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ABSTRACT: Evolving slopes are those slopes subject to aetigsion processes such that their morphology, tieis stability, is changing
rapidly i.e., in human-time scale rather than ggialal-time scale. There may be several erosiocgases but the most influential ones are
related to the interactions with an external boflyater such as wave action on coastal cliffs auffd (defined as steep slopes due to active
erosion) such as along the shorelines of oceakss land reservoirs. The cost-effective solutiditenoare a combination of both stabilization
and management approaches to minimize the imphaeselconcepts are presented based on the autboysaBs of experience observing and
dealing with the bluffs along the shorelines of @reat Lakes (specifically Lakes Michigan and Siguer These lakes are subject to large lake
level fluctuations and high waves, thus significeudve erosion takes place reshaping the bluffsaftesh leading to landslides. The state of
knowledge with respect to shore erosion and assatleluff stability issues is presented includihg aivailable methods of predicting rate of
erosion and determining bluff stability along witte controlling factors. The approaches to mitigatoastal recession are described. Finally,

the environmental and ecological impact of coasttaictures, which is gaining significant attentregently, is highlighted.

1.  INTRODUCTION

Evolving slopes are those slopes subject to a@esion processes
such that their morphology, thus their stabilisychanging rapidly i.e.,
in human time scale rather than geological timéesc@here may be
several erosion processes but the most influeatiak are related to
the interactions with an external body of wateheTnteractions may
be in the form of wave action on coastal cliffs ddffs (defined as
steep slopes due to active erosion) such as almghorelines of
oceans, lakes, and reservoirs. The current adgiomportant along

river and canal banks and bluffs. Finally, rapicavddown (i.e.,

sudden drop of external water level), althoughproharily an erosion

process, impacts reservoir, canal, and levee slopEse evolving

slopes often extend over large distances longitllyirand cannot be
dealt with strictly following traditional site-spiéic engineering

approaches and structural solutions to mitigataripacts. The cost-
effective solutions often are a combination of bethbilization and

management approaches to minimize the impact. eTbescepts are
presented based on the author’'s 35 years of exgeriebserving and
dealing with the bluffs along the shorelines of tBeeat Lakes

(specifically Lakes Michigan and Superior). Thidees are subject to
large lake level fluctuations and high waves, tlignificant wave

erosion takes place reshaping the bluffs and ofiesding to

landslides. Nearly 65 percent (10,444 km) of tt047-km-long

Great Lakes shoreline is designated as having feignt erosion;

about 5.4 percent (860 km) of it is critical. Theology of the Great
Lakes shoreline is shaped largely by the moveméglaziers. The

Great Lakes formed behind retreating ice sheet Wy quantities
of ice melted. Re-advances of various ice lobesiéal the glacial tills

and lake sediments that form the shoreline of theaGLakes today.
The records of water levels in the Great Lakes adkerlast century
indicate that water levels fluctuate up to about @ith a period of 15-
20 years in addition to daily and seasonal fluetmst These
fluctuations, coupled with other factors such awrrst activity and

shoreline configuration, give rise to varying rabéshore erosion and
instability of coastal bluffs (Figure 1), which auihate in coastal
recession and economic loss. The shore erosioblgmnorequires

different strategies in different parts of the laldepending on local
circumstances (both physical and socio-politicalln some areas
prediction of future shoreline recession and priogjdsetbacks for
development to minimize economic loss may be apmtand in

some other areas coastal protection and blufflstation approaches
may be required.

