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LANDSLIDES IN COLLUVIUM

By Robert W. Fleming! and Arvid M. Johnson?

ABSTRACT

The most common and destructive landslides in the
Cincinnati, Ohio, area are formed in colluvium. Colluvium is
formed from bedrock units by weathering and slaking of
shales. The principal colluvium-producing bedrock unit is
the Kope Formation, which occupies the lower 60-70 m of
hillslopes between the level of the Ohio River and an upland
some 150 m above the river level. This formation, which
contains about 80 percent shale and 20 percent limestone,
slakes readily to produce a stony, silty clay colluvium. Over-
lying formations contain smaller amounts of shale, typically
produce smaller amounts of a more stone-rich colluvium,
and support steeper slopes. The colluvium forms a wedge-
shaped mass ranging up to about 15 m in thickness. In the
upper parts of the slopes, grades are steeper and the collu-
vium is thinner.

We recognize a significant difference in landslide
behavior in slopes underlain by thick and thin colluvium.
Landslides in thick colluvium—that is, more than 2 m
thick—typically occur in the spring but can occur at any time
of the year in response to a disturbance, such as grading.
During a movement episode, the landslides typically move
only a few centimeters to perhaps a meter. In form, these
thick landslides consist of a single zone of overlapping
scarps at the head and multiple toe bulges downslope. The
flanks of movement are indistinct; shear displacement is evi-
dently distributed over a broad zone. Analysis of a 37-yr
record of movement, as revealed in disturbance to trees at
our Delhi Pike study site, showed a small amount of move-
ment nearly every year. During the 37-yr interval, there were
two episodes of abrupt movement of several centimeters,
both during years of above-average precipitation. For the
most part, however, movements occurred during years of
normal precipitation, when water levels were below the fail-
ure surface except at the most downslope toe of movement.

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

*Dept. of Earth and Atmospheric Sciences, Purdue University, West
Lafayette, IN 47907.

Landslides in thin colluvium—that is, less than about 2
m thick—typically occur in the spring after the ground has
thawed and before the vegetation has fully blossomed. Their
movements are associated with rainfall, but precise timing
has not been measured. Measurements of water levels in thin
colluvium reveal that, during most springtimes, the collu-
vium is saturated to the ground surface for brief intervals.
The thin landslides take the form of multiple scarps and a
single toe of movement. For most thin landslides, the flanks
are well-defined, simple boundaries. The multiple scarps are
evidence for stretching or extension being the dominant form
of kinematic behavior. Indeed, thin landslides are character-
ized by stick-slip behavior in which the landslides may
accelerate after initial failure and slide completely out of
their scars. During movement, they commonly pull them-
selves apart, leaving deposits that consist of separated hum-
mocks or slabs of colluvium.

Four trenches were dug into the colluvium to examine
the failure surfaces and to obtain samples for laboratory test-
ing. The failure surfaces are paper thin, highly polished, and
striated. At all scales of observation, roughness is evident in
the surfaces. At a scale of a few micrometers, the surfaces
have small steps between shiny surfaces that appear to be
analogous to chatter marks on rocks in fault zones. At a
larger scale, the surfaces are scratched by fossil fragments
and sand-size grains in the colluvium. At a still larger scale,
the surfaces bifurcate around rock fragments, and multiple
surfaces occur where the shape of the failure surface is
changing.

Residual shear tests were conducted on samples from
near the failure surfaces. Strength parameters varied depend-
ing on the way the sample was prepared and tested. Mini-
mum values were obtained in a ringshear device on samples
that had the coarse fractions removed. A reasonable estimate
of the residual strength parameters is an angle of internal
friction of 16 degrees with a small cohesion intercept of 10
kPa. Other typical properties of the colluvium are LL=45,
PI=22, sand = 10 percent, silt = 30 percent, and clay = 60 per-
cent. The clay minerals are predominantly illite and mixed-
layer clay. Stability analyses conducted by back-calculation
gave expectable results for the thick landslides. At equilib-
rium, our measured values of residual strength are adequate

Bl
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to support the slope for the geometry and water conditions
observed. For the thin landslides, the measured strength
appears insufficient to support the slope. Additional strength
provided by tree roots, roughness of the failure surface, or
small residual cohesion could account for the discrepancy
between apparent strength and stability.

INTRODUCTION

Annual per capita costs of damage due to landsliding in
Hamilton County, Ohio (Cincinnati and vicinity), are among
the highest of anywhere in the United States. Annual per
capita costs for the period 1973-78 were $5.80, unadjusted
for inflation; total costs of damage were nearly $31 million
for the same 6-year period. Not included in this total was
nearly $30 million expended after 1978 for a single landslide
that occurred in 1974 in the Mt. Adams section of Cincinnati
(fig. 1) (Fleming and Taylor, 1980).

