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GROUNDWATER HYDRAULICS AND SLOPE STABILITY ANALYSIS:
ELEMENTS FOR PREDICTION OF SHORELINE RECESSION
William W. Montgomery, Ph.D.

Western Michigan University, 1998

Studies documenting the roles that geologic materials and groundwater play in
Great Lakes bluff recession are rare. This study reports findings concerning
relationships between bluff lithology, bluff hydrology, and bluff recession along a
10-mile stretch of eastern Lake Michigan shoreline in heterogeneous Pleistocene
depos®s. According to a newly-developed, field-tested, GIS-based methodology,
bluffs in the study area can be characterized lithologically as sand, clay, or mixed
sand/clay, and can be characterized hydrologically as exhibiting either high head or
low head

Geotechnical analysis indicates that Atterberg limits, index properties,
consolidation state, and drainage conditions affect the shear strength of bluff
materials. Silty grey diamicton, a major constituent of clay-dominated bluffs,
exhibits high undrained shear strength, and @’ = 289, Laminated, fine-grained clay,
a major constituent of mixed sand/clay bluffs, has very low undrained shear
strength, and @' = 20C. Sandy bluffs in the study area exhibit a range of effective
stress failure envelope angles: 34%< g’ <430

Comparison of bluff characterization with historical recession patterns
indicates that bluff lithology and hydrology influence recession. Mixed sand/clay
bluffs with high hydraulic head were found to have receded up to 100 feet (30.0 m)

over the long term (1938 to 1996), whereas bluffs characterized as all clay or all
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sand receded 50 feet (15.0 m) or less during this time. Over the short term (1989
to 1996), a period in which Lake Michigan water levels were not unusually high,
mixed sand/clay bluffs were the only ones in the study area to show measurable
retreat (> 4 feet, 1.2 m).

Results of Factor of Safety analyses performed upon bluffs at six field sites
suggest that effective stress-based analyses that reflect long-term, drained
conditions may be most appropriate in modeling recession in sandy bluffs of both
high and low head, mixed sand/clay bluffs of both high and low head, and diamicton
bluffs with high head. Diamicton bluffs with low head are apparently not destablilzed
by groundwater; in this case, total stress-based Factor of Safety analysis may be an

altemative method for modeling recession.
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CHAPTER |
INTRODUCTION
Statement of the Problem

Coastal areas often combine beautiful settings with complex geology. The
former attracts large numbers of people while the latter complicates interpretations
of systems and processes. There is increasing population pressure being applied
along all of America's coastlines, and the Great Lakes are no exception (Williams,
1991). With increasing population density, adverse effects of natural processes
such as shoreline recession become magnified and cause great public concern.

The Great Lakes are of particular interest in this context. First, much of
their shoreline Iehgth is composed of glacial materials that are relatively
susceptible to erosion and recession. Second, as recipients of drainage from a huge
watershed, some of the Great Lakes have been subject to significant (up to 6 feet)
swings in lake level in modern history. When high storm and wave activity are
superimposed upon periods of high lake level there is clear evidence of wave-induced
removal of shoreline material, and a panic mentality often sets in with resulting
public outcry.

An unfortunate consequence of the cyclicity of lake level rise and fall is that it
has tended to result in cyclic shoreline recession research (Meadows et al., 1991).
Classic research was triggered by high lake levels in the 1950s (e.g., Powers,
1958) and 1970s (Davis, 1976; Hands, 1979, 1980), but much of it was directed
on nearshore processes involving wave and current interaction with mobile sand.

More recently, research efforts directed toward a better understanding of the role of
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geologic framework in shoreline recession has been undertaken by some researchers
(e.g., Nairn, 1992; Boyd, 1992; Davidson-Arnott, 1986), especially with respect
to the interaction of waves and currents with cohesive and non-cohesive substrates
in the Great Lakes. These workers have advanced arguments suggesting that long-
term recession may not be directly tied to lake level. They also suggest that times of
low lake level do not guarantee a halt in recession.

Field observations confirm that shoreline recession does not halt during
times of lower lake level; bluff recession continues to occur on many segments of the
Lake Michigan shore during these times. However, due in part to cyclic research, a
gap remains in our knowledge base conceming coastal evolution in the Great Lakes
during times of lower lake level. With 1989-96 lake levels down from historic
highs, this is an excellent time to identify and study factors other than wave and
current-induced erosion that play a role in ongoing shoreline recession in the Great

Lakes.
Research Goals

This research is designed to focus on the roles that groundwater and lithology
play in recession along Great Lakes shorelines composed of glacial materials.
Prediction of where and when recession is likely to occur may be improved if these
factors are better understood. In particular, geologic/hydrologic mapping,
determination of geotechnical properties, and civil engineering principles and
techniques may be utilized to produce a recession prediction methodology that may
have wide applicability in glaciated terranes. There are several specific goals that

have driven this research.
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Develop a GIS-Compatible Characterization of Bluff Lithology and Hydrology

One goal of this study is to develop a bluff characterization methodology that
can take full advantage of readily available lithologic and hydrologic data. It is
hypothesized that adequate characterization of bluff geology and hydrogeology for the
purposes of recession prediction can be achieved through a combination of traditional
field mapping and analysis of subsurface well data. A methodology that can take full
advantage of these data in lieu of obtaining expensive proprietary data (e.g., through
drilling) would be very cdst—effective, and cost-effectiveness could in turn promote
utilization of the methodology in other areas. Geographic Information System (GIS)
technology was used to facilitate bluff lithologic/hydrologic characterization in this

study (Montgomery et al., 1996a).

Improve Understanding of Failure Mechanics

Another important goal of this study is to gain insight into the timing and
mechanics of Lake Michigan bluff failure. It is hypothesized that different
lithologic/hydrologic conditions produce different rates and mechanisms of failure.
Six field sites interpreted to represent different lithologic/hydrologic conditions
were selected for field study. Drilling and geotechnical sampling were conducted at
these sites, and long-term monitoring of groundwater conditions and slope failure is
underway in order to improve understanding of timing, rates, and geometries of

failure in these settings (Chase et al., 1997).

Determine Geotechnical Controls on Bluff Failure

Another goal of this study is to utilize civil engineering-based limit

equilibrium analysis as a tool in recession prediction. This technique has been used
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with some success in previous studies of shoreline recession in the Great Lakes (Edil
and Vallejo, 1977; Quigley and Gelinas, 1976), but it requires geotechnical data
from- undisturbed subsurface soil samples. Undisturbed soil samples of different
lithologies were retrieved at the six field sites, and extensive geotechnical testing
was performed at the United States Army Corps of Engineers Waterways Experiment
Station. The geotechnical information generated and analyzed for this study is the
first of its kind from the eastern shore of Lake Michigan. It allowed for the testing of
the hypothesis that geotechnical properties, in conjunction with certain hydrologic
conditions, exert a strong and perhaps unique control on shoreline recession

(Montgomery et al., 1996b).