Figure 1. A coastal landslide on western Lake Mjahishoreline

2. SHORE EROSION
Coastline recession in the United States has caugkons of dollars
in damage to structures and property, and threatengroduce
significant future damage (Platt 1994, Heinz Cer2@00). Coastal
bluff erosion processes can generally be classifiedtwo categories:
subaerial and subaqueous (Hampebral. 2004). Previous studies of
subaerial bluff processes have characterized bdidpe stability
(Vallejo 1977, Edil and Vallejo 1980, Edil and HaB380, Edil and
Schultz 1983), bluff face erosion (e.g., Buckled awinters 1983,
Jibsonet al 1994, Reid 1985), and bluff toe erosion (e.gst€aand
Guy 1988, Meadowst al. 1997, Amin and Davidson-Arnott 1995).
Research on subaqueous processes includes thatirext dave
impact, horizontal retreat of bluff toe materiadsid “downcutting”,
which is schematically described in Figure 2. Inrtipalar
downcutting in the nearshore and foreshore is i@vérsible process
along cohesive and bedrock coastlines (Davidsorotrand Askin
1980, Kamphuis 1987, Sunamura 199Bepending on water levels
and the thickness of overlying sand, downcuttingietimes occurs
relatively continuously compared to bluff recessiand affects
nearshore bathymetry, which in turn affects the evemergy reaching
the shoreline and, potentially, the bluff toe (Qiman-Arnott 1986,
Kamphuis 1990, Davidson-Arnott and Ollerhead 1998jave action
at the bluff toe removes failed and eroded matetfiet would
otherwise act to stabilize the bluff. Waves carttfer erode intact
bluff-toe material, creating a steeper bluff pmfiand promoting
further slope failures and face erosion or undeimgincoastal
structures. Thus, continuing erosion and recessfocoastal bluffs
185
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depends on waves removing material from the bas¢hefbluff.
Variability in both wave action at the bluff toe carthe processes
acting on the bluff face affect recession ratesgi®onet al. 2006).
In areas where there is a shore protection stredielg., revetment),
lake-bed downcutting can undermine such a structure

previous nearshore
lakebed

shore protection

/

shoreline recession +—
if slope is not stable

future nearshore
lakebed
7

- ~futureslobye profile =

toe failure A7

lakebed downcutting

Lakebed Erosion with Slope Recession and
Failure of Shore Protection Structure

Figure 2. Schematic description of downcuttingahesive lakebeds
(Keillor 2003).

Variations of climate, coastal morphology and litgy, and
human activities can cause difficulties in predigtithe spatial
variability of recession rates. Since wave-induesskion at the bluff
toe is inevitably the chief agent responsible fopleing the bluff
geometry, first the wave impact on coastal erosimeds to be
explored. Currently, there are no rigorous anedytmodels based on
the physics of the problem available to determinangjtatively the
rate and amount of erosion for a given wave clintai given coastal
reach. Therefore, predictions of coastal bluflession rates are often
statistically based. Data from the field and/drd@tory are correlated
with recession rates, typically determined fromilade aerial photos
with stereopairs, to reveal significant relatiopshi For example,
Gelinas and Quigley (1973) and Kamphuis (1987) etated deep-
water wave power with long-term bluff recessioresabn Lake Erie.
Using step-wise multiple regression analyses, teaipeariation in
erosion rates was related to beach profile charayes protective
structures at the toe, while spatial variation wdependent on
shoreline aspect and material strength. Along $beathwestern
shoreline of Lake Michigan, Browet al. (2005) found bluff recession
was related to average annual maximum wave impgght) an index
of wave energy reaching the bluff toe. Overalgsih previous studies
have demonstrated some success correlating vaaot@s with bluff
recession rates In particular, the combination of storm waves an
high water levels has been shown to be an impodantributor to
bluff recession.

In a recent study bluff recession rates and beauh kEuff
lithology and morphology were characterized at #8ssalong the
Wisconsin coastline of Lake Superior (Swensbal.206). Bluffs are
composed of clay, sandy clay, clayey sand, sandl,sandstone, and
range from 1.1 to 37.3 m in height. Beach compmsitit the sites
varies from sand to a mix of sand and cobbles, dbbles and
boulders, and beach slopes are between 3 anfid IBluff-crest
recession rates between 1966 and 1998, measured &erial
photographs, ranged from 0.07 to 0.57 m/yr. Thetgh analyzed
were chosen based upon consideration of photoadiiy and long-
term changes in lake levels. Epochs spanning dghlow lake levels
were chosen to investigate the effect of waterlteakone versus water
level coupled with storm activity on bluff recessio The position of
the bluff top was digitized for each year usingetgairs to identify
the bluff crest and recession distances were medsair5 m intervals
to + 50 m on either side of the site.