A separate study of costs of landslide repair, done by
students and faculty from the University of Cincinnati, found
that the annual direct cost of emergency repairs to local
streets in the City of Cincinnati is about $0.5 million.
Deferred repairs of landslide damage to Cincinnati streets
amounted to about $18.5 million in 1987 (Earth Surface Pro-
cess Group, 1987).

The most common and destructive landslides are in
slopes underlain by colluvium. The colluvium is derived by
weathering of subjacent bedrock and accumulates on slopes
as a wedge-shaped mass of stony clay.

Two distinct types of landslides occur in the colluvium.
The two types have different morphologies and kinematic
behavior, and they appear to be triggered by different stim-
uli. The most striking difference between the two types of
landslides is in thickness. Thin landslides, less than 2 m
thick, occupy the upper parts of hillslopes where the collu-
vium is thin. Thick landslides, more than 2 m thick, occupy
the lower parts of the slopes.

In this chapter, we describe the Delhi Pike area, which
is an area of landsliding we believe to be representative of
landslides in colluvium throughout the Cincinnati metropol-
itan area. The area has been the focus of several detailed
studies reported in other chapters in this bulletin. The pur-
pose of this chapter is to describe the physical setting and
movement styles of the landslides and, thus, to provide a
context for the more narrowly focused chapters that follow.
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GEOLOGY AND
PHYSIOGRAPHIC SETTING

The landscape in the Cincinnati area consists of a dis-
sected upland surface, hillslopes along the Ohio River and
principal tributaries, and flood plains and terraces. Maxi-
mum relief is about 150 m. The uplands are mantled mainly
by glacial deposits, mostly of Illinoian age. Sedimentary
bedrock underlies the till at various depths. Bedrock is typi-
cally exposed in the upper parts of hillslopes as ledges of
limestone and in the floors of some of the smaller postglacial
valleys. The Ohio River and its tributaries (Mill Creek, Lick-
ing River, Little Miami River, Miami River, and Whitewater
River; fig. 1) have been strongly imprinted by their glacial
history and have flood plains and terraces of varying widths.
Materials in the terraces and flood plains vary from sand and
gravel to laminated silts and clays.

The bedrock geology of the Cincinnati area consists of
very gently dipping (1-2 m/km) shale and limestone of Late
Ordovician age. The shale beds in the bedrock sequence are
poorly cemented and slake to their constituent grains in
response to moisture and temperature changes. Three of the
bedrock units contain significant amounts of shale and pro-
duce colluvium. These are, from the oldest, the Kope Forma-
tion, the Fairview Formation, and the Miamitown Shale. The
Kope Formation occurs near the level of the Ohio River and
occupies the lower 60~70 m of hillslopes along the Ohio
River and its tributaries. The overlying 30-m-thick Fairview
Formation and undifferentiated bedrock as much as about 50
m thick occupy the remaining slope between the river and an
upland area, which is typically mantled by loess or glacial
deposits.

In general, the amount of shale decreases upsection.
The lower part of the Kope Formation contains about 80 per-
cent shale. Shale content diminishes to about 70 percent in
the upper 12 m of the Kope Formation, and the Fairview For-
mation and overlying undifferentiated bedrock contain less
than 50 percent shale (Osborne, 1974; Ford, 1974; Luft,
1971, 1972; and Gibbons, 1972). The changing shale content
commonly is expressed as a slight break in slope at the con-
tact between the Kope and overlying formations; slopes
formed on the Kope Formation are a few degrees flatter than
slopes on overlying bedrock.

The colluvium varies in thickness depending on its
position on the slope. In the lower part of the slope, collu-
vium is as thick as about 15 m. Colluvium thickness
diminishes to a meter or less near the top of the Fairview For-
mation in the upper part of the slope.
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Figure 1. Location of the Delhi Pike study area and important geographic features in the Cincinnati, Ohio, area.

DELHI PIKE LANDSLIDE AREA

The Delhi Pike landslide area is about 12 km west of
downtown Cincinnati in unincorporated Hamilton County,
Ohio (fig. 1). The Delhi Pike landslides are just a few of the
many landslides that occur within a narrow stretch of the
Ohio River Valley extending from Mill Creek to the Miami
River about 22 km farther west. This stretch of the valley
was created when glacial ice of Illinoian age blocked a more
northern channel, creating a lake. Silts and clays deposited in
the 1ake have been involved in major landslides in other parts
of the metropolitan area. The spilling of the lake eroded the
modern channel of the Ohio River (Durrell, 1961a, 1961b).