Determine Historical Bluff Recession Patterns and Their Relation
to_Bluff Lithology and Hydrology

Previous determination of recession rates on the eastern shore of Lake
Michigan has been performed by Buckler (1987), Buckler and Winters (1975,
1983), Seibel (1972), and Powers (1958), among others. However, the recent
application of GIS technology to shoreline change analysis (Johnson and Johnston,
1995; Law et al., 1991) has improved the prospect of greater accuracy and
precision in analysis of Great Lakes shoreline recession. High-resolution airphoto
analysis of both short-term (1989-1996) and long-term (1938-1996) biuffiine
recession was undertaken in three subareas of the overall study area. In conjunction
with the GIS-based lithologic/hydrologic bluff characterization, GIS-based airphoto
analysis allowed for a detailed comparative study to be performed in order to test the
hypothesis that lithology and hydrology play unique roles in determining rates and

locations of shoreline recession (Montgomery et al., 1997).
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Study Area

A strip of western Allegan County, Michigan shoreline approximately 10
miles (1 6 km) long between the cities of South Haven and Saugatuck was chosen as
the study area (Figure 1). This area is optimum for study for a number of reasons.

The stratigraphy of the study area is diverse and variable. It is
representative of glacial deposits present throughout the Great Lakes. Lithologically,
the study area is composed of dominantly sand, dominantly clay, or mixed sand / clay
bluffs. Hydrologically, there is sufficient well control to create hydraulic head maps
of reasonable accuracy. These wells serve an additional purpose in that they provide
lithologic data both in areas of covered slope and below lake level. Lithologic data
below lake level can provide for characterization of subaqueous nearshore geology,
which is required for accurate modeling of recession of both cohesive and
cohesionless shore types (Philpott, 1984; Nairn, 1992).

There are some individual groins and seawalls in parts of the study area, but
there are no massive engineering structures present. The individual groins and
seawalls in the study area probably have had some local impact on recession rates on
short temporal scales, but their general state of disrepair is indicative of their
ineffectiveness over the long term. As such, their impact on 1938-1996 long-term
recession patterns is believed to be minimal. Furthermore, inspection of 1938 air
photos reveals that, at least in the areas of detailed airphoto analysis, these devices
were not even present in 1938.

In summary, the study area is an excellent microcosm of Great Lakes
shorelines composed of complex combinations of glacial geology and hydrology. it has
sufficient population density to provide adequate well control, but the shoreline is

not engineered to the degree that it responds unnaturally to physical processes.
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Furthermore, logistics are favorable for the monitoring of slope failure and
groundwater conditions on a weekly or bi-weekly basis, a frequency which is

unprecedented in studies of Great Lakes shoreline recession.
Regional Geologic/Hydrologic Setting

Geologically, the study area is classified as part of the Lake Border Morainic
System (Farrand and Bell, 1982; Hansel, 1985; Monaghan and Larson, 1986)
(Figure 2). Lake Michigan abuts and overlaps the moraine in the study area.
Deposits include fine- to medium-grained, buff-colored, laminated to cross-bedded
quartzose sand interbedded with very fine-grained, laminated, reddish brown, often
varved clay; and reddish-brown to gray to blue-gray diamicton containing clasts
ranging in size from clay to boulders. Environments of deposition for the sand are
interpreted to range from lacustrine to fluvial-deltaic, while the very fine-grained
clay is interpreted to have been deposited in lacustrine environments.

The diamicton occurs in several layers or sheets in the study area, varying in
thickness from less than 3 feet (0.91 m) to 20 feet (6.1 m) or more. Pebble-~ and
boulder-sized clasts in the diamicton are of variable lithology, including what are
interpreted to be Paleozoic carbonates and sandstones and Precambrian igneous and
metamorphic rocks. Local clast orientation in one diamicton layer was measured by
Chase (1990). The composition and texture of the diamicton layers is consistent
with an interpreted glacial origin. In some exposures in the southern part of the
study area, low-angle thrust faults and overturned bedding are interpreted to be
present, but in most of the study area it is difficult to see internal structure and
bedding in the diamicton.

The stratigraphy of the area is complex. Chase (1990) has mapped the area

in detail, while Monaghan and Larson (1986) and Monaghan (1990) have focused on
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Figure 2.  Location of Study Area in the Context of Regional Morainic Systems
(after Farrand and Bell, 1982).
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the dating and correlation of the diamicton layers to other areas in the Great Lakes.
Within the study area, Monaghan and Larson (1986) designated a type section for the
Glenn Shores till (Figure 3), the oldest diamicton exposed in the study area.
Radiocarbon dates from organic material from lacustrine deposits immediately above
the Glenn Shores till cluster for the most part in the range of 37,000 - 48,000
years BP (Monaghan and Larson, 1986).

The Glenn Shores type section contains two younger diamictons as well: the
Ganges and Saugatuck tills (Figure 3). Along the length of the Lake Michigan bluffs
in the study area, it is these two younger diamictons that are most commonly
exposed, while the Glenn Shores till is interpreted to have been penetrated at depths
below lake level in some wells.

The two younger diamictons are interpreted to record late Wisconsinan
(Michigan Subepisode; Johnson et al., 1997) ice advances from the Lake Michigan
lobe of the Pleistocene Laurentide ice sheet. Monaghan and Larson (1986) suggest
that the advance that deposited the Ganges till in the study area formed the Tekonsha
Moraine further east in south-central Michigan, whereas the later advance that
deposited the Saugatuck till in the study area formed both the Kalamazoo Moraine
(near Kalamazoo, MI) and the Lake Border Moraine as well. The time of formation of
the Lake Border Morainic System is interpreted to be about 14,000 years BP
(Hansel et al., 1985; Gephardt et al., 1982, 1983).

Although the Saugatuck and Ganges tills represent the most readily
identifiable surface mapping units on the bluff face, there is extreme lateral
variation within the study area (Chase, 1990). At times it becomes very difficult to
distinguish one diamicton from another or laterally correlate overlying or
underlying sequences. Difficulty in surface correlation and mapping stems from

complex stratigraphy and poor exposure. Poor exposure sometimes is a function of
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vegetation, but it is often further complicated by the presence of a clay armor that
covers much of the bluff face. This cover originates from upper bluff diamicton, and
results from cyclic wetting, fluidized flow, and subsequent drying of the mobilized
clay as it moves downslope. Stratigraphic correlation is also complicated by the
presence of displaced slump blocks which are often weathered and eroded.

In terms of the hydrogeology of the area, it appears that there are three main
aquifer systems present: shallow, intermediate, and deep. The term "system" is
used here because subsurface correlation of aquifers and mapping of hydraulic head
suggests that there may be hydraulic communication between individual aquifers in
each of the three main systems. In the shallow aquifer system, it is probable that
there are multiple perched aquifers at the bluff face.

