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Problems of Great |Lakes Bluff Erosion

Coastal erosion in the Great Lakes has resulted in public and private costs
through loss of property and damage to structures, construction of protective devices,
and public diaster relief and recavery expenditures. An estimated two-thirds of Great
Lakes shoreline property owners have experienced some type of erosion damage. A
key factor in shoreline erosion is bluff sjumping. The U.S5. Army Corps of Engineers
estimated that 153,716 M3 of Great Lakes bluffs were eroded between 1972 and 1976.
A total of 41,196 residences lie within 60 M of a bluff edge. In Michigan alone, 80
houses were destroyed between 1974 and 1978, and an estimated 800 more were in
imminent danger.

Although the effects of bluff slumping are often substantial, there had been no
warkshop for researchers which focused on the role of groundwater seepage and ather
geologic, hydrologic, and engineering factors in Great Lakes bluff stability until Michigan
Sea Grant, in conjunction with The Earth Sciences Assistance Office of the U.S.
(Geological Survey, held such a workshop on bluff slumping in mid-February. The goal
of this workshop was to improve management of coastal hazards by increasing
professional and public knowledge of the role of groundwater and cther elements which
affect ground stability. The Bluff Slumping Workshop brought together engineers,
geologists, hydrologists, and other scientists who specialize in slope stability. The
objective was to assess the present scientific and technical knowledge dealing with
bluff slumping and its mitigation and to determine further research and data collection
nesds,

The workshop was developed around two state-of-the-art papers dealing with
causes and mechanics and mitigation and prevention. Participants dealt with questions
of problem identification, assessment, controlling factars, mitigation methods, and
research needs.

Results of the workshop will be published by the end of June. Copies can be
obtained by requesting the Proceedings of the Bluff Slumping Workshop from:
Publications, Michigan Sea Grant Program, 2200 Bonilsteel Blvd., Ann Arbor, MI 48109.
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INTRODUCTION

This paper presents a review of the literature available
on the causes and mechanics of coastal recession in the Great
Lakes with the purpose of delineating the most likely role
and significance of various factors such as wind and wave
action, composition of bluff materials, ground water, and
vegetal cover. Theoretical information and the reports of
investigators working on coastal slope stability problems in
other regions were also used as needed in order to clarify
the issues,

The physical characteristics, use, and ownership of the
Great Lakes shoreline and the scope and economic impact of
the coastal erosion, flooding, and bluff slumping problems
have been documented in some detail (International Joint
Commission, 1973; U.S. Army, Corps of Engineers, 1971;
Environment Canada, 1975; Great Lakes Basin Commission,
1981). Table 1 gives a summary of these characteristics
{International Joint Commission, 1973). Nearly 65 percent
(10,444 km) of the 16,047 km-long Great Lakes shoreline is
designated as having significant erosion with about 5.4
percent (860 km) of it being critical. The total damage to



the United States shoreline of the Great Lakes due to wave
action during the high lake level period May 1951 through
April 1952 is placed at about 50 million dollars (1952 price
level) in the same report by the International Joint
Commission,

Nearly 32 percent of the U.8, shoreline, not including
the islands, consgists of erodible bluffs {(Table 2}, Sand
dunes are encountered in 8 per cent and erodible low plains
in 17 per cent of the U.S. shoreline (Great Lakes Basin
Framework Study: Appendix 12, 1975). Extensiveness of the
shoreline formed in erodible bluffs and dunes and often
complex response of this type of shoreline to wave erosion
make slope processes'an important part of the shore recession
problem, The bluff processes encountered in the Great Lakes
are described in the next sections. A discussion and
comparison of the role and significance of the causes and
processes follow it, Finally, the conclusions and the
recommendations for further research are presented.

SLOPE PROCESSES

Slope movement is an expression of force overcoming
resistance. Coastal bluffs are examples of systems in which
force and resistance are continually opposed. This
equilibrium is altered by changing environmental conditions
that c¢an initiate downslope movement. When the forces
within a moving mass become less than the resistances to
movement, the material will slow down and eventually stop.

Force requires energy and all energy in geomorphic
systems is ultimately derived from either gravity or climate
(Carson and Kirkby, 1972). fThe force provided by gravity is
simply that of the weight of bluff forming materials
including scil water and the external loads such as
buildings, snow, piled materials, etc. placed on the bluff,
To these forces can be added vibrations resulting from
earthquakes, blasting and machines. The intensity of shear
force is a function of gravity and it varies from point to




point in a bluff; however, the factors which control it,
along a potential failure surface, include slope inclination,
height and unit weight of slope forming materials and
included water.

Climate, through its control on water, air, and
temperature, provides energy for the most important forces on
bluffs. Climate related forces include wind and wave action,
surface and ground-water flow, rain impact, moisture and
temperature related ground expansion, and ice action.

Resistance to these forces that tend to move materials
down and/or away from the bluffs is provided primarily by the
shear strength of these materials. Vegetation and man-made
structural systems such as shore protection and bluff
stabilization structures may provide additional resistance.
Shear strength is not constant for a given material. It may
change in time due to weathering and ground water pressure
changes which are in turn controlled by certain climatic
factors. PFurthermore, use of certain technologies can
improve shear strength of soils or minimize the detrimental
effects of the climatic factors.

The interaction of driving force and soil resistance
results in a number of processes leading to debris production
and removal. Gray (1977) summarized debris production and
removal processes and the involved variables in a diagram.
Basically all processes are alike in that material begins to
move only when the forces involved become greater than the
resistances, Once movement has begun, the mode of
interaction of force and resistance may differ greatly from
one process to another and these differences are commonly
used to classify geomorphic processes (Sharpe, 1938). The
commonly encountered processes in the Great Lakes coastal
bluffs include wave/current erosion, wind erosion, ice
erosion, rain fall erosion (rain impact and sheet/rill
erosion), ground water sapping, sliding/slumping,
solifluction, debris flow, and creep,

It is possible to separate these processes into two
broad groups, namely mass movement and particle movement. In
the former group debris begins to move as a coherent unit.




If the movement of the mass is along a well-defined surface
without internal shear (rigid body movement) it is termed
slide (or slump). On the other hand, if the shear is
distributed throughout the mass (viscous flow) without a
sharply defined failure surface it is termed flow. 1In flows
all the movement occurs as differential movement within the
body of the flowing mass, Movements in which particles move
as individuals, with little or no relation to their neighbors
are particle movements. Distinction between these categories
is often difficult. Nevertheless, some processes seem to be
mainly particle movements, especially the erosional processes
caused by waves, currents, rain, ground water, and winds
(Carson and Kirkby, 1972),

The concepts presented above are summarized in Table 3.
There are other geomorphic processes and there may be other
ways of classifying these processes; but we are concerned
with the processes most commonly encountered in the Great
Lakes region here. In the next sections the nature of the
various slope processes is described,

WAVE EROSION

Probably the most significant geomorphic process along
the Great Lakes shoreline is the erosion and removal of
shorelines materials by waves. Wave action is important both
in itself and in initiating and perpetuating other geomorphic
processes in those segments of the shoreline where bluffs are
encountered. The nature and magnitude of wave erosion
depends broadly on wave energy and erodibility of materials
at a specific location along the shoreline. The wave energy
available at a given point on the shoreline for erosion of
beach and bluff materials depends on the following factors:

wave climate (wind velocity, duration and fetch)
water level relative to the beach and bluff toe
nearshore and offshore bathymetry
shore configuration (orientation)
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These factors are not constant but instead change
significantly with time, Most notable is the water level
fluctuations in the Great Lakes.

Lake Levels

Records going back to 1860 indicate that the lake levels
have varied considerably. Superimposed on the very long-term
trends resulting from crustal tilting (about 0.52 m per
century} and the seasonal fluctuations (as high as 1 m) are
some extremely short periods of changes, of varying
magnitudes (Tovell, 1977). The most temporary of these are
caused by winds that blow along the long axis of a lake and
drive the waters to one end. In Lake Erie wind set-ups have
caused differences in water levels of more than 4 m between
Buffalo, New York and Toledo, Ohio, A second cause of
temporary changes is seiches, which are changes in lake
levels due to differences in atmospheric pressure at
different ends of a lake,

The Great Lakes also exhibit long-term water level
changes without regular periods. The intervals vary from 10
to 30 years. The magnitudes of these long-term variations
are three-and-z-half to six times greater than the average
seasonal variations., These changes are associated with the
changes in the volume of water in the lakes, Fig, 1 shows
the regular seasonal cycle, with lowest levels in the late
fall and winter months and highest levels in late spring and
summer, along with the long-term fluctuation for the period
1952 to 1973, The volume of water is dependent upon the
amount of precipitation over the lake, the amount of water
delivered by rivers and streams flowing into the lake, the
inflow from the lake above, the flow of groundwater into the
lake, and any artificial diversion into the lake from outside
the basin. The water is lost by evaporation, outflow
{natural or artificial diversion), and withdrawal for
municipal and industrial use..

The principal factor that determines the water budget in
the lakes is climate. The periodic fluctuations in Great



Lakes water levels are largely due to the confined outlet
conditions of the lakes combined with variations in climate,
i.e. precipitation and evaporation, There is alsc a certain
amount of regulation of the lake levels between the upper
lakes and the lower lakes by controlling the water discharge
through the dams at the lake outlets,

It has been generally accepted that the lake level
fluctuation is the primary factor affecting the rate of shore
erosion and the consequent bluff recession (Brater, 1975;
Berg and Collinson, 1976; Carter, 1976; Seibel 1972; Davis et
al., 1973; Quigley and Di Nardo, 1978; Zeman,1978). There is
considerable local variation in erosion rates due to the
presence of the controlling factors other than the lake
level, Along shoreline segments with bluffs, slope processes
also contribute to bluff recession usually with a complicated
time lag relationship with respect to toe erosion, For these
reasons it is not easy to correlate lake levels with erosion
rates especially if the time period considered is short.
Therefore, today, in spite of a wide perception that there is
a direct influence of lake level on accelerated erosion,
there is not a comprehensive study demonstrating this fact
clearly and directly. Johnson and Hiipakka, (1976) even
present a statistical study indicating the lack of
correlation between the rate of erosion and lake levels,
Nevertheless, available evidence, observations, and
theoretical considerations (see International Joint
Commission, 1973) all indicate that high lake levels play a
passive role, as pointed out by Davis et al, (1973) in that
they allow erosion to take place at a rapid rate,

Erodibility of Coastal Materials

The amount of wave erosion depends on the erodibility of
coastal materials in addition to the wave energy delivered.
Erodibility is largely a function of composition, The Great
Lakes are surrounded by a wide variety of coastal types and
deposits, although the coasts are generally dominated by
Pleistocene glacial deposits., Each of the lakes has a



portion of its coast which is comprised of bedrock. In
general, bedrock portions of the shoreline are most resistant
to wave action. However, erosion in solid rock may present a
potential hazard if unrecognized as reported by Phillips
(1978) for the north and east shores of Lake Superior,

Most of the recent critical erosion is, however,
confined to the coasts of unconsolidated sediments., These
may be in the form of glacial till or ocutwash, lake sediments
or dunes which are reworked from glacial sediments. 1In
general cohesionless materials such as sand and silt are the
most erodible materials with cohesive soils (clay, silty
clay, etc.) having somewhat more resistance to wave erosion
due to cohesion between the particles.

Presently there are analytical procedures available to
evaluate wave climate at a specific site using numerical
hindcasting procedures. There are a number of such
procedures (Pierson et al., 1955; Sverdrup and Munk, 1957;
Gelci et al,, 1957; Bretschneider, 1958) and they produce the
wave energy density spectrum at a deep water hindcasting site
based on the wind data for the site. A representative wave
height from the wave energy density spectrum may then be
calculated, A wave entering the nearshore zone will be
slowed, shortened, and steepened as it moves into
progressively shallower water. This process is known as
shoaling. Purthermore, a wave arriving at an angle to the
shoreline will be bent toward alignment with the underwater
depth contours, since that portion of the wave front bending
is called refraction and shoaling (Dobson, 1967). The
refraction analysis requires, together with the deep water
wave heights and directions of propagation, the hydrographic
information (bathymetry). These studies are useful for the
design of shore protection structures and for estimating long
shore currents, rip currents and sediment transport by
littoral drift. Wave climate has been evaluated at different
sites in the Great Lakes (Brater and Ponce Campos, 1978; Edil
et al., 1979; Gelinas and Quigley, 1973; Resio and Vincent,
1976; Keillor and De Groot, 1978).



Rate and Amount of Wave Erosion

In summary, it can be stated that there are quantitative
procedures developed to evaluate wave energy on a
site~specific basis; however, the physical information used
in the analysis involves a number of variables which are
usually difficult to measure precisely and have a
probabilistic nature., Therefore, extensive field calibration
of the analytical procedure is required for a realistic
evaluation. Furthermore, the relationship of wave energy to
the rate and amount of shore and bluff~toe erosion has not
been satisfactorily established. Quigley and Gelinas (1976)
reported an approximately linear relationship between the
150-year erosion rate and break wave energy. However, a
closer examination of their data shows poor linearity and
wide scatter. Nevertheless, a gqualitative general trend for
increasing erosion rate with increasing wave energy is
apparent. Berg and Collinson (1976), based on a detailed
study of bluff recession at more than 21 sites on the
Illinois shore of Lake Michigan, suggested that serious bluff
erosion from wave attack becomes significant beyond a
threshold lake level, They also noted the time lag between
lake level drop or rise and recession rate.

In another study Fisher et al. (1975) tried to correlate
wave energy (expressed as wave height) with shoreline change
for a segment of the Atlantic coast. He found promising
gualitative but poor quantitative correlation on a regional
scale, The correlations improved somewhat on the local
scale. This shows that local conditions are significant in
controlling recession rates and wave energy but it is only
one of the factors involved. This latter study involved a
shoretype with sand dunes. When high bluffs formed in
cohesive soils are present the recession is further
complicated by landslide activity that makes such
correlations even more difficult especially when a relatively
short time period is considered.

Wave action, as a geomorphic process, is the primary
factor responsible for the changes in slope geometry on



coastal bluffs. The effect of wave action on the bluff takes
place in an active and/or passive manner. 1In the former,
waves directly attack and erode the intact native toe
material resulting in steepening of slopes, initiation of
slides, loss of vegetation, and other surficial slope
processes, In the passive case, wave action causes the
removal of material which may collect at the toe and on the
beach., This material may be contributed from the bluff face
due to free degradation or slides in the upper parts of the
bluff (termed colluvium). 1In the passive case, the effect of
wave action is to perpetuate instability by preventing the
flattening and stabilization of the bluff by natural
processes. However, after sufficient recession and
stabilization a bluff would not be affected by this type of
wave activity barring an increase in wave activity from the
statistical average such may be induced by, for example,
increasing lake level,

SLIDING/SLUMPING

The processes of downslope movement what
geomorphologists refer to as mass wasting or mass movements,
includes many types of movement. An earlier and widely
accepted engineering classification referred to these
processes as landslides (Varnes, 1958). A recent update of
the same classification adopts the term "slope movements"
(Varnes, 1978)., The chief criteria used in this
classification are type of movement primarily and type of
material secondarily (Table 4). Types of movement are
divided into five main groups: falls, topples, slides,
spreads, and flows. A sixth group, complex slope movements,
includes combinations of the other five types. Materials are
divided into rock and soil and soil is further divided into
debris (coarse-grained) and earth (fine-grained). Any of
these slope movements may occur along the Great Lakes
shoreline. However, slides (both rotational and
translational) and flows (including solifluction) are two



types of movement that are encountered most commonly and will
be addressed herein. FPalls in oversteepened bluffs have also
been observed and Quigley and Gelinas (1976) report a
toppling failure. These processes do not lend themselves to
quantitative analysis and furthermore, are not encountered on
a wide-spread basis.

Shear Strength Behavior of Soils

It is appropriate to discuss the shear strength behavior
of soils briefly since it is one of the important factors
which control the occurence and mode of sliding. The
Mohr-Coulomb criterion is most widely used to define shear
failure in soils. According to this criterion the shear
strength can be expressed consistently in terms of effective
normal stress (¢') acting on the failure surface as

gac”+ (0-u) tan¢g’' = c' + o' tan¢’ (1)

where ¢” and ¢° are the effective (or drained) strength
parameters: cohesion intercept and angle of internal
friction, respectively. There are two parts, in general, to
shear strength: a constant cohesional part and a variable
frictional part. The effective strength parameters and the
unit weights of the materials encountered in the bluffs of
the Great Lakes shorelines are compiled in Table 5 from the
published reports of various investigators.

Effective stress (o') is defined as

o8}

a'" = g - u (2}

where ¢ is total normal stress and u is pore-water pressure.
Total stress is generated by gravity. Therefore, it
increases generally in a linear fashion with depth in a soil
mass and it is a function of the unit weight of the soil (Y).
Unit weight of soil depends on its density (void ratio),
specific gravity of the solids, and the degree of saturation.
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The actual stress at any point within the soil will
depend on the distribution of stresses between the liquid and
solid phases for a saturated soil, The water pressure within
the soil pores is termed pore-water pressure. In general,
pore pressure consists of two parts: one is related to static
or flowing ground water and the other is the pore pressure
change (excess pore pressure or pore pressure deficiency)
resulting from changing stresses. Placing a load on the soil
surface, making an excavation in soil, removal of part of the
slope materials by erosion and slips all cause changes in the
state of stress (both normal and shear stresses) at different
peoints in the soil mass. As soil tends to contract or dilate
in response to these stress changes, a change in pore
pressure occurs, Therefore, as the pore pressure changes in
response to ground-water levels and/or in response to stress
changes in the soil, the effective stress and consequently
the shear strength changes at a given point in the soil mass.

Water flows in and out of a soil element on a potential
failure surface as the pore pressure changes at the point,

In the case of granular soils (sands and gravels) this flow
and adjustment of pore pressure takes place rapidly (as
rapidly as it is induced) due to high permeability of such
materials. 1In soils containing significant quantities of
fine-grained material (clay and silt), however, there is a
delay in response to pore pressure changes due to low
permeability.

Effective Stress Method (Long-Term Stability)

In the case of natural slopes stability is usually
considered as a long-term problem. The long-term stability
analysis is performed using the effective stress computed by
subtracting the pore pressure related to ground water from
the total stress and assuming that the pore pressure change
due to stress changes will be dissipated in the long-term and
will be equal to zero, Coastal bluffs are in constant
evolution due to the combined effects of toe erosion, slides,
and face degradation, These processes, in general, cause a
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decrease in total lateral normal stress and increase shear
stresses along potential failure surfaces accompanied by a
decrease in pore pressure. Subsequently the soil swells as
water flows into this zone and shear strength decreases with
time. This situation becomes more critical as the
overconsolidation of clays increases.

Therefore, the long-term stability should be considered
in terms of effective stresses and assuming drained
conditions for the coastal bluffs formed in stiff clays of
the Great Lakes region. The effective stress method is also
‘used in well-drained granular soils in which the short and
long~term stabilities coincide due to the immediate
dissipation of pore pressure changes. Edil and Vallejo
(1977) described bluff stability at two sites on the shore of
Lake Michigan. Where unexpected stability occurred, it could
be explained in a rational manner by this process of delavyed
failure. Analyses of short-term stability tended to indicate
stability while long-term stability analyses indicated
instability or low stability. Quigley and Gelinas (1976)
analyzed the stability of a typical bluff of clay till having
a height of 40 m and an increasing amount of toe-material
being removed, An analysis of their results assuming
short-term and undrained conditions indicates that nearly 52
m of teoe erosion is required to initiate an immediate
failure. This is unlikely. On the other hand, about 20 m of
erosion (a reasonable possibility), whether it occurs all at
once or gradually, creates instability in the long-term
analysis.

Rotational Slides (Slumps)

In slides, the movement consists of shear strain and
displacement along one or several surfaces that are visible
or may reasonably be inferred, or within a relatively narrow
zone (Varnes, 1978). 8Slides are subdivided into rotational
slides (slumps) and translational slides. The former is a
slide along a surface of rupture that is curved concavely
upward. In many slumps this surface is spoon-shaped and the
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movement is more or less rotational about an axis that is
parallei to the slope. The classic purely rotational slump
on a surface of smooth curvature is relatively common in
fairly homogeneous materials such as constructed embankments
and fills. Slides in natural slopes tend to be complex or
are at least controlled in their mode of movement by internal
inhomogeneities and discontinuities such as the presence of a
very weak layer or fractures, Barring the presence of such
gross inhomogeneities, rotational slides involving
approximately circular rupture surfaces have been observed
and analyzed in the Great Lakes bluffs formed in cohesive
soils (Quigley and Tutt, 1968; Edil and Vallejo, 1977; Edil
and Haas, 1980).

Deep-seated rotational slips occur in clayey soils and
do not occur in sands. One method of analysis of rotational
slides that is accurate for most purposes is that advanced by
Bishop (1955). The forces acting on a typical slice of the
slumping mass is shown in Fig. 2. From a consideration of
the moment equilibrium about the center of rotation, the
equation for safety factor (F) is obtained:

{[e'b + (W-ub) tan¢'] (l/ma)}

F= IW sina (3)

where

m = cosa{l + (tana tang')/F (4)

Safety factor is defined as the ratio of the available
shearing resistance along a given slip surface to the
calculated shearing resistance required for equilibrium, 1In
other words, it is that factor by which the shear strength
parameters may be reduced in order to bring the slope into a
state of limiting equilibrium along a given slip surface. A
value of F equal to unity indicates failure with values
greater than unity indicating increasing degrees of safety.
Normally a number of circles are examined to locate the most
critical circle with the lowest factor of safety. The

13



failure arc predicted by the Bishop method has been found to
compare well with actual faillure surfaces in bluffs on the
Great Lakes (Edil and Vallejo, 1977) and other places
(Sevaldson, 1956).

Vallejo and EAdil (1979) developed stability charts for
rapid evaluation of the state of stability of actively
evolving Great Lakes coastal slopes using the effective
stress approach and the Bishop method., These charts indicate
the stability status as well as the type of potential
failure, whether deep or shallow, to which the bluffs may be
subjected, The geometric changes that the bluffs will be
subjected to before becoming stable can be discerned from the
charts, An example of these charts is given in Fig, 3, The
family of curves represents height-inclination combinations
for the limiting long-term safety factor of unity with
respect to a deep-slip type of failure, Skempton and
Hutchinson (1969) defined the deep slip failures as the ones
having values of the ratio between the maximum thickness of
the slide, D, and the maximum length of the slide, L, ranging
from 0.15 to 0.33 (Fig. 4). The slopes with
height-inclination combinations falling within Zone A are
unstable slopes with potential deep slips in the long-term,
The stable angle below which no more rapid mass movement will
take place (except perhaps creep) is given by the ultimate
angle of stability (Bu) (Skempton and Delory, 1953). This
angle defines the upper limit of Zone C of stable slopes., A
slope which is in Zone B (bhetween Zones A and C) will
experience shallow failures., The shallow failures are
defined by Skempton (1953) as those having values of D/L
between the limits of 0.03 and 0.05. The shallow slips could
be planar slides (slab slides), small rotational slips, and
flows, For this reason, the slopes in Zone B can be
classified as stable slopes with local instability or
guasi-stable slopes.

