopes developed on the rock re-
treat and whether the rock stands relatively high in the
local topography (Young 1972). In other words, it is not
so much the rock itself that determines resistance, but
whether the slopes formed over the rock are controlled
by processes of weathering or processes of removal. In
weathering-controlled slopes, resistance is related to
how rapidly the rock is weathered and is a direct func-
tion of the rock properties. In transport-limited slopes,
the resistance is attributable to the rate at which regolith
can be eroded, and the properties of the weathered mass
and the type and magnitude of the erosional processes
become important in slope development. The down-
slope-grading of transport-limited slopes can be ex-
plained by the direct relationship between slope gradient
and the rate of downslope material transport. For these
reasons, the resistance of a particular rock type and its
influence on slopes can be reversed if the rock is located
in different climates. For example, the characteristics of
slopes formed on limestones in humid climates contrast
markedly with those developed in arid climates,

With regard to climatic influence, geomorphologists
have long recognized that the most common slope profile
in humid-temperate regions has a distinct convex upper
slope and concave lower slope. Contrary to some beliefs,
straight slope segments do occur in regions with humid-
temperate climate, and some profiles do contain steep
cliff faces. Most cliff faces, however, are ephemeral in
the sense that as soon as undercutting ceases a talus slope
forms and will extend upslope until it covers the original
cliff wall (fig. 4.56). If the lithology of the rock sequence
underlying the slope is not uniform, cliff faces may per-
sist because resistant units are maintained as caprocks
where the weaker underlying strata retreat faster, essen-
tially undercutting the stronger rocks.

Convex upper slopes are usually attributed to soil
creep; the lower concavity probably results from soil
wash, although not all slopes have this segment, particu-
larly when there is active erosion at the slope base
(Strahler 1950). The convex-concave profile is most
likely to be attained after mass movements have pro-
duced a long-term angular stability. At this stage, creep
and wash become the dominant slope processes; the
straight segment, representing stability of slope material,
is gradually diminished in size. The processes of water
erosion on slopes will be discussed in the next chapter.
Recognize here, however, that water flowing over and
through slope material combines with mass movement
to mold slope profiles, and in some cases water erosion
may be the dominant process involved.

Semiarid and arid climates tend to engender slope
profiles that are more angular than those found in
humid-temperate regions, even though the same convex,
straight, and concave segments may be present
(fig. 4.57). Steep cliffs usually are present above a

Debris slope
Desert plain

(A) Typical arid slopes

Convex

—— -
(B) Typical
humid-temperate slopes
Figure 4.57
Typical slope profiles in (A) arid regions and (B) humid-
temperate regions.

straight, debris-covered segment that normally stands at
angles between 25° and 35°. At the base of the straight
segment a pronounced change in slope occurs, and an-
gles decrease over a short distance to less than 5°, a nor-
mal slope for most desert plains. The limited vegetal
cover and low precipitation in arid zones assure that
mass movements occur at higher angles and that creep is
subordinated to wash. As a result, the upper slope con-
vexity, so prominent in humid regions, is much less pro-
nounced. However, convex bedrock slopes are common
in selected semiarid regions where jointing characteris-
tics of the rock promote development of extensive exfo-
liation (Bradley 1963).

Straight segments are maintained by the wash
process, which is accelerated on the sparsely vegetated
surfaces. Unlike similar segments in humid climates,
these usually have only a thin veneer of rock debris.
Thus they are not like slopes of accumulation, talus
slopes, but probably represent true slopes of transporta-
tion, on which the amount of debris supplied to the
straight segment from the cliff face or from weathering
of the underlying rocks is removed in equal quantities to
the desert plain. The angle of slope represents a balance
between the processes that break debris down and the
actual transporting mechanism (Schumm and Chorley
1966). Most geomorphologists feel that a general rela-
tionship between particle size and slope angle can be
demonstrated. Our treatment of semiarid slopes has been
greatly oversimplified. A lengthy overview of slope evo-
lution in the Colorado Plateau by Howard and Kochel
(1988) highlights the complex interactions between
chemical and physical weathering processes, mass wast-
ing, and groundwater-related processes as they work on
sandstone.
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Very little research has focused on what aspects of
hillslope profiles are most closely related to climate. A
study by Toy (1977), however, utilized a rigorous statis-
tical analysis to compare slope properties within two ex-
tended traverses in the United States (Kentucky to
Nevada and Montana to New Mexico) along which con-
siderable climatic variation occurs. The sclection of
sampling localities was stringent. Parent rock at each
measuring site was restricted to shales dipping at less
than 5°. Each slope analyzed was south-facing, within
5 miles of a weather station having records for the same
21-year period used as the climatic base, and had no ef-
fects of human activity. Toy found that climate could ac-
count for 59 percent of the variability in the upper con-
vex segments and 43 percent of the variability in the
slope of the straight segments. Arid slopes in this study
were shorter, had steeper straight segments, and had
shorter radii of curvatures developed at the convex
crests than slopes in humid regions. In addition, of the
climatic variables used in the study, those most closely
associated with slope variations were spring and summer
precipitation, potential evapotranspiration, and water
availability (total precipitation minus total potential
evapotranspiration during the 21-year period).