The simplest way to bracket the hydrostratigraphy of the area is to consider
the apparent aquifer/aquitard pairs of Figure 3. In general terms the shallow
aquifer system can be described as occurring above the stratigraphically youngest
Saugatuck till, the intermediate aquifer system occurs between the Saugatuck and
Ganges tills, and the deep aquifer system occurs between the Ganges and Glenn Shores
tills. New radiocarbon age dates acquired during this study support this general
stratigraphic zonation. Wood fragments recovered from what is interpreted to be the
deep aquifer in the southern part of the study area have been dated at 32,680 +/-
500 years BP. This date is slightly younger than those reported by Monaghan and
Larson (1986) for organic material immediately above the Glenn Shores till, and
thus is consistent with the hydrostratigraphic zonation implied by Figure 3.
Detailed subsurface correlation and mapping performed throughout the study area
suggest that this zonation is very likely an oversimplification of the area's true

hydrostratigraphy, but it represents a good starting point nonetheless.
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CHAPTER Il
PREVIOUS WORK

Studies of shoreline recession in the Great Lakes date back at least to the mid-
19th century (Andrews, 1870; Chamberlin, 1877; Goldthwait, 1907). From the
beginning, published estimates of recession rates along various Great Lakes
shorelines have varied widely in both time and space. Powers (1958) performed a
pioneering, comprehensive attempt to characterize both geomorphology and
recession on the Lake Michigan shore. He field-mapped and characterized the entire
Lake Michigan shore in terms of lithology and shore type, and measured, either on
the ground or through the use of 1938 air photos, a total of 134 bluffline positions
relative to quarter-section points. He then compared those measurements to
Government Land Office survey measurements to the "meander line" (never clearly
defined) made in 1831, and derived long-term recession rates. Powers noted that
previous estimates of recession by earlier workers such as Goldthwait (1907) and
Chamberlin (1877) were substantially higher than what he had found. He suggested
"it was apparent that such men ... considered only shore segments of unusually
severe erosion" (p. 91). Seven of Powers' sites are located in this study's Allegan
County, Michigan field area. He calculated recession rates for these sites of 1.03 to
2.03 feet per year for the period 1831 to 1956-57.

Powers (1958) enumerated a number of factors that he believed controlled
or influenced recession (p. 85). Some or all of them are often cited in the literature
as important factors in recession: (a) height of backland above mean lake level; (b)

materials composing backland and landface, whether weak or strong; (c) abundance

12

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



and coarseness of beach materials; (d) exposure to lake storms and waves; (e)
protective structures built by man ; (f) level of Lake Michigan; and (g) unusual
storms of great severity.

Powers went on to state that the most time-variant factors are the last two,
lake level and severe storms. Further, he claimed, "without exception, accelerated
shore erosion has taken place during times of high water, while during low water,
beaches have widened and wave attack on the landface has been much less effective"
(p. 86).

E. A. Seibel (1972) performed his Ph.D. fieldwork at several sites on Lakes
Michigan and Huron. His Glenn site encompasses a stretch of Allegan County
shoreline that has also been studied in detail for this work. Using photography over
several time periods from 1938 to 1970 and hand-caliper measurement techniques,
he determined recession rates from 1 to S feet per year in this area. In general,
Seibel found, as did Powers (1958), that average recession rates increased with
increased lake level and the passing of large storms.

W. R. Buckler (1973), in conjunction with H. A. Winters (Buckler and
Winters, 1975), attempted to correlate several different factors to recession rates.
He revisited, remeasured, and performed a 1956-73 airphoto analysis at eight of
Powers' sites, including one in Allegan County (No. 4; Powers' No. 106), where he
found no recession during this time (Buckler, 1973). Buckler concluded that
factors such as bluff height, slope, hydrology, composition, and trend of the
shoreline could not be positively correlated with recession trends at Powers' sites.
The presence of vegetation and a wide beach correlated with less recession, but he
was ambiguous (e.g., 1973 vs. 1975) as to whether or not there was a causal
relationship between these factors and recession. He observed what he thought were

opposite tendencies (development toward a smooth coastline on one hand but
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differential recession rates on the other), and suggested that lateral variation in

nearshore hydrographic processes (waves and currents) controlled lateral variation
in recession rates, as opposed to lateral variation in geomorphology.

Later work by Buckler (1987), also in conjunction with others (Buckler
and Winters, 1983; Buckler et al., 1988), included updated airphoto analysis
(through 1986) of the southeastern Lake Michigan shore. He emphasized, as others
before him, the fact that large variations in Lake Michigan biuff recession rates
exist both temporally and spatially. Ignoring differences in site geomorphology or
lithology, he utilized widely-varying recession rate data from 20 sites in four
southwestern Michigan counties to calculate an average short-term, high-water
recession rate of 6.07 feet per year during 1977-86 and an average long-term
recession rate of 1.65 feet per year for 1831 to 1986. He noted a possible
relationship in recession to shoreline orientation and fetch distance; that is, the
more perpendicular the shoreline to a long fetch, the higher the recession rate. He
concluded in his 1988 analysis that, in the short term with high lake level, bluffs
with bases composed of till or lacustrine clay "responded less rapidly to recessional
influence than did bluffs containing basal sands" (1988, p. 58). But in the long
term, he saw no difference between these two bluff types. In contrast, "sand dune
encompassed bluffs were discovered to be receding at significantly lower long-term
rates than were bluffs composed of non-dune sediments" (1988, p. 52).

R. A. Davis performed much research on sediment transport and nearshore
profile change in the early and mid-1970s on the eastern shore of Lake Michigan
under the auspices of the U.S. Army Corps of Engineers (USACE). Numerous reports
(Davis and Fox, 1971; Davis, 1976; Davis et al., 1975 ) documented nearshore
profile change with the passing of storms, increasing wave energy, and decreasing

wave energy. He saw clear changes in terms of offshore bar migration over the short

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



15

term, and was able to document seasonal profile change similar to that seen on open
ocean coasts in the longer term.

- Birkemier (1980, 1981) documented coastal change south of Allegan County,
while Hands (1979, 1980, 1981) focused on some of Davis' earlier areas to the
north in Manistee County. Hands utilized the eastern shore of Lake Michigan as a test
bed for determining the validity of the Bruun Rule (Bruun, 1962). The Bruun Rule
predicts that a non-cohesive mobile sand blanket will develop a parabolic, concave-
upward equilibrium profile in response to prevailing wave climate. Hands noted that
open ocean coasts, because of their tidal ranges and continual profile adjustment,
were not particularly well-suited to the study of the equilibrium profile, whereas
Lake Michigan provided an ideal sand-rich, non-tidal setting. He found that the
Bruun Rule worked quite well in predicting shoreline retreat during rising lake
level in the mid-1970s, though he noted that retreat continued to occur even after
lake level began to subside. He explained this apparent anomaly by suggesting that
the subaerial bluff profile took some time to readjust or "catch up" to the new
subaqueous equilibrium profile.