Influence of Slope Parameters on Stability of Bluffsg

Edil and Valleijo (1980) made a theoretical study of the

14



influence of slope parameters on the long-term stability of
the coastal bluffs, Based on this analysis, various slope
parameters are involved in the following ways:

a) the cohesive component of the shear strength of soil
is the dominant factor providing resistance to
failure for slopes with heights less than about 25m.

b) the friction component is the dominant factor for
slopes greater in height than about 25m.

¢) an increase in ground-water level produces an overall
decrease in the safe slope angle at any height.

d) a high slope (greater than 25m) will reach unstable
conditions faster than a low slope if the two slopes
are steepened equally.

e) unit weight influences slope stability differently
depending upon the position of the ground-water
table, For low ground-water levels ([less than one
quarter of the slope height measured from the slope
base) slopes of lower unit-weight materials are more
stable; for high water levels (more than three
quarters of the height measured from the slope base)
higher unit weight materials yield more stability.
For intermediate water levels the effect of unit
weight depends on the slope height.

For a given slope most of these parameters, such as
height and materials (c', ¢', and Y) are fixed. The ones which
are likely to vary with changing environmental conditions are
inclination and ground-water level. PFig. 3 shows the effect
of slope inclination on the stability in terms of height and
cohesion intercept for fixed angle of friction, unit weight
and ground-water level. The nature of the relationship
varies only quantitatively for different values of the latter
parameters., Fig., 5 shows the height-inclination
relationships at limit equilibrium conditions for different
relative ground-water levels, Hw' and different values of ¢
for constant ¢' and y. An increase in Hw from 1/4 to 3/4 of
the slope height has a significant effect on reducing
critical slope inclination at a given slope height., This
trend demonstrates the need for accurate assessment of the
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ground-water conditions when considering the stability of
bluffs as well as the effectiveness of slope drainage in
improving the stability against deep-seated slumps.

Translational Slides

In translational slides the mass progresses down and out
along a more or less planar or gently undulating surface and
has little of the rotational movement or backward tilting
characteristic of slump. A translational slide in which the
moving mass consists of a single unit that is not greatly
deformed or a few closely related units may be called a block
slide. An example of such a failure involving a block of
fractured till in the upper part of a coastal bluff in
Milwaukee County, Wisconsin was reported by Sterrett and Edil
(1982). The forces acting on such a block is shown in Fig.
6. The safety factor is given as

c'B/coswp + (W coswp - U -V gin wp)tan¢' (5)
W s1 + Vv
sznwp coswp

F =

The movement of translational slides is commonly controlled
structurally by surfaces of weakness, such as faults, joints,
bedding planes, and variations in shear strength between
layers of bedded deposits, or by the contact between firm
bedrock and over lying detritus. It is evident that the
proportions of block slides are controlled largely by the
spacing of the discontinuities which bound the block, and D/L
ratios thus vary widely.

Translational slips can also occur in a homogeneous soil
mass. In particular, granular materials such as sand and
gravel fail in surface ravelling and shallow slides with the
failure surface parallel to the slope surface, Similar
failures occur in a mantle of weathered or colluvial
(granulated) material on clayey slopes and are referred as
slab slides. An infinite slope analysis is often
representative of such failures. In this analysis, the slip
surface is assumed to be a plane-parallel to the ground
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surface and the end effects can be neglected, With small
ratios of D/L this type of analysis is often appropriate,

The forces acting on a slice of an infinite slope is shown in
Fig., 7. There is no internal distortion and end effects are
neglected. From the consideration of force equilibrium, the
safety factor (F) is obtained explicitly as (Morgenstern and
Sangrey, 1978)

F=(C‘/Yd)seca coseca + (tan¢'/tana)[l—(Ywh/Yd)secza} (6)

The ultimate angle of stability, B,s is obtained by
setting effective cohesion intercept (¢”) equal to zero
keeping other parametric values the same in Fig, 3, 'The zero
value for the effective cohesion intercept reflects the
long-term effects of weathering, unloading, and previous mass
failures on the cohesive component of the shear strength on
the face of a natural slope (Skempton, 1964). The straight
line indicates that slope stability for ¢“=0 depends only on
the ground-water pressure and the value of ¢' and is
independent of the slope height. For Hw=0 and Hw=H the
values of gu can be computed from Egn., 6. The vglues of Bu
for the intermediate values of Hw are obtained from shallow
rotational slips. Influence of ground-water level on ﬁu,
i.e. the shallow slide stability, is shown in Fig, 8. The
values of su for different ¢' and Hw are given in Table 6,
These values can be used in regrading a slope to a uniform
stable angle. A segment of a bluff at Madigan Beach, Ashland
County, Wisconsin was indeed regraded to a stable inclination
of 22° to 25° based on these values in a demonstration
project (Edil et al. 1979).

Sterrett (1980) reported slab slides with a depth of
about 0.6m from Milwaukee County, Wisconsin. This depth
coincided closely with the depth of desiccation c¢racking and
s0oil structure change from fine prismatic peds to massive
intact blocks., The latter was attributed to repeated
freeze-thaw cycles. Sterrett also observed that frozen slabs
of soil measured 0.6 m by 10 m by 13 m failed in early
spring. This failure was attributed to differential melting
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of the bluff face. Certain parts of the bluffs melt faster
because of difference in orientation. The upper part of the
bluff face generally melts before the middle and lower parts,
Sterrett believed that melt water seeped into the ground and
exerted hydrostatic pressure behind the frozen slabs of the
lower parts.

SOLIFLUCTION, FLOW, AND CREEP

Distributed movements within debris are recognized as
flows. Slip surfaces within the moving mass are usually not
visible and the boundary between moving mass and material in
place may be a sharp surface of differential movement., Flows
commonly result from unusually heavy precipitation or from
thaw of snow or frozen soil, The flows observed in the Great
Lakes bluffs take place mostly in spring and result from
primarily ground thawing and snow/ice melting. Therefore,
they can be classified largely as solifluction. Solifluction
{literally means soil flow) occurs in areas of perennially or
permanently frozen ground and takes many forms involving a
variety of mechanisms. Soliflucion is the downslope movement
of water saturated materials which follows thawing in
previously frozen slopes. Seasonally frozen subsurface
layers of soil prevent percolation of water from upper thawed
layer (termed "active layer®™). The active layer becomes
saturated with water from melting of ice lenses within it as
well as from melting snow and rainfall. The effect of excess
water is to fluidize the active layer reducing its strength
and cause it to move downslope by gravity.

The extent of solifluction depends on the grain size of
the slope material, availability of water, depth of frost
penetration, number and duration of freeze-thaw cycles,
inclination of the ground surface, and competence of the
vegetative cover (Embleton and King, 1975). Vegetation
appears to be the most restraining factor for solifluction,
The size of the flows along the Western Lake Michigan
shoreline varies from 0.3 to 0.6 m wide to 15 te 20 m wide
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and 21 m long.

A number of approaches for the analysis of solifluction
failures have been suggested. Chandler (1970) used effective
stress analysis and the mechanism called "ice-blocked
drainage", McRoberts and Morgenstern (1974) also used the
effective stress method along with the theory of
thaw-consolidation, 1In both approaches, the residual
strength parameters were used. Hutchinson (1974), on the
other hand, developed a method of using the total stress
method along with the undrained strength of the soil, All
three approaches were based on infinite slope analysis. In
other words, it was assumed that the moving mass at least
started as a rigid and continuous mass sliding on a surface
parallel to the ground surface. The least slope angle at
which the mudflows are mobilized in the field is usually
smaller compared to the least slope angle obtained from the
stability analyses based on the infinite slope approach for
residual strength conditions. Vallejo (1979, 1980a, 1980b,
1981) introduced a new approach to the analysis of
solifluction that reflects the particulate structure of the
flowing mass. The structure of the frozen soils forming
natural slopes in cold regions consists of a reticulate ice
vein network subdividing the frozen soil into irregular
blocks (McRoberts and Morgenstern, 1974), Upon thawing, the
structure will then consist of a mixture of hard pieces of
soll and water, This water can change to a liquid-like soil
slurry after the failure, Vallejo analyzed the stability of
this system of large soil pieces and water, as shown in Fig,
9, using the finding of Bagnold (1954) regarding the movement
of concentrated grains in dispersion (grain flow). The
safety factor with respect to flow is given as

- [c'r + (YS - Yf) d cosB tan¢; 1¢C .

[Yf + (y_ - Yf) C)] d sing

s
where the terms are as defined in Fig. 9. Vallejo and Edil
{1981) applied this analysis to a coastal bluff in Kewaunee,
Wisconsin with successful field verification. The critical
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depth of thaw (normal to the slope face) at which failure
occured was measured to be 0.25 m,

Flows other than solifluction and creep (deformation
under constant stress ) are also evident on the Great Lakes
bluffs., However, these processes appear relatively minor in
comparison to the predominant sclifluction in spring and the
associated mass wasting,

RAIN IMPACT AND RILL/SHEET EROSION

Raindrop impact is the dominant factor in the detachment
of soil particles., Sheetwash is the unconfined flow of water
over the ground surface after a rainfall. Depths of flow are
generally only a few millimeters. The majority of rainfall
detachment studies relate total scil loss from a storm to the
total energy of the storm. At the present, there is no
unified theory which will relate sc¢il loss to raindrop
impact. Nevertheless, grain size, soil structure, and
permeability are the important soil properties controlling
detachability.

Once the particles are detached they transport
downslope. The transport capacity of interrill flow is
primarily a2 function of runoff rate, slope steepness,
roughness of the surface, transportability of the detached
soil particles, and the effect of raindrop impact (Foster and
Meyer, 1975).

Rills are the concentrated (channelized) flow of water
on a hillslope. Rill erosion takes place in terms of
detachment by flow and transportation by flow, Rill
formation tends to follow the zones of weaknesses on the
slope face. Rill flow, unlike sheet flow, can attain high
enough shear stresses to detach and transport soil particles.

There are only a few reports of sheet/rill erosion on
the Great Lakes bluffs even though it is commonly observed
along the bluffs, Sterrett (1980) investigated this process
along with slumping and solifluction on a systematic basis at
several sites along Lake Michigan and Lake Superior
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shorelines., Based on field observations, Sterrett concluded
that most of the material removed from the slopes during
gummer is via sheetwash and rill erosion. However, it was
not possible to relate soil loss simply to precipitation, He
found the Universal Soil Loss Equation useful in predicting
soil loss from steep slopes when modified as suggested by
Foster and Wischmeier (1974). The modified equation gives

average soil loss per unit area per unit time, A as
g ) tm _ y 1tm

n
Y S.A.
R B 373-1

m (8)
ke (72.6)

where R=rainfall factor, K=soil erodibility factor,
C=cropping management factor, P=erosion-~control practice
factor, S.,=slope factor of the ith segment, ),=slope length
of the jtﬂ segment, A =entire slope length, m=coefficient of
variation {about 0.3)?

SAPPING

Sapping is the removal of soil particles by seeping
water, This proces is most effective with cohesionless
materials such as silts and sands., Coastal bluffs are often
ground-water discharge areas and seep points and seepage
faces are commonly encountered on the bluffs. Erosion of
cohesionless deposits at the bluff face may lead to the
collapse of overlying cchesive soils when support is removed,

In many areas along the Lake Michigan bluffs in
southeastern Wisconsin relatively impermeable clayey tills or
lake sediments are overlain by more permeable sand or sandy
silt. Following periods of abundant rainfall, perched water
tables may form in these more permeable beds. Lines of
springs will develop where these beds are exposed along the
bluffs. In saturated sand and silt associated with the
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springs along the bluffs numerous small failures occur
(Hadley, 1974). There is no known report regarding the
relative contribution of this process to the overall mass
wasting in the Great Lakes bluffs.

WIND EROSION

Wind, in addition to generating waves, may also directly
attack the beach and produce some beach erosion. Beach
sediment is carried landward and accumulates in the form of
dunes. This type of beach erosion takes place when there is
a well-developed beach and results in a net gain of sediment
to the coastal zone (Davis et al., 1973). Wind transport of
sand-and-silt-sized material picked from dunes themselves is
increased by the removal of vegetation that both slows the
wind speed and binds the soil., Wind erosion becomes dominant
in dry areas and on bluffs consisting of cohesionless
materials, Dunes are dominant along the south and eastern
shoreline of Lake Michigan in the Great Lakes and wind
erosion may reach significant levels there. Along bluffs
formed in cohesive soils it does not appear to be very
significant in comparison to other processes, There are not
many reports of significant wind erosion of the Great Lakes
bluffs. Marsh et al. (1973} report wind erosion of 4 in,
sand per winter from a 270 £t high bluff near Grand Marais.

ICE EROSION

During a normal winter season, substantial ice develops
along the shores of the Great Lakes. The long, narrow,
continuous ridges of grounded ice, separated by broad areas
of low-relief ice that parallel much of the shoreline is
called an icefoot (Marsh et al., 1973). The icefoot is of
geomorphic importance, as it protects the shoreline from the
high-energy waves of winter and spring, thereby reducing
rates of erosion which otherwise might be expected. Ancther
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geomorphic influence of lake ice ridges is the scouring of
the lake bottom, especially along sandy shorelines, During
the final phases of icefoot decay, masses of free ice, driven
by strong winds and storm waves can also cause extensive
damage to shore protection structures along the lake shore,

With the opening of the Great Lakes to winter navigation
other effects such as the liquefaction and flow of nearshore
sand on slopes by wave action of water confined under the ice
may be expected at some places (Wuebben et al., 1978).

DISCUSSION

In the previous section the processes of downslope
movement and the factors that control them were discussed.
In this section an attempt will be made to delineate the
relative importance of each process in bluff retreat and
approaches of past and future research on coastal bluff
processes on Great Lakes shorelines will be discussed.

Objectives of Research

Most research that has been done or will be done has
practical objectives. Although a number of theoretical
concepts have developed in this work, the end product and
therefore research design, has been aimed at solving specific
problems. Two main types of research design are typical
(Wisconsin Coastal Management Program, 1979).

The first category, site-specific studies, have been
undertaken at numerous locations. These are often associated
with structural solutions to shore recession problems. 1In
these studies an attempt is usually made to identify and
understand slope-stability problems at a single site over a
relatively short period of time. I will later consider this
aspect in more detail because it is apparent from the
literature and from personal observation that there are
definite problems and misconceptions in this area.

The second approach to shore erosion problems is
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generally associated with non-structural solutions over a
longer stretch of shoreline, 1In order to develop zoning
regulations for building setbacks, relocation policy, etc.
units of shoreline the size of a state or at least a county
are usually considered, These studies are usually aimed at
minimizing future losses., In this case the need for
understanding bluff processes is more acute because
predictions of future recession over a long period of time
with changing water-level and climatic conditions is
necessary.

This type of study requires an initial survey of the
shoreline to establish rate of recession (usually with aerial
photographs) and identify problem areas, This should be
followed by a field survey where geologic units, position of
ground water seeps, type of failure, bluff height and bluff
angles are established, This was done in Wisconsin
(Mickelson et al. 1976) as part of a project supported by the
Coastal Zone Management Program. One conclusion of this
project was the realization that predictions of future
recession could not be made without an understanding of the
time scales involved in bluff degradation and slope
adjustment to external change. Another conclusion wasg that
there was a need to understand the relative importance of the
different processes in removing material from the bluff and
the relative importance of factors leading to downslope
movement., Finally, the need for models of bluff evolution
was recognized, Progress in each of these need areas is
discussed in the following sections.

Time Scale

Different parts of geomorphic systems respond at
different rates to changes in external parameters., In
addition, some bluffs appear to pass through an evolutionary
sequence which is only interrupted when external variables
surpass a threshold level. 1In other words, it appears that
once toe erosion initiates an unstable slope, a predictable
progression of failures take place on the bluff irrespective
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of water level or the amount of wave erosion (Edil and
Vallejo, 1977; Peters, 1982). The problem with prediction is
understanding response times to environmental changes and to
understand the time necessary for bluffs to pass through an
evolutionary sequence.

Evidence from other areas with evolving slopes such as
river banks and marine coasts (M¢Greal, 1979; Cambers, 1976;
Hutchinson, 1973) as well as from the Great Lakes (Peters,
1982) suggest that there are possibly three time scales over
which the natural cycles of evolution take place. These
scales are 2-3 years, 50 to 100 vears, and thousands of
years.

It is unfortunate that more information in this area is
not available, Without a clearer understanding of the time
scales of change on coastal bluffs predictions of future
change are likely to be misleading or, in fact, incorrect,.

In Wisconsin, we are attempting to understand time
scales by looking at segments of shoreline with uniform
characterisgtics through time. In some cases these shore
segments may be as short as 100 m or as long as 10 km. If
internal characteristics can be made uniform, we should be
able to examine the effect of changing environmental factors
on bluff evolution.

Relative Importance of Environmental Factors

As discussed in a previous section, water level (because
of its control on toe erosion) is a primary long-term cause
of bluff instability. Given a low water level for long
periods of time (100 years) most slopes along the shoreline
would become nearly stable.

A study by Brandon and Rideout (1980) indicated that the
majority (more than 90%) of the property owners in three
regions along the eastern Lake Michigan shoreline perceived
wave action (and lake level ) as the cause of erosion damage.
Ground-water seepage, ice erosion, and spring than received
30 to 50% of the respondents secondary causes. These answers
are obviously biased by the conditions in that region. The
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eastern shore of Lake Michigan has extensive shoreline
consisting of cohesionless dunes which immediately respond to
changes of water level and wave energy.

In the technical literature practically every report on
the subject cites wave action as a controlling factor on
bluff erosion and there are quite a number of studies that
attempt to document it (Quigley and Gelinas, 1976: Quigley et
al,, 1977; Quigley and Tutt, 1968; Gelinas and Quigley, 1973;
Davis et al., 1973; Brater and Ponce-Campos, 1978; Brater et
al,, 1974; Edil et al., 1979; Zeman, 1978).

It should be pointed out, however, that along bluffs of
cohesive materials wave erosion is often only the “trigger"
that initiates slope failure., Decrease in water level or toe
protection may control wave erosion but mass wasting on the
bluff normally continues to be a problem for a long period of
time. Relatively large rotational slides have been observed
to take place in areas free of significant wave erosion, for
instance during times of low lake levels {(Quigley et al.,
1977). A large slide occured in an area south of Bender
Park, Milwaukee County, Wisconsin in 1979, The toe has been
protected from wave erosion for at least 20 years by the
beach that built up north of the power plant.

There are a significant number of reports that refer to
the role of ground water in coastal bluff slumping (Sterrett
and Edil, 1982; De Young and Brown, 1979; Lee, 1975; Palmer,
1973; Berg and Collinson, 1976; Bird and Armstrong, 1970;
Marsh, et al., 1973; Pincus, 1964). In some of these studies
ground water was singled out as the most critical factor,
acting quite independently from contributing factors. Ground
water is certainly an important factor in determining
stable-slope angles and can cause long term stability
problems. Sterrett (1980} monitored a series of wells near
the bluff edge south of Milwaukee. In this fractured till
water level rose quickly after a precipitation event,
Photographs and profile measurements seem to demonstrate that
movement on slump blocks is directly tied to this rise in
water level. Similar observations were made in Racine County
Coast Watch Program (1981), Slump activity was observed to
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be related to substantial precipitation events; storm wave
events alone did not seem to have a direct effect on bluff
recession rather an indirect one.

Mickelson (personal communication, 1982) reports several
localities where slopes are near vertical and stable
where ground water is not present. 1In identical materials
only 100 m away, where ground-water is present, slopes are at
angles of less than 30° and are actively moving.

Drexhage and Calkin (1981) studied historic bluff
recession along the Lake Ontario shoreline of New York as a
function of nine parameters. They found a strong
relationship between erosion rate and bluff height when the
bluff is higher than 6 m. The rate also correlated with
bluff composition (greater for clayey/silty till than sand
and sandy till) and with bluff slope (higher for inclinations
greater than 45°)., It appears that bluff slumping is a
prominent mode of slope retreat in this region.

Vegetation and its role on slope processes and
stabilization is another topic that should be mentioned here.
Much of the information pertinent to this subject is
contained in the Proceeding of the Great Lakes Vegetation
Workshop and in the excellent summary provided by Gray (1977)
in the same volume. It is known that vegetation is
particularly effective in controlling particle movement, e.i.
the sheet/rill erosion and solifluction, Fowle et al (1978)
reported from their study of Scarborough bluffs on Lake
Ontario that vegetation can become established on the bluffs
and progress to forested slope. However, this can only
happen in well-drained areas protected from toe erosion and
where ground-water seepage is controlled. Recession will
continue until these erosive forces and deep slumps are
reduced or eliminated. When this has been done, plants may
well serve an important role in erosion control and check the
recession which now continues apace.

Relative Importance of Slope Processes

There are a few attempts to study a number of factors or
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processes irrespective of the causes on a comparative basis
Sterrett (1980) provided a comprehensive and quantitative
view of the bluff processes resulting in slope retreat at
selected sites along the western Lake Michigan shoreline
where high bluffs in glacial till and related materials are
abundant., The total soil loss per year for two of the sites
monitored for three years and the relative importance of each
process are given in Table 7. Face degradational processes
cause a considerable amount of mass-wasting on a nearly
continuous basis on active slopes lacking vegetation,

A number of investigators have studied slumping because
it is a major and well-defined event (Edil and Vallejo, 1977;
Quigley and Di Nardo, 1978; Berg and Collinson, 1976).
Slumping, unlike face degradational processes, is a discreet
event and involves large volumes of material. McGreal (1979)
designates slumping as the most significant mass wasting
process in coastal cliff recession in Ireland.