Field measurements of wave runup at the study sitese
conducted to verify wave runup estimated from amé methods in
the literature. Wave runup is the maximum vertieglent of wave
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uprush above the still water level on a slope (HL®59). Wave
impact height (WIH) is defined as the elevationnave runup minus
the elevation of a bluff toe (Figure 3). An indeymulative wave
impact height (CWIH), which accounts for the freqeyy, magnitude,
and duration of waves impacting the bluffs, wasdute assess the
degree of correlation between this measure and t#uéssion rates.
CWIH is defined as the area under the curve witkitye WIHs
(Figure 4) because positive WIHs represent wavagalyg impacting
the bluff toe. In contrast to the WIH by Brownadt (2005), CWIH
accounts for the magnitude, frequency, and duratibrall waves
impacting the bluff. The calculated CWIH is norimall with time to
obtain an average CWIH per yeacwWH) for the epoch of
interestcwIH was correlated with recession rates (i.e. blutession
normalized to time) for the same epoch (a periofindé by the
availability of aerial photos to determine reces}io

Bluff/Coast

[ WiH = SWL + W, +R* - TOE |

Nearshore | Foreshore

R*

Figure 3. Schematic of wave impact height (WIHgyvation of the
still water level (SWL), wind setup (¥, wave runup in absence of
bluff (R*), and elevation of bluff toe (TOE) (Swearset al 2006).

To hindcast CWIH at each site, historical dataluding records
of wave, wind, and water level, were used with glie characteristics
measured in the field. Wave runup records weresored for deep-
water wave conditions with significant wave heigbfs0.2 to 4.8 m
and dominant wave periods of 2.5 to 10.1 s. Fomeslamd bluff
profiles, nearshore bathymetry, and material typese used to
characterize each study site. The observed wavgraneach site was
compared with those estimated by five different gzavnup empirical

dﬂethods. It was found that the N&H (Nielsen and $fieww 1991)

relations provide the most consistent estimate earmand 2% wave
runup at the study sites.
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Figure 4. WIH and monthly mean still water le(®WL) versus
time. The sum of the shaded areas or positive WIBumulative
wave impact height (CWIH) (Swenson et al. 2006).
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The average yearly CWIHIJWIH ) for the 1966-1998 epoch was

to the factors listed above. The pattern and ddtslope change

correlated with the recession rates from the saenegh Reasonable depends upon bluff height, stratigraphy, soil tye] vegetative cover

correlations betweerCWIH and recession rates at sites througho
the study area were found when comparing bluffsimilar lithology
and height as shown in Figure 5. These resultgesigthat bluff
recession rates in this area are not only linked/dwe impact at the
bluff toe but also lithology, which affects a blsffresponse to wave
attack at the toe as well as other processes (pilly erosion) that
promote recession.
3. WATER LEVELS
The level of water in the Great Lakes has fluctdatignificantly since
16,000 years before present (B.P.) when the arsaewerely covered
by ice. Modern long-term, mean water levels alswtfiate (up to
about 2 m), resulting in extended periods of highoa water levels
(15-20 years) (Figure 6a). Water levels fluctuatgredictably over
periods of hours, months, and yeaB&easonal water level fluctuations
of 0.35 meters are typical in Lake Superior (Figéi®, with the
highest lake levels occurring in late summer/eafyi. The
correlations shown in Figure 5 between recessite aad cwiH IS
over an epoch with the water levels as shown infei¢b. Therefore,
any variations from the historical water levels dam expected to
impact the recession rates. However, the impaaysfemic water
level rise or drop, such as that can be expecimu fjlobal climate
change, can be estimated from the relationshipangiv Fig. 4 for the
southwestern Lake Superior by calculating @weH corresponding to
the new water level.
4. BLUFF STABILITY
Nearly 32 percent of the U.S. shoreline of the Gtedkes consists of
erodible bluffs. The extent of the shoreline fodhie erodible bluffs
and dunes (and often complex response of this ¢fpshoreline to
wave erosion) makes slope processes an importahopéhe shore
recession problem. Because much of the Great Lsheseline has
bluffs of glacial till or lake sediment above theach, one component
of shore erosion is bluff instability. Bluff maiak properties
(including strength, i.e., angle of internal frari and cohesion, and
unit weight), slope geometry, stratigraphy, andugdwater level
determine the static stability of a slope (Edil awdllejo 1980).
Natural time-varying weathering processes includprgcipitation,
freeze/thaw action, sheet wash, seepage effediediteely referred
to as “face degradation” effects), and wave act@m complicate bluff
stability (Mickelson et al. 2004). Face degradatiffects remove
slope materials more or less continuously in retdyi small quantities
from the surface of the slope. Sheetwash is tre@nfined flow of
water over the slope surface after a rainfall. éBwash and rill erosion
have been found to account for up to 34% of theeratremoved
from a profile in Bender Park in Milwaukee Countyisconsin
(Sterrett 1980). Saturated surface soil thatasen can, upon melting,
be so weak that it flows down the slope. Freeag/thas been found
to be a dominant cause of weakening of the soil isxdubsequent
removal on some coastal slopes (Vallejo and Ed#1)9No known
past research that combines the effects of weathgrrocesses on
bluff recession rates exists. Even though the teggradation effects
influence the timing and extent of any given blf#flure, erosion by
waves is likely the main determinant of the longrteecession rate of
bluffs because it prevents the bluff slopes fromerewattaining
equilibrium. Wave action at the toe of the slopeves to weaken and
remove exposed bluff material, thereby undercutting toe of the
overall slope and reducing the stability -- andimdttely causing
failure. These processes are schematically showigure 7.