In the 1980s and 1990s, increased research efforts have been brought to
bear on the role that bluff composition may play in recession (Davidson-Arnott,
1986; Philpott,1984; Boyd, 1992; Kamphuis, 1987; Nairn, 1992) primarily
through work on the glacially mantled, clay-rich north shore of Lake Erie. Two
compogitional bluff end members have been identified. One end member is
cohesionless, represented by a mobile sand blanket of infinite thickness as modeled
by Bruun (1962), Dean (1977, 1983), and Hands (1980, 1983). The other end
member is cohesive, composed primarily of clay-rich glacial till (diamicton)

deposits (Philpott, 1984; Quigley and Gelinas, 1976).
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An important consequence of cohesive bluff composition is that eroded
material is primarily clay-sized (very fine-grained) and easily transported out of
the nearshore littoral system permanently. Therefore, ongoing erosion of cohesive
bluffs may not contribute the volume of sand supply necessary to build and maintain
beaches, which serve as important buffers to incoming wave energy. With no beach
present at the base of a bluff, wave energy can impinge more forcibly upon both the
nearshore and the foreshore and cause increased erosion.

A potentially more severe consequence emerges if an intermediate condition
between the two bluff end members develops. This intermediate condition is
represented by a thin, mobile sand blanket that moves back and forth like sandpaper
over a cohesive substrate. Studies by Sunamura (1983) and Kamphuis (1983)
indicate that sand incorporated into fluid greatly reduces the threshold shear stress
requirements for submarine erosion of cohesive material. Thus, the presence of a
thin sand layer can result in the downcutting and landward translation of a nearshore
cohesive profile (Boyd, 1992; Nairn, 1992) with less wave energy than would be
required in the absence of sand (Kamphuis, 1987). An important consequence of
further downcutting and increased water depth is that more powerful waves with
longer wavelengths and greater heights can camry their energy to the shoreline,
potentially resulting in greater erosion.

Additional evidence that subaqueous nearshore and bluff lithology plays an
important role in long-term Great Lakes shoreline retreat is provided by Jibson and
Staude (1991). In a study of the Lake Michigan shoreline in lllinois, they concluded
that bluff lithology was the only factor (including lake level, precipitation, and
shore protection) that they could correlate with retreat rates between 1872 and

1987.
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Further complicating an already complex problem are the onshore processes
that lead to bluff failure. Onshore failure processes in the form of landslides,
mudflows, rill/gully erosion, and hillside creep (Sterrett, 1980; Quigley et al.,
1977) are at work as well as submarine processes on Great Lakes shorelines. The
significance of these processes is often considered as being secondary to more
primary driving mechanisms such as toe erosion (Edil and Vallejo, 1977; Mickelson
et al.,, 1977; Chapman, 1996; Sterrett, 1980) or nearshore downcutting (Boyd,
1992; Nairn, 1992; Davidson-Arnott and Ollerhead, 1995). Onshore failure
mechanisms are often considered as serving to drive a bluff back toward an
equilibrium condition after some form of wave-induced erosion has caused
oversteepening of the bluff face.

Some form of limit equilibrium analysis (e.g., Bishop, 1955) has been used
by civil engineers since the time of Coulomb to calculate or otherwise estimate
conditions of slope failure (or stability) that either exist naturally or are
anthropomorphically induced. Limit equilibrium analysis involves the identification
and quantification of factors that act to drive and resist slippage along a defined
failure surface followed by calculation of the ratio of the sum of stresses resisting
failure (shear strength) to the sum of stresses driving failure (shear stress) acting
along this plane. The ratio is known as the Factor of Safety (FS) (McCarthy,1993).
Accurate identification of these factors requires adequate knowledge of external
forces (e.g., weight) and quantification of internal geotechnical parameters such as
shear strength, internal angle of friction, and cohesion. These parameters are
determined via standardized testing procedures (USACE, 1986) that have been
developed by soil mechanicists.

Limit equilibrium analysis has been used to aid in the understanding and

prediction of bluff failure by two main groups of researchers in the Great Lakes.
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Slope failure or evolution models in the Great Lakes have been developed for the
north shore of Lake Erie by Canadians (Gelinas, 1974; Gelinas and Quigley, 1973;
Quigley and Gelinas, 1976; Quigley et al., 1977) and for the western shore of Lake
Michigan by Wisconsin researchers (Edil, 1974, 1975; Edil and Haas, 1980; Edil
and Vallejo, 1977, 1980; Edil and Bosscher, 1988; Edil et al., 1977; Mickelson et.
al., 1977). As expected, most of the published information on geotechnical
parameters of glacial deposits of the Great Lakes is from these researchers as well
(Edil, 1974, 1975; Edil and Vallejo, 1977; Quigley et al., 1977). Currently, little
geotechnical data for glacial deposits of the eastern shore of Lake Michigan are
available. A limited amount of information was found in the form of boring logs for
highway bridges (which provide some lithologic descriptions and blow counts)
through the Department of Transportation in Michigan, but this information is
inadequate for rigorous quantitative analysis.

Edil and Vallejo (1977) proposed models of slope evolution at Kewaunee and
Port Washington, Wisconsin. The bluffs vary in height from 25-100 feet
(7.5-30 m), and are composed of silty glacial diamicton and lacustrine deposits.
They zoned the bluff into top, intermediate, and toe zones, and described the failure
processes occurring in each zone. In terms of overall bluff evolution, they stressed
that the two most important processes in the initiation of mass movement were
physical degradation of the bluff face and toe erosion. Physical degradation of the
bluff face due to solifluction and slumping - perhaps triggered by "spring waters"
(p. 4) - led to an accumulation of material at the bluff toe, while toe erosion by wave
activity led to the removal of this accumulated material.

At Port Washington, Wisconsin, Edil and Vallejo (1977) found that the
dominant failure pattern was rotational landsliding along semicircular failure

planes, with a tendency for the failures to progress upslope over time. The authors
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found that the Bishop Method (Bishop, 1955) of equilibrium analysis successfully
predicted changes in Port Washington profiles through time when effective stress
analysis was employed. Effective stress analysis yielded lower (more conservative)
Factors of Safety than total stress analysis. At Kewaunee, Wisconsin, the authors
found that the dominant failure pattern was translational landsliding along finear
failure planes in the form of mudslides and solifluction, with both parallel and non-
parallel bluff retreat resulting from these mechanisms.

Canadian research, focused on the north shore of Lake Erie in diamicton and
lacustrine deposits similar to those found in Wisconsin, has led to conclusions
similar to those of Wisconsin researchers. For example, Quigley et al. (1977)
found Lake Erie bluff retreat rates and mechanisms to be cyclic, and suggested that
they resulted from complex processes of bluff face degradation, landsliding, and toe
erosion, as did Edil and Vallejo (1977). Quigley and Gelinas (1976) grouped the
Lake Erie bluffs under study into three main categories in terms of modes of retreat:
(1) non-eroding cliff, gradually flattening to a long-term stable geometry; (2)
eroding cliff, retaining fairly constant shape and retreating at fairly constant rate
due to a combination to toe erosion, toppling, and sheet sloughing; and (3) eroding
cliff, cyclically changing profile due to major landslides in response to toe erosion or
soil softening under conditions of decreasing effective stress.