Potential of Developing Slope Evolution Models

From the review of the literature it is apparent that
bluffs or dunes composed of granular materials respond to
wave action and other erosive processes directly and tend to
have parallel retreat of the bluff face without deep slips
and time delays. Therefore, modelling their behavior
qualitatively and even gquantitatively is an achievable task
(Peters, 1982) unlike the clay bluffs where possible deep
slips, delayed response and other factors make modelling
rather difficult, Butchinson (1973} described a cyclic
rasponse model of coastal slopes in England to toe erosion.
Quigley et al, (1977) and Edil and Vallejo (1977) described
qualitative models for bluffs studied on Lake Erie and Lake
Michigan, respectively. Peters (1982) building on research
and data base of Vallejo (1977) and Sterrett (1980) proposed
evcoclutionary models for bluffs at five carefully selected
sites along western Lake Michigan shoreline and provided
predictions for their future for different lake levels,
Quantitative models, or even generalizations of existing
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gqualitative models of coastal bluff recession are not
available at this time.

CONCLUSIONS

Based on the review of the literature available to the
author and his own experiences the following conclusions are
advanced:

A, Structural (Stabilization) Approach

1. The tools for the analysis, design and construction of
structural solutions on a site-~specific basis are
currently available. The problems associated with the
execution of this category of solutions seem to be of
two types: (a) many attempts are not engineered and
fail to cope with the problems and (b) those
engineered solutions quite often neglect to consider
all aspects of the problem.

2. A stabilization program should include the follwing
steps:

a) Protection against wave action: this may include
shore protection structures such as groins,
seawall, breakwaters, etc, and/or beach building
{nourishment} or a natural drop in lake levels,

b) Stabilization against deep slips: a bluff may have
a stable or unstable profile at the time of
stabilization., This should be verified by a
geotechnical analysis. If not safe against a deep
slip in the long-term bluff should be stabilized,
Methods include regrading to a stable angle,
toe-loading with a berm, lowering of ground water
and attendant pore pressures, controlling and
intercepting surface and ground water, If the
bluff is safe against a deep slip proceed to step

(c).
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¢) Stabilization against face degradation: this may be
achieved by flattening the slope to the ultimate
angle of stability plus vegetation or allowing a
steeper angle than this but less than the angle to
initiate a deep slip plus occasional maintenance
after shallow slips. Vegetation is also needed.

3. Additional research is needed primarily in the
technology and development of economic ways of
stabilization in all aspects of slope failure,

B, Nonstructural Approach (Planning and Management)

Our technical understanding of coastal recession over a
long period of time, say 30 to 50 years, appears quite
limited for quantitative predictions. Tools for such an
analysis even on a site-specific basis, are not
well-established. However, this does not mean that there has
not been any progress. Research conducted primarily during
the last decade or two has identified the operating processes
and their possible magnitudes., We have at least a
gualitative appreciation of the factors and the processes and
some conceptual models of the interrelationship of these.

FURTHER RESEARCH NEEDS

Models of long-term erosion/recession processes need to
be established. This will require introduction of
probabilistic modelling and long-term moniteoring at least at
selected sites, Schultz (198(Q) applied the probabilistic
assessment of slumping potential to southwestern shoreline of
Lake Superior on a reach by reach basis. This sort of
approach should be expanded to include the potential for the
other significant mass wasting processes.

Systematic monitoring is the single most important
recommendation for further research, Monitoring of sites for
a few years will not provide the data basis needed for the
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formulation of long-term trends. Such a program should
obtain quantitative data on the causative factors discussed
and the response of the shoreline in terms of geomorphic
changes.
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TABLE 1

“THE GREAT LAKES SHORELINE, DESCRIPTION OWNERSHIP AND USE, 1970

United States (a) Canada (b)
Great Lakes Shoreline Total Miles Total Miles

1. PHYSICAL CHARACTERISTICS

With a beach zone 2,107 5,306
Without a beach zone 1,372 981

Total 3,679 6,287

2. USE

Residential 1,216 1,261
Commercial and Industrial 189 329
Agricultural and Undeveloped 633 695
Forest 1,159 3,396
Recreation 365 357
Public Building and Related Lands 60 99
Fish and Wildlife Wetlands ° 57 148

Total 3,679 6,286

3. OWNERSHIP

Federal 133 374
Non-Federal Public 517 2,378
Private 3,029 3,335

Total 3,679 6,287

4. PROBLEM-IDENTIFICATION

Non-Eroding 1,704 839
Significant Erosion
Critical 214 320
Non-Critical 1,046 4,507
Subject to Flooding 335 72
Protected 380 149
Total 3,679 6,288
5. TOTAL SHORELINE MILEAGE 3,679 6,288

(a) Source: Department of the Army, Corps of Engineers, North Cemtral
Division, Great Lakes Regional Inventory Report National
Shoreline Study, August 1971, does not include islands and
connecting rivers.

(b) Source: 1966 Field Surveys, Department of Public Works, Canada,
includes Canadian national reach to Trois Rivieres.
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Tadle 2. SHORETYPES (USA)

ERODIBLE BLUFFS 1188 MILES 32%
ERODIBLE LOW PLAINES 623 * 17%
SAND DUNES 325 * )4
NONERODIBLE a0u * 24%
OTHER (riLis, weTLAuDS, 675 * 18%
ETC.) - -

TOTAL 3715 MILES 1002

Table 3.- FORCES, RESISTANCES AND SLOPE PROCESSES

GRAVITY
MASS MOVEMENT
SLIDING
ek - )
= ROTATIONAL:  "SLUMPS
Z TRANSLATIONAL: - BLock: SLIDE
VIBRATIONS SLAB SLIDE
FLow
SOLIFLUCTION
CLIMATE Desr1s FLow
CREEP
& SHEAR STREMGTH
< PARTICLE MOVEMENT
=
u'_a VEGETATION WAvE EROSION
© WIND EROSION
e Ice &rOSION
STRUCTURAL SYSTEMS RILL/SHEET EROSION
SAPPING

$3553004d
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Table 4, Abbreviated Classification of Slope Movements (from Varmes, 1978)

TYPE OF MATERIAL
TYPE OF MOVEMENT ENGINEERING SOILS
BEDROCK Predominantaly P redominantly
Course Fina
[FALLS Rock fall Debris_fall arth fali
LES Rock topple Debris topple carth Topple
ROTATIONAL FEW Rock slump Debria_stump Earth _slump
UNITS
SLIDES Rock block slide iDambris block slide |Earth block slide
TRANSLATIGNAL MANY | Rock slide Debris siide Eacth slide
UNITS
LATERAL SPREADS Rock spread Debris spread Earth spread
W Rock flow Debris flow Earth Flow
{deep cresp) {soi! ereap)
ICOMBPLEX Combination of two or mors principal types of movement

Table 5, Summary of Great Lakes Cpastal Soil Properties

Effective
tnit Strength
Weight Parametars
Location (l::‘lfmz) c' (kN/mz) ¢ (Deg.) Source
Lake Erfe
Geography Field Stn. 22.4 35,0 26.0 Quigley & Tutt {1968)
21.6 24.0 28.0 - "
21.5 17.5 28.0 . .
Patrick Point 20.9 10.0 26.0 Quigley et a1 (1977)
21.8 23.0 25.0 “ "
lona 20.4 6.0 26.0 "
20.9 0 30.0 " *
21.8 23.0 25.0 " *
Pumping Station 20.4 15.0 28.0 " “
2.3 8.0 28.0 " "
21.8 14.0 4.0 . "
Lake Michigan
Till 14 19.6 0 3.6 Mickelson et al {1979)
Till 24 18.620.6 0 31.120.1 " "
28 18.5:0.6 0 31.4 . "
2U 18.7 0 30.5 " "
Ti11 Qzaukee 17.9:0.4 0 31.4:0.8 "

Haven 18.6:0.9 23.825.6 31.2:0.5 » "
Yalders 17.7+£1.2 28.36.9 29.3:0.6 " "
Glacio-Lacustrine Clays 4 to 60 26 to 29 £dil & Haas (1980)

Lake Superior
Till Douglas Creek 18.2+0.5 50.0 26.4+1.0 Schultz (1980)
Hanson Creek 19.0+0.2 50.0 28.0 "
Jardine Creek 19.6 0 40.0 .
Madigan Beach Till-l 21.4 76.6 19.0 Edil et al (1979)
Madigan Beach Till-2 19.0 0 21.0
Siity Sands, Sands 18.8-21.2 0 31-38 Schultz (1980)
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Table 6. Ultimate Angle of Stability
(in degrees)

) H /8

s

) 0 1/4 1/2 34 1
25 25 21.5 16.5 10.5 13
30 30 28.5 18.5 16 16
35 35 34 24 21 19

i 7. ESTIMATES OF AMOUNT OF MATERIALS
REMOVED FROM BLUFFS BY DIFFERENT
PROCESSES (ArTer STeErRReTT, 1980)

ToTAL |

ANNUAL RILL
SOIL EROS [ON/

LOS SLump- SoiL- SHEET-
SITE  PROFILE _FT ING  ELUCTION WASH
BENDER 1 452 3% 93% uz
PARK 0w oz 91g o3
3 1167 60% 35% 5%

PorT 1 774 68% 233 9%
WASH, 2 480 3% 967 1%
381 0% 707 217
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Figure 2. Forces Involved in Effective Stress
Slip Circle Analysis
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Figure 3. Stability and Slope Develpoment Chart
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SECTION A-A

L = MAXIMUM LENGTH OF SLIDE UP SLOPE
D = MAXIMUM THICKNESS OF SLIODE

B = MAXIMUM BREADTH OF SLIDE

Figure 4. Landslide Proportions (after Skempton
and Hutchinson,19%69)
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W = Weight of block
4 U = Water force on bottom of block
V = Water force on side of block
Z = Depth of jointing
wl Vv Zw- Depth of water in joint
U
p

Figure 6. Failure Block Analysis
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Figure 7. Forces Acting on an idealized Slice of
Infinite Slope
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Methods of Preventing Bluff Recession
E. F. Brater
Introduction

The principle objective of this paper is to outline and describe methods of
preventing bluff recession. However, some preliminary discussion of shore processes is
necesgsary to provide a better understanding of the function of the various protective
measures. Of the more or less synonymous terms, shore erosion, beach erosion and
bluff recession, the latter provides the most graphic description of the damaging phase
of shore processes. Recession is started by the action of storm waves on the toe of
the bluff. The material loosened by the waves is kept in suspension by the violent
turbulence and carried away by the littoral currents created by the waves and the
wind. The action of the waves leaves the lower face of the bluff in a potentially
unstable condition. The bluff will eventually slump to a more stable slope. The
slumping may occur while the storm is stiil in progress or the bluff may retain its
steep slope for many months. The energy which causes the erasion is provided primarily
by the wind.

The relative importance of the various factors are illustrated in Fig. | by the
size of the blocks. A very important factor is the water level. During high levels
the waves can more easily reach the bluff whereas during lower levels it may require
a major storm for the waves to reach the bluff. On the lower Great Lakes, long term
lake levels vary over a range of about 6.5 feet due to changes in long term precipitation.
Shorter term changes in level are produced by wind, and to a lesser extent by local
changes in barometric pressure. The effect of long term water surface elevations on
erosion is illustrated by measurements at many locations along a 3-mile reach of Lake
Michigan during three decades from 1938 through 1970. (Brater and Siebel, 1973).The
average recession rates varied from less than 2 feet per year during periods of low
levels to 8 feet per year during high levels.

In assessing the effectiveness af protective measures an important factor is the
irregular occurrence of major storms. This is illustrated in Fig. 2 which shows all
storms having waves of 5 feet or mare in height on the east coast of Michigan's lower
peninsula over a 46-year period. During 5 or 6 year periods no major storms occurred
and while in other periods of the same length, many storms occurred. The wave heights
shown in Fig. 2 are the significant wave heights which are the average of the largest
ane-third of a group of waves. Fig. 2 also shows the annual lake levels during the 46
years. The effectiveness and durability of a protective measure obvlously cannot be
judged until its life has extended into a period which includes major storms or above-
average lake levels.

Preventing Bluff Recession

The intensive settlement and use of the coastal areas of the world without
consideration of shore processes has produced vast losses of property and of the natural
beauty of the shore line. Efforts to prevent damage to structures in vulnerable bluff
areas has produced an unbelievably large variety of devices. Most of these are ugly
and often neither durable nor effective. Some do more harm than good. The forces
produced by waves in vulnerable areas are so great that the cost of complete protection
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may exceed the value of the property. The use of lower cost procedures which will
protect against the more frequent moderate storms and reduce the damage due to
major storms may be economically feasible if protection is sufficiently well designed
and well constructed to resist destruction by major storms. The following outline lists
procedures for preventing share damage according to their basic function.

Preventative Methaods

1. Vacating vulnerable shore areas.

2. Creating a beach.
a) Artificial nourishment.
b) Artificial neurishment with groins.
e} Groin systems.

3. Protecting the toe of the bluff from waves.
a) Sea walls.
b) Revetments.
e) BRreakwaters.

Vacate Vulnerable Shore Areas

Were it not for this first item in the outline of "Preventative Methods" the
heading could have been "Protective Methods". Shore erosion and accretion are natural
processes which cannot be easily modified. Vacating vulnerable property takes this
fact into consideration. The method has the great advantage of retaining the natural
beauty of the shore line while making it available for non-damaging recreational uses.
In many locations where buildings, roads, or other siructures have already been built
in vulnerable shore areas the most economical solution may be to move the structures
away from the edge of the bluff. In locations that are still natural, building can often
be prevented by zoning or by making potential users aware of the rate of bluff recession.

Creating A Beach

A beach is one of the most efficient wave energy absorbers. Much of the energy
is lost in the breaker zone and most of the remainder is lost when waves run up on the
flat beach. Very little energy is reflected from the beach. Therefore, ane of the
maost basic methods of protecting the toe of a bluff is to cause the waves to break on
a beach well away from the bluff. The value of a protective beach is clearly
demonstrated by the decrease in bluff recession rate during low water periods on the
Great l_akes and by the rapid recsssion rates in areas where the beach is starved of
its normal littoral drift by the presence of a jetty or inlet. This method also has the
advantage of creating improved recreational conditions.

Artificial Nourishment - From an aesthetic point of view this is by far the best
method of protection. However, the lack of sufficient beach material at the erosion
site indicates that there is not sufficient natural littoral drift to maintain the beach.
Therefore, the artificial nourishment will be gradually, or perhaps rapidly, moved away
and then will have to be replaced.
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Artificial Nourishment Plus Grains - Groins are low walls extending seaward from
the biluff. Groins form pockets which tend to retain the sand. They are very effective
even in areas of high wave energy. An advantage of groin systems over structures
built parallel to the shore is that they interfere very little with the recreational use of
the beach.

Groin Systems - Groin systems, without artificial fill, are very effective in areas
having considerable littoral drift. They will often fill with sand during the first major
storm. Aftler they are filled the littoral drift will pass by asg it did before they were
built. However, during the time they are filling the downdrift shore area will not
receive its normal littoral drift. If this appears to be a serious problem, it is necessary
to fill the groins artificially.

Protecting the Toe of the Bluff

There are many locations where the structures cannot be moved back or where it
is not feasible or even desirable to create a beach. In such locations bluff recession
can be stopped only by preventing waves from attacking the toe of the bluff. When
the toe is protected, the top of the bluff will continue to recede only until the face of
the bluff has attained a stable slope.

Sea Walls - Sea walls are structures built paralle! to shore usually of a solid
material such as wood, steel, concrete or asphalt. More massive constructions are
sand-filled tubes or bags, rock-filled wire cages or rubble mounds. Sea walls are built
more often than any other method of shore protection. This is unfortunate because
most sea walls tend to increase the erosion rate at the toe of the wall and, unless they
are well designed and securely constructed, they fail more easily than other procedures.
The increased erosion is due to the viclent turbulence and strong littoral currents
created as the waves strike and reflect from the smooth wall. The most common cause
of failure is tipping or sliding lakeward due to back pressure from saturated soil.
Vertical walls are the worst, but many of the same problems occur to some extent
with sloping impermeable walls. Sea walls should only be used when no other method
is feasible.

Revetments - Revetments are layers of rubble placed at the toe of the bluff
after the bluff has been graded to a reasonably stable slape. A well designed and well
built revetment is one of the very best methods of toe protection. One advantage of
a revetment is that it tends to absorb rather than reflect the wave energy and therefore
it does not accelerate erosion at the toe. Another advantage is that a revetment
inhibits wave run-up and thersefore does not have to be built ag high ags a smooth wall.
Our experience has shown that it is possible to underdesign a revetment, to keep costs
low, without as much danger of destruction during major storms as is true of other
forms of protection. Finally, a well built rock revetment fits into the natural beach
environment much better than a wall.

A revetment consists of a cover or armor layer of large stones placed on a
foundation of one or more layers of smaller stones. The armor stones are designed for
the particular wave height that can be expected at that location. The actual size
depends not only on the wave height but also on the bluff slope and the shape and
specific gravity of the stones. The purpose of the foundation is to prevent undermining
of the armar stones hy the penetration of jets from the impact of the waves. It is
therefore very important that the foundation stones have a mixture of sizes. Revetments
must be entrenched at the toe to prevent undermining and sliding.
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Off-shore Breakwaters - One method of preventing wave energy from reaching
the bluff toe is to use a breakwater to protect the area. Howaver, the cost of off-
shore breakwaters is so great compared with structures built near shore that this method
is only used where there is a need to create a harbor or protect a high value structure.
Breakwaters also interfere with navigation and littoral drift.

Some success has been observed during moderate storms in the use of a small
permeable near-shore wall at a depth of only about one foot., These are usually
accompanied by impermeable groins. The permeability of the wall (about 48 per cent)
helps to mitigate the reflections and turbulence caused by solid walls.

Slope Stabilization

A bluff which has its toe protected from wave action is still subject to the less
violent natural forces caused by surface runoff, wind and groundwater seepage. More
serious erosion problems may also be caused by people, especially if they are allowed
to use vehicles on the bluff. The legs violent natural erosion can be reduced by reducing
the stzepness of the slope and encouraging vegetative cover. In the writer's experience
a slope of 1-1/2 horizontal to 1 vertical is barderline and slopes of 2 to 1 or flatter
are much more secure. In most areas, natura! vegetation will cover such slopes but
the process is often speeded up with artificial planting. At some locations, it is
necessary to provide drains for the storm runoff from adjacent urbanized areas. If
there are layers of clay or roek in the bluff, perched water tables may provide seepage
over the exposed edges of the impermeable layers. If this is sufficient to cause a
problem, it can be reduced by placing drains ar wells landward of the face of the bluff.

Shore Protection Demonstration Project

An important contribution to the knowledge of low-cost protection procedurss
was made by the Michigan Shore Protection Demonstration Project which was funded by
a grant from the Michigan Department of Natura! Resources to the University of
Michigan. The Michigan Sea Grant Program provided additional funds for observing
the installations and for the published reports. The various reports and papers resulting
from this project are listed in "Selected References." A revised copy Brater et al. 1977
is provided as an appendix to this paper. This particular report was selected for the
appendix because it provides descriptions of the various installations as well as an
ogutline of the laboratory research.
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ASSESSMENT OF THE EFFECTIVENESS OF CORRECTIVE MEASURES IN RELATION TO GEOLO-
GICAL CONDITIONS AND TYPES OF SLOPE MOVEMENT -

EVALUATION DE L’EFFICACITE DES MESURES DE STABILISATION PAR RAPPORT AUX CON-
DITIONS GEOLOGIQUES ET AUX TYPES DES MOUVEMENTS DU TERRAIN -

HUTCHINSON J.N_, Imperial College of Science and Technology, London, United Kingdom

Summary:

The General Report consists of three parts. in Part |, the various types of correctivemessures are briefly reviewed. Attention
is then concentrated on the two, most measuses; modification of the slope profile by excavation and ffling, and
drainage. An analysis is made of the optimum positioning of corrective cuts or fills, making use of the influence line concept,
borrowed from structural engineering. In this way a neutral point, neutral line and neutral zone are defined for circular and
non~circuler landsiides and for various values of B with respect to the applied change in total stress. Drainage is then discussed
in more detail, with particular attention being given to horizontal drains and to trenchk (and counterfort) drains. Performance
data for treuch drains in the U.K. are then revieved and analysed. From this & teatative basis for design is developed. Theclogging of
draicage systems by siltation or by geochemical effects, is also discussed.

InPut!thepnpanmmmsdhsmmMFm.hhn&mmumMmmde
s to the desirubie directions of future ressarch. An extensive list of references is provided,

Résumé:

Le Rapport Génédral se compose de trois parties. Dans la premitre partie les différentes mesures de stabilisation sont
brilvement examinées. L'attention est ensuite portée sur les deux mesures les plus courantes: la modification du profil de la
pente par excavation et remblayage, et par drainage. Une analyse est faite de "empiacement optimal des tranchées gu des
remblais de stabilisarion qui utilise le concept de Ia ligne d'influence emprunté su génie structural. De cette maniére un point
neutre, une ligne neutre et une zone neuire sont définis pour les glissements de terrain circulaires et non-circuisires ainsi que
pour des valeurs diverses de B en tenant compte du changement apporté i la tension totale. Le drainage est ensuite discuré
de facon plus approfondie en insistant plus spécislement sur les drains horizontaux et les drains tranchés (et contreforts) en
particulier, Les résultats d’essais sur "utilisation de drains tranchés dans le Roysume Uni sont présentées et analysées. A partir
de ces données une tentative de mise au point de drains tranchés est developpée. Le colmatage des systémes de drainage par dépét
de limon et par effets géochimiques est également discuté,

Uans 12 deuxidme partie les contributions &crites du Sujet 3 sont discutées. Enfin, daas la troisitme partic sont préesentées des
suggestions sur ["orientation 4 donner aux futurs projets de recherches. Une liste détailiée de références est donnée.
Tl:i:pupermllqunlRmdMSuhSmpﬂmnhﬂﬁhMmhMmehﬁanm.md
was publihed in the Builstin of the Internationsal Associstion of Enginesring Geology, No. 16, 1977, p. (31 - 125,
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siopa stabiltration have besn

of the mome recent sre by Root /1953, 1958/, Baker &

Marzhall /1958/, Brawner /1959/, Mehra &Natarsjan 1966/, Zfru-
be & Mencl /1969/, Duncan /1971, 1976/, Schweizar & Wright
1974}, Smith /1974/ and Broms /1975/. A umful review of me-
thods particular to rock slopes i provided by Peckower & Kerr

The main methods of stsbilization osed wre sunnnarised briefly
below. They may be employed singly or is combination.

