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CONTRIBUTION OF ARTESIAN WATER TO
PROGRESSIVE FAILURE OF THE UPPER PART
OF THE DELHI PIKE LANDSLIDE COMPLEX,
CINCINNATI, OHIO

By Rex L. Baum!

ABSTRACT

Artesian water in bedrock beneath a colluvium-mantled
slope can influence the stability of the slope, either by
causing local failure that leads to progressive failure of the
colluvium or by reducing the overall strength of the
colluvium and causing failure. Artesian water under at least
1.5 m of pressure head occurs in limestone layers of
weathered shale and limestone bedrock at the Delhi Pike
landslide complex in Cincinnati, Ohio. Colluvium, 1-2 m
thick on the upper part of the slope, mantles the weathered
bedrock. The colluvium slips on an undulating failure
surface that coincides approximately with the top of the
weathered bedrock. Several limestone layers are in contact
with the colluvium near the failure surface.

A model of ground-water flow in ground beneath the
slope, for saturated flow assumed to occur when the
landslide is active, indicates that seepage in the colluvium is
nearly horizontal near the contacts with the limestone beds,
but seepage may have a strong downward component away
from the contacts. Consequently, relative maxima in the
distribution of pore pressure at the slip surface are near the
limestone beds and relative minima occur along other parts
of the failure surface.

Analysis indicates that artesian water flowing from the
limestone beds has no significant effect on the overall
stability of the thin colluvium at Delhi Pike, and plays only
a minor role in determining the positions of initial local
failures that lead to progressive failure. Stability analysis
indicates that the overall factor of safety due to the pattern of
ground-water flow determined by the model is approx-
imately equal to the factor of safety due to slope-parallel
seepage with the water table at the ground surface. The role

1U.S. Geological Survey, Box 25046, MS 966, Denver, CO 80225.

of the artesian water in determining the positions where local
failures start was assessed by computing local factors of
safety at many points along the failure surface. Positions of
relative minima in the graph of local factors of safety
coincide with locally steep parts of the slip surface. A few
relative maxima of the pore pressure also coincide with
positions of relative minima of the local factors of safety.
However, the local slope of the developing slip surface
appears to have an overriding influence on the positions of
initial failures in slopes undergoing progressive failure.

INTRODUCTION

Artesian water in bedrock beneath colluvium-covered
slopes is thought to be a major cause of landsliding in the
colluvium (Zaruba and Mencl, 1982; Deere and Patton,
1971). In humid climates, artesian water commonly occurs
in horizontally layered shale alternating with permeable
rock, such as sandstone or fractured limestone (Deere and
Patton, 1971). Clay-rich colluvium that covers the layered
bedrock has low permeability and impedes the flow of water
out of the permeable bedrock layers. Consequently, high
pore pressures can develop in the colluvium near the contact
with the permeable bedrock layers and can contribute to
sliding of the colluvium.

Artesian water beneath colluvium can contribute to
failure of the colluvium by reducing the overall factor of
safety; furthermore, it can contribute to progressive failure,
the gradual growth in area of a slip surface from an initial,
localized failure (Bishop, 1968), by reducing local factors of
safety. The local factor of safety is the factor of safety on a
small part of the potential failure surface; the overall factor
of safety is an average factor of safety taken over the entire
potential failure surface. The factor of safety against sliding
is commonly defined as the ratio of available strength to the

D1
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strength mobilized along the slip surface (Morgenstern,
1974). Analysis of the influence of artesian water on the
local and overall factors of safety requires a detailed
knowledge of the distribution of pore pressures along the slip
surface.

An opportunity to investigate the role of artesian water
in the failure of colluvium arose when artesian water was
discovered in limestone layers of weathered shale and
limestone bedrock beneath the Delhi Pike landslide complex
near Cincinnati, Ohio (Fleming and others, 1981). During
exploratory drilling, water flooded previously dry boreholes
as the auger penetrated the first layer of limestone in the
weathered shale and limestone bedrock beneath the
landslide. A small-diameter standpipe was sealed into one of
these layers, and measurements through the following year
showed that water levels in the standpipe rose as much as 1.5
m above the top of the limestone bed.