Toy’s findings cannot be used to make sweeping
generalizations about climatic effects on slope profiles
because they apply only to one type of parent rock. How-
ever, the study demonstrates the type of research design
needed to estimate the influence of one geomorphic fac-
tor by reducing or eliminating the effects of others.

Slope Evolution

In addition to geology and climate, the factor of time can
also be considered as an independent variable. Its effect,
however, is difficult to determine, especially when the
time interval involved is very long. As we saw in chap-
ter 1, some of the great debates in geomorphology re-
volve around the question of how slopes respond to con-
tinued erosion. Do slopes progressively flatten through
time in steps or stages? Or do slopes reach an equilib-
rium between form and geomorphic factors that is main-
tained through time as slopes retreat in a parallel man-
ner? These questions are not easily answered.

Three main types of slope evolution have been sug-
gested: slope decline, slope replacement, and parallel re-
treat (fig. 4.58). In slope decline, the steep upper slope
erodes more rapidly than the basal zone, causing a flat-
tening of the overall angle. It is usually accompanied by
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Parallel retreat

Figure 4.58

Three hypotheses of slope evolution. Higher numbers indicate
increasing age of the slope.

(Adapted from A. Young, Slopes. fig. 14., 1972, Oliver and Boyd Publishers.
Used by permission of A. Young.)

a developing convexity on the upper slope and concavity
near the base. Slope decline alone cannot explain a con-
cave profile on the lower slope unless some deposition
occurs at the base. In slope replacement, the steepest
angle is progressively replaced by the upward expansion
of a gentler slope near the base. This process tends to
enlarge the overall concavity of the profile, which may
be in either a segmented or a smoothly curved form.
Slopes evolving by parallel retreat are characterized by
the maintenance of constant angles on the steepest part
of the slope. Absolute lengths of slope parts do not
change except in the concave zone, which gets longer
with time.

Studies of hillslope evolution have also documented
adjustments in the location of lateral convexities and
concavities. Some of these studies highlight the concept
of gully gravure (Bryan 1940), which describes how
concave slope drainages (hollows) become armored with
coarse colluvium shed off of neighboring convex slopes
(noses), shifting drainage laterally in a manner such that
the unarmored noses are preferentially eroded. In this
manner, the former noses swap geomorphic roles with
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Abandoned wave-cut bluffs, Michigan

Figure 4.59
Profiles of bluffs of three different ages
developed in the same material.

{From: D. Nash. 1980 Forms of biuffs degraded for dilTerent
lengths of time in Emmet Co., Michigan,™ Earth Surface
Processes and Landforms 5:331-45. Used by permission of
John Wiley & Sons.)

the former hollows and become the sites of new hol-
lows. At the same time, the former hollows become the
convex noses. Recent studies of slope evolution in the
southern Appalachians (Mills 1987; 1988) and in Aus-
tralia (Twidale and Campbell 1986) have strengthened
support for this model of gully gravure.

All three types of slope evolution can be demon-
strated in actual situations (Savigear 1952; Brunsden and
Kesel 1973; Cunningham and Griba 1973; Haig 1979;
Nash 1980; Selby 1980, 1982; Colman 1983). In general,
slope decline is most notable in humid regions, and par-
allel retreat seems to be more prevalent in arid regions.

In most of the foregoing cases, demonstration of
slope evolution is based on the ergodic hypothesis
(Chorley and Kennedy 1971), which states that, in the
proper setting, spatial elements can be considered equiv-
alent to time elements, and space-time transformations
are therefore acceptable. For example, Nash (1980) sug-
gests that profile variations in a series of lake bluffs in
Michigan represent slope changes that have occurred
during intervals between the development of the differ-
ent bluffs. Because each bluff was formed in the same
morainic material, it is assumed that the oldest bluff
originally had a profile similar to that of the modern
bluff. Therefore, the observed differences between the
two profiles represent changes that have occurred on the
older slope since the time of its formation (fig. 4.59).