:
3
3
:
:
E
k
5
V

e/ Excsvats to unload siops: mither by a general flattening, with
or without berms /Baker & Marshall, 1958, Broms,1969/, or
locally at the hesd of a side Peck &lmisnd 1953 Lutton &
Banks,1970/. As diussed lyter, it b important that such ex-
cavations am cotrectly positioned.

4/ Fﬁlﬂblﬂdiﬂpa'mﬂyb’vmofmm
combined with other pavity sttuctumes, soch s 3 gabion or

1969, Eady & Skempton.1972; Ziruba & Menci,1976/. Again
the correct positioning of sabiising [l is of preat ispor-
tance, &3 is their proper dminsge. The disturbing effects of
smbaniments that have, unsvoidably, o be piacad b de-
stabilkzing positions can be reduced by the am of light-weight
{llis, such us Oy-ash.

2. Druinage /Codargren,1 967, 1975, Rat, 1976/

b/ Provent the bolldap of weter in tension cracks: this should
el be attended to streight awey /East,1974/. Atmpts to

¢/ Blankst-dope with free-druining material, with filters as ne
cemary: This combines measure 1 /d/ with drinage /Root,
1958/ and is particularly effective in the case of slopes exposed
to apid drawdown /Skempton, 1946 Finzi & Niccolsi, 1961,
Codargren, 196 7; Kiangel st al. 1974/,

f] Galleriss sxpensive, tut cam be sppropriate to use in the
trsatmant of very lacge slides /Vieer-Brady, 1955, Keadi,! 969
National Comf. Landsdids Comtrol,1972; Rico et al 1976/

' tary dnuinage borings can be mads through the
sides, floor or roof of the gallaries as required /Taniguchi &
Watagi . 19635; Rodriguer ot al.1967; Zirobs & Mencl,1963:
Hosk &Bray,1974, Nilsen & Lian,1976/. For galleries running
parallel to the sdope face, Sharp /1970/ has mads a study of the
optimum locations for various tatios of horizontal to vertical

i

zontal drains or adits /wel-drzins/ /Seatom, 1938: Paimer et
al. 1950; Sherreil, 1971; Rat, 1976/, by siphoning, within the
sormal limittion of depth /Root, 1958/, or by sutomsaticully
sctivated pump /National Conl Landslide Conmtrol 1972
Hosk & Bray, 1974/. Altsruntively, the watsr may be blown
oat of the weils st intervals by compressed sir, Under favour
shis hydrogeological conditions it is sometimes fepsible (¢
discharge downwards into an aquifer at lower
pizometric presmre /Parrott, 1935, Wilson ,1961/. In some
caes, howsver, mich measures hove led to fresh stabiity
problems amocisted with the under-draining stratum (Zimi
& Mencl,!969; Lajsbere & Lafleur,1976/. Vertical drains
may also be used as relief wells, discharging upwards, to lenen
artesisn  goundwater presmires at depth. The use of mnd
drains in this way, to stabilize a siope of quick clay, is dectr
bed by Holm /1961/. .

* Wider drains, in which a buildozer can operats, ate used in e
U.S. /Root 1958/,



below,
3. Nastreining structures
The um of festtyining structums i peaenally lew appropriate
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orth-Lewit & Lyans /1975/. A particulacly massive design,
smploying anchored foundation piars 30 to 35S m despand 13 m
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of the slide is achieved whea P is inclined t ?’“
m angle with the dip surface equal to tan:" ' )= .
This result is independent of the magnitude of ¢ , and oF Ao
ground-witer presmures obtaining

Anchors have besn parhaps most umd on transistio-

commonly

oal rock sides /Zirubs & Mencl,196% Hoak & Bray,19%4;
Naidovin & Faniore, 1974; Lang 1976/, They can siso be umd
o stabilize soil slides /Cambefort,1966; Costa Nunes 1966/.
Allowsace must then be made for short-tarm gxoess pore-
watsr presmurss and mbeequent consolidstion mnder the
anchor pads with concomitant losses in anchor strese Anchors
are also coming into increazing wm in open pit mines, part-
cularly in America, for sxampie to permit smi-permanent
sopes

§
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§

& Valloso,1963/. Cables or chains may aiso be used foc this
purpose /Bjerrum & Jerntad,]1968/. Rock balts age umd for
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bwtsbiity ia rock faces ol
Prioe & Kaill 1967/, together with athar messures {Eestn
& Sweeney, 1976; Peckover & Kerr,1976/. Information on
the long-term btebaviour of pre-stressed anchorz, especially
with rpard o strwns Jomws through cresp and comosion, is

4. Miscellsnsous msthods*
&/ Grouting: » clamsical use of this is 1o reduce the permeability of

the ground in ordar to redmcs the

«mammumhm
Egyustad . Some theoratical ks
by Mitchell /1976/. packgrosad ks e

Soppremion of pateral eectroosacds a method of slope
siabilization described in sowersl papers /eg. 1963, 1973/ by
Vedet. Undar cartain conditions it is claimed thet ground-wets:
Prewure can bv ndaowd by the mmrtion of short cirewit
slsctrodas™, wihich

£
g

In » direct carent systam for 1 to 2 wesks. In the soils testad
s incresm in pull-ow! rexistance,
this wes paturally mare markad 2t the anodas,

siopes of
were dug and Blled with alternats layen of cisy spoil and coal.
The coal was then ignited, thus buking the intetmixed and the
adjacent cisy /see, for example, Copperthwaite,1880/. Although
particuiarly advantxgeows when applied to cisys and thales of
high carbonacsous comteat, which were virtwally sif-firing,
the technique was xiso used in nos-carbonsceows clays such as
ths Loadon Qlay. Mors tecently, unstable dopes of loems and
Som

The techmiqus may be of ym in the comstruction of reinforeed
earth walls with ciaysy bacikfilis.



of clay have been stabilismed by passing hot gamses through 3
system of tunnels or borehoies /Hil 1 934; Beles & Stanculescy,
1958, Litvinov et al.,1961, Ziruba & Mond,1969; Mitchell,
1970/, Litvinov st sl alwo menton 3 technique combining
heating with chemical treatment, which they term thermo-

Blasting: 2 controversizl and unrelisble techaique, intended
te disrupt 2 slip surface or to improve drainage /Root, 1958,
Baker &Marshall, 1958; Ziroba 2Menct, 1969; Mitchell, 1970;.

ot small width /Root, 1958; Baker & Marshall, }958; Zéruba
& Mesncl, 1959; Costa Nunes, 1965/.

8. Erosion Control

The close link between mam movements and erodion i a basic
cement in the geological cycle of denudation. It follows, therefore,
that the control of srosion, In both the general and the mpecific
ssnse, it fandamental to the of landslides, This paint
bas been emphasised by Bjernam ot al. 71969/ snd by Hutchinsoa
J1973[ Furthermors, once s Iandslide has bees smbitized it is
important to prevest any further worsening of its condition through
erosion. The potential eroding agent is usually water, though cro-
sion by wind and other agencies can occasionally be significant
78.g. Coleaust,]928/,

a/ Control of tos trosion: n casss whare the tos of a landslide
is situated in the me, & laks a reservoir or a river, it is of
prime importunce to prevent srosion at this most critieal
point. Measurss commonly umd include cancrete or crib walls,
Jip-rap and other revetments, groymes and spur dikes /Vioar
Bmndy,1955; National Coaf. Landstide Control,1972/.

Control of mrface erosion on sdopes: genernally achieved
thioogh proper atiention to the decgn of dmins for surface
water /Mahry & Natarvjan 1966/ and ths encouragement of
mitable vegetation cover /Barata,1965/. The latter was dons
orginaily by topsoiling and seeding, sometimes in combination
with jute petting (o prevest sodl erocion while the vegetation
was becoming established /Mehra et al 1967/ More recently
vatiows techniques of hydrsnlic meding, in which a muilch
contkining the plant seeds is sprayed onto the dope, have been
developed [Schiechtl, 1965/, in thess the necessary interim
erosion proisction i ofMm provided by asphait smulsion, or
other chemical or pisstic admixtures, A layer of soil-cement
bas sometimes been used = 2 t control of
suzface erosion /Costs Nunes &Velloso, 1963/,

Contral of ssepage erosion: this type of erosion occurs when
the mepage drag of ground-water discharging at a free face is
large encugh - to dislodge and remowe individual soil
The mmitant becksspping mads to ondermine
cumbent strats and evenmsily 1o canse their
form of fallum I quite common in both natural and cut
siopex, and can be very damaging.
fine mnd range are particmisrly
Hutchinson , 1968/, The fres face
conditions, migrats into the siope im a localized manner,
lsading to piping by mubsurface srotion /Terzaghi & Peck 1967 ;
Sherard et al. 1972/, The chief method of controlling secpage
arosion is by inverwd filters over the ares of discharge
/Ward 1943; Terzaghi & Peck 1967/, or by mtercepting the
mepage it sowhe dictance back from the face with wells or
sand druins /Anon, 1965/

From this brief review of types of comrective measure, two paints
emerge. The [first is dhat, while most of the papers sggest that the
measure: wpplied were offective, at least i he thort term, it is
father rare for the afflcacy of the corrective works 10 be properly
asemsed by appropriste monitoring. The mcond it that drainase

pears to be the most generally used siabiiizztion measure, with

quently_smol
is coneentrated on thesx two camective
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Modification of sdope prof{lla by exrsvation and filling
Genaral remmarks

The respective marits of removing the hoad of an actual or potential
slide, of flattening the siops unifarmly or benching it, or of building
& bezrn at its toe, are discussed by Baker & Marsihall 1958/, Root
11958/ and Mchra & Natarsjan /1966/. In gemeral, such cuts and fils
would zppear 1 be most sffective when applied to deep-seated
dslides, which the slip murface tamds to fall steeply at the

and appreciably in the region of the 10e. Cleazly, however,
& scale effect, 30 that the influence of a given cut or
factor of safety will dimimixh with the size of the

landslides at Folkestone Warren the toe-weighting
part of the srabilixation works /Viner-Brady, 1955/,
positioned, improves the ovenail long-term factor of
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Trassistional side stabilized by a1 tos Ml showing the
danger of s potential overrider slide.
(1) Slip surface. (2} Tos fill, (3) Over-rider siids.

Fig. ) :

puint frequenty neglecied in the literature on slope ntzbilization

that cuns and fHlx, depending on the ground condition and the

spead of their construction, compriss mom or less undrained un-

loading: and loadings respectively. The mutter is clesrly presented

Mmdlm-r 11960/, value
canes

of_ths factor of milety, F, generaily be less in the short-term
than in the | e i in the case
B

both the :hqﬂ-

">

of F. An important advantage of a corrective
Il is that, once succesfuily placed, it stabilizing effect will tend
to increase ontl the ground beneath it is fully consolidated snd
thereafter, unless by some accident the fIl is removed, i contri

al nown, or can be determined, st the design stage. It foliows.
thersfore, that while it is advimsble to check their performance by
appropriaie monitoring during and after construction, the efficacy
of cuts and fills should first be determined by analysis bafore they
are carvigd ostt.

* Calcalated for ssctions W6 ead W8 of Hutchinmon /1969/,

**Provided that proper drainags of the fill has boen amranged, for

example by an underlying drainage blanket and by appropriaic
mriace druins



In structurel enginesring design a familisr device & to consider
that a0 influence load™ of some comveniont magnituds passes
over & structure, for insisacs a bridge, and w detenuine the re-
miting . mfluence lines”, typically for bending moments and shear
forces at any point, at 1 function of the position of this lnad oa the
sm_mmﬂumwbgappuwahnmmd-umim
hmcuﬁmfmdnmhmrmdufuprudbyln
influsnce load moving scrom it,

a) Section Y.Y
b

fig. 1 n)(z:-mb.ofamwtuhﬂmmaw
act
») infivesce line (diagrammastic) for the sffect of AW on
the overull factor of safety of the Landslide.
¢) Man of the landslide, ghowing ically the
positions of the neutral lines for different B valwes.
(1) Slip sweface. (2) Inflwence AL (3) Position of sewtrai
poist (drawa for B - 0). (4) Positions of pewtrl Jime, for
difterent B vaiues.

Consider, for simplicity, a slope that can be repressnned two-dinwen-
siomally by the crosssection in Fig. 2a If 2 conmvenient, arbitrary in-
fluence load, & W, &s now ssmumed t0 act, in tam, At JECARITE DO~
titions between the hesd and toe of the landctide, we can derive an
influence line for the resulting «ffect on the ownall mfety factor,
= indicated in Fig. 2b. The ratio

Fy=Fy+ AF), the cvensll F with AW acting

Fo. the ariginal vaive of F

is taken a4 8 convenient measure of this effect

An influence lasd repremating B, with A W positive and acting
downwards, will of course tead to decrease the existing factor of
safety, F,, when it sct3 in the vicinity of the head of the slids and
W i this when it acts nesr the tow Of particular mtarest is
mepointwhmAF-O,urFIIF = 1.0, ermad the NEUTRAL
POINT. which indicatas where an influence load will have no effect
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on Fy. The trace of the neutral points in plan is isrmed the NEU-

LINE [Fig. and this forms the boundary beiwesn the
area of the landdide on which & flll jor cuyf would improve ins
stability sad the ares for which the reverss would hoid,

Detsrmination of the iocation of the neutral point

Lat the slip mrface [Fig. 2a/ be of penersl thape, with effective
shear strength parametsss ¢ and £5°. Lot the influencs joad, in the
first instance, represent 2 uniformly distribeted fill, of intsnsity w
per anit of horizontal ares, actiag on & dice, i, of horizontal width
b, Thus A W = wh, Now in the general case, application of this
Mvﬂmwuﬁdmdgm-mmmmﬂnmhdhumﬁp
suzface, of magnitude Au=5, A, = B w. If, following Skempton
& Huwhinson /1969/, we apply the Conventional Method to this
non-circnlar slip parface, and let

whete & is dafined in Fig. 22 end A N." s the change in effective
r?:n:?’m:-mmut!blbymuﬂmlud

AN,‘- A'I(cuﬂl-i-edl)

Hance
Fy ZDJAW (o, ~Bsea,) mngi+ IR, ]
F IR AWsna+ID)

Now, st the neutral peint,

Fy

— ]

F,

‘The position of the neotrak point i thus given by
mad s(l-Bmcia)me’ (1)
& b~

Almrzatively, the Bishop Simplifisd Mathod /Bishop, 1954/ may be
:ummmmmu Then, with the symbols uted in
t paper,

and &~ a, (Fig 22)

l‘az{[c'b-rnn#m-ubl :_"'_..._}
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Then the new factor of safety, with A W acting on sice |, is

1
- AW Sy M (M
F iwdaa » etV emgah, « ZuMp]
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Fy [AWmagd-8) Ky +ZIM)]ZWena
F, " T(AWsag * TWan "u")IJT‘( ¥

F
To find the position of the seutzal point, put 8 » 1 3ad G, =@ 25
before. [

tan ¢
Then sing, -n-imI1I|l 2

but at the neutal point M‘n' M, . therefors
]

sng - (l-ﬂ)ltdn .lu#

which reducss to
una, = (1-Sac’a) ;"%f , 38 before feqn (1)/.
a2

quadratic in tap 4 . The negative root gives high negative
ah,vhichdoub exs chiefly reflect the known ancmalies
the Comventional and the Bishop Simplified Methods in
sweoply rising slip serfaces Whitman & Bailey,1967; Tum-
& Hvorslev 1967/. These negative values afan(ﬁ' op * J0and
)mmdpmﬁhmndmwmu

tion (1) b » gensral solution which applies far sny value of
or negative influcace loads, fe. to flls, if assamed to
zaro strength, and to cuts if the complication: of changes in
pearetry and the breakdown of potsibls negative pore-pressures
negiected. It also holds for dip mrfaces of circalar or genenal
, in principle, regardless of whether theas are pre-existing
tal It would obricusly be questionabls, however, to apply
to 2 potential sip surface which had no physical reality.
t wil] be noted that the position of the neutral point is indspen-

Egrid
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o 53 1134
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dentof AWandc'.
Two special cases can be distinguished:
D for 8 = 1.0, when
tan @, = (1 - s0c?a ) 08
@, (1 -se’a) ¥ @
which is satisfled by &, =0 )]

@d (i) for Be O, when tmd = L cany . @
[ ]

lea, =900

In the general cam of 1.0 > 8 20, the noutral paint will occupy
postions intermediate between thoee of cases () and (i) above,
in accordance with squation (1). The sminton of this equation is
shown graphicaily in Fig. 3.

Whilse B it an undrained parameter, the case of B = 0 may also
conveniently be regarded as squivaient to the fully drained condi-
tion with mspect 10 & corrective axrthwork

ﬂmn respoas®. In principie this idea

e,

For circular dip surfaces, the remit for case (i) con
evident fact that for B = 1.0 the position of the neutral point
is situated vertically below the cente of the sdip cirele /Fig. 4a/.
In comparison, the solution for cass (i) shows that the position of

* The long-tarm effact of the earthwork: on the original sweady
siate pore-water presqures in the landslide as 2 whaie is neglected.

[ B

05 -
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29 0 0 - «10

-—ﬁ- Mhhﬂ‘ln%fl

Fig. 3: Approsimate variation of ap/y'mop With B The rela-
tionship b sot perfectly linear, but the diverpencim are
insignificast withia the sormual range of 'do;mb"‘““-

the neutral point for B = O is displaced towards the slope by alio-
rizonta! distance oqual to the radius of the appropriste friction

IFig. 42/
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Fig-4: llﬂllnetllnufof}‘,! for & typical circular sllde: =
l)Cmu-miuufhn&uh.
b} Influence limes for an influswee “cut™ andt an influence
tlforl-l.OudI-Onummhumm
metric lines.,
¢) Influrnce limes for an infleence, drninags, for variows
original pierometric Iines.
(1) Ground surface and piezometric line u (7, = 8.49),
(2) Mazometric line_v (i, = 0.29). (3) Slp surface and
piasometric e w (r, = 8). (4) Influence M. (5} [afluence
"eut”. (4) Infloeses drainags. {7) Friction ciwcle with
mdint = R sin ¢'p0n. (8) Influence 0 with B = .
{9) lafloence i = 1.0, (10) Influence "cw™ with §
=0, {11) IafNlwencs “cut™ with B= ].0.
Nl.Clﬂu(’)ud(ll)mhdmathuw
plezometric line.

106 ,

J T 1

o D] @ | Qtm

104

u 0-i9 om, = 22-18°*
v 029, |®m, s 16-12°
w 0-000 dm,, = 11-28°

+03

-0

00—

099

098

0-97

Fig 5 : Influencs lines for F‘“.. Tor & typical cireulsr slide (us in Fig. 4), plotted agninsia.

1 1 1 1 -
+70 +60 «50 «40 «30 »20 -0 0 -10 -20. =30 =40
[ —r

Original plezometric line. A proasare ratio. (3) Mobilised efTective angle of shearing resisiance. {4) Inflosace lh_- for
ﬁl,in!!um. fit with B » 0(26 m':lp::ﬂﬂ pimnur(b)lu:l. {5) Influsmce line for an influence (I with B = 1.0, which &

Independent of original plezometric level.
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08 u 0-49 dm, = 20-42°
‘ v 0-00 ®m, = 10-60°
104
102
1-00
088
0-96}- . ' _ 7
0. i | { | y | { ]
ngU +40 +30 +20 +10 0 =10 -20 -30
A0 ——y

Flg. 6: lnﬂumclh.for?,,-r for s typics! son-circular slide (as in Fig. 7), piotted agaimat 4.
(1) t0 (S) are @3 defined Tor Fig. 5. .

>

check, for the circular case with B = O, on the sensitivity of the going analysis refer strictly to the undmined change in pore-watsr
tesults to the magnitude of 2 positive influence load, indicates that pressure aoociated with the applied cut or fill, and the concluxions
tluvuluuo:‘l’lﬁ" = 1 are propordonal to this load up 10 £ vaiue reached are thus independent of the ,.background” drainage condi-
of at least twice the maximum total vertics] stress acting on the tions in the stip as a2 whole, except insofar as these determine Fiy.
dip surface considercd, that s, well beyond any practical limit. Thus, for exampie, the neutral ling_for an influence loading wi
This proportionally does break down, however, if the influsnce losd B = 1.0 will be defined by @_ = 0° regardiess of whether the siip
Is increasad greatly, for instance by a factor of 100. {tyelf is in the short-term, intepnediate or loag-term condition. For

the first two of these conditions, however, the continuing change
A pre-requisite for spplication of thess idess is, of course, detey- In pare-water pressures in the dip liself, as these move towards
mination of the location of existing or likely potantial dip surfaces. equilibrium, must also be coasidered, in refation to its effect on both
As this information is needed in any case, however, to permit the overall long-texm {actor of safety and the long-term position
piezometers to be installed in their proper positions, this is not of the neutral point.

sHoe [n practice, complex assemblages of slips are frequendy en- In the past, vectors of surface movement in aa active landslide
countered and then a sat of neutral lines /a3 in Fig. 2¢/ may need to have sometimes been used as 2 guide to the proper location of
be defined ssperately for several, or all, of the component single corrective earthworks, for instance by limiting the extent of a
dips. counterweight berm to the sres which has shown 2 tendency to

rise /K.R. Early, pers. comm./. On the assumption that the ground
It follows from equation (1) that the positions of the neutral lines, surface movements closely reflect the shape of the underiying
for any conditions other than that represented by the special case sip surface, we now see that this method is 3ccurate for a fully
of 8 = 1.0, will tend to shift valleywards as the initial factor of undruined Il but on the conservative side for a fuily drined one.
safety, F&dis incressed towards F, by the smabillzation works.

The prac ggnificance of this wil depend partly on the shape Some enginsers hoid the view that, in effect, the neutral line is
of the slip sutface and partly on the designed improvement in Fy. located vertically bencath the centre of gravity of the sip mass.
in principis it ssems better to work as far as possible with the final From the foregoing, hawever, it is clear that, in general, this is
velue of F, not cofrect. in the landslides examined so far, t™wo of which are

It should pethaps be emphasised that the valuos of 8 in the fore-  hOWR in Fig 8, the vertical through the centre of gravity of the

Sy
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Iafluance lines MF,“.. far » typiesl son-circolar slide: -

a) Cross-esctios of landalide.

») Inflyeney Lnm for an inflosucs “cut™ and an nfltence
M for B= 1.0 and B » 0 and for variows origisel pieso-
metrie o,

¢) Influstice tinas for = imflueacs drsinage for various
original piezometric lines

(1) Grosad swrisce end pissometric Line o (T » 0.49).

(2) Slp surface snd pissometric line v (F, = 0).