Several workers have modeled ground-water flow
beneath slopes and analyzed its effect on slope stability.
Hodge and Freeze (1977) analyzed some ground-water
models that included confined permeable layers within
weathering profiles. They determined that high pore
pressures can occur near the toe of a slope in the confined
layers, and that the high pore pressures can significantly
reduce stability of a slope. Rulon and Freeze (1985) modeled
steady, saturated and unsaturated seepage in horizontally
layered, unconfined media beneath a hillside and showed
that the distribution of pore pressure in their model produces
a significantly higher factor of safety than the distributions
commonly used in stability analyses. However, they did not
analyze flow in layered media beneath slopes mantled by
low-permeability colluvium. Wilson and Dietrich (1987)
monitored ground water in a colluvium-filled hollow; they
found that topography and heterogeneities in the hydraulic
conductivity of bedrock beneath the colluvium determined
the pattern of ground-water flow in bedrock, which, in turn,
determined pore pressures in the colluvium. Iverson and
Major (1986) clarified the roles of seepage direction and
magnitude of the hydraulic gradient in the failure of long,
uniform slopes. They found that, other things being equal,
horizontal seepage is the most unstable condition if the
friction angle of the soil is equal to the slope angle of the
ground surface.

Progressive failure of slopes was an active field of
research from the late 1960’s through the 1970’s; however,
the influence of seepage on progressive failure has received
little attention. The idea of progressive failure, meaning the
gradual growth in area of a slip surface from an initial,
localized failure, has existed for at least 40 years (Terzaghi
and Peck, 1948, p. 91; Taylor, 1948, p. 342-343). Bjerrum
(1967) proposed a conceptual model for progressive failure
from a cut at the base of a long, uniform slope. Christian and
Whitman (1969), Palmer and Rice (1973), and others
subsequently analyzed Bjerrum's model and determined
conditions that can cause a slip surface to propagate. Romani

and others (1972) analyzed progressive formation of
rotational failures in slopes. Burland and others (1977)
studied a field example of progressive failure due to
excavation in a clay pit and observed evidence that a slip
surface was propagating into a slope at the base of a cut.
Much of the work on progressive failure has focused on
progressive failure due to excavation, while neglecting any
effects due to seepage.

I have modeled ground-water flow within the
colluvium at part of the Delhi Pike landslide complex near
Cincinnati, Ohio, and analyzed the role of artesian ground
water in progressive failure of the colluvium. In sections that
follow, I describe and analyze the physical characteristics of
the landslide and materials beneath it that seem relevant to
ground-water seepage and slope stability. These data are
taken largely from Fleming and others (1981), supplemented
by my own observations. Based on these observations, I
formulate and use a model of ground-water flow to analyze
possible seepage patterns. I then use pressure-head data
from the ground-water model to compute local factors of
safety, in order to study the influence of seepage on the
locations of initial failures that lead to progressive failure of
the slope.
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THE DELHI PIKE LANDSLIDE

The Delhi Pike landslide is a thin translational slide that
is part of a much larger landslide complex on a steep slope
(fig. 1). The landslide complex is on the side of a ridge that
is about 110 m high and several kilometers long. The
complex extends for about 1 km along the side of the ridge
and measures 100-200 m perpendicular to the ridge
(Fleming and Johnson, 1994). The landslide complex
consists of landslides as much as 2 m thick uphill from Delhi
Pike and landslides as much as 5.m thick downhill from
Delhi Pike. The Delhi Pike landslide was active during
several years in the 1970’s and has been studied by Fleming
and others (1981). At the conclusion of their studies, they
excavated a trench through the lower part of the Delhi Pike
landslide (fig. 2). Data from the trench have been used in
this analysis. The thickness of the landslide in the trench
ranges from 0.3 to 1.8 m and averages 1.2 m. The ground
surface undulates gently and has an average slope of 18.2°.
The slip surface also undulates; its slope ranges from 0° to
60°, and averages 18.7°.
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The most reasonable choice for the boundary condi-
tions used for this model is to let r equal 1. If r=1, any water
that flows out of the slope at the ground surface, near a lime-
stone layer, soaks back into the ground surface a short dis-
tance downslope. Letting r be greater than 1 forces more
water to flow out of the slope at the ground surface than can
soak back into the ground elsewhere and, thus, results in sur-
face runoff. However, surface runoff has not been observed
at Delhi Pike, even during heavy rainstorms (A.O. Gokee,
oral commun., 1982).