With respect to toe erosion in particular, Quigley and Gelinas (1976) stated
that rising lake level could have a profound effect on mechanisms of shoreline
retreat. This is because wave attack "alters the slope failure mechanisms from a
slow, flattening process controlled by effective stresses to a short term toe failure
mechanism controlled primarily by geometry and undrained shear strength" (p.

169).
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In summary, classic geological work in the Great Lakes from the mid-1800s
to the present has suggested that elevated lake levels and singularly intense storms
may be particularly responsible for accelerated rates of shoreline retreat.
However, recent research from both the geological and engineering communities
suggests that shoreline retreat resuits from a complex interplay of other variables
as well. These variables include the amount of nearshore/foreshore downcutting,
differences in geotechnical characteristics of materials that comprise the bluff, and
the influence of groundwater in terms of slumping and sloughing on the surface and

decreased effective stress in the subsurface.
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CHAPTER Il

METHODS OF DATA STUDY, COLLECTION, AND GENERATION

Chapter Overview

A variety of methods were employed in the study, collection, and generation of
data and work products during the course of this study. A new Geographic
Information System (GIS)-based methodology was developed for the utilization of
existing subsurface data in the creation of new bluff characterization maps.
Drilling, sampling, and groundwater monitoring operations resulted in the collection
of new lithologic and hydrologic data. Laboratory testing of undisturbed samples
generated new geotechnical data, the results of which were utilized in slope stability
analysis. A GIS-based airphoto analysis methodology was utilized to create new
high-resolution airphoto mosaics from existing air photos. Finally, a comparison of

lithologic/hydrologic data and historical bluff recession data was undertaken.

Method of Bluff Characterization

Introduction

Characterization of geological materials and aquifer systems is important,
because these factors influence shoreline recession. GIS technology, with its cell-
based data management format, is an excellent tool for incorporation of these factors
into recession analysis. Initial, study efforts focused upon the compilation, error

analysis, and mapping of available lithologic and hydrologic data. Subsequently, a

21
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GIS-based methodology was developed and employed to utilize these data in

characterization of Lake Michigan bluff lithology and hydrology.

Data Sources, Compilation, and Error Analysis

Surface Data

An extensive collection of surface data has been compiled by Chase (1990;
personal communication, 1996) in the form of detailed measured sections made
every 200 feet along the Lake Michigan shoreline in the study area. Parameters
recorded includé: (a) lithology, (b) slope angles, (c) presence or absence of
vegetation, (d) groundwater seeps, (e) shore protection, (f) failure conditions, (g)
beach width at the time, (h) land use, (i) fracture conditions, and (j) more obvious
erosion mechanisms. Field observations were also made by the author during the

summers of 1994, 1995 and 1996.
Subsurface Data Sources

When in_situ lithology of the bluff face is concealed, as is the case in up to
50% of the study area, surface descriptions can be problematic. Subsurface
lithologic data from driller's logs generally yield less detail than surface
descriptions taken from a fresh face, but subsurface well logs can be adequate for the
determination of general bluff stratigraphy. Additionally, subsurface well data can
augment surface observations by providing lithologic data below lake level. Finally,
well data serve as an important (usually the only) source for hydrological
information.

The bulk of subsurface data from wells in the study area (Figure 4) comes

from water well drilling records filed at the Allegan County Board of Health.
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Figure 4. Locations of Water Wells Used to Delineate Shallow, Intermediate
and Deep Aquifer Systems in Study Area. Monitoring Sites Include
Multiple Wells. See Discussion of Aquifer Systems in Text.
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Subsurface information is also available from drilling records of oil and gas wells,
but the utility of these data is often limited to a reported Pleistocene-Paleozoic
contact, determination of which can be difficult, especially when dark clay-rich gray

diamicton overlies dark gray Mississippian Coldwater Shale.

Subsurface Data Quality

Some geologists object to the use of water well logs as subsurface data
sources, because of potential errors inherent in their usage. Errors can resuit from
inaccurate reports of well locations, inaccurate static water level measurements,
and inadequate sample descriptions. One way to address the issue of sample
description quality is to use nearby bluff exposures as checks. Another way to
overcome problems with sample description quality and consistency is through
utilization of a large volume of well control. Inconsistency in lithologic sample
description is minimized with increasing amounts of well control, because anomalies
are more readily identified as either real or fictitious. In the study area, over 300
well records were studied and correlated.

Accurate determination of static water level (SWL) in a wellbore and
accurate spatial positioning of well locations are important to accurate mapping of
hydraulic head. Accurate downhole measurement of SWL is facilitated by modern
electronic water level meters that are easy to use, reliable, and accurate to 0.01 foot
(0.30 cm). Error in SWL determination in a borehole is likely to be a function of
lack of equilibration between the aquifer system the well penetrates and the water
level recorded in the well, usually most prevalent in aquifers that exhibit low
hydraulic conductivity. Water may move slowly under these conditions, and it may

take a day or more for water level in a well to equilibrate to the level of either the

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



25

water table elevation (when unconfined) or the potentiometric surface (when
confined) of an aquifer. In these cases, the reported SWL on a driller's log may
merely represent the water level at the time of measurement, rather than the
equilibrated hydraulic head.

As in the case of sample descriptions, sheer volume of well control can help
minimize interpretational error caused by inaccurate SWLs, because an increased
amount of well control facilitates identification of anomalies. There is the occasional
case, especially in areas of little control, that an inaccurate SWL can lead to an

erroneous interpretation, but this case is the exception rather than the rule.

Spatial Positioning Error of Subsurface Data

Accurate spatial positioning of well control can be achieved, if sufficient
resources exist, through the use of modem computer and Global Positioning System
(GPS) technology. Unfortunately, the Allegan County water well computer database
suffers from extremely poor locational data, and an inordinate amount of effort would
have been required to correct the database. Therefore, manual locating of wells based
upon street addresses or diagrams on the well records was performed on 1:24,000
scale U.S.G.S. 7 1/2 minute series topographic maps.

These topographic maps are required by National Map Standards (Anders and
Byrnes, 1991) to be accurate horizontally to +/- 40 feet (12.1 m) and vertically
to +/- 10 feet (3.0 m). Even though many well locations were refined through field
checks during the course of the study, especially those within the three areas of
detailed airphoto analysis, it is likely that the horizontal accuracy of much of the
well control in the study area is +/- 100 feet (30.3 m). Wells located on flat

topography are subject to only a minor amount of vertical uncertainty in lithologic
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contact position or hydraulic head because of horizontal uncertainty. However, in
locations where relief may change 10 feet or more in a relatively short distance,

vertical positions of lithologic contacts or head values may be subject to significant

error.