{(3) Influenss Ol (4)Infleence “cw™. (5) lnflosacs
drainage.

{$) Inflvemcs Al with B » 0. (7) Infivence M with B= 1.0
{8) Influencs "cut” with B = 0, (9) Influence "cut” with B
- 1.0 .

NAR Curves (7} sod (9) arv independemt of ariginal pieto-
metric jevel.

&9

810
(@as O*)

Fig. 8 : Exampiss of the relstiomsiip between (he exizeme
puositions of the soutral poist sad the centre of gravity of 2

s) Circular slide at Salsat {(after Skenmptoa & Browa 1961)

2)’:’?4.3““ st Bary HE (sfter Hutchineon, ot al.

snm. ofﬂnuﬁnofgwﬁr. (2} Neutral point for
* 1.6 (3) Noutrsl point for B= 0. (4} Stip sutface.

stip mam falls betwean the § = 1.0 and the § = 0 pasitions of the
meugal poist This would ssem to be genersily the cass, but may
20t invariably be s0.

It is anticipated that the chief valoe of the wark presenisd above
will be in the initial stages of a dexign, the
pozitions of ﬂumlﬂl line for various vaiues of

ROU b u help I Chooting, Of HMItAnCS

extsting isndslide or the best locgtion fo
he influsnce [ines may also be umd to
nake preliuinary quancitative estimates of the F./F_ ratio pro-
duced by 3 given sarthwork. A final check on this thoufl, howsver,
slways be made by running orthodox stabllity snelyses

1

sny part of a lendsiice i always beneficial. Influence
lines for the sffect ofan..inﬂumdnimp".grodtm’n: qduc-
tion in pictometric pressure of 10.2 toans f/m~ [100 kKNfm~/ on
miccassive 1 m wide slices for three different piezomstric lines in
i are given in Flg. 4c. Similar influence lines
piex tion of 10.2 tonse {im*® on successive 2 m
slices for two different piezometric lines in a fypical non-cir-
given in Fig. 7c. From thess examples we yoe that the

given drainage is rather constant throughout, except

|
|



Some indicstion has been given eartiar of the ygreat variety of drai-
Rage measures that have been usad for slope stabilization. Of tiess,
two will ba treated in mare detail here.

Horizoatal drmins

This term refers to wmall dismeter pips drains that are installed
within 2 slope, vsually by helical suger or rotary drill®, on & rising
gradisnt of typically 2% to 20% s0 as to discharge by gravity. Whils
the origin of this type of drain is obscure, much of the early develop-
ment work was carried out in Californis, where hotizontal drains
have since besn widely used /Smith & Stafford.1957, Root 1958/,
More recently, they have been employed 0 stabilize dopes in many
other coumtries, including
/Ayres,1961; Robinson,1967/, € /Henks, 1968/, Caechosios
vakia /Zirubs & Mencl, 1965/, Yugoslavia /Noaveiller, 1970/, New
Zeaiand /East, 1974/, Hong Xong {Tong & Maher, 1975/, Canada
fia Rochaile et 1l.,1976/ md France Cambefort, 1966, Rat,1976/.

Horirontal drains are ususlly between aboat S and 20 em in dis-
meter. In most cases they ars spaced between 3 and 30 m apan
and, at meationed abiovs, have

mnaraily
consisted of perforated steel pipes without fliters and were prome
to both corresion and sltation, Smith & Stafford /1957/ mcom-
manded that the § m length of drain nesrest to the cutlet should be
gaivanised and nonperforated, to slow down corrosion and hinder

wed, with flters formed of porous concrwts /Robinson 1967/,
rezin bonded sand /Noaveiller,1970/ or syathetic filter fabrics. In
Jointed rock and residual 3of messes, Choi /1974/ recommends
the use of dexing with impermeabls fxverts,

inclinstion, though horizontal drains have haulnmlbs

weatheted igneous rocks of up to 70
Inclination /Tong & Maber,1975/, Fram » peactical point of viaw
that the rock or soll involved is madily deiltable and
an advantage if the necessary dmin length
excoed about 90 m /Smith & Stafford 1957/, As with say
fomm of drainage, it is beipful if the mass to be treamd comtains
previous layers or zones, but this is not essential,

g

* A case where horizontal draing were installed

; by hydmulic jacking
is dascribed by La Rochalle st al, /1976/.

Japan [Teniguchi & Watari, 1965/, Britain

REp
%

70

g
1

ogensaus J:]1 dopes by hodzontal draing, and
which are believed to apply with reasonaole
siopes with inclinations of between 2.5
an impervious lowsr boundary are con-
state, the dgsign ciiarts have yet to be
experence,

monitoring of horizontal drain systems has
o measstemant of drain discharge. In
drainage on the movements of the dide
been reported [Teixeirs & Kanji, 1970/,
drainage installations on ground-water
measuted rather rarely. A brief report
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of ha
pressures have, as yat,

by Brawner /1971/ of reductions of between 9 and 12 m in
ft-water pressures in a 137 m high rock slope, occurring within

s of insulling four trial horizontal draing. A fuller description
stabilizatioa by horizontal dreins of slides in a 1S m high,
t slope of sits and sands in New Zealand is provided by
/1974/. Fifty{five drsins of 30 m nominal leagtk and 3 m
in rows, wers installed in the space of ten days
1972 Withio 2 further 5 days, piszomstric
between 1.0 and 2.5 m /1.7 m on averags/,
showed that the average depression
ometric levels was then 2.0 m. No forther movements of the
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Appraximate theory

Upwnw.&ldﬁndmmmrmﬂopembﬂmnm
in ﬂluU.K.huproceededulmiﬂnpidcalbtﬂTypiaﬂ)‘.
@mloﬂugofphmurkvdmﬂusﬁpmﬂmu-
wmm«mmmmf»mo{u{eqhuun
aakculated: the tench drains noeded to effect this averape lowerning
hmmumﬂrhuﬁmmedmﬂnhdsdm.



of soft physics and sgricultural enginpering
by van Schilfgaarde 1970, 1974, van Hom

that mdoulappmachwmhmmvdidltrA oto~
glgh i nmud}fg&uhichl-o.Sm.D-s

| W

[ ]

el 1
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Fig. 9: Key diagram: cross-section of typical trench draise.
(1) Ground surfacse. (1) Original piezometric level on plans
EH. (3) Pimzomuetric levels on plans FG olter drainage.
(4) Msan piezometric level on plane FG after drainage.
(5) Mean piszometric level on inverts after
drainage. (6) Trench or counterfort draim. (7) Clay ssal.
(8) Impermesbie boundary st depth,

Flow nets, derived Zrom finite element analyses by E.N. Bromhead,
have bosn drawn for an $/D ratia of 2, for two depths to an i

mazble layer /defined by dapth matios, n, of 1.0 and 4.5°F and for
asumed ponding of water st ground level, Le. h_ = D /Fige. 9 and
llI.Fmthae.thephzmubMouphnﬂummman
teadily be detsrmined. For smplicity, however, attention is con-

* In addition, the solutions are generally a function of the parameter
9/k, the ratio of the infiltration and the permesbility, which is
not resdily detarmined very clomly.

“Increass of n above this value appears to have littls effect on the
flow net within the drain depth.

71

tensive litarature un.péud-nurﬂw hd:aiiu. '

hmulitynﬁnkk-?- Is 1.0. For any given S/D natio,
v

the seme plots, of course, also yieid the plezometric surfaces for
varying values of Ry through scale transformation,

From s.mfmmmmnhﬁmmmbc
drawn with respect to piane EFGH after long-term drainage:

«

ddmcmh-expmadn-fsh vhuer‘ﬁa&cmn-
flacting the shape of the relevin{ piszometric surface /3 in
Fig. 9/ and h_, is the piezometric head mid-way between drains.

The aversge piezometric head, h on the whole piane EH,
'Ig'mbyh“-ﬁda"'ﬁs o

whm‘hdhmepumﬁchudatdnaﬁnhwm.[n
m&cmofmsplw.hdhmdmbem.

B

il

hs
h“- T.

The expressions under /i/ and /ii/ above apply 10 honizontal ground.
For ground of inclination #, with trench dreins of high L/S mrtio,



e) for fully penetrating draia (n = 1)
b} for partislly penatrating drain with = = 4.5,

450

b)

¢ Trpical flow nets for Ry = 1, drawn from finite diement saaiyses;

(1) Trench drain. (2) Impermesbls lower boundary. (1) Ponded upper boundary.

2"- E “53" o7 'memb?

The dats on Fig. 12 have bees used 10 show how the rtios bhn/h
andh/g,mywidl%,funmoﬁﬁmdtSlnde-l
/Fig. 1V,

N bm' _ By

B’ | S

this plat is valid for £ Q.

meﬂlciencyofumchdnhnmaﬁnnMisdeﬁm.

with respect to the intervening mass of soil, as
a-'.'.'*’_'E'.'.'."_f.

h'o lho

As -Elﬂl
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a} n=1 b) n=4'5

Curves MnttMWbaothﬂ{thmwndmh'hgto)hwutmmrmnk-
1 aad various valwes of Sip.

a) For fuily pesetrating draing (a = 1)

b) For partially penwtrating draing {n = 4.3)

Nots. The ratios Syp sad b/ are siso taken to be spproximately squivalent to Stng, snd by respectively. The effect of Ry » 1.0
<am siso be obtained from curves by the sppropriate scale transformation.

Fig. 13 : Curves showing the relationship betwesn "mm, and Sfhg,
: snd betwesn Tifh, aad S/h,, for fully penetrating drains
{with n = 1.0) and partially penetrating draing, with n =

= 4.5 Ry is taken asl.
NB. 'ﬂuh:'o:o appended to the caption for Fig. 12 sho

applies

Case ecords

Detajis of the performance of a number of trench and counterfort
" drain installations are given in Table ]. Onily natural slopes have

73
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Swindon, Wiltshire /Skemptoa 1972, md

mMmduwumm

i

after the completion of excavation.
treach drxine in such a cut might weil
i . in accelersting the equilfbration of
long-termn condition i approa-

d

of the
ted descriptions of 2 counter-
is that at Sevenaaks, Keat /Weeks,
+1971/. A downslops wction of the
& trial desinage instailstion, Is shown

i W m%mmm mMmu Mm,mmwmm wmwmmmmw
mmmwmm F mm,wwmw,.mmmdm MWMMWMuwm «mMmeMwm

n be soongly deprested by the asociated

years
of
initially
though,
sufficten
to lower
sxamples in
derived largel
Qr nesr t
instaifstion
Boo:
of
of
shown
is given
much
the
monitored crosy-sections between trench drains
th.lﬂudl?.Fi.. 16 mefers to 3 drainags instailation
wed, n conjunction with other measures, to stabilize 2 lendslide
which occurred during the comstruction of the M4 mo

Bu:duup_ Wood, nexr

peper in Geowcimique by A.W. Skempton and J.G.F.

m mmM thif :

mmmum

been included becsuse, a3 Vaughsn & Walbanks /1973/ have de.

monstrated for
fa-:hmnm;
The

in the nml
u-

tﬂxm‘

data for the
/llndy

mmw mmw

m/sec at 2 depth of § m.

2 a permesbility which
* This could spply, of coumse, on many other sites too. THls tend to

- depth plot, from about
xcEpt where thers are major

s

indica

this xite, carried out by the sather in
1966

thndpmubﬁitymuonpm' ters

stand well, however, /see Fig. 10/ a
inglusions of cohesonless material

74

mumnmm mmmummw mmm uanm wm w -mmmm mm
Site Approx. Principal Druln details . Drain performance
slope materis -~ —

Ref.No. Name B D 8 ro Sh, ..a. h _.= _......__o N Ny Tyess Source
] Brodon Hill fUr. Slip/  14° U Lise 830 113 ¢26 435] .90 B ¥ SN ¥ A | § 0 A (L w_w%..q.:-“-os and Henkel
2 Sevenoaks /Lobe D/ 17 . LrGreensand .9 46 174 31 561} 160 .98 90 32 89 JU 22 Weeks {1969/
;| Goltdfoed /P402-4} 7° M.cunh_—ﬂ”-_nu”ﬁ 8350 183 397 385|236 186 177 .59 33 55 105 Latgely Simons {1977/
4 Hodson [E1-2f $*  Gauliclay 6 3.7 03 1385 139|g2l 162 L3162 ] 57 L Skempton /1971
5 Hodson [E3-4/ $°  Gaultclay 6 37 85 155 239 1S 02 105 42 68 .10 1.5 - "
6 Burderop Wood ¢  Gultely 4 3.7 116 232 349|220 1S6 140 69 J3 53 1.6 Skempton /1972
7 w__".ﬂ-ev Wood ¢  Gailtchay 6 3.7 150 290 8.385]¢235 193 188 31 33 & 1] 16 " "
| “Roﬂmuﬂzu.u\ 14° T $ 52 110 486 226|252 201 193* 52 s8*  60* S8 Cleveland Potash Ltd
9 Boulty /T2/} 15° Tm 535 60 29 207110 B0t M M J2% 4 8y and Auther's THes
10 Barnadale /D19 1n° U e T35 1L3 277 408[135 .98 .8 A9 K] J0 07 Chandler fln pren/
1 Barnsdale [D12-24/ 7 Unlm 7 50 113 343 319]30 41 1217 »m 30 J4 o4 " "

Noter. All dimensions in metres.

® u gstimated values, wsing an _.. valwe of 0.8,
TABLE 5. Detstls of the performance of some trench and countetfort drain in natural dopet,
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Fig. 14 : Countorfort drais instaliation st Sevencaks, Kant (sftor Weeks, 1948, 1970, & Symoas & Booth, 1971):
.;l.ouhudlni-ah-.
» Chuulsplnn-m-leMcn.ntanl-nluammm-nmmoflhmm-us. I moath

after inntallat o)

(1) Upper wiifection lobe. (2) Lower ullﬂmlnl::u. {3) Contruline of propossd road, isier revouted. (4) Extant of counterforts

(L = 14.3A), 9.1 1 to sach side of the piszometer Lins.

contrast to Sevanoaks, this g &2 on the fSank of an iolated
Imoll, with probably & miatively mnall infiow of ground-water from

P04 st Guildford, kindly pro-
/1977, s comparsd with the pre-
piezomatric lavels briefly recorded by 3 nearby pissorauter
/ in Fig. 18. Unfortunataly the original pistometer was
destroyed during drain construction and not replaced for some thne,

3
B

in » siops of til, with some sand and laminated day
Boulby, Yoriahire. This & given in Fig. 19, which is

75

kindly provided by Clswsiand Potash Lid. Again

ol

valuey. This & payticularly
siriking st piezometer N3®, where the pre-drainage artesian pigzo-
matric wvel of 1.68 m above ariginal ground Jevel was brought down
to st least 1.3 m helow this ground level in the September following

A layer of aminated wils and clays was noted in the borehols for
N3, i the vicinity of the piszometer tip. Dr P.R. Vaughan suggests
that on cutting the dryin trench this layer the silt layers
woitid wash out, allowing the clay laminas to fold or shump down,
ssaiing off the more parmeabie Iaminse.

5.
:
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Fig. !!:Cras-ucdon'x—xofcwnmfmduminmﬂlﬁouusmmmthdudmuﬁawmlm, 1970).
Nots. In this psper all such cross-sectione are drawn looking downsiope. (1) Approximste piezometric level bsfors drainege.

(2) Mezometric levels after drainage.
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- Fig. 16 : Cross-ssction of trench drain inatallation at Burderop Wood, Wiltshire, showing the sffects of drainage a1 various times after

imsealintion (after Skempton,1972).

(1) Approximate original position of the piezometric surface.
wers consiructed between 1 and 3 July 1970). (3) Approximat
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¥ig. 17: Cross-section of trench drain installation st Guildford
Surrey, showing the long-term eoffect of drainage (largely
after Simoms, 1977). (1) Approximate plezomatric leval
before dreinage, hazed on plezometer P103, (2) Position
of the piezomstric surface about 10.5 yeurs after installa.
tion of the drsine.

(2} Positions of the piszometric surface followiag drainage (the drains
¢ position of the silp sorface.

construction of the drains in July 1971, only toretum to an artesian
pressute of + 1.37 above the same datum in the following winter
of 1971-72 /Ls. 90% of the September draw-down was tempenarily
loct/. By the next winter of 1972-73, however, the dmains seam to
mmmmmmmunawmmmn-
tainad up to the present,

Mmomunmmmmuemdhumﬁmoﬂwﬁm
mmhphmhuhdm;memuwmer
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Hanks] /1957/ remarks that the mts of drop in pore-watsr pressures
following trench or counterfort drain consiruction s much more
rapld than would be expected from 2 calculation based upon the
cosfTicient of consolidation obtained from oedometsr tests. More
recently Chandler /in press/ has monitored this process for a trench
drain instaliation in the Upper Liag, and concludes that the obmrved
s is st least 4 times as fast s that occurring in one-dimensional
W in the field, predomimuntly through soess relief
cts. .

Dr. M. Hamza, of Imperial College, is currently examining the
immadists, undrained por-pressute changas that are cansed by the
fies releem conwquent upon excevating dmin trenches Using
3 non-lincar finite slement progrmmme, be finds, for tremches ex-
cavated in saturated, overconsolidated cley, withS = 1Sm D=5m,
K. =10, 8=10mdh, =45 m, that the rvernge inmediste
seduction in h_, for the cedtral thoss-quarters of the mam between
the drains, is sbout 1.0 m fora =0, and 1S m fora = 032 /s
-dlﬁmdbyﬂnkdlﬁﬂf.m“uhncﬂecthdldm
important component of the rxpid drawdowns obsrved soon
dmin inswilation /ey Fig. 19/: given favounbls boundary condi-
tions, 3 further component will come from the following consolids-
ton stags.

Coanparisoa of theory with feid behaviour

From the sarliar, the families of

sppeoximate theory developed
curves in Figy. 20 and 21 are meadily derrvad. Thess can be compared
with the field dats summarised in Table 1.

The abm of Fig 20 is to determine values of the shaps factor [, for
the piszometric levels between drains. Thut h/h, it plotted t

* Equivaient to 3 vaiue of the pore-pressure pazamater A of + 0.16.

T

x/S far » typical drain installation with S/h_ = 3, for n values of 1.0
and 4.5 and R, values of 1 and 5. As can Be soen, the various theo-

Against this background are plotted the svailable flald obsmrvations.
All thess are from natural slopes, except those from the cutting at
Cumnor Hill In general thers i an sppreciable zcattar, wilth the
fiald obsarvations fulling on or below the theorstical curves. The
thearutical vaiues of f,, for the curvas shown, sange from 0.76 to
0.80. It is suggested that in practical cases where only the t

piezomewic beight, h_, is known, an estimate of the valve of h can
bs made by Gaking thisas = { b, with [, = 0.8. Thit approximation
is peobably slightly

In Fig. 21a, ﬁmﬂnlmforﬂnwhﬁoddphtmhmlh
snd S/b,, are shown for n vatues of 1.0 and 4.5 and R, valoed o€ 1
ms.%ﬁmmmmmmmm
bracker the svailable field data Finmally, in Fig. 21b, theoretieal
cmves for the varation of long-term dimin efficiency 7 are given,
fuimﬂumuuofnmdkk.atmdmmhm
dats with thess curves leads to the following conclusions:

A  With the exception of point 11 for Bamsdale, which is rather
short-term and whose sfficiency & probably still incressing,
sone of the flakd points Lies below the curve for o = 4.5 and
Rt-llcumca‘.

fiif Up to an 5/h, ratio of 5, the bulk of the field data lies betwean

carve G and the curwe forn =~ 1.0 R, = 5*/curve H/. [f site

awersge are considered, all the data, with the excsption of
point | for Bredon Hill fab between curves G and H and lie
generally in the upper half of that spacs.

“Nouhvmtmnmmudthcuthlkmulﬂlbh.buﬁhu
boen chosen as a likely upper limit for the materials involved.
Mitchell /1956/ provided some guidance for this choice.
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It it suggested that, until further obssrvatlons become availabie,
the curves H and G in Fig. 21b can be regarded as tentative upper
and lower bounds for the design of trench or counterfort drains in
averconsolidated clay slopes under temperate climatic conditions,
uptoansmouﬂonrs or &. Highes ratios thanthis are unlikely to
be under considerstion. Cuzrve G is likely to be 2 conservative lower
bound, uniess in 2 given case the n and Ry valucs ot the hydsology
ate particuiarly unfavourable.

installations in natural slopes that sre listed in
suecessful as a stabilizing messure. The

i

make 3 more detailed examination of trench and
draing, including an examination of the necessary cri-
teria for proventing the occurrence of slips berween such drxins and

8

the effects of oc of artesian pressures at depth, in 2
forthcoming pepert with Mr ELN. Bromhead.
Clogging of drains

Drainagt, a3 mentioned sartier, it one of the most effective and most
used of stabilizing measuret for slopes. At the sams time, thar i
peneraily associsted with such drainage installations tome degree of
doubt concerning their long-term performance.

Clogging of both pipe and permeable agpregate dmins probably
ocows most commonly by the ingress aad lodging of silts and fine
sands. Muchk attention has been davoted to this probism, particularfy
t0 the design of filters, snd there iz 2 correspondingly large literature
on this subject, briefly summarised, for example, by Spaiding /1970
and Cadergran [1978/.

type of failure are lem 10, but thare are indications that permeable
aggregate drainage systems without proper fllter pr may
tend to silt up after a working lifs of about 10 to 20 years.

information has been kindly provided by Mr C.V, Under
wood, the County Surveyor /pers. comm./. Fifteen petforated PVC
drains, of internal diameter 40 mun and lengths betwesn 30 and 40 m.
weze instatled without filters in 1971 at an angle of 5§ above the
horizontal through kminstwed silty clays. By 1975 all the drains

Some othar way: which dnuing become clogged are listed by Kesne
/1951/. Neverthelens, aftar siltation it is probable that geo- and bio-
chemical factors pose the greatest threat to the satisfactory operation
of deainage systems, yet thit fubject has besn largely negiected by
civil There is a fairly extensive literature on the subject,
however, in the ficlds of agricuitusl engineering and water aupply
One of the most common jcal effects is the precipitation
of bydmaied ferric oxide firon ochre/. Useful srudies of iron /and
manganese/ ochre in near-surface agricultursi draing have been mads
by Alcock /1973/ and by Thorburn & TrafTord /1976/, The latter
suthors distinguish two main groups of oclue forming soils; peau
and sightly organic marine sediments and pyrite-bearing rocks
A detailed discussion of measures adopted o prevent ochre depyv-
sition occusring in 3 desper, civil engineering dminage sysiem in
Antwerp s given by Brand /1968/. In the earth dam context
problems arising from the geochemical and biochemical precipitation
of iron compounds are discussed in 2 pionsering paper by lnfanti &
Kanji /1974/. They present a photograph showing a sand filter oo
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€) Varistion of piezometric levels with time.
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) Computed relationshp berween n,,.o

(For key to the aumbering of the points {in Figs. 21a) and b)),

b) Computed relsticnship between 7§ and Sihg for Ry = |

108 3/hg for Ry = | and S and n = | and 4.5, compared with the field dats.
refer to Table ). Solid circles indicate the more reliable data).
ond 5 and n = ] and 4.5, compared with the fleid daty.