Changing the distribution of permeability can change
the distribution of pore pressure at the slip surface. However,
the pressure-head distributions shown in figures 5 and 6 are
almost identical, even though the horizontal permeability of
unweathered bedrock is increased four orders of magnitude
in figure 6, while all other permeabilities remain equal.
Decreasing the permeability of the weathered shale, while
holding the permeability of other materials constant, causes
the pressure head in the limestone to change, and the peaks
and valleys in the distribution of pore pressure along the slip
surface change in magnitude but maintain their positions
(fig. 7). Of course, if the permeability of the weathered shale
is significantly less than the permeability of the colluvium,
then the flow will be roughly parallel to the top of the weath-
ered bedrock, as in figure 4. Pressure head in the weathered
limestone beds, computed from the model in figure 5, ranges
from 1.1 to 3.6 m and averages 2.0-2.5 m, somewhat higher
than but consistent with the pressure head of 1.5 m reported
by Fleming and others (1981). Thus, the distribution of per-
meabilities shown in figure 5 gives plausible results, and the
distribution of pressure head shown by the r=1 curve in fig-
ure 5 is my best estimate of the distribution of pressure head
along the slip surface if the slope is fully saturated.

ROLE OF ARTESIAN WATER IN THE
FAILURE OF COLLUVIUM AT
DELHI PIKE

The distribution of pressure head from the model of
ground-water flow (fig. 5) can be used to assess the role of
ground water in the failure of the slope. Ground water can
affect the overall factor of safety of a slope by reducing
strength all along the potential failure surface. Furthermore,
ground water can reduce strength preferentially in zones of
high pore pressure (resulting from horizontal or upward
seepage) along a potential slip surface. This preferential
reduction of strength can influence the sequence of failure
along a potential failure surface.

Artesian water from the limestone causes inconsequen-
tial reduction of the overall factor of safety; it is equivalent
to the reduction of the overall factor of safety by theoretical
slope-parallel flow. Ground-water flow in the slope (as
modeled in fig. 5) has an effect on the overall factor of safety
(as computed by the method of Janbu, 1973) approximately

8x

Dygx

E+(dE/dx)8x

T+(dT/dx)dx

o pgtdxicos 0)

o pn'dx/cos 8)

Figure 8. Free-body diagram showing forces acting on a slice of
alandslide. The width of the slice is &x, the depth from the ground
surface to the slip surface is D, and the weight (per unit width) is
Dry,dx. The local slope of the slip surface is determined by the angle
0. The normal and shear stresses acting on the slip surface are G,,,,
and o, respectively. The horizontal (normal) resultant force
acting on the surface of the slice is E, and the vertical (shear)
resultant force acting on the surface of the slice is 7.

equal to that of theoretical flow parallel to the mean slope,
with the top flow line at the ground surface. Pore pressures
due to slope-parallel flow are adequate to explain failure
(table 1). The average of the modeled pore pressures is 98
percent of the average of the pore pressures due to slope-
parallel flow.

High pore pressure associated with artesian water can
also influence progressive failure of a slope. Among the
factors that can affect local factors of safety, three will be
analyzed here: local depth, local pore pressure, and local
slope of the potential failure surface. If the depth and slope
of the potential failure surface were uniform, then it would
be straightforward to assess the role of high pore pressure in
failure of the slope at Delhi Pike, because areas of the slip
surface where pressure head is relatively high would
coincide with the positions of low local factors of safety and,
therefore, initial failures. The depth and slope of the slip
surface enter the problem because both are nonuniform at
Delhi Pike. Strength enters the problem only indirectly,
through its variation with depth, because the cohesion and
coefficient of friction are assumed constants along the failure
surface.