The total width of this narrow section of the valley, as
measured between the uplands of Ohio and Kentucky, is
about 1.5 km, compared to a width of 2.5 km upstream and
4.0 km downstream. The narrow part of the valley lacks a
continuous flood plain or terraces and essentially consists of
slopes of colluvium from the level of the Ohio River to
ledges of limestone outcrop near the top. Landslides have
occurred along these slopes on both sides of the Ohio River.
In 1973, extensive landsliding resulted in temporary closure
of a 5-km stretch of State Route 8 west of Bromley, Ky. (fig.
1), and in the destruction of several homes. At the same time,
in Ohio, landslides were destroying homes and sections of
several roads. As part of this widespread landslide disaster,
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multiple landslides caused the permanent closure of Delhi
Pike in our study area (The [Delhi Township] News, April
11, 1973, p. 1, “Sister’s Hill too hazardous; closed by County
Engineer”).

Many of the streets, buildings, and railroads in the
Delhi Pike area were constructed before the turn of the cen-
tury. A topographic map of Cincinnati published in 1912
shows the same street and railroad alignments in the area that
exist today. Transportation routes are parallel to the Ohio
River and trend along the hillslopes roughly parallel to topo-
graphic contours. From the level of the Ohio River, at pro-
gressively higher elevations, are railroad tracks (12 m),
River Road (about 20 m), and Hillside Avenue (about 40 m
upslope from the river) (fig. 2). Delhi Pike was an old road
that provided a connection between Hillside Avenue at ele-
vation 170 m and Delhi Township at elevation 260 m in the
uplands. A few homes were built on the downslope side of
the lower part of Delhi Pike, but the upslope side was appar-
ently too steep for development.

The colluvial slope has an overall concave-upward pro-
file. Slope inclination increases from about 8° or less near
the Ohio River to about 10°-12° along the section between
River Road and Hillside Avenue. On the upslope side of
Delhi Pike, the inclination is 18°-25°. The initial character

™ _ AT —

of the lower, more gently sloping portions of the slope has
been obscured by development. In undeveloped areas in
other parts of the county, slopes at this level have a smooth
but lobate texture; the lobes, typically 1 or 2 m high and
10-20 m across, appear to represent the distal ends of land-
slides or earthflows.

Only a few landslides have been active in historic time
in the gentle slopes along River Road. Two notable slides
occurred at North Bend, about 10 km downstream from
Delhi Pike, and near Riverside-Harrison School, about 8.7
km upstream. The landslide at North Bend, near the William
Henry Harrison Monument, occurred during the 1970’s
above the outside of a bend in the river, where the slope was
locally oversteepened by river erosion and loaded with a
small amount of fill. The other landslide, near the Riverside-
Harrison School, occurred in response to an excavation for a
railroad roundhouse in 1927 and ultimately destroyed about
40 homes (Von Schlichten, 1935). Both examples demon-
strate that the thick colluvium near the level of the Ohio
River will fail by landsliding if the hillslope is adversely
disturbed.

Within the Delhi Pike study area, the slopes have failed
extensively (fig. 2). Hillside Avenue is deformed along
much of its length, and numerous empty lots containing

Figure 2 (above and facing page). Geologic map of the Delhi Pike study area. See figure 1 for location. Contact between the Kope (Ok)
and Fairview (Of) Formations is exposed in cut slope in western part of the map area. Contact was projected through map area using apparent
dip angle from published geologic maps of areas directly across the Ohio River in Kentucky (Gibbons, 1972). The Fairview Formation was
assumed to be 30 m thick.
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Table 1. Summary of selected physical properties of Eden and Pate Soil Series

Data from Soil Conservation Service (1978)

. Gradation (percent)
. Soil - Plas-  Permea- Moist
Soil Depth hori- Liquid ticity bility bull; Coarse (>76 pm)  Fine (<76 pm)
series  (cm) limit . densi
zon index  (unvs) (gfem?)
Gravel Sand Silt Clay
Eden 0-15 A 35-65 12-25 044 1.35-1.65 040 0-25 0-30 27-60
15-61 B 45-75 2045 04-1 145-1.65 1045 0-35 5-35 40-60
Pate 0-15 A 25-35 820 14 135-160 0-10 0-20 5-35 2040
15-91 Bt 40-60 15-30 04 1.50-1.70  0-10 0-20 5-30 35-55
91-183 B; 40-60 20-35 04 1.60-1.80 15-50 0-30 10-35 35-55
Data from Norton (1979)
Soil Depth Soil Composition of clay minerals in clay-size fraction (percent) Clay fraction
senes (cm) horizon Vermiculite Micas and illite Kaolinite (percent)
Pate 0-30 A 9 77 15 23
30-95 Bt! 30 47 23 31
95-144 B, 34 48 17 20