(In both Fig. 11a) and b, points from thi same site are conpecied by a broken line.)

]

. Wells are
tited in zones of low apparent slectrical resistivity, considered to
omrelate with an sbundance of ground-water, or pratest slide
danger. The first such well gave a strong discharge and 2 subsequent
fpeat of the resistivity survey showed that the amociated 20nes of
low apparent resistivity had dissppeared. The method seems a very
indirect way evaluating ground-water pressure distributions but is
dearly mach eheaper and quicker than the conventional one using
piezometers. It could add to the welue of & future trial of this
method if the pre~ and post-drainage situations were to be chesksd
with pieztometers.

81

& Frankowski describes the investigation
of a lmdsiids affecting s milway cutting 2t
originated in 1934 and involves losss overlying
the iavestigation, Dutch penetrometer tegts were
o what extent these wers useful. In
siide on pre-existing slip murfaces it
mention of residual stength, snd that the
stability snalyses are out in terms of

paper, Fajita revisws the occurrence of stides around reservoir

in Japan, with particulsr reference to the indluence on
dmhmhummmmﬂmamm
of slides occurring both on flooding 2 well as
on drawdown. Much of the work done at Vaiont /eg. Kenney, 1967/
i mlsvant lothhtopiendonowuldﬂnhmexpecudto!hd
reference to the concept of critical pocl level,

Papoulek & Paseka report on 2 case where am unstable
dmﬂyﬂeopmdnysmvo!mmmwﬂﬂybuﬂt
te compiex geological and’ hydrogeological conditions,
kesiculations of the stabiliti® of some of the landslides
As often found eisewhere, at comparable styess ranges,
hbunorynlueofmmmhliesZorqumhaluw
obtzined by back mmalysis. The slopes were stabilised
y by a combination of an anchared pillar wall and some
horizontai drains snd by minimising the size of cuts for roads and
mNomonitorin;oﬂbmmeumisuponad.

paper by Flimmael deals with horizontal drain and pile wall
tions in 2 more general way. Useful practical experiencs,
i on numerous landslide stabitisstion schemes in Czechosio-
is given for both the above types of corrective measure. Soms
ce is also given on the drain discharges and lowerings of

g§s
i

:

EE‘

Bl



ground-water level achieved, No mention i made of filters being
provided on the horizontal drains.

A briel account of the stabilisation of an 80 m high rock slope in
N. Bohemia, mainly by the use of pre-stressed, horizontal cable
anchors, is provided by Zajic. An outline is given of the comprehen-
sive joint survey made and of the anchor design. It is to be hoped
that long-term monitoring of this instaltation, which is currently
being carried out, will be undertaken.

The final three papers all deal with dynamic aspects of slope stabili-
ty, with particular reference to blasting. Musselyan, Kochurov &La-
vrusevitch describe flekd experiments in which the response of
loess slopes to blasting was examined. The biasting was not carried
out untl the sttiement of the loess, following preliminary wetting
had besn compieted. The seismicity [actor measured, for which the
slope movements are known, is compared with those associated
with naturat Dvofik discunies the technique of -
moving parts of 2 landsiide by blasting, for instance as part of the
stabilization of 1 rock mass. He gives an example of & rock slide
unintentionally initisted by blasiing and sugpests an spproach
whereby the appropriste size of biasting charge, that will not
endsnger the overall stability, can be determined. Fimally, in s
rather general paper, Shshunsnt & Fedomsnko discuss principles
of slope stabilization and mansgement in folded mountain regions.
These include, in addition to nomal siope stabilization measures,
the provision of dykes to deflect or retain landslide and mudfiow
dsbris, the provision of overflow channel sround dams formed by
large natural handslides and the uss of comventional and nuclear
explosion to shake down threstening masses. In the lattér connec-
tion it is pointed out that reBiable methods of pmdicting the run-out
of slides are not yet available,

3 - RESEARCH NEEDS

Development of our knowiedge of the sfficacy of siope stabilization
measures depends ily oa comprehensive and long-term
monitoring of the performance of the various methods i use.
In genensl, the emsence of such monitoring is the camrying out of
basic operations, such as the measurement of movements, stresses,
pore-waier pressures and drain discharges, in a2 well planned and
thorocgh manner. (n other words, aithough thers is obviously
room for its further development, sufficient technology aiready
exists; it 3 interest and determination that are crucial if a valusbie
body of detailed case records is to be built up,

In the case of corrective cuts and fills, the main pre-requisite of
sucoess is & proper investigation of the landslide itself. The monito-
fing of movements, at the ground surface and preferably also with
depth, should be an invariable practice and the values of B duxug,
censtruction should be messured by suitable piezometers. The main
research needs here concern the difficulties of assessing the degree
of stability of the existing slopes or iandslides and of deciding what
is 20 appropriate degree of improvement. In this connection, more
knowiedge of stress-strain conditions throughout the whaoie landslip
mamn especisily in the spproach (o failure i required. This advance
beyond the constraints of the limit equilibrium approsch will also
need to be accom by a2 mexsmination of the usual ideas
of ,Iactor of safety™.

With respect to drainage measures, there it 1 great need for properly
monitored parformance recornds of all the methods. The initial
ground-water conditions should frst be astablished for at lesst
one {ull season, and prefersbly longer. In addition, messurements
of the variation of permeability with depth, and the permeability
uﬁokh!kv.mh‘.h!ynmt.udnﬁupmnhlw
time o become effective, long-term monitoring of its progress is
essential This needs to cover not merely the consolidation phase
but also the suceweding steady state phase, in order to discover any
deterioration through clogging of other causes,

Mmoudmﬂmﬂmmanguofdoﬁnghumﬂymm
Much effort is required here, not only in a research context but aiso
to devise means of protection aguinst clogging which will be satis-
factory under site conditions. It is also important for this research
to cover ciogging through geo- or bio-chemical processes 2 weil a3
that which can arise by siltation.

7 BARE

s 150-188. Highway Research Board
BALLOVIN G- FATT

Concerning the considerable variety of other corrective tecimiques,
oaly three research needs will be 1ouched upon. In the vase of per-
maneant soil or rock anchors, efforts should be made to explore
more fully their long-term behaviour, particularly with regard to
stress loss and corrosion. For other corrective structures, 2nd
particularly for heavy cantilevered or anchored pile restraining
structures there is a need for more measurements of deflections and
earth pressures, and study of the relation between these. There is
also room for further expioration of the exient to which geophysica)
investigation techniques can be of help in stabilization work,

Finally, in visw of the close link between landslides and erosion,
it wouid seem advisable to direct more attention towards methods
af controifling the latter, on both the locsi and the regional scale,

|
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DETERMINING THE EROSION HAZARD

There are two basic approaches to determining erosion hazard -- the
site specific method and the reach method. The site specific method requires
a geotechnical engineering analysis at each site at the time development is
proposed. This method requires a report analyzing among other things: (1)
wave-induced erosion based upon recession rates and wave energy calculations;
(2) geologic conditfons including the soils at the site and their properties
and stability; and (3) groundwater and surface Water conditions. While the
site specific approach may be technically accurate, it is too costly and
time consuming for all but the most expensive development.

The reach method uses generalized formulas to estimate the two components
of the erosion hazard, i.e., the recession rate and stable slope angle. Much
of the information needed is available from studies made through the Wisconsin
Coastal Management Program. There is a Shore Erosion Technical Report with
technical appendices. Erosion Hazard Area Maps at a scale of 1 inch equals
2,000 feet delineate areas with erosion potential. These maps also show short-
term recession rates (1966-1975) and Tong-term recessfon rates at selected
intervals. For a further description of this information see Appendix A.

Estimating A Stable Slope Angle

Assuming for a moment that no further wave-induced erosion takes place,
it is possible to estimate the stable angle of repose of a bluff. The
ultimate angle of repose of a stable slope reflects the angle of internal
friction of the materials comprising the bluff. The angle of internal fric-

tion of various materials has been documented by engineering analysis. Even
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though actual bluff failure at a particular site depends upon local varia-
tions in the soil profile, groundwater conditions, vegetative cover, surface
drainage and other factors, the stable angle of repose of various classes
of materials can provide a reasonable rule of thumb to estimate slope sta-
bility. Thus knowing the height of a bluff, its slope angle, and the pre-
dominant material of which it {s comprised takes into account some key site-
specific factors.

It is possible to generalize further and establish an average stable
stope angle for a range of erodible materials. A stable slope angle of
21.8 degrees (2-1/2 feet horizontal distance to 1 foot of_vertical distance)
appears to be a reasonable general figure based upon studies of relative
slope stability of bluffs along Lake Michigan which took into account strati-
graphy, parent materials, bluff height and slope angle (Shore Erosion Study --
Technical Report, February, 1977). This report shows an average draiped
angle of internal friction based upon laboratory tests, of 31.4° - 29,.8°
with one unit showing a 22.3° angle. However, the report also states that
below the groundwater table, water pressure reduces the stable slope angle
to about half the drained internal angle of friction, It further states
that localized conditions such as artesian pressures and excess hydrostatic
pressures due to seepage effects tend to reduce this stable slope angle even
more., More importantly, the study did not take into account frost actions,
surface wash, mudflow and similar forms of mass wasting. A recent study
suggests that these processes may be responsible for up to 50 percent of

bluff retreat fn some cases. Investigators on the Shore Erosfon Study have
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indicated that on Lake Michigan slopes of approximately 21.8 degrees

(2 1/2: 1), natural vegetation occurs and that vegetation can effectively
control many mass wasting processes. The predominantly clayey soils on
Lake Superior tend to be less stable. A generalized stable slope angle of
three feet horizontal distance to one foot vertical distance (18.4°) has
been suggested for regulatory purposes in Douglas County as a result of
studies done by the Red Clay Project.

Estimating Recession Rates

Wave-induced erosion can be expressed in terms of an average annual
recession rate. The Wisconsin Coastal Management program has measurements
of recéss1on rates in the form of a reconnaissance survey. Two types of
recession rate data are available: (1) Long-term (approximately 100 years)
which integrates periods of high and Tow erosion and thus reflects fluctua-
tion of lake levels; {2) Short-term (1966-75) recession rates. The measure-
ment points along the shoreline are generally closer together for short-
term rates. Short-term rates are usually considerably higher than long-term
rates because the short-term rates were measured during high lake levels
when erosion {s accelerated. In some instances short-term rates are lower,
This may reflect the episodic nature of slope failure (a bluff which failed
and is now temporarily stable) or the effects of structural protection.

In general it is preferable to use the Tong term rate as a measure of
recession. In speaking of the variation over time in average ?hetreat rates,

a technical paper of the Corps of Engineers notes:
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"Engineers are sometimes criticized for placing too much reliability in
average retreat rates derived from a limited number of measurements widely
spaced along the shore. However, the practicing engineer is interested in
overall conditions affecting a large section of shore, and in long-term
results affecting the lifetime of a project or structure (e.q., 30 years).
It is worth pointing out that as the temporal scale increases some of the
problems that originally contaminated data tend to cancel one another
rather than accumulate as the time between observations is extended. "

"A problem frequently faced by engineers is to choose a sampling inter-
val adequate to determine a mean recess in rate for a given beach...It is
well known that for a fixed level of long shore variability, the precision
of the estimated regional mean can be improved by increasing the number of
survey stations.. lLess well recognized is that inherent variability usually
does not increase greatly with time. Thus, the probable error or mean
rates and the percent error in mean recession tend to decrease with time.
The variance of these estimates would also tend to decrease (thus, the pre-
cisions chrease) in direct proportion between the number of years between
surveys.

Source: Hands, Edward B. "Changes in Rates of Shore Retreat, Lake
Michigan, 1967-76. Technical Paper No. 79-4, U. S. Army
Corps of Engineers, p. 27-30

Determining the Recession Rate Setback

- A recession rate setback distance can be established by multiplying the
average annual recession rate by the assigned design 1ife of the structure to
be protected (e.g., 30 years, 50 years or 100 years for a residence). The
selection of the appropriate regulatory time span during which buildings are
to be protected from recession is a decision to be made by local policy makers
in Wisconsin. The State of Michigan requires permanent structures to be set
back the distance of the 30 year recession rate, but recommends that a greater
setback is desirable, The Province of Ontario measures the 100 year recession
rate and the stable slope angle,

“The 100-year erosion 1imit was established by extending inignd from the
edge of the bluff the average annual recession rate multiplied by 100 years,
with an additional distance added on for a stable slope. To determine stable
slopes, soil characteristics, stratigraphy, bluff height and observed stable
bluff profiles were analyzed. As a result of this analysis, slopes of 2:1
and 3:1 were most frequently used.” (A Guide For The Use Of Canada/Ontario

Great Lakes Flood and Erosion Prone Area Mapping, Ministry of Natural Resources,
Ontarioc, March, 1978, p 16}
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A 50 year rate appears to be a reasonable minimum figure, since it
approximates the useful 1ife of a typical residence. To illustrate, assum-
ing a 50 year design life and a long term recess%on rate of 2 feet per year;
regulated structures would have to be set back 100 feet from ihe ordinary
high watermark. The recession rates shown in the Technical Report Appendices
and Erosibn Hazard Maps should be considered as a general guide for deter-
mining the recession rate in a given area. In areas with highly variable
recession rates or where structures have accelerated erosion, it may be
necessary to make additional studies or to determine the recession rate at
the particular site when development is proposed.

Determining the Stable Slope Setback

Structures, such as residences, that would be damaged by slope failure
can be protected by reﬁuiriﬁg them to be Tocated outside of unstable slope
areas. This determination can be made by applying general rules to a specific
site. Here is an example of the way it would work. Assume a bluff is 50 feet
high. An angle of 21.8° (2 1/2 feet horizontal distance to 1 foot vertical
distance) is measured from the ordinary high watermark. The point at which
this angle intersects the bluff is the edge of the stable slope. This means
that the stable slope setback would be 2.5 feet (stable sTope angle) x 50
feet (bluff height) or 125 feet from the ordinary high watermark.

Establishing The Erosion Hazard Setback

These computations of recession rate and stable slope angle can be used
to establish an erosion hazard setback in a zoning ordinance. Within this

setback 1ine high value structures which would be severely damaged by erosion
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or activities which would accelerate erosion can be regulated. Using our
previous examples, in an ordinance that required a 50 year period for pro-
tection against recession the erosion hazard setback would be 100 feet from
the ordinary high watermark for a beach area with a 2 foot per year reces-
sion rate. Assume there is another area with the‘same recession rate but
which also has a 50 foot high bluff. Here the erosion hazard setback would
be the stable slope setback (50 ft. x 2.5 ft.) = 125 feet plus the recession
rate setback of 100 feet or a 225 foot erosion hazard setback line.

The erosion hazard setback can be modified if the landowner provides
technical data proving that a different recession rate is warranted, slope
conditions are more stable than assumed, or that the erosion hazard, although
correctly estimated, can be mitigated by structural protection,

REDUCING THE EROSION HAZARD

The basic causes of shoreline erosion, i.e., wave erosion, unstable
slopes and surface erosion, can be reduced in some instances by protecting
the shoreline from waves, stabilizing slopes, and controlling surface erosion.

Protecting The Shoreline From Waves

There are two primary methods for structural protection against waves.
The first method directly armors the shoreline against wave attack through
the use of revetments, bulkheads or similar structures. Revetments are sloping
rock or concrete structures placed parallel to the shoreline to protect against
wave action, Bulkheads are vertical walls with their base well below the lake
level, whose primary purpose is to prevent the sliding of earth or slope failure

with a secondary purpose of protecting against wave action. The second method
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of protecting against waves is to build a prétective beach by promoting
beach accretion and retarding beach erosion. This method involves the use of
nearshore breakwatars or groins.

For structures placed above the ordinary high water mark the regulatory
jurisdiction lies primarily with local government. In the case of structures
extending below the ordinary high water mark, local government can exercise
concurrent jurisdiction with the Wisconsin Department of Natural Resources
and the U. S. Army Corps of Engineers,

Further information about these methods of structural shore position is
contained in the bubiications Great Lakes Shore Erosion Protection: A
General Review with Case Studies; Great Lakes Shore Protection: Structural
Design Examples, both available from the Wisconsin Coastal Management Program;
and Help Yourself -- a pamphlet discussing erosion problems and alternative
method§ of shore protection, and the three volume Shore Protection Manual, an
engineering handbook -- both available from the North Central Division of
the U. S. Army Corps of Engineers. A few general comments about shore protec-
tion measures are warranted, however. Improperly designed, installed or main-
tained protective works are a waste of money and may have adverse off-site
effects. Most classes of protective works are expensive. The effective life
of a structure is generally reflected in its construction cost. "Careful
site analysis and design must precede the placement of all structural devices,
and even then the 'success' is measured in terms of a few decades. Without
proper engineering and maintenance, structural failure can be expected at an

even earlier point. Virtually all emergency structures and many low cost
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structures (those under $100 per lineal foot) do not last beyond ten years."
[Wisconsin Shore Erosion Plan p. 25) The chances for an effective structural
approach are enhanced 1f a group of Tot owners join together to build pro-
tective devices that are compatible and complement one another. For
example, revetments and bulkheads constructed along a reach of shoreline
which is exposed to wave attack may be subject to erosion (flanking) at
either end of the structure. It may be difficult to secure both ends of the
structure against flanking where the property involved constitutes only part
of the reach subject to wave approach from a given direction.

Bluff Stabilization and Surface Erosion Control

It is virtually impossible to stabilize a bluff unless the base of the
bluff has been protected against wave attack, However, once this has been
dbne several methods of bluff stabilization are available. .These methods
include reshaping the bluff to a stable angle, mechanically terracing the
bluff face through retaining walls, increasing the strength of the soil by
removing excess groundwater, and controlling runoff over the top of the bluff.
They are usually employed in combination. The most common method is regrading
the bluff to a stable slope and constructing a rip-rap revetment at the toe,
but different procedures may be required depending upon the particular situa-
tion. The publication Harmony With The Lake: Guide To Bluff Stabilization
suggests the following stabilization measures be taken as necessary in the
following order of priority: (1) When necessary, and if possible, reshape

the bluff face to a stable angle of slope; (2) Control any excessive surface
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water runoff; (3) Control any excessive groundwater seepage; (4) Revegetate
the bluff face as necessary.

Vegetation {s important in surface erosion control because it protects
the soil from the impact of rain, slows runoff, acts as a filter to catch
sediment, and helps hold sofl particles in place. Grasses and low-growing
shrubs are preferred when establishing a vegetative cover. They provide
protection soon after growth begins, form a denser root mat, and do not tend
to loosen soil around the roots as would occur with tree roots during wind
storms. The presence of vegetation, especially trees and shrubs, may be a
general indicator that the bluff is stable at the present time, i.e., the
toe is not undercut and the slope is at a stable angle of repose. It does
not mean that continued erostion will not occur in the future,

INCREASING THE ERQOSION HAZARD

As previously indicated, structural attempts to control shore erosion may
increase erosicn of nearby properties. Improperly managed storm water may
also increase erosfon. During periods of heavy rainfall, surface water flows
over the top of the bluff and can erode the entire face of the bluff. Devel-
opment which increases runoff by creating impervious surfaces, concentrating
runoff, or destroying vegetation, accelerates this erosion. A bIuff may also
fail because of the added weight of buildings, swimming pools, and other heavy
structures placed too close to the bluff top. Septic tank sewerage systems
add weight, and the liquid effluent can reduce friction between soil particles

causing unstable bluff material to slump and slide toward the beach.
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ADJUSTING LAND USE TO THE ERQOSION HAZARD
Types of Land Uses and Development Patterns

The damages that will result from shoreline erosion depend upon both the
severity of the erosion hazard and the type of land use that will be affected.
As the shoreline continues to erode, the land will eventually be lost but the
major portion of the damage comes from destruction of structures on the land.
Open space land uses such as agriculture, forestry and parks may be the most
appropriate land use fn many erosion hazard areas, other things being equal.
However, some facilities such as marinas, water intakes, sewage treatment
plants, ports, and certain industries may require a location in the {mmediate
shoreline area. For these shoreline dependent uses careéul sfting to avoid
high hazard eros1bn areas and well designed erosfon mitigation measures are
1mbortant to avoid unnecessary damage. In the main, these uses are ones for
which it may be economically feasible to provide effective structural protec-
tion. An investigator of shore]in; erosion in Southeastern Wisconsin,
commenting on structural erosion protective measures, n\otes "For the most
part, the successful structures observed were built either by units of
government or, to a lesser extent, by industry. These structures are massive,
well engineered and constructed, and probably much too expensive to be justi-
fied for even the most valuable residential properties." (Shoreline Erosion
In Southeastern Wisconsin, David W. Hadley, Wisconsin Geological and Natural
History Survey, 1976, Special Report Number 5, p. 27.)

It s up to the comprehensive land use planning and zoning process to

allocate lands to their most appropriate use. In this discussion we assume
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that the proposed use is appropriate. The focus here is on ensuring tﬂat the
use is developed in a manner consistent with the erosion hazard through the
use of land use controls. Specfal erosion hazard provisions for a zoning.
ordinance and- a subdiviston regulation ordinance are presented in Part II

to i1lustrate-how this may be accomplished.

Since regulations generally apply only to new development, the effective-
ness of regulations depends upon the existing land use development and owner-
ship patterns. These patterns vary widely but may be characterized by the
following general categories: (1) Rural areas where the land consists of
large tracts of open space use in single ownership, e.g., farms and forests;
(2) Rural areas where the land has been divided into smaller tracts through
subdivision plats or sale of individual lots but is not yet developed or only
partially developed; (3) Suburban areas where the land has been substantially
developed along the immediate shoreline and development consists of infilling,
i.e., construction on ‘the undeveloped shareline lots; (4) Developed areas
where the first tier of lots has been largely built upon and development is
occurring within the second tier of lots within an area still subject to ero-
sfon; and {5) Urban areas where almost the entire shoreline is developed in
depth. {(In general, regulations have their best potential in relatively
undeveloped areas.)