Elevation Uncertainty

It was important to determine the magnitude of vertical uncertainty that
could be expected to be present in maps and cross sections generated from the
subsurface data. The elevations determined from topographic maps at six field sites
were compared with both electronically-controlled survey elevations as well as with

GPS-derived elevations.

Electronically-Controlled Elevation Surveys. A Sokkia Set 4Cll Total Station

was used to determine ground elevations of the bluff edge and piezometer nest at each
of the six field sites (Table 1). These data are accurate to within 0.10 foot (0.003
m). They indicate that the topographic maps are accurate to within two feet at three

sites, three feet at two sites, and seven feet at the sixth site.

Global Positioning System (GPS) Elevation Surveys. GPS-derived elevations
were acquired using a pair of Magellan ProMark X-CP receivers operated in
differential mode. Differential mode was necessary in order to minimize error due
to dithering of satellite signals. At each of the six sites, five to seven 10-minute,
continuously-recorded occupations were made. These occupations were then
averaged to produce a ground elevation for that site. All occupations fell within +/-

1.5 feet (0.45 m) of the calculated average elevation at each site (Sauck and
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Table 1

Field Site Elevation Data Acauired With Sokkia Total Station

Field Site Elevation Data .
Site Well TOC wrt GL (ft) |Elev TOC (ft abv MSL)
ws 1 -0.24 623.33
2 -0.48 623.42
3 -0.19 623.54
WKA 1 0.75 620.52
2 Not Msrd 620.94
116 1 0.50 640.54
2 Not Msrd 640.53
3 Not Msrd 640.38
FA 1 Not Msrd 622.89
2 Not Msrd 623.01
3 0.60 623.28
MP 1 Not Msrd 670.36
2 Not Msrd 670.56
3 0.75 670.55
cpP 1 Not Msrd 660.20
2 Not Msrd 659.96
3 0.75 660.27
Procedure: Sokkia Set 4C Total Station used 11-29 and 11-30-97.
Shoot to lake level and TOC from bluff edge.
Accurate to +/- 0.10 ft. Reference elev = Mean L. Mich. above MSL.
Elev L. Mich 11-29 = 580.25 ft; elav L. Mich 11-30 =580.35 ft. (USACE-Det Dist)
l
All SWL data measured from east side TOC.
WWM 3-98

L2
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Montgomery, unpublished data). GPS-derived average elevations were within 10

feet (3.0 m) of the elevation indicated by the topographic maps at all but one site.

Reformatting of Subsurface Data

Well records were reformatted from purely written descriptions to a visual
lithologic strip log format through the construction of a scaled (1 inch = 20 feet)
(2.54 cm = 6.1 m) grain-size column for each driller's log. This provided a visual
means of correlation between lithologic logs as well as a basis for correlation with
natural gamma ray wireline logs that were obtained during the course of the study.
Natural gamma ray logs record the natural radioactivity emanating from soil and
rocks. Clay minerals, because of their platy, layered structure, tend to hold more
radioactive elements in their crystal lattices than do minerals like quartz.
Therefore, fine-grained soils and rocks usually emit high radioactivity, while
coarse-grained silica-rich materials usually emit low radioactivity. The grain-size
column on a lithologic strip logs therefore visually mimics a gamma ray curve,

which greatly facilitates log correlation.

Cross Section Network Construction

A network of cross sections was constructed (Figure 5) using the reformatted
subsurface well records in order to develop the geclogic framework required for
adequate characterization of bluff geology and hydrology. The cross section network
consists of a long (~10 miles; 16 km) regional line (Figure 6) along the Lake
Michigan shore with a series of shorter (1-2 miles; 1.6-3.2 km) east-west
trending segments (Figures 7 and 8). The regional north-south cross section was

the most critical line in the network. This line was generated primarily from
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subsurface well control, but because of its proximity to the bluff face, it could be
checked against the surface work of Chase (1990; 1996, personal communication)
and field observations of the author. Subsurface and surface data were generally

found tobe consistent.

Method for Characterization of Bluff Lithology

A methodology for characterization of bluff lithology was developed with the
consideration that subsurface well logs in Allegan County are reliable indicators of
three primary lithotypes: (1) sand, (2) clay, and (3) mixed sand/clay lithologies
(Figure 9). This characterization reflects the level of detail present in the
subsurface data base; and is also consistent with what is often generally observed on
the bluff face (Chase, 1990; 1996, personal communication). Using the regional
north-south cross section as the primary data source, checked with the surface data
of Chase (1990) and traverses by the author, the bluff face along the shoreline was
partitioned into cell segments, each segment representative of the major bluff
lithology present according to the characterization system. Cell boundaries were
digitized into an Arc/Info system at the Western Michigan University GIS Research
Center from a 1:24,000 - scale topographic base map to produce a characterization

map of bluff lithology (Figure 10).

Method for Characterization of Bluff Hydrology

In order to adequately assess and characterize the bluff hydrology of the study
area, groundwater flow had to be determined. Groundwater flow is govemned by the
principle that water moves from high total hydraulic head to low total hydraulic

head. Total hydraulic head in a well or piezometer is composed of two components:
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(1) pressure head (elevation of the water column in the well above the point of fluid
entry, and (2) elevation head (the distance from the point of fluid entry relative to
an arbitrary datum). The arbitrary datum chosen was sea level; for reference, the
elevation of Lake Michigan at the time of mapping was approximately 580 feet

(175.76 m) above sea level.

Aquifer Systems

it was determined through the interpretation of subsurface geologic data,
completion zone data, and hydraulic head data that Pleistocene deposits in the study
area comprise three discrete aquifer systems: (1) shallow, (2) intermediate, and
(3) deep. To a first approximation, these systems may be portrayed as aquifers
coupled with basal aquitards as in the stratigraphic column of Figure 3, although this
is probably an oversimplification. Total hydraulic head values were determined for
each of the interpreted aquifer systems based upon available well control (Figure

4), and a contour map of total head was generated for each system.

Total Hydraulic Head Contour Maps

The shallow aquifer system (Figure 11) exhibits heads that generally are
perched at varying heights above lake level, most likely on top of the Saugatuck till
or Ganges till. The head map on this system is not particularly well controlled,
because there are only 40 shallow aquifer well records in the study area. However,
it was assumed that the topography of the Lake Border Moraine complex exerted a
strong control over flow in this aquifer system, so topography was used to guide the

contouring of head in the absence of well control.
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Figure 11. Contour Map of Shallow Aquifer Head based upon Shallow Aquifer Well
Control. Includes Shallow Aquifer Data from Monitoring Sites.
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The intermediate aquifer system (Figure 12) is the primary aquifer for
potable (drinking) water in the central and northern portions of the study area, and
as such has the most well control (250 wells). This aquifer also appears to often be
in hydraulic communication with Lake Michigan. It is very difficult to say with
certainty what position the Ganges Till occupies in this system, in that wells
completed both above and below this unit often have the same head. Thereis
sufficient well control in the area to indicate that the topography of the Lake Border
Moraine complex exerts some control on flow in this aquifer system.