The long-term bluff response to wave erosion is miazated by
the changing slope geometry. Over time, the slepetve in response

dil and Vallejo 1980, Mickelsoet al. 2004). Low (10 m or less)

luffs respond rapidly and more predictably to lalewel, wave
climate and precipitation patterns than high bluffehe predominant
slope processes of low bluffs, such as those atim@towoc County,
Wisconsin, are shallow slumps, translational slidesd face
degradation (Browet al.2005).
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Figure 5. Bluff recession vs average cumulativeanavwpact height at
west of the Bayfield Peninsula. Only open symbotsused for
regression. Closed symbols are sites with uniqaeacteristics

(Swenson et al. 2006).

Generally, low bluffs that experience erosion & lase have no
trees and very little vegetation. Due to the shoytle” time of the
slope failures that occur on these slopes, it agptet there is not
enough time for trees to take root and grow. Intast, high (30-45
m) bluffs, such as those at the Ozaukee or Milwaukmunties,
Wisconsin, change slowly because of the long “cytitae to erode
the large mass of material at the base after &il#n episodic failure
mode is usually exhibited by the high bluffs (Mitdan et al. 2004).
Figure 8 shows a typical sequence through whickethdgh bluffs
pass. Large, deep-seated slumps occur locally atpid rate,
depositing the material at the base of bluff. Thaterial acts like a
buttress for a number of years until the waves ertiie failed
sediment. The waves then resume their directlkatia¢he intact bluff
face and another large, deep-seated failure oceveatually. The
episodic nature of this process complicates regessrate
computations based on aerial photos taken at aoydates unlike the
case for the near-continuous process observeavibliaffs.

The common methods of analysis of bluff stability the Great
Lakes coastal bluffs involve limit equilibrium metfs such as
Bishop’s method for rotational slides and infinidope stability
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method for translational slides based on the éffecstress method
(Edil and Vallejo 1980, Hamptost al. 2004). These methods are
typically applied to the current slope profile béi®a conservative but
realistic soil strength parameters and stratigraptigined from field
investigations and laboratory tests.

Potential high groundwater levels that are likebydccur over
several decades are estimated. This approachhwis prevalent 30
years ago, is designated as deterministic methozk sdnly a single
value of each parameter is used in the analysisibs&juently,
probabilistic methods of slope stability analysiolged to take into
account the variability typically observed overeach of the shoreline
in various slope stability parameters (e.g., sttengtratigraphy,
groundwater levels). In an investigation both detaistic and
probabilistic methods were evaluated with respectheir predictive
capability in terms of field data collected ovesgan of 20 years (Edil
et al.2003).