Developed Areas

Lots already occupied by buildings are largely beyond the scope of regu-

lations. The -only appropriate regulatory provisions are those designed to
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control activities which would accelerate erosion or which control the expan-
sion of structures subject to damage. The owner of an existing structure
subject to substantial erosion damage has two basic options: (1) attempt to
mitigate the erosion hazard by protecting against wave erosion and stabiliz-
ing the slope or {2} relocate the structure. Permanent relocation outside
the erosion hazard area could mean moving the structure to the rear of the
same parcel if the lot is of sufficient depth, or moving it to a different
lot not subject to erosion. “Relocation is an alternative that cannot be
overemphasized. Erosion is a natural geologic process that is extremely
difficult to stop. The alternatives to build shore protection or to relocate
must be weighed against the consequence of failure. Depending upon the type
of structure you might consider, it may cost the same to relocate as it would
to build shore protection. Should a protective structure fail, then your
investment in the structure is lost and your home or cottage still in danger."
[Help Yourself, U. S. Army Corps of Engineers, North Central Division. p. 14]
A number of factors affect the cost of relocation. "They include lot
depth, the ;vailabiiity of new building sites, ease of site access, building
configuration and size, amont of subfloor access, number of public utility
disconnections, and the availability of experienced movers. Because reloca-
tion is typically only considered during emergency periods, the amount of
land lakeward of a building is a critical factor. Between 15 to 20 feet of
clearance is normally required for safe operation of equipment. Moving costs

of a small cabin or cottage, medium size ranch style house, and large mansion
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can be expected to range between $3,000-$4,000, $7,000-$9,000, and $30,000-
$40.000, respectively. These costs do not include site preparation costs
at the new location." (Note: 1979 cost estimates) [Wisconsin's Shore
Erosion Plan. p.87]

In cases of individual hardship where lots are too shallow to permit
construction meeting the erosion hazard setbhack, it may sometimes be reason-
able to permit a moveable structure such as a mobile home or residence
designed so that it can be readily relocated. Allowing such structures with-
in the setback line should be done only on a case by case basis after a care-
ful investigation of the particular sftuation. Appropriate conditions should
be attached to development permission in these instances.

Undeveloped Areas

On lots of adequate depth the most satisfactory approach is to properly
locate the structure in the first place. This means that structures should
be safely set back from erosion hazard areas. The setback should be based
upon a consideration of the recession rate, in all cases, and a stable slope
angle in the case of erodible bluffs. The satback approach is preferable
largely because of the limitations of structural attempts from both a private
and public point of view. Among these limitations are: (1) Attempts to
adequately protect against waves may not be feasible from an engineering point
of view, e.g., effective progection may require stabilization of a coastal
reach which is longer than the site in question; (2) Structural measures are

usually too costly in relation to the value of the land proposed to be pro-

ino



tected. 1977 figures for approximate cost ranges per lineal foot of pro-

tected shoreline are as follows: temporary devices (less than 5 years

expected 1ife) $50-$100, intermediate 1ife devices (5-25 years) $100-$200,

and “permanent" devicés (25-50 years) above $200. The actual life of 2
structure depends upon proper design, construction and maintenance [Great
Lakes Shore Erosion Protection: Structural Design Examples, p. 5]

(3) Structural measures may have adverse off-site effects. Groins may cause
accelerated erosion by starving down drift beaches. Shore armorment may
deflect waves which erode adjoining property; (4) The form of share protec- .
tion most commonly used by individual property owners is 1oose dumping of
stone or concrete rubble. This practice affords only short term protection.
Besides destroying the natural beauty of the shoreline, this material often
ends up on the bed'of the lake, impairing the public rights in navigable

waters.

REGULATIONS TO ADJUST LAND USE TO EROSION HAZARD

Zoning and Subdivision Requlations

Zoning ordinances and subdivision regulations are important tools that
local government can use to require that new land uses take erosion hazard
into account. Subdivision regulations and zoning complement each other.
Zoning focuses primarily on the uses of land, the dimension of lots, and
the location of structures on the lot. Lot dimensions are important to
ansure the lot is deep enough to permit structures to be safely located
behind the required erosion hazard setback line. Zoning ca;%also control

grading, filling, vegetative removal, installation of protective devices
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and other activities that may accelerate erosion. Thus activities can be
made conditional uses to require that they be undertaken in a manner that
avoids adverse effects.

Subdivision regulations focus on the process of dividing larger tracts
of land into lots for purposes of sale or building. For undeveloped areas
which have not been divided into lots, subdivision regulations have particu-
lar promise. The larger size of the parcel involved makes it more likely
that economically feasible engineering solutions can be found to storm water
management, grading and filling and erosion protection measures. Subdividers
can be required to designate erosion hazard areas on the plat, and restrict
this area to park or open space for the use of the residents of the subdivi-
sion, |

Status of Zoning and Subdivision Requlations Along the Coast

A1l Wisconsin coastal counties have adopted shoreland regulations which
include zoning ordinances and subdivision regulations which apply to the
unincorporated portions of the Great Lake shorelands. [Milwaukee County does
not contain any unincorporated areas.] County shoreland regulations were
designed primarily for inland lakes and most do not take into account the
specfal erosion hazards of the Great Lakes. [Exceptions are Douglas, Ozaukee
and Racine Counties.] A1l of Wisconsin's 33 coastal cities and all but two
of its villages have zoning ordinances. Twenty-five of the coastal munici-
palities have also adopted subdivision regulations. Most municip%ﬂ requia-

tions do not contain special provisions for coastal erosion hazard areas.
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Sample erosion hazard provisions for zoning ordinances and subdivision
regulations are contained in Part II. The general approach suggested in
these provisions is to: identify erosion hazard areas; restrict or pro-
hibit uses which are vulnerable to erosfion damage or which may impair publjé
rights in navigable waters; require special review of erosion protection
devices to ensure that they are properly designed, installed and maintained;
and regulate land disturbance, storm drainage and other activities which may
increase erosion. Erosion hazard regulations which restrict the use of
private property must meet certain basic constitutional tests or they may be
found invalid by a court. These legal tests provide guidelines for drafting
and administering erosion hazard regulations.

CONSTITUTIONAL CONSIDERATIONS IN SELtCTING REGULATORY POLICIES

General Tests of Validity

Requlations which restrict the right to use private property will
usually be found constitutionally valid if they meet the following basic

conditions:

(1) The regulations serve valid public objectives which promote
public health, safety and general welfare.

(2) The regulatory provisions are a reasonable means to achieve

these objectives.

(3) There is a reasonable basis for the classification of uses and

lands subject to the regulations.
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(4) The property owner is left with some reasonable use (usually
framed in economic terms) of the property} ji.e., there is no taking of
property without compensation,

(5) The ordinance provides sufficient standards to prevent the arbi-
trary exercise of power by administering agencies in reviewing conditional
uses and in other discretionary activities.

Zoning regulations are presumed to be valid but this presumption may be
rebutted by evidence provided by persons contesting the validity of the
regulations., The importance of the particular facts in each case has been
emphasized. “However, each case in which the validity of such regulations
fs challenged, musf be determined on the facts that are directly applicable
to the property of'the parties complaining.”" Kmiec v. Town of Spider Lake

(Wis. 1974) 211 NW2d 471, 477. As a consequence, in most instances the court
determines the validity of the regulations only as they apply to the particu-
lar property in question. Landowners typically challenge the validity of
zoning where their land is zoned differently from nearby lands and the zoning
prohibits a use which would permit a higher economic return than the use to
which it is restricted. In Kmiec the Wisconsin court invalidated the applica-
tion of agricultural zoning to the particular Takeshore property in question
on two grounds: (1) The parcel was improperly mapbed, i.e., the classifica-
tion was without a reasonable basis; and (2) the classification resulted in
a substantial negative value of the land.

Erosion hazard regulations which severely restrict the use of private

property on the basis of generally delineated erosion hazard areas may be
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particularly subject to challenge on the grounds of “taking, 1.e., the
 restrictions permit no reasonable use of the property; and improper c1as§1-
fication, i.e., the area is not subject to severe erosion or the estimated
erosion hazard has been incorrectly “mapped”.

The possibility of challenge to erosion hazard regulations makes it
fmportant to carefully review legal precedents which validate reasonable

erosion hazard regulations.
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SUMMARIES OF WORKSHOP DISCUSSION GROUPS






PROBLEM IDENTIFICATION & ASSESSMENT

1. The group concurred with the state-of-the art paper on the causes and
mechanics of bluff slumping. They made the following specific findings
and recommendations in this regard, viz.:

a) The information in the state-of-the art papers should be converted
to user-oriented guidelines and released in the form of pamphlets
or leaflets.

b) The public should be made aware of the futility of low-cost solutions
without adequate problem identification and assessment.

c) Coastal slope failures frequently involve both terrestrial and marine
processes of degradation often in complex interaction with one
another. :

d) As a result of (c) above successful systems to protect coastal
bluffs must combine a shoreline defsnse against wave action along
with protection against slope failures in the backshore slope area.

2. Some important distinctions were noted between two major approaches
to identification and assessment of siope stability problems in the
coastal zone, viz.

a) Reach specific vs. site specific studies

b) Long term vs. short term analysis

c) Management (zoning) vs. engineering (structural) solutions.

3. Different constituencies are interested in different approaches listed
in #2 above. Government agencies and planning bodies tend to be
interested in the reach (long-term management) approach while property
owners prefer site specific (short-term structural) solutions.

4. The group perceived a need to develop improved coastline hazard or
zonation maps for slope degradation processes. This zonation mapping
involves the following key steps:

a) Collection of data and preparation of basic data maps

b) Development and implementation of decision madels.

c) Preparation of zonation or use suitability maps.

These steps are schematically illustrated in Figure 1. Item (a) above could be done
by technicians and trained volunteers, (b) by scientists and engineers, and (¢) by

multidisciplinary teams from the public sector {e.g., state resource agencies, U.5. Corps
of Engineers, U.S. Geological Survey).
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S. These are technical, economic, and political problems with a major
project of coastline zonation or hazard mapping. These include:

a) Public_acceptance. Can the negative connotations of "hazard" or
"risk" maps be avaided by making slope evolution maps or "remedial
action" maps which focus on pasitive action to reduce damages
along particular reaches of shoreline?

b) Reliability of decision models. Long term data to calibrate various
models may be lacking.

c) Cost. The public must be convinced of the benefit of such a
mapping program. The loss mitigation made possible by such
analysis (either by avoidance or by pinpointing effective correction
action) must be demonstrated. Put another way, the cost of such
a program must be shown to be a small fraction of the cost of
failing to implement it.

Basic Data Maps

Lithology Topography Hydrology Vegetation Climate
composition height GWT type - ppt.
structure slope angle pore press. % cover wind

L

DECISION MODELS:

mass-sail movement (slumping) Share Profiling
surficial erosion (face degradation) /N with time

toe erosion

sediment transport

(wave energy dellvery)

USE SUITABRLITY OR
HAZARD (zonation)
MAPS

F1G. 1: Schematic illustration of steps for preparation of zonation or hazard maps in
the coastal zone.

6.

The group concurred that many bluff stability problems particularly those
involving siumping in high bluffs in cohesive sediments can only be understaod
and described properly in long-term time frames. This requires that funding
for such studies be long term and sustained.
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CONTROLLING FACTORS

1.

2.

Bluff Lithology: Many (or most) bluffs in the Great Lakes are comprised
of two or more stratigraphic units which often include cohesive and
noncohesive units in a single profile. This carries significant
implications for bluff meadelling research.

Geomorphic Monitoring: There is a need to differentiate between bluff

erosion and retreat and between retreat based on crest recression and
toe recession. This also relates to low angle and high angle failure
and the net loss of bluff material in cohesive and noncohesive lithologies;
further, the optimum frequencies of aerial overflights may be different
for different bluff types.

Beach Sediment Budget: Maost littoral sediment in the Great Lakes
originates from bluff erosion and the body of beach sediment (in transit
material) is an impartant contral on wave eraosion of bluffs; bluff retreat
in many cases can be related to beach sediment budgets over different
time frames.

Bluff Recession Maodels: Slope profiles of bluff retreat appear to vary
with different lithologies; sandy bluffs appear to show high seasonal
variation in morphology whereas clayey bluffs appear to show greatest
morphological variabilities over longer time frames. In general, slopes
are gentler during low lake level periods and steeper during high lake
level periods. Shallow fallures are more common during high lake
levels. Deeper seated failures are more common during low lake level
periods.

Offshore Erosion: Bluff retreat over the long term may not only be
related to recent forces and processes but to offshore (remnant) features
such as residual boulder fields; such fields have been tied to "hard
points" along retreating coast lines.

Climatic Effects: The influence of snowbelts on coastal hydrology and

bluff retreat is largely unknown. On cohesive bluffs, there seems to
be little activity in winter. In spring, the primary loss is by mud flows
and other bluff face activities. In fall, most loss is due to sheet loss
and rill erosion. Toe erosion is greatest in spring and in fall during
periods of high wave energy. Wind erosion is the most common erosion
process in winter.

Wave Forces: Wave growth on the Great L akes appear to be much
larger than ocean-based forecasting models would indicate, This is
apparently related to the high intensity of atmospheric instability over
the lakes in the fall and winter. Sediment movement initiated by
storm wave events appears to last rmuch lenger than the wave event
itself.
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MITIGATION MEASURES

1. Non-structural mitigation measures

a)

b)

c)

d)

e)

£}

7)

MNon-gtructural methods only work in undeveloped areas where you
can control land use (excluding relocation of houses).

Michigan, Wisconsin, and Iilinois approach is to encourage setback
requirements. (Wisconsin's program is voluntary allowing for use
of recession rates, slope stability, and/or combination of these).

Various interest groups have different views regqarding disclosure
of erosion/bluff slumping hazards. For example, interest has been
shown by property assessors, banks, and realtors representing
prospective buyers, vs. realtors representing sellers). Property
awners, realtors, and banks should be made aware of erosion bluff
hazards.

Property owners should be made aware of federal insurance
assistance policy. Increased public awareness is needed that under
existing federal insurance laws losses from erosion are not covered.
Any changes in insurance laws should discourage property owners
from building in high risk zones.

There are different approaches for calculating bluff hazard
setbacks. Some states use historic recession rates, others inciude
slope stability, and site-by-site review. The traditional method
uses recession rates, but more emphasis should be placed on the
stable slope angle. Manitowoc and Ozaukee, counties in Wisconsin
have recently incorporated both.

Most programs allow for reduced setbacks with either toe protection
or movable structures (homes).

While there is disagreement, the scientific basis for establishing
erosion hazards is generally agreed upon.

2. Bottom and beach formation

a)

b}

Shore protection methods that are of moderate cost, replaceable,
small-scale, and wark with natural forces should be tested further.
The public should be made aware of these types of devices.

Artificial nourishment of groin system provides immediate benefit
for shore protection.
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3.

4.

Toe Protection

a) Armoring the shoreline is not always the answer because these are
site specific problems.

b) There is no such thing as low-cost, as in cheap, bluff protection.
The public should be made aware of this.

c) Property owners should be made aware that any shore protection
requires periodic inspection and maintenance.

d} Within the framewark of general site criteria a list of certain
devices can be suggested. However, property owners should be
made aware of the site-specific nature of their effectiveness.

e) Need better scientific documentation of many devices now
marketed and developed. Many have short history, weathered few
storms {need monitoring and bathymetry).

f) Cost of structure must be weighed against durability.

Drainage

a) Subsurface Drainage
-Dewatering of bluffs with a deep dewatering problem is only
viable on highly valuable land due to the high cost and limited
zone of effectiveness of each well.

-Problem with dewatering bluffs is inconsistency of bluff materials
between bluffs and within bluffs.

-Drainage techniques include chimney drains, curtain drains, and
eductor wells.

-Chimney drains must be done in conjunction with toe protection
and may also require slope grading to the stable angle of repose.
-The difficulty in dewatering bluffs is due mainly to depth of
water, source of water, {e.g. aquifers, septic systems, etc.)
-Almost impossible to drain pure clay slope.

-Curtain drains only handle shallow dewatering problems. Deep
draining is done with eductor well,

b) Surface Drainage

-Problems associated with surface drainage include freezing and
bursting of pipes that transport water.

-Curtain drains are also a device for surface drainage.

-Surface drainage is the easiest problem to control.

-Vegetation is very effective on surface runoff and small seeps.
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5.

6.

7.

Maodification of Slope Profile
a) QGroup did not discuss methads of grading slope, terracing, or fills.

b) Most property owners do not want their property cut to a 2:1
angle and it can also be very expensive.

Revegetation

a) [t was felt that vegetation was only effective in controlling surface
drainage and sma]l seeps.

b) Revegetation should be conducted after other mitigation has
stabilized slope.

Combined Approaches

a}) Public awareness of effects of on-site septic systems on both
subsurface and surface drainage is needed.

b) Need to look at all problems - controlling wave action and
groundwater before initiating mitigation methods.

c) Community action to reduce bluff slumping is desirable. Property
owners shouid be encouraged to work with their neighbors on shore
protection, thus benefiting from economies of scale and increased
effectiveness and durability.
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RESEARCH NEEDS






A,

B.

General

Each discussion group formulated a list of research needs. These needs
were discussed in a plenary session. There was considerable overlap between
the lists of each group; accordingly they have been consolidated and are
presented in a single section.

No attempt is made herein to assign priorities to these research needs. It
was generally recognized, however, that research funding in the foreseeable
future would be quite limited. Maximum emphasis should be placed,
therefore, on data collection and monitoring using local resources and trained
volunteers. The Coastwatch Program in Racine, Wisconsin was cited as an
example of this approach.

Problems amenable to individual solution have already been handled.
Challenges remaining in research are multidisciplinary requiring a team
approach.

Research Items

1. Slope evolution models. Slope evalution models for coastal biuffs should
be developed and refined. One or two general models of bluff erosion
and retreat are not meaningful for the Great Lakes as a whole. Instead,
models should be developed based on specific analysis of geomorphic
processes and temporal trends on a reach basis.

2. Causal factors. Improved understanding of "lake" variables {wave
events, lake or water level changes, longshore transport, sediment
transport, sediment sources, foot ice, off-shore topography, and off-
shore topography) individually and in various combinations is necessary
to better understand the primary causes of bluff failure and erosion.
This information would be helpful in developing slope evolution models
and in forecasting bluff retreat at different sites.

3. Bathymetry Studies. We currently lack extensive or detailed data on
the nearshore zone. Most of the data gathering and monitoring has
focused on the beach, backshore siopes, and offshore deep zones.
Bathymetry studies could provide much of the needed information cited
under "lake" variables in item #2.

4. Relative importance and significance of coastal slope processes. Major
types of slope processes include deep siumping, shallow translational
slides or flows, and surficial erosion (rilling/sheet wash). We need to
get a better idea of the relative importance of these different processes
in terms of:

a) volumes of degraded materials
b) rates of bluff recession attributable to each

¢ damages to property and threat to lives.
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5.

6.

Episodic nature of coastal slope erosion and retreat. The magnitude
and frequency of episodes of bluff erosion and retreat are incompletely
understood. Moreaver, the magnitude and frequency of these events
may vary with different bluff types, based on their Ilithology,
morphology, ground water, location, etc... The issue is further
complicated by:

a) combinations of causal factors such as high intensity and frequent
storms coupled with weak foot ice along the shore.

b) delayed response of bluff failure (particularly high clay bluffs) to
certain driving forces such as storms and high lake levels.

Nature of bluff slumping in the coastal zone. The following aspects
of bluff silumping in high, clay till bluffs are poorly or incempletely
understood:

a) Where and when do large slumps occur? These are usually one of
two types; both are likely to be destructive. The first type
degenerates into a fast moving flow or slide which generates
offshore debris and damages offshore protective structures. The
second is a slow moving, deeper seated type which destroys property
atop the bluff to a considerable distance behind the bluff face.

b) What is the role and significance of progessive failure and strain
softening that initiates at the toe of bluffs composed of lacustrine
clays and water laid tills?

c) Can potential failure surfaces {e.g., weathered zones, highly sheared
bands) be identified and located in clay till bluffs?

d) How extensive and significant are fractured tills in coastal bluffs?

Mitigation. Approximately 70% of the eroding shoreline along the
Great Lakes is in private ownership. Accordingly, materials should be
developed to help property owners analyze their bluff stability problem
and provide information on integrated sclutions to their problems (i.e.,
solutions that encompass both terrestrial and marine processes). In
particular, guidelines should be developed which outline:

a) Measures which property owners can implement themselves (e.g.,
traffic, vegetation, and water management) vs. measures which
require advice and services of trained professionals (e.q., subsurface
drainage installations and protective structures.}

b) Combined approaches to bluff protection including simultaneous
use of vegetation, structures, qrading, beach fills, and drainage
systems.

¢} Setback requirements along specific reaches of shoreline.

Continued monitoring and evaluation are alsu required on the long term
effectiveness and performance of low-cost shore protection systems which
have been installed at various sites as demonstration projects.
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PUBLIC DISSEMINATION






A.

General - The workshop participants were asked to identify priority areas
for information dissemination to the public on bluff slumping problems and
to suggest possible vehicles far such dissemination. The resulting list of
items was culled from both small group discussion and a general discussion
in plenary session.

A number of difficulties were noted at the cutset of such an information
transfer program. These included but are not limited to the following
observations:

1. Many people are not particularly concerned about the problem until it
affects them directly and acutely., By then it may be too late to do
anything, or available options may be severely limited.

2. The consciousness threshhold tends to fluctuate with lake levels. Periods
of low lake level may be the best time to initiate remedial action,
but people are less worried then and less inclined to take action. This
underscores a need for continuous education and publicity about the
problem

3. The information needs of different constituencies vary in their technical
content and format. The level and type of information desired by
property owners most likely will differ from that required by =a
consultant engineer, contractor, or public agency official. This suggests
a need for different levels of publications which address different needs
and concerns.

4, Making these various constituencies aware of sources and availability
of information can be a problem. In many cases shore property owners
live elsewhere (e.g., Chicago and Detroit) and are only part-time
residents.

Format for Dissemination - A number of different methods for dissemination
were discussed including pamphlets, fald ocut brochures, slide shows, fact
sheets, handbooks, reports, annotated bibliographies, and short courses.
There was some concensus that the best format for a public information
document was a brochure or small handbook.