The initial local factor of safety (that is, the local factor
of safety before any deformation occurs) can be computed
by neglecting variation in the horizontal and vertical forces
acting in the soil (fig. 8):

dE_ daT
E—O,anda— 0 (4)
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Figure 9. Local factor of safety, pressure head, slope of the slip surface, and depth to the slip surface at the Delhi Pike landslide, com-
pared to distance from the toe of the trench. The top three graphs are inverted so that conditions that tend to decrease the factor of safety
(specifically, high pore pressure, steep inclines of the slip surface, and deep parts of the slip surface) are represented as relative minima.
Except for this inversion, the distribution of pressure head shown here is identical to the r=1 curve in figure 5. Minima in the local factor
of safety coincide with the steepest parts of the slip surface.
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In equation 4, E is the resultant normal force acting on a
vertical plane passing through the landslide, and T is the
resultant shear force acting on the same plane. Other forces
that determine the vertical and horizontal equilibrium of a
slice are the weight of the soil and the resultants of the
normal and shear stresses acting on the slip surface. Thus,
the forces considered in this analysis are the same as those
in the ordinary method of slices (Lambe and Whitman,
1969, p. 364). However, the analysis differs from other
methods of stability analysis in that a factor of safety is
computed for each slice, rather than summing the driving
and resisting forces of all the slices and computing a factor
of safety for the entire landslide. The initial, local factor of
safety, F’, is determined by a formula identical to the for-
mula for the overall factor of safety in an infinite slope,
except that the slope angle, 0, the pore pressure, p, and the
depth of the failure surface, D, vary along the failure sur-
face,

o € —-ptanq) +tan(1) )
Dy, ssinBcos®  tan@

In equation 5, ¢’ is cohesion for effective stress, ¢' is the
friction angle of the soil for effective stress, and v, is the

total (wet) unit weight of soil. Equation 5 shows that F’
decreases as D, p, and © increase.

The extent to which local thickness, slope, and pore
pressure, combined, might have influenced the occurrence of
initial, localized failures that led to progressive failure of the
slope at Delhi Pike can be seen in figure 9. The local factor
of safety (F'), slope of the slip surface (tan 8), depth to the
failure surface (D), and pressure head (), are graphed as
functions of distance from the toe of the trench. Residual
strengths were used in computing local factors of safety, but
relative minima in the factor-of-safety graph represent the
most likely sites of initial failures. The graphs of pressure
head, slope, and depth are inverted in figure 9 so that
conditions that tend to decrease the factor of safety
(specifically, high pore pressure, steep inclines of the slip
surface, and deep parts of the slip surface) are represented as
relative minima in the graphs. Where relative minima in the
graphs of pore pressure, slope, and depth coincide (as at 6,
19, 38, and 49 m, for instance), the response in the factor-of-
safety graph is most pronounced. However, where the
relative minima in these first three graphs are out of phase,
their effects tend to ameliorate each other.

Local slope of the slip surface appears to have a
stronger influence on the local factor of safety than pore
pressure or thickness in the Delhi Pike landslide. Positions
of both relative maxima and minima in the graphs of local
factor of safety and local slope of the slip surface coincide
almost exactly (fig. 9). However, positions of only a few of
the local maxima and minima of pore pressure coincide with
the maxima and minima of local factor of safety. The same

is true of local thickness. Thus, whatever determined the
slope of the failure surface also determined the position of
the initial failures. Apparently, artesian water played only a
minor role in determining the locations of initial failures in
the slope.

CONCLUSION

Although artesian ground water is generally thought to
be a major cause of landslides in colluvium overlying
horizontally bedded sedimentary rocks, analysis of the Delhi
Pike landslide indicates that artesian water probably plays a
minor role in initial failure of thin colluvium in the
Cincinnati area. Places may exist where artesian water plays
a significant role, such as some deep-seated failures in thick
colluvium, but data needed to document such cases are
unavailable. For the models used here, average pore
pressure in the colluvium is no higher than would be
expected for the commonly assumed slope-parallel flow
with the water table at the ground surface. Thus, the overall
factor of safety is no lower than it would be if the weathered
and unweathered bedrock were homogeneous. A few areas
of locally high pore pressure coincide with local minima of
the factor of safety and steep parts of the failure surface.
Positions of other local maxima of pore pressure coincide
with local maxima of the factor of safety along relatively flat
parts of the slip surface. Thus, high pore pressure associated
with the artesian water probably contributed slightly to
initial failures at a few points on the slip surface, but it cannot
have determined the locations of initial failures to the extent
it would have if the depth and slope of the slip surface were
constants.
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Earthquakes & Volcanoes (issued bimonthly).
Preliminary Determination of Epicenters (issued monthly).

Technical Books and Reports

Professional Papers are mainly comprehensive scientific reports
of wide and lasting interest and importance to professional scientists and
engineers. Included are reports on the results of resource studies and of
topographic, hydrologic, and geologic investigations. They also include
collections of related papers addressing different aspects of a single sci-
entific topic.