Four analysis methods were used for comparisonhef data
collected along the western Lake Michigan shorelifhe methods
were selected to compare the abiliies of detestimi and
probabilistic techniques to predict both rotatiomald translational
failures. The methods included deterministic BisBISHOP-D) and
probabilistic Bishop method based on Monte Carleusation
(BISHOP-MC) (Edil and Schultz 1983) for rotationslides and
deterministic infinite slope method (INSLOPE-D) apdobabilistic
infinite slope method based on a First Order Seddothent (FOSM)
extrapolation (INSLOPE-FOSM) for translational sid
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Figure 6. (a) Historical water levels for Lake Migan showing the
recent extended period of above average levelsipast three
decades (Meadows et al. 2006) and (b).Monthly na@ahong-term
water levels in Lake Superior. Interval of dasliees denotes each
epoch (Swenson et al. 2006).
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Figure 8. Phases of episodic changes for a highsied coastal bluff:
(1) Steep unstable bluff; (2) large, deep-seataahsltakes place
causing up to 50 feet of bluff recession; (3) wakasion of toe
begins; (4) wave erosion continues lower blufepens; (5) wave
erosion continues, lower steep segment of blufivgrbigher; (6)
failure occurs again. Cycle may take more thané#€ryto be
completed (Mickelson et al. 2004).

The two data sets collected along the Lake Michighoreline,
respectively in mid 1970’s and 1990s, were usethidgl’ and ‘post-
failure” descriptions. The four analysis techniquese applied to the
slope data collected in 1970s and the results wemspared to the
post-failure descriptions collected in 1990s toleate the predictive
capability of each technique. Each analysis meth@daluated on the
percent of sites with correct predictions. Theéighicomparisons were
made using the theoretical failure criterion focteanethod. For the
deterministic methods, i.e., BISHOP-D and INSLOPE-Eafety
factor, FS< 1 was used to designate instability. For the abdistic
methods, i.e., BISHOP-MC and INSLOPE-FOSM, a methafd
presentation is to use a reliability indgx, This index can be created
using the arithmetic mean of the recorded (BISHOG}WS, E[F],
and the standard deviation of the recorded (BISH@R-factors of
safety,o[F].

B = (E[F] - 1.0)6[F]

A value of B = 0 corresponds to a 50% probability of failure.
Higher values of3 represent lower probabilities of failure and lower
values of3 higher probabilities of failure. A larger posiiwalue
corresponds typically to a more stable slope asd fesk of failure.
The reliability index can also be related to a bty of failure,
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provided the factors of safety have a normal distion (Christian,
1996).
instability. Subsequently, a calibration of the Iggis output was
undertaken based on ground truth to allow a befterdictive

capability for each of the individual methods. $éealibration values
were determined using the observations recordedgathe Lake

Michigan Shoreline after a period of 20 years arelanpirical. The
calibrated failure criteria based on the field oleatons of failures
improved the predictive capabilities.

Combining the results of different analysis methaggplied to a
single slope using the proposed calibrations imgsothe predictive
capability significantly, i.e., to 90%. This wa®ree for the data
presented here by plotting the BISHOP-D FS valugainst the
BISHOP-MCQ values as shown in Figure 9 and looking into thieez
of stable values; then comparing this to the INSECP and
INSLOPE-FOSM analyses. This approach, which istbas stability
analyses but calibrated based on empirical field,da considered to
be more effective than purely empirical stabilityrelations based on
slope height and inclination. Slope stability asak can provide
reliable predictions with careful interpretation thfe results. While
this approach can be adopted for other sites aalysis practices, the
actual calibrations should be considered site-§ipecThe acceptable
range of reliability indices for natural slopesist well defined due to
the lack of experience with the technique. Literatsuggests that, for
designed slopes, a reliability index of 4.0 is Eakl.0 to 2.5 is
marginally stable, and a value less than 2.5 reguimmediate
remediation (Wolff, 1996). For the natural coasfapes considered
here, a much lower value of reliability index dekites actual failures.
Similarly, such slopes also exhibit relatively Idactors of safety in
their natural condition (slightly above 1.0) foalsility than typically
considered in design, e.g., 1.3 or 1.5.
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Figure 9. Comparison between Bishop-D FS anddgidWiC 3
results (Edil et al. 2003). Pf: probability oflfaie.