A revised and updated version of the lllincis fold out brochure (Illinois
CZM, 1979} was cited as a possibility. The general feeling was that a
revised brochure or handbook should present an overview of the causes of
bluff slumping; outline procedures for correct identification and assessment
of the problem at a specific site, provide general guidelines for solving the
problem, and cite sources of additional information and/or assistance.

121



C. Content of Public Information Document. - In addition to the above suggestions

for organization and focus of the publication, a number of specific
recommmendations about content were also made. These include the following:

1.

2.

A section should be included with a flow chart or checklist that takes
property owners through a step-by-step analysis of their particular bluff
problem. One suggestion was made that such a checklist be modelled
on the one found at the beginning of the coastal zone vegetation
guidebook.  Another suggested that the home owner identify his
particular bluff type based on the Michigan LLake Shore Classification
System (MSU Rasource Development, 1958) which in turn would describe
the slope process most likely to affect that particular bluff type and
the range of remedial measures that might be considered.

The publication should tell property owners when they need to call in
experts and who these experts are. In addition the publication should
inform the awner what measures he can implement himself at relatively
little coast. These measures tend to fall in the general category of
"management" action, viz.

a) Traffic Management - routing and channeling of vehicular and
pedestrian traffic from vulnerable slopes by use of sign posts,
barriers, stairs, ete.

b) Water Management - minimizing infiltration and runoff into bluff
area from lawn watering, drain fields, roof gutters, road ditches,
etc.

c) Vegetation Management - maintaining woody shrubs and trees on
critical slopes. Planting dune grass and suitable herbacecus cover
on sandy slopes.

Lakeshore Classification Map and Shoretype Bulletin, #1-28, (1958). Michigan State
University, Department of Resource Development, Agric. Exp. 5tn., East Lansing, Mich,

{1958).

3.

The publication should describe warning signs or tell-tale indicators of
an impending slope failure or continuing stability problem in coastal
bluffs. These could include:

a) vegetative indicators - bare slopes, incongruent vegetation,
phreatophyte plants growing on the slope, displaced vegetation.

b) hydralogic indicators - springs or seeps in the face of the bluffs,
presence of rills or gullies, perched ground water tables.

c) morphological indicators - presence of scarps, cracks, depressions;
uneven or broken slopes; alluvial fans at the base of slopes.

d) lithological indicators - weak or erodible material exposed at the
toe of bluff, lack of protective beach.
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MORE READING

Armstrong, John M., 1976. Low-cost Shore Protection on the Great Lakes: A
Demonstration/Research Project. Reprinted from Proceedings of the Fifteenth
Coastal Engineering Conference. July 1976: 2858-2887. A study of low-cost (less
than $100.00 per foot of shoreline) shore protection methods -- some well-known
and some innovative -- on 19 sites in Michigan. Includes description of methods.

Berg, Richard C. and Charles Collison. 1976. Bluff Erosion, Recession Rates, and
Volumetric Losses on the Lake Michigan Shore in Illincis. Illinois Geological
Survey, Environmental Geology Notes. Number 16, Study of erosion, recession
rates and volume losses on bluffs of Hlinois L.ake Michigan Shore; specific data.
General conclusions about contributing factors.

Brater, E. F. and David Ponce-Campos. 1976, L.aboratory Investigation of Shore
Erosion Processes. Michigan Sea Grant Program Reprint. Reprinted from
Proceedings of the Fifteenth Coastal Engineering Conference. July 1976: 1493-
1511. A discussion of laboratory simulation models used in research on erosion
and shore protection.

Buckley, W.R. & H. A. Wintus 1975. Rates of bluff recession at selected sites along
the southeastern shore of Lake Michigan, Michigan Academican, Vol. 8, no 2.
P.179-186 - (data for 1956-1973) interval for 7 of Powers (1952) sites.

Burke-Griffin, Barbara. 1979. Racine County Coastwatch Program: Final Report.
County Planning and Zoning Department and Wisconsin Coastal Management
Program. A report on a volunteer/public involvement program set up to monitor
shore erosion. Primarily evaluates the program's effectiveness and specific
problems. For further help on setting up a similar program see Gabriel.

Butler, Kent, Robert DeGroot, Mark Greenwood, and David Thomas. 1978. Feasibility
of Compensation for Man-Induced Shore Erosion. Wisconsin Coastal Management
Program Part 1 - Summary report: includes brief analysis of legal and
administrative options for gaining erosion compensation (insurance, tax relief,
legal actions), feasibility of relating human activities to erosion, options for the
individual and the state. Part II - Legal options including theory, standing and
evidence requirements Part [II - Relation of human actions, such as lake lavel
regulation, shore protection structures, upland land management, and navigation,
to erosion.

Canada/Ontario Great lLakes 100-year Flood and Erosion Prone Area Maps. 1978,
Public Information Center, Whitney Block, Queens Park, Taronto.

Canada/Ontaric Great Lakes Erosion. Monitoring Programe Final Report 1973-80. 1981,
G... Boyd, Dept. Fisheries & Oceans, Burlington, Ontario, Marine Information
Centre, Bayfield LLab, Box 5050, Burlington ONT.

Canada/Ontaric Great L_akes Shors-Damage Survey, Coastal Zone Atlas, 1975. Bayfield
Lab., Box 5050, Burlington ONT.
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Canada/Ontarioc Great Lakes Shore Processes and Protection - 1981 D. I_. Strelchuck
(ed), Ontario Ministry of Natural Resouces, Toronto Ontario, Public Information,
Centre, Whitney Block, Queens Park, Toronta.

Canada/Ontario Great Lakes Shore Management Guide - 1981. D.L. Strelchuck (ed),
Ontario Ministry Natural Resources, Toronto Ontario, Public Information Centre,
Whitney Block, Queens Park Toronto.

Canada Centre for Inland Waters. 1980. Proceedings: Second Workshop on Great
Lakes Coastal Erosion and Sedimentation. National Water Resesarch Institute.
N.A. Rukaving, Editor. Contains several valuable articles. Topic areas include
sediment transport, coastal erosion, and beach and nearshore sedimentation as
well as general papers.

Conservation Foundation. 1980. Coastal Environmental Management: Guidelines for
Conservation of Resources and Protection Against Storm Hazards. John Clark,
Project Director. Washington, D.C. Chapter 4 includes a brief discussion of
slumping phenomena and 3 management policy recommendations: 1) alteration of
bluff-top danger zones, 2) alteration of the slope, and 3) protection for the toes
of bluffs.

Davis, Richard S., Jr. 1976. Coastal Changes, Eastern Lake Michigan, 1970.73. Coastal
Engineering Research Center, U.5. Army Corps of Engineers, Fort Belviar, VA,
Technical Paper No. 76-14. A study of erosion, of 17 sites on eastern Lake
Michigan, 1920-1973. Includes description of maorphoiogy and processes,
metreological data, methodology of study, beach and nearshore bottom profiles
and sediment analysis.

Edil, Tuncer B. and B. J. Haas. 1980. Proposed Criteria for Interpreting Stability of
Lakeshore Bluffs. Engineering Geology, 16: 97-111], Proposes two criteria for
interpreting bluff stability: 1) critical circle (failure as a series of small slides)
2} unstable circle (critical circles that will fail together).

—dil, Tuncer B. and L_uis E. Vallejo. 1980. Mechanics of Coaatal Landslides and the
Influence of Slope Parameters. University of Wisconsin Sea Grant Reprint.
Reprinted from Engineering Geology 16: 83-96. An overview of the physical
processes affecting slope stability and an application of stability analysis madeling
to assess the influence of various slope parameters.

Zdil, Tuncer B. and Luis £. Vallejo. 1976. Shoreline Erosion and Landslides in the
Great Lakes. lniversity of Wisconsin Sea Grant Program. Advisory Report No.
15, A study using field and laboratory investigations of six active bluffs to
perform a stability analysis and establish models of slope evolution.

Edii, Tuncer 3. 1980. Control of Coastal | andslides. Proceedings of the International
Symposium on Landslides, Vol. 3, New Deihi, India, Describes the nature of
coastal landslides and possible methods of control, primarily engineering solutions
with only a brief mention of non-structural alternatives.

Edil, Tuncer B. and Luis E. Vallejo. 1976. Shoreline Erosion and Landslides in the
Great Lakes. University of Wisconsin Sea Grant Program. Advisory Report No.
15. A study using field and laboratory investigations of six active bluffs to
perform a stability analysis and establish madels of slope evolution.
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Edil, Tuncer B. 1980. Control of Coastal Landslides. Proceedings of the International
Symposium on Landslides, Vol. 3, New Delhi, India. Describes the nature coastal
landslides and possible rethods of control, primarily engineering solutions with
only a brief mention of non-structural alternatives.

Environment Canada. 1975. Canada/Ontario Great Lakes Shore Damage Survey:
Technical Report. Includes methods and criteria of survey, causes of erosion,
magnitudes of erosion (comparing different areas, and different technigues).
Excellent product.

Environment Canada. 1975. Canada/Ontario Great lakes Shore Damage Survey:
Technical Report. Includes methods and criteria of survey, causes of erosion,
magnitudes of erosion (comparing different areas, and different techniques).
Excellent product.

Federal Insurance Administration. 1975. Canada/Ontario Great Lakes Shore Damage
Survey: Technical Report. Includes methods and criteria of survey, causes of
erosion, magnitudes of erosion {(comparing different areas, and different
techniques). Excellent product.

Federal Insurance Administration. 1977. Proceedings of the National Conferences on
Coastal Erosion. Summaries of panel discussion, with a good bibliagraphy.
Primarily 1) erosion rate calculation methodologies, 2) critiques of methodologies,
3) policy implications.

Fisheries and Environment Canada/Ontario Ministry of Natural Resources. 1978. A
Guide for the Use of Canada/Ontario Great Lakes Flood and Erosion Prone Area
Mapping. A discussion of Canada's hazard mapping project - includes its uses,
development, definitions, and criteria for determining areas of risk.

Flawn, Peter T. 1970. Environmental Geolagy: Conservation, Land-Use Planning, and
Resource Management. Harper and Row, New York: A good source on general
geclagic processes, including mass movement and planning.

Federal Insurance Administration. 1977. Proceedings of the National Conferences on
Coastal Erosion. Summaries of panel discussion, with a good bibliography.
Primarily 1) erosion rate calculation methodologies, 2) critiques of methodologies,
3) policy implications.

Fisheries and Environment Canada/Ontario Ministry of Natural Resources. 1978, A
Guide for the Use of Canada/Ontario Great Lakes Flood and Erosion Prone Area
Mapping. A discussion of Canada's hazard mapping project - includes its uses,
development, definitions, and criteria for determining areas of risk.

Flawn, Peter 7. 1970. Environmental Geology: Conservation, Land-Use Planning, and
Resource Management. MHarper and Row, New York: A good source on general
geologic processes, including mass movement and planning.

Fisheries and Environment Canada/Ontario Ministry of Natural Resources.  Shore
Property Hazards. A brochure for shore and property owners which includes a
section on shore processes, a list of potential hazard indicators and descriptions
of possible solutions. Also federal/provincial policy and programs.
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Gabriel, Stephen R. 1980. Implementing A Beachwatch and Sand Dune Development
Program: A Community Handbook. City of Ocean City, N.J. Excellent handbook
of "how-to" for community involvement in monitoring and improving coastal
hazard areas in New Jersey dunes/beach environment.

Gray, Donald H., Andrew T. Leiser and Charles A. White. 1980. Combined vegetative-
structural slope stabiliation. Civil Engineering. January 1980. Brief descriptions
of techniques for erosion control using both vegetative and structural components.
Includes contour wattling, staking of willow cuttings, and conventional plantings
used in conjunction with bench walls.

Gray, Donald H. and Andrew T. Leiser. Biotechnical Slope Protection and Erosion.
Van Nostrand Reinheold Co. (in_press). A book describing the use of vegetation
and structures in combination to deal with slape and erosion problema.

Gray, Donald H. and Bruce H. Wilkinson. 1979. Influence of Nearshore Till Lithology
on Lateral Variations in Coastline Recession Rate, Along Southeastern lLake
Michigan, J. Great lL.akes Resources, Int'l Association Great Lakes Res. 5(1):78-
83. A discussion of the direct correlation between variations in shoreline recessing
rates and lateral variations in nearshore till lithology along southeastern Lake
Michigan.

Gray, Donald H. and Thomas M. Jopson. 1979. Vegetative - Structural Slope Protection
for Rehabilitation of Disturbed Areas in Redwood National Park. Final Report
to National Park Service, U.5. Department of Interior. Includes a section about
using horizontal drains to deal with drainage problems.

Great Lakes Basin Tommission. 1974. Proceedings of the Recessions Rate Workshap.
Ann Arbor, Michigan. Includes information on data needs, federal and state
recession rate programs, and discussion of recession rate measurement techniques
and models.

Great Lakes Basin Commission, joint with Federal Regional Council-Region V. 1974.
A Strategy for Great Lakes Shoreland Damage Reduction. Ann Arbor, Michigan.
Discusses seven alternatives for erosion and flood damage reduction and proposes
a strategy.

Great Lakes Basin Commission. 1975. Great Lakes Basin Framework Study. Shore
Use and Erosion. Appendix 12. Ann Arbor, Michigan. Sets up a general planning
framework for Great Lakes shorelands. Includes discussion of coastal processes
and institutional setting and an anaiysis of shore property damage for each of
the lakes and strateqgy for damage reduction,

Creat Lakes Basin Commission.* 1976 Relocation and Public Acquisition Alternatives
for the Reduction of Shoreland Damages: A Benefit/Cost Study. Ann Arbor,
Michigan. A brief analysis of the benefits and costs of public acquisition and
relocation as responses to erosion in Monroe County, Michigan. Not a formal
benefit/cost analysis.

*Great Lakes Basin CTommission no longer in existence. Federal depository libraries
may have the reports.
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Great lakes Basin Commission Joint with U.S. Department of Agriculture, Soil
Conservation Service.* 1977. Proceedings of the Workshop on the Role of
Vegetation in the Stabilization of the Great Lakes Shoreline. Ann Arbor, Michigan.
A look at the roles vegetation plays in shoreland rmanagement.

Great L akes Basin Commission.* 1980. Coastal Hazards in the Great Lakes Region.
Ann Arbor, Michigan. Includes an analysis of the problem of coastal hazards, a
description of relevant gstate and federal policies and an analysis of their
effectiveness. Makes recommendations on research and data collection, public
information and education, and policies and programs.

Great |_akes Basin Commission. 1980. Erosion/Insurance Study. Ann Arbor, Michigan.
A general discussion of the problem followed by a list of alternative management
strategies focussing on effectiveness of insurance with one recommended (with
rationales), also includes guidslines for recession rate calculations.

Great Lakes Basin Commission.* The Role of Vegetation in Shoreline Management: A
Guide for Great 1 akes Shoreline Property Owners. Ann Arbor, Michigan.
Following a general discussion of coastal problems and the role of vegetation,
this brochure includes a checklist for identifying particular shoreland problems,
guideines fr shoreland planning and design with vegetation, and a plant list.

Hadley, David W. 1976. Shoreline Erosion in Southeastern Wisconsin. Wisconsin
Geological and Natural History Survey. Special Report Number 5. Includes a
description of the geology of Wisconsin's Lake Michigan shore, mechanisms of
bluff slumping and briefly discusses possible solutions; indicates areas for research
and the importance of a good data base.

Hanson, S.N., R. Chenoweth, W. and Wallace. 1978. Great lL.akes Shore Ercsion
Protection: Structural Design Examples. Owen Ayres and Associates for Wisconsin
Coastal Management. A report focussing on structural responses to shore erosion.
Includes a general discussion of structural methods, design drawings and process,
and a number of site examples in Wisconsin.

Hill, Jarnes D. 1970. Bluff Erasion Study: Ludington Pumped Storage Project. Master's
Thesis, University of Michigan, Ann Arbor, MI. A basic study of bluff retreat on
a site on eastern l_ake Michigan which includes some discussion of erosion
processes and methods of determining rates of bluff slumping.

Hill, J.D. {1970) Bluff Erosion Study, Ludington Pumped Storage Facility, MS Thesis,
Dept. of Geology and Minerals, University of Michigan, 22 pages (comparison of
air & water dating from 1938 & 1965).

Illinois Coastal Zone Management Program. L ake Michigan Shoreline Erosion: A Report
to State Officials, Division of Water Resources. 3riefly discusses the erosion
problem in Illinois, the development of the Lake Michigan Shore Erosion Protection
Plan and makes recommendations regarding planning principles, several specific
sites and future actions.

*Basin Commission no longer in existence. Federal depository libraries may have the
reports.
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Michigan Department of Natural Resources. 1979, Great Lakes Shoreland Erosion.
Division of Land Resource Programs. A brochure which discusses Michigan's
Shorelands Protection and Management Act as it applies to high risk erosion
areas; includes discussion of some of the costs associated with erosion, methads
for determining rate and extent of the process, and restrictions and standards
for new development on shore.

Michigan Sea Grant Program. 1980. Shoreline Erosion: Questions and Answers. Ann
Arbor, Michigan. A question and answer format brochure for proparty owners
which includes information on shors protection structures, their effectiveness and
relevant permits and laws. A glossory and sources of further information.

Michigan Sea Grant Program. 1980. Buying Great !_akes Shoreline Property. Brochure.

Powers, W.E. {1958) Geomorphology of the Lake Michigan Shoretine, Report on research
done under project No. NR 387-015, contract No. Nonr-1228(07), Geography
Branch, Office of Naval Research, Department of Geography, Northwestern
Universtiy. (Rates based on comparison of land surveys 1330's and 1956).

Penngylvania Coastal Zone Management Program. 1975. Shoreline Erosion and
Flooding: Erie County, Pennsylvania. Department of Environmental Resources.
Extensive field study of erasion and flooding in Erie County, PA. Which includes
a very good discussion of contributory mechanisms.

Rogers, Spencer M. 1981, A Homeowner's Guide to Estaurine Bulkheads. North Caralina
Sea Grant College Program, UNC-SG-81-11.

Roden, Robert W. 1977. Some Non-Structural Alternatives for the Reduction of Shore
Damages. Wisconsin Coastal Management Program, Wisconsin Department of
Natural Resources. A fairly detailed description of non-structural responses to
coastal hazards including warning/disclosure mechanisms, land use controls/zoning,
delineation of a hazard zoning district, zoning administration, insurance, relocation
of buildings and public acquisition of hazard areas.

Schultz, Carl 3. 1979. Erosion Hazard Areas: An Option for Shore Management.
Wisconsin Geological and Natural History Survey, University of Wisconsin Sea
Grant Institute. A further development of Wisconsin Shore Erosion Plan which
focuses on non-structural approaches; includes good assessment discussions of
delineating of hazard areas and potential management strategies.

Springman, Roger and Steve Born. 1979. Wisconsin's Shore Erosion Plan: An Appraisal
of Options and Strategies. Wisconsin's Coastal Management Praogram. A policy
plan which assesses structural and non-structural options for reducing shore erasion
damage in Wisconsin, including discussion of present framework, possible state
policy responses (regulation, financial and technical assistance) and several
valuable appendices.

Shore Property Hazards Brochure. 1979. Canadian/Ontario. Coping with the Coast
Series. Available from Marine Information Center, Bayfield Lab, Box 5050

Burlington Ontario.
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Transportation Research Board. 1978. Landslides: Analysis and Control. Transportation
Research Board, MNational Research Council: Special Report 176. Robert L.
Schuster and Raymond J. Krizek, Editors. Natilonal Academy of Sciences,
Washington, D.C. Good discussion of earth mass movements in general (not just
coasts) including mechanies, identification, analysis and mitigation.

U.S. Army Corps of Engineers. 1982. Low Cost Shore Protection. 36 pages.

U.S. Army Corps of Engineers. 1982. [_ow Cost Shore Protection: A Property Owner's
Guide. 159 pages.

U.S. Army Corps of Engineers. 1982. Low Cost Shore Protection: A Guide for Local
Government Officials. 108 pages.

U.S. Army Corps of Engineers. 1982, Low Cosat Shore Protection: A Guide for
Engineers and Contractors. 173 pages.

U. 5. Army Corps of Engineers. Help Yourself: A Discussion of erosion problems on
the Great Lakes and alternative methods of shore protection. North Central
Division, Chicago, Ill. A brochure for property owners which includes a map of
generalized shore types, a guide for selecting shore protection, permitting
requirerments, and the advantages and disadvantages of various selutions, primarily
structural in orientation.

UJ.S5. Army Corps of Engineers. 1978. Summary Repaort: Great Lakes Shorsland Damage
Study. North Central Division, Chicago, II. Includes the background, methodology,
and results of a damage assessment survey.

U.S5. Army Corps of Engineers. 1982, Low Cost Shore Protection. An overview of
the various low cost shore protection devices tested in a nationwide demonstration
project.

.S, Army Corps of Engineers. 1782. Low Cost Shore Protection: A Guide for Property
Owners. Detailed information to prepare the property owner to cope with shore
erosion problems. Baoklet covers the various protection devices and pros and
cons of various systems.

LS. Army Corps of Engineers. 1982. lLow Cost Shore Protection: A Guide for
Enginesers and Contractors.

Vallejo, Luis E. and Tuncer B. Edil. 1979. Design Charts for Development and Stability
of Evolving Slopes. University of Wisconsin Sea Grant Program Reprint. Reprinted
from J. Civil Engineer Design, 1 (3): 231-252 (1979). Includes a hackground of
stability analysis, develops a set of design charts and describes their use.

Vallejo, Luis E. and Tuncer B, Edil. 1981, Stability of Thawing Slopes: Field and
Theoretical Investigations. Proceedings of the 10th Interpational Conference on
Soil and Mechanics and Foundation Enginesring. Stockhalm, Sweden. A discussion
of the stability analysis of thawing slopes in cohesive soils. The analvsis is
bagsed on the particulate structure of the thawing slopes.
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Valentine-Thomas and Assaciates, Inc. 1979. A Study of Shoreline Conditions and
Erosion Processes at the Grand Trunk Site for the City of Port Huron, Michigan.
An analysis and recommendation for a specific shore protection praject in Port

Huron, Michigan.

Way, Douglas 5. 1973. Terrain Analysis: A Guide to Site Selection Using Aerial
Photographic Interpretation. Downden, Hutchingson & Ross, Inc., Stroudsburg,
PA. A basic handbook on the use of aerial photography to identify and analyze
landforma.

White, Gilbert F. and J. Eugene Haas. 1975. Assessment of Research on Natural
Hazards. MIT Press, Cambridge, MA. Interesting analysis of social and behavioral
characteristics of responses to a variety of hazards. Primarily recommends areas

for futher research.
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