Bulletins contain significant data and interpretations that are of
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graphic coverage than Professional Papers. They include the results of
resource studies and of geologic and topographic investigations; as well
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Water-Supply Papers are comprehensive reports that present sig-
nificant interpretive resuits of hydrologic investigations of wide interest
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investigations in all phases of hydrology, including hydrology. availabil-
ity of water, quality of water, and use of water.

Circulars present administrative information or important scientif-
ic information of wide popular interest in a format designed for distribu-
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Water-Resources Investigations Reports are papers of an inter-
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lications series. Copies are reproduced on request unlike formal USGS
publications, and they are also available for public inspection at deposi-
tories indicated in USGS catalogs.

Open-File Reports include unpublished manuscript reports,
maps, and other material that are made available for public consultation
at depositories. They are a nonpermanent form of publication that may
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Maps

Geologic Quadrangle. Maps are multicolor geologic maps on to-
pographic bases in 7 1/2- or 15-minute quadrangle formats (scales main-
ly 1:24,000 or 1:62,500) showing bedrock, surficial, or engineering
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and columnar sections only.

Geophysical Investigations Maps are on topographic or planimet-
ric bases at various scales, they show results of surveys using geophysi-
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cance. Many maps include correlations with the geology.

Miscellaneous Investigations Series Maps are on planimetric or
topographic bases of regular and irregular areas at various scales; they
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cludes 7 1/2-minute quadrangle photogeologic maps on planimetric
bases which show geology as interpreted from aerial photographs. The
series also includes maps of Mars and the Moon.

Coal Investigations Maps are geologic maps on topographic or
planimetric bases at various scales showing bedrock or surficial geology,
stratigraphy, and structural relations in certain coal-resource areas.

Oil and Gas Investigations Charts show stratigraphic informa-
tion for certain oil and gas fields and other areas having petroleum poten-
tial.

Miscellaneous Field Studies Maps are multicolor or black-and-
white maps on topographic or planimetric bases on quadrangle or irreg-
ular areas at various scales. Pre-1971 maps show bedrock geology in re-
lation to specific mining or mineral-deposit problems; post-1971 maps
are primarily black-and-white maps on various subjects such as environ-
mental studies or wilderness mineral investigations.

Hydrologic Investigations Atlases are multicolored or black-and-
white maps on topographic or planimetric bases presenting a wide range
of geohydrologic data of both regular and irregular areas; the principal
scale is 1:24,000, and regional studies are at 1:250,000 scale or smaller.

Catalogs

Permanent catalogs, as well as some others, giving comprehensive
listings of U.S. Geological Survey publications are available under the
conditions indicated below from USGS Map Distribution, Box 25286,
Building 810, Denver Federal Center, Denver, CO 80225. (See latest
Price and Availability List.)

“Publications of the Geological Survey, 1879-1961” may be pur-
chased by mail and over the counter in paperback book form and as a set
microfiche.

“Publications of the Geological Survey, 1962-1970’” may be pur-
chased by mail and over the counter in paperback book form and as a set
of microfiche.

“Publications of the U.S. Geological Survey, 1971-1981” may be
purchased by mail and over the counter in paperback book form (two
volumes, publications listing and index) and as a set of microfiche.

Supplements for 1982, 1983, 1984, 1985, 1986, and for subse-
quent years since the last permanent catalog may be purchased by mail
and over the counter in paperback book form.

State catalogs, “List of U.S. Geological Survey Geologic and Wa-
ter-Supply Reports and Maps For (State),” may be purchased by mail and
over the counter in paperback booklet form only.

“Price and Availability List of U.S. Geological Survey Publica-
tions,” issued annually, is available free of charge in paperback booklet
form only.

Selected copies of a monthly catalog “New Publications of the
U.S. Geological Survey” is available free of charge by mail or may be
obtained over the counter in paperback booklet form only. Those wishing
a free subscription to the monthly catalog “New Publications of the U.S.
Geological Survey” should write to the U.S. Geological Survey, 582 Na-
tional Center, Reston, VA 22092.

Note.-Prices of Government publications listed in older catalogs,
announcements, and publications may be incorrect. Therefore, the prices
charged may differ from the prices in catalogs, announcements, and pub-
lications.