The type of studies just mentioned have inherent
value because they are based on real observations. How-
ever, they are probably valid only if significant changes
in other geomorphic variables, such as climate, do not
occur during the period of slope development. Thus they
are restricted to geologically short time spans. Because
of this, the possibility remains that the observed changes
are merely transitions toward an equilibrium form that,
when attained after a greater period of time, would expe-
rience no further profile alteration,

We should note that numerous attempts have been
made to characterize slope evolution by employing theo-
retical techniques such as numerical and simulation
models (for references, see Carson and Kirkby 1972;
Young 1972; Selby 1982; Fernandes and Dietrich 1997).
Although modeling can suggest routes that slope evolu-
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tion may follow, this approach is deficient because the
assumed character of the original slope profile is pure
conjecture; that is, there is no sure way to know the form
of the initial profile. As a result, some geomorphologists
believe that models add little to our comprehension of
slopes unless they are based on long-term and detailed
field measurements (Dunkerley 1980; Selby 1982). Re-
cent studies are beginning to show the importance of the
magnitude and frequency of mass movement events on
the evolution of hillslopes and predmont zones (Kochel
etal. 1997; Eaton 1999; Wainwright 1996).

Relict Hillslope Forms

Although talus, or scree, processes are major controls in
the evolution of rock slopes along resistant rock out-
crops, talus can also play a major role in controlling the
development of gentler slopes in temperate and alpine re-
gions. Large quantities of talus commonly produced dur-
ing glacial epochs can be found mantling the slopes of
areas where the present rate of talus production is nomi-
nal. The talus cover acts to armor underlying colluvium,
precluding further slope development. Relict hillslope
forms tend to be common where significant changes in
dominance or rates of hillslope processes have occurred
within the past few tens of thousands of years (Parsons
1988). Much of the colluvium presently on Appalachian
slopes, for example, was inherited from Pleistocene
periglacial activity (Jacobsen et al. 1989; Clark and
Ciolkolz 1988) and appears to have undergone little
change during the moderate Holocene climate. Caine
(1986), summarizing 20 years of data on sediment move-
ment and storage on alpine slopes in the southern Rocky
Mountains, showed that modern processes have con-
tributed little to hillslope evolution, and he concluded
that colluvium develops in episodes of increased activity
during climates different from the present.

Considerable evidence indicates that present-day
hillslopes may owe as much of their form to paleoslope
processes as to currently operating ones. A complication
arises, however, when we consider the contribution of
infrequent catastrophic mass movements in long-term
slope evolution. lida and Okunish (1983) argue that al-
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represent a continuous process over the long term and
play a major role in hillslope development. Debris fans
are a major hillslope landform within the Virginia Blue
Ridge province. Excavations of these debris fans reveal
that they are constructed predominantly of debris flow
deposits like those produced in 1969 by Hurricane
Camille rains, which recur at intervals of about 3000 to
4000 years (Kochel and Johnson 1984). Because of the
infrequency of large mass movements, their role in geo-
morphic evolution remains difficult to assess. Some of
the features that are attributed to processes that operated

The processes of physical weathering tend to break
rocks and unconsolidated debris into smaller particles.
The force needed to accomplish this disintegration is
provided by expansion resulting from unloading, hydra-
tion of minerals, or growth of foreign substances in
spaces within the parent material. Many important
processes of disintegration require the presence of water.
Physical weathering, combined with gravity, is instru-
mental in determining the type and rate of mass move-
ments; ultimately it has a direct bearing on the slopes
developed in any region.

Mass movements occur as slides, flows, and heaves,
or by water-induced transport of surface debris. The
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in formerly periglacial climates may be the result of
rare, large-magnitude events functioning in the modern
climatic regime.

Considerable recent work has demonstrated the in-
fluence of climatic variations on the temporal variability
of mass wasting. Mason and Knox (1997) found evi-
dence of multiple episodes of colluviation in the Upper
Mississippi River Valley linked to periods when per-
mafrost was present. Other studies show that periods of
increased landsliding correlate to humid climatic inter-
vals (Trauth et al. 2000; Alexandrowicz and
Alexandrowicz 1999).

SuMMARY

magnitude and type of mass movement are partly depen-
dent on the physical properties of the parent material.
Shear strength (a function of internal friction, effective
normal stress, and cohesion) determines how vigorously
any substance will resist the force attempting to produce
mass movement. Thus, slope failure or other mass
movements can result from an increase in shear stress
(driving force), a lowering of shear strength (resistance),
or both. Physical weathering tends to decrease the shear
strength of materials and thereby helps to initiate mass
movements and control the form of the resulting slopes.
Climate and lithology interact to influence slope pro-
files. The effect of time is shown by the manner in
which slopes evolve.
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