The deep aquifer system (Figure 13) appears to be discontinuous in the
northemn portion of the study area, but it is well developed in the southern part of
the study area, where it is the main aquifer for potable water. The deep aquifer head
map is only moderately well-controlled (75 wells) in the study area. In contrast to
the shallow and intermediate aquifers, which are mapped with groundwater divides
coincident with the topographic crest of the Lake Border Moraine complex, the deep
aquifer exhibits relatively uniform flow from high head in the interior of the study

area to lower head near the lakeshore.
Head Characterization

The intermediate aquifer head map was chosen as representative of the head
conditions on the bluff for two reasons: (1) it has much more well control than
either the shallow or deep aquifers, and (2) a substantial amount of the bluff face is
interpreted to contain lithologic units of this aquifer system. However, it is
acknowledged that this approach is probably simplistic. Future work may involve

subdivision of the bluff face into units correlative with the appropriate aquifer
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system, and then using the head map from that aquifer system for characterization
of that portion of the bluff.

- No single head value as represented by a contour line was adequate to
differentiate high head from low head, though approximate lake level (580 feet;
175.76 m) was used in the absence of mapped trends. Where possible, trends of
either high or low head evident from the intermediate aquifer map were projected
toward the bluff face in order to determine head conditions on the bluff face. Those
segments of the bluff face that intersected trends of high head were characterized
with high head cells, whereas those segments of the bluff face that appeared to be on
trend with re-entrants or that exhibited lake level values for head were
characterized with low head cells. Cell boundaries were digitized into an Arc/Info
system at the Western Michigan University GIS Research Center from a 1:24,000 -
scale topographic base map to produce a characterization map of bluff hydrology

(Figure 14).

Combined Characterization of Bluff Lithology and Hydrology

The Arc/Info GIS system at Western Michigan University's GIS
Research Center was used to perform an overlay operation between the geologic and
hydrologic characterization maps to produce a combination bluff
lithologic/hydrologic characterization map with six different attributes (Figure
15). Following this, plans were developed to field-test the hypothesis that different
combinations of lithology (sand, mixed, clay) and hydraulic head (high, low) would

fail in different ways and at different rates.
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Figure 14. Bluff Hydrology Characterization Map With Locations of Monitoring
Sites. See Discussion of Aquifer Head in Text.
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Methods of Acquisition of Field Data

Introduction

Six sites, each one representative of a particular lithologic/hydrologic
combination as determined from field observations and the GIS methodology, were
selected for long-term field study (Figure 15). Drilling, subsurface sampling, and
piezometer installation operations were conducted at each site in July and August,
1996. Undisturbed samples obtained during drilling yielded geotechnical data
through laboratory testing conducted in September and October, 1996. Hydraulic
head and slope failure monitoring at the sites began in the latter half of 1996.
Factors in failure being monitored include: (a) changes in hydraulic head, (b) wave
climate, (c) ice protection or damming, (d) atmospheric temperatures, and (e)

precipitation (Chase et al., 1997).

Representative Field Sites

Many bluff segments were evaluated during the search for field sites
representative of the six lithologic/hydrologic combinations. Technically, there
were several good candidates for each of the six sites. However, non-technical issues
such as accessibility and level of property development also influenced final site
selection.

Real estate values on the Lake Michigan shore have been climbing steadily for
years (Raphael and Kureth, 1988), and lakefront property is extremely valuable.
Although many bluff owners are interested in the results of shoreline recession
research, they are often reluctant to subject their property to field study, especially

when drilling operations are involved. Because of potential difficulty securing
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access to private property, various sites on public property were evaluated as to
their technical merit. Two sites were found to be representative of
lithologic/hydrologic conditions as mapped.

One site with public access is 116th Avenue (116), which is mapped as a
mixed sand/clay site with low head ("LM"). Another site with public access is the
West Side County Park (WS), on trend with the westward extension of 122nd
Avenue. It was initially mapped as a sandy site with low head ("LS").

Ultimately, four private sites representative of mapped conditions were also
made available for study. Consumers Power (CP), now Consumers Energy, offered
their South Haven Conference Center near 104th Avenue for study. It is mapped as a
clay site with low head ("LC"). The Miami Park (MP) subdivision, located just
south of 107th Avenue, has a mixed biuff lithology with a mapped high head ("HM").
Fabun Road (FA), just south of 114th Avenue, is mapped as a clay site with high head
("HC"). Wau-Ken-A (WKA) is a sandy site that originally was mapped as high head
("HS™).

Drilling Procedure

Mateco Drilling, Inc. of Grand Rapids, Ml was the primary drilling contractor
for this study, because they had prior experience with geotechnical sampling and
were reasonable in terms of cost. A large-diameter shallow well (WKA-2) was
drilled by Koops Well Drilling of Hamilton, M|, a licensed water well drilling firm,
to serve as a shallow piezometer at Wau-Ken-A. The site owner wanted to preserve
the option of converting this well to water production at the end of the study period.

Sites were drilled in a general progression from south to north in the late

summer of 1996. The initial plan was to drill, sample, and finish three 2-inch
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(5.1 cm) diameter open-standpipe piezometers (Casagrande, 1936) in the shallow,
intermediate, and deep aquifer systems at each of the six field sites. Hollow-stem
augers were used for drilling from the surface to varying depths (generally about 30
feet (9.1 m)). The limiting factor on hollow-stem auger depth was drilling
difficulty and/or the risk of losing the hole. On the deep piezometers, the augers
were left in the hole as temporary surface casing, then the drilling system was
switched to mud rotary and remained that way to total depth (TD).

The first piezometer drilled at each site was the deepest. Sample and wireline
log. information from that borehole was used to guide the choice of completion zones
in the shallow and intermediate piezometers. Plastic (PVC) drop pipe and screens
were installed in each piezometer. Screen length varies, but is on the order of 5 feet
(1.5 m) to 10 feet (3.0 m) in most piezometers. To facilitate fluid entry, a coarse
sand filter pack was placed in the annulus between the screen and the formation over
the length of the screen and then extended to variable heights above it. The
remainder of the annulus between the drop pipe and formation was grouted to surface
or near-surface. On occasion, excess drill cuttings were returned to the annulus

near the top of the well.

Sampling Program

Rigorous sample collection during drilling is important for a number of
reasons. Samples form the only physical record of the subsurface that is kept by the
geologist. Samples also provide a basis for interpretation and calibration of
subsurface wireline logs (such as the gamma ray log). In addition, undisturbed

samples provide a critical link to engineering models.
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Disturbed Samples

Disturbed samples were usually retrieved every 10 feet (3.03 m) during the
drilling of each piezometer with a thick-walled "split-spoon" sampler that was
driven ahead of the drill bit into native formation by a standard weight falling a
preset distance. This standardized procedure allows the "blow count" - the number
of blows per distance traveled, usually 0.5 feet (0.15 m) or 1.0 feet (0.30 m) - to
be used for the estimation of geotechnical parameters in the absence of more accurate
information. Upon retrieval of the sampler, the contents (2 feet; 0.61 m) were
removed, examined, and described. For each spoon that was retrieved, lithology

representative of the entire sample was preserved in an airtight glass jar.