Clearly, the nature of bluff failure influences thete at which
bluffs respond to changes in lake level or othéemal factors. Shore
recession, in turn, affects the planning, desigrd maintenance of
transportation facilities and development in cdasieeas in a
significant way. A complex interrelationship of nerous factors
affects the variability of coastal bluff recessi@tes along the Great
Lakes. These factors include rate of toe erosasrdéscribed above as
a function of wave climate, water level, water letrend, shoreline
orientation, fetch, and nearshore lithology and photogy), bluff
stability (as a function of bluff lithology and nprology, rainfall,
groundwater levels, seepage, freeze and thaw, aadtat-ice as
described above), and shoreline structures. Thiability of these
factors from place to place probably explains tha&tial variability of
bluff recession rates. Several examples of vdifglzian be sited. For
instance, the bluffs in southwestern Lake Supdedrpredominantly

in translational slides (Anderson 2003) whereas Ihgfs along

For the probabilistic method®,< 0 was used to designate western Lake Michigan show predominantly rotatiorfailures

especially if the bluffs are high, but translatibrélides are also
encountered especially in low bluffs (Browet al 2005). Till
properties also vary significantly, not only in rtexr of strength
parameters, but also in terms of susceptibilityrost weakening and
creep (continuous deformation at constant strekichaymay lead to
failure). Figure 10a shows the frost weakeningavédr of two tills
from Lake Superior (Hanson Creek and Douglas @) one till from
Lake Michigan (Ozaukee till) at similar water camte The Lake
Superior tills had a strength reduction of abouf66Whereas the
Michigan till experienced 47% reduction due to Ileyof freeze-
thaw. Figure 10b shows the creep rates (i.e., tate of strain versus
time) of the same tills at a constant vertical sgref 25 kPa in an
unconfined test. Again, the Lake Superior tills éav higher creep
tendency than the Lake Michigan till; as a matfeiaot Hanson Creek
till goes to creep rupture. Based on field expergeand analysis, it
was determined that a slope inclination of 22° fes an essentially
stable slope against deep-seated rotational shitesy the western
Lake Michigan shoreline whereas much flatter ande$ or less
although not fully established presently) are regplifor a stable slope
along the southwestern Lake Superior shoreline.

5. PRACTICAL APPROACHES TO
COASTAL RECESSION

The most significant characteristic of coastal fslui the Great Lakes
is the fact that they are actively evolving natusibpes that

continually retreat at varying rates with const@névolving geometry.

This characteristic sets these slopes apart frdvaratatural slopes in
terms of stabilization approaches. There are hthgitwo approaches
to minimize impact on humans of actively retreatzaastal slopes.
Structural approaches are typically developed eiteaspecific basis.
Non-structural approaches typically involve plarghand management
decisions on a broader scale. The solution stegefpr actively

eroding coastal slopes are summarized in TabledVica is available

to riparian property owners and interested profesds on the coastal
environment and how to protect coastal investmg@edior, 1998 and

2003).

MITIGATING

5.1  Structural (Stabilization) Approach

The structural approach, with some additional aersitions, is
similar to other natural slope stabilization effort A proper
stabilization program should include (a) protec@mainst wave action
in all cases, (b) slope stabilization against deéips if needed
(important in the delayed instability often obsetvie high bluffs
formed in stiff clay soils), and (c) stabilizatioagainst face
degradation and shallow slips (including control safrface water)
(Table 1 and Figure 11). Shore protection is aomepmponent and
may be more costly than slope stabilization. Rawisl associated with
the execution of these solutions are of two tyfas:many attempts
are not engineered and fail to anticipate the gmoBl that will arise,
and (b) engineered solutions often neglect to camsill aspects of the
problem, thus have deleterious effects on anotaergh the system.
Numerous erosion control structures have been bwifirotect
cohesive bluffs in the Great Lakes, particularly eneh urban
development is greatest. These structures fittimtobroad categories:
shore-normal structures (e.g. groins, harbor @ttimiilt to trap sand
from the littoral drift (i.e., longshore transpoftsediments), and shore
parallel structures (e.g. seawalls, bulkheads tnesets) built to create
a physical barrier between attacking waves and siebeshore
deposits. Offshore breakwaters built to trap sand prevent wave
attack fit into both categories. In more recerdrge awareness of the
impact of such structures on neighboring coastathres and nearshore
ecology has increased (Mead@ al. 2006) and typically structures
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that stop all longshore transport of sand are dismged. Rock

(riprap) revetments and offshore breakwaters (oholg submerged

breakwaters) that allow some longshore transp@tcammon forms

currently favored. Additionally, recent awarenegshe importance of
lake-bed downcutting has suggested armoring orngalakebed by
use of densely packed cobble-size (15 to 45 cmiameter) stones.

So far, it has been used only on an experimentsisbia the Great

Lakes.

Several variables determine the long-term effeniégs of shore
protection structures:

1. The structure must have enough mass to withstaadfdttes
exerted on the structure by waves impinging onlakeward side
of the structure and by the forces exerted by dpes
movement of cohesive bluff material behind thecttrte,

2. The structure must have sufficient height to préverave
overtopping and consequent erosion of cohesivef Iohaterial
behind the structure, and

3. If the first two conditions are met, then issueshsas adequate
foundation design to support the structure andallagion of
weep holes to relieve hydraulic pressures becorperitant.
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Figure 10. (a) Comparison of strength loss (unecedficompressive
strength Qu) as a result of freeze-thaw (FT) cyealed (b) creep rate
versus time response at 25 kPa of two tills frorkd_8uperior and one
till from Lake Michigan.

A variety of approaches are available to stabittee bluff once
the bluff toe is protected. Prevention of mass emoent requires an
anticipation of the type of movement, location daftgmtial failure
surface, size of potential failing block, and aipi@tion of the likely
triggering mechanism(s). Bluff stabilization apaches typically
include:

1. modification of slope geometry by reduction of tlepe angle
through cutting back the top of the slope, or lmssing it against
sliding by filling at the toe to reduce driving ess,

controlling surface water running onto the slope,
re-vegetating the slope to protect slope face, and

lowering the groundwater table, thereby reducingeparessure
and increasing resistance to sliding

Pwbd
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Table 1. Strategies for Mitigating Bluff FailurecaRecession

PROCESS SOLUTION/MITIGATION
STRUCTURAL NONSTRUCTURAL
(STABILIZATION) | (MANAGEMENT):

: Desigr Predictior

TOE EROSION SHORE SHORE RECESSION
PROTECTION RATE
(Revetments, (Long-term and cyclic)
breakwaters groins,
seawalls, beach
nourishment, etc

DEEP SLOPE STABLE SLOPE

ROTATIONAL STABILIZATION ANGLE AGAINST

SLIDES (Re-grading, SEEP SLIDES
buttressing,
dewatering, etc.

FACE SURFACE ULTIMATE ANGLE

DEGRADATIO | PROTECTION OF STABILITY

N AND (Vegetation, surfacg AGAINST

SHALLOW water management,| SHALLOW SLIDES

SLIDES AND berms) AND FLOWS

FLOWS

FACE PROTECTION

AGAINST SHALLOW
\ SLIPS/FACE DEGRADATION
\ B2B>B,
N
@ ~N TOE PROTECTION

AGAINST WAVE

STABILIZATION ACTION

AGAINST DEEP
SLIPS, B> B,

B = overall slope angle; B, = safe slope angle; B,= ultimate slope angle

Figure 11. Steps in stabilization of coastal fsluf

Use of structural means such as retaining walldedrshafts, etc.
to increase resistance to sliding, has been limiteough the use of
stabilizing berms or buttresses (sometimes intirmainforced) is on
the rise.

An integrated approach, as shown in Figure 12, rassthe
effectiveness of shore protection over a suffidiemdng period of
time with proper maintenance. This site-specifippraach to
protection, if not undertaken over a reach of slmegi.e., a segment
with similar wave climate, geomorphology, and geacsetting), will
likely result in outflanking of the protected segrhéoy continued
recession of the neighboring unprotected shorelind result in
eventual failure.

52  Management Approach

The nonstructural planning and management apprizaphrticularly

suitable for undeveloped land where mitigation ofizdrds to

transportation, housing, and commercial facilites be planned and
managed over an extensive part of the shorelire qite of a county
or at least several kilometers are usually consifjer This approach is
usually aimed at minimizing future structural damaghile allowing