Undisturbed Samples

Disturbed samples are too disrupted during acquisition to be adequate for
geotechnical testing. Undisturbed samples, however, can be used to adequately assess
geotechnical parameters if those parameters are not compromised during retrieval,
preservation, shipping, or final removal and preparation (Hvorslev, 1949).
Geotechnical test results from this study appeared to be of very high quality (V.
Torrey, 1996, personal communication) due to care in retrieval and preservation at
the field sites and due to careful sample preparation and test execution at WES.

Undisturbed samples were retrieved at the field sites with a thin-walled, 3-
inch (7.62 cm) diameter sampler known as a Shelby tube (Hvorslev, 1949;
McCarthy, 1993). At the desired sampling point, the Shelby tube was attached to the
drill string and hydraulically pressed slowly ahead into native formation for a
distance of 2-3 feet (0.61-0.91 m). If the Shelby tube is advanced at a sufficiently

slow rate, deformation of the sample during entry into the tube can be limited to a
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thin, sheared band of material at the outer circumference of the sample which can be
removed subsequently at the laboratory (Hvorslev, 1949). Thus, the undisturbed

nature of the sample is essentially preserved.

Immediately upon retrieval at the field site, the ends of the Shelby tube were
cleared of debris, and a sufficient amount of hot paraffin wax was poured into the
tube to ensure that no water would escape from the sample during shipping. This is
important to the accurate determination of parameters such as water content and
saturation, unit weight, and pore pressure. Some studies (McManis and Lourie,
1995) suggest that onsite extrusion of undisturbed samples from Shelby tubes with
piston-type devices does not adversely affect geotechnical testing resuits. However,
the possibility of sample disturbance due to onsite extrusion was eliminated by

transporting the sealed Shelby tubes to WES prior to any sample removal attempts.

Sample and Gamma Ray Wireline Logs

Sample logs were made for each piezometer during drilling. Gamma ray
wireline logging was performed on the deepest piezometer at each field site. In
general, four different types of glacial or glacio-lacustrine lithologies were
encountered during drilling. These are: (1) glacial till (diamicton), gray to brown,
usually silty, sandy, and/or pebbly; (2) lacustrine clay, brown, laminated, very
fine-grained, sometimes interbedded with silt and/or fine sand; (3) sand, buff to
tan, usually fine-medium grained, well-rounded, well-sorted, often laminated,
occasionally cross-bedded; and (4) interbedded sand and clay, usually thinly bedded
(beds 1/2 " to 2" thick).
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Methods of Determination of Index Properties and Geotechnical Parameters

Introduction

Determination of index properties and geotechnical parameters is critical to
the development of a through understanding of failure mechanics of soils. Grain size
distributions and Atterberg limits were determined for the purpose of soil
classification. This information also provided insight concerning potential
lithologic/hydrologic controls on slope failure mechanisms (e.g., liquefaction vs.
slippage on a failure surface). Two different types of triaxial compression tests and
a set of consolidation tests were performed in order to acquire new geotechnical data
that was utilized in slope failure modeling. All work was performed under the
auspices of the U.S. Army Corps of Engineers (USACE), at its Waterways Experiment
Station (WES) Geotechnical Laboratory in Vicksburg, MS. All tests were performed

in accordance with standard procedures (USACE, 1986).
Grain Size Distribution Determination

Sieve and hydrometer analyses (USACE, 1986) of 16 samples were
performed. A series of wire mesh sieves were used to determine weight percentages
of gravel (clast diameter > 5 mm) and sand (5 mm > clast diameter > .075 mm)
fractions, while hydrometers were used to determine weight percentages of silt and

clay (0.75 mm > clast diameter) fractions.

Atterberg Limit Determination

Atterberg limits (Casagrande, 1948) were determined for the same 16

samples used in grain size distribution determination. Atterberg limit
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determination is important not only for soil classification, but also because these
limits quantify important behavioral transition points of cohesive soils that are
controlled by water content (weight water/weight solids). The liquid limit (LL) of a
lithology specifies the water content at which a material changes from plastic to
liquid behavior. The plastic limit (PL) of a lithology specifies the water content at
which the material changes from a semisolid state to a plastic state. The difference

between these two limits is the plasticity index (P}):

Pl=LL-PL

Triaxial Compression Tests

Specimen Preparation

Upon arrival at WES, two 3 inch (7.6 cm) long sample lifts were trimmed
off the end of a Shelby tube by cutting the tube laterally with a band saw. The tube
pieces were then carefully trimmed away from the sample by use of a thin, taut wire
saw. The two cylindrical sample lifts were sliced longitudinally, yielding four semi-
cylindrical specimens. A trimming machine set up in the WES "humid room" was
used to shape these semi-cylindrical specimens into four 1.35 inch x 3 inch (3.4 cm
x 7.6 cm) cylinders.

After trimming, specimen volume was determined with an electronic caliper,
and specimen weight was determined with an electronic balance. Each specimen was
then placed in an airtight aluminum or stainless steel container. As soon as was
practicable, a specimen was jacketed with an impermeable latex membrane, secured

between plexiglas end caps, placed in a triaxial testing chamber, and loaded to a
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predetermined confining pressure via hydraulic pressure from water surrounding

the specimen (Figure 16).

Triaxial Test Types

The triaxial tests performed in this study are designed to replicate different
in situ loading conditions and time frames in which soils may be exposed to stresses
that could lead to shear failure. Two types of triaxial tests were performed in this
study: (1) Unconsolidated-Undrained tests ("UU" or "Q" tests) and (2)
Consolidated-Undrained tests ("CU" or "R" tests). A third type of triaxial test,
Consolidated-Drained ("CD" or "S" test), is prohibitively long in duration to
perform in soils of low hydraulic conductivity such as those present in the study

area.

Unconsolidated-Undrained (UU) Test Conditions. As the name implies, these

tests are performed under conditions of no consolidation (compaction) and no
drainage in the presence of an applied load. UU tests are designed to replicate
conditions of rapid stress buildup and no drainage that usually occur in soils with
very low hydraulic conductivity. Civil engineers often use UU tests to model short-
term stress change situations such as immediately after the end of construction of
buildings (McCarthy, 1993) or end of excavation of pits or trenches. These tests can
be run quickly, hence the "Q" designation by the USACE, and are relatively

inexpensive. Accurate laboratory replication of in_situ failure under these

conditions requires preservation of initial water content and no sample drainage.
Thirteen sample lithologies were tested, using a total of 43 specimens. Tests

were usually performed in groups of three specimens per sample, under different
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