erosion to take place, thus avoiding problems wfithctures described
in the previous section. In this case, the needifalerstanding bluff
processes is critical because predictions of futecession over a long
period of time with changing water level and climaionditions are
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necessary (Table 1). This approach necessitatesm@erstanding of
bluff processes and development of qualitative (gmr@ferably
quantitative) models of bluff evolution. The maproblem of
prediction of slope evolution is related to undamsting the response
times to environmental changes and the time nege$sa bluffs to
pass through an evolutionary sequence. The maihused in the
nonstructural or management approach is the estambdint of a
setback requirement for new buildings or infradinee.  This requires
knowledge of coastal recession over a long timdeast 30 to 50
years, and the determination of stable slope angl&ypically,
historical aerial photographs are used to estaltfishrecession rates
and geological and geotechnical analyses are usetbtermine the
stable slope angles. Research conducted prinduiiyng the last few
decades has identified the operating processestlagid possible
magnitudes (Edil, 1982). A nonstructural setbagitatice can be
estimated as shown in Figure 13 (SEWRPC, 1989)thimcase, the
setback distance consists of two components: erassi distance is
the distance from the existing bluff edge that dobk affected by
recession of the bluff over some appropriate tif years?) plus the
setback necessary to regrade the bluff to a stlbjge angle. The
minimum facility setback distance is an additiosedlety zone.

ALTERNATIVE METHODS OF BLUFF SLOPE STABILIZATION
CUTBACK SLOPE STABILIZATION METHOD CUT AND FILL STABILIZATION METHOD
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Figure 12. Alternative Methods of Bluff Stabiltizan Common in the
Great Lakes (SEWRPC 1989)
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Figure 13. Determination of Setback Distance imitgement
Approach (SEWRPC 1989)

6. ENVIRONMENTAL AND ECOLOGICAL
IMPACTS OF SHORE PROTECTION
STRUCTURES

Although sparsely developed areas along the Grakég shorelines
remain unprotected by structures, numerous attehgpte been made
over the past 150 years to stop erosion in moreldped areas. The
coastal structures have had a severe impact oibebeh/nearshore
system. Shore-normal structures, such as groiddarbor structures,
trap sand to create a beach. This commonly createsygravates
erosion along the downdrift shore. Eroding bluéfisd erosional
embayments are typical features downdrift of shmemal structures
in the Great Lakes. For groins, this effect mayeed hundreds of
meters. For long harbor jetties, the effect magmed for kilometers.

Most shore-parallel structures do not trap sandabowaters are
the exception). However, they may adversely afteetstal processes.
Downward deflection of wave energy along verticdiflged structures
scours the lake bed unless a scour apron is iedtalbng the base of
the structure. If the structure is built at thelbaf a beach too narrow
to dissipate wave energy, turbulence along the &fcthe structure
may erode the beach. Spray generated by wavesghitertically
faced structures may saturate the bluff face andestoose material.
Vertically faced structures also reflect wave egeoffshore and/or
against an adjacent shore. Using armor-stone mmtisin reduces
problems of wave scour, wave spray, and wave talecbut the
irregular surface of the structure restricts actesie lake.

Recreational use of the lake is adversely affebigdtructures.
As just noted, the irregular surface of armor-stforeconcrete-rubble)
structures restricts access to the lake. Howaevith, proper design,
structures can be designed to minimize adversedtsplmit erosion,
and provide access to the lake.

Armoring a cohesive bluff shore cuts off an impottaource of
sand for the littoral system. Loss of sand frone theach and
nearshore also results in greater turbidity, asséed-starved shore
and nearshore are exposed to erosion by frequeal|-wave events.
This adversely affects water quality. Loss of séoth the nearshore
also alters the nearshore biologic habitat. Mamggisms that inhabit
the nearshore are adapted to a mobile sand swhatmdtthe bar and
trough system that forms where sand is presenss b this sand and
replacement by a cobble and boulder covered watplatform has a
negative effect on these organisms and encouragegtgof nuisance
species like zebra mussels. The full extent andreaf these impacts
are still not fully understood (Meadost al. 2006).

7.  SUMMARY

Wave erosion and associated bluff instability pnés@ continuous
problem in the coastal slopes. There are semitgapiapproaches
that delineate the effect of the fundamental opegdictors on shore
erosion and bluff instability. These approachebjctv are site or
region-specific by their very nature, are summatiznd can be
adopted in other locations by careful consideratibased on local
conditions. It is anticipated that historical resien rates may change
with global climate change as the water levels likely to deviate
from the modern patterns. Therefore, such impagsd to be
considered in planning and management of coastaetlo@ment.
Coastal structures are still a viable approach; évan, their design
and justification require greater care since thisra higher level of
perception of their deleterious effects on neightmpiproperties and
their environmental and ecological impacts in teanrshore.
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