! The Bt horizons contain 2-5 percent montmorillonite.

montmorillonite.

clay (10YR4/4). Within a given soil profile, the thicknesses
of both the dark and yellow-brown colluvium are highly
variable. And, although the dark colluvium in most places
occurs near the ground surface, it occurs locally as wedges
or layers within the yellow-brown colluvium. The burial of

Other horizons contain only trace amounts of

Table 2. Summary of physical properties of colluvium and shale
from the Delhi Pike study area

[All tests performed according to American Society for Testing and Materials stan-
dards]

surficial layers may be due in some cases to root throw from Physical property Average Range

overturning of trees (Hack and Goodlett, 1960) and in other Atterburg limits (20 tests):

cases to the overriding of surficial materials by landslides. Liquid Ot oo 45 36—52

We noted overridden soil in trench 1 (pl. 1). The pedologic Plastic KMt ......oooooooonn 23 19=26

B horizon contains translocated clay and has a prismatic Plasticity index .................. 22 1527

blocky structure. Free water was observed on the surfaces of Gradation (20 tests; percent):

soil peds in the B horizon shortly after rain storms. e T 10 4-18
Other than small variations in color and texture, the Silt e 32 22—-44

physical properties are the same for both soil series. The Clay ....cocovmivrvniiieiiinnne 59 4768

routine engineering properties of the colluvium are reported
in tables 1 and 2. Data in table 1 are from the Soil Conser-
vation Service (SCS) (1977, 1978) and Norton (1979) for
the entire range of the Pate and Eden Soil Series and thus
are representative of the colluvium over a wide geographi-
cal area.

The principal difference in properties between the Pate
and Eden Series is in the amount of coarse fraction. Eden
soils, which occur on the higher, steeper reaches of the
slopes, contain more rock fragments than the Pate soils. The
amount of increase is illustrated by the increase in rock frag-
ments larger than about 10 cm exposed in the walls of the

Permeability (8 tests; cm/s)* ... 1.4x103 4x103-3x104
Field density (9 tests; g/em3) .... 2.01 1.74-2.13
Specific gravity of solids (1 test) 2.79

*Nine samples tested, undisturbed in the trench; data from one
sample (8%1076) not included in range or average.

trenches. In trench 1, the most downhill trench, rock frag-
ments occupied just 1.4 percent of the exposed trench wall.
In trenches 2 and 3, just uphill from Delhi Pike, rock frag-
ments compose 3.5 and 2.6 percent, respectively, of the
trench walls. In trench 4, 612 m farther uphill than trenches
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2 and 3, rock fragments compose 4.6 percent of the trench
wall. And, at the upper end of trench 4, rock fragments
compose 9 percent of the trench wall. While these amounts
of coarse fraction might influence the physical properties of
the colluvium somewhat, nowhere is the coarse fraction
large enough to dominate the behavior of the soil. The
mechanical behavior of the soil is dominated by the proper-
ties of the fine fraction.

We tested 20 samples from the borings and trenches—
including dark-brown colluvium, yellow-brown colluvium,
and weathered shale—for Atterberg limits, gradation, per-
meability, field density, and specific gravity of the solids.
Results are summarized in table 2. We did not quantify the
composition of clay minerals in the clay-size fraction, but
they are predominantly illite and mixed-layer clays and have
subordinate amounts of kaolinite.

The only significant difference between our data in
table 2 (which are specifically for the Delhi Pike site) and the
SCS data in table 1 (which represent a large geographic area)
is in the values of permeability. We consistently obtained
values more than 10 times larger than those in the SCS data.
These discrepancies are probably due more to differences in
the test methods than to differences in the materials. Our
tested samples were trimmed from block samples obtained
from the trench walls using the falling-head method (Lambe
and Whitman, 1969), whereas the SCS measurements were
based on percolation tests in the field.

The most important physical property of the soil, with
respect to slope stability, is its strength. Among the several
methods used to measure the strength of a soil, engineering
practice has demonstrated that the relevant measure of resis-
tance to sliding is the residual strength (Skempton, 1964).
Residual strength is commonly measured in a direct- or ring-
shear device that accumulates large displacements on a well-
developed failure surface. The residual strength is the mini-
mum strength measured under fully drained conditions for at
least three different normal loads.

We conducted five separate tests of residual strength on
samples collected from the trench walls. Three of the tests
were by repeated direct shear and two by ring shear. One of
the direct-shear tests was on a remolded total sample that
contained coarse sand and fossil fragments. The other two
direct-shear tests and both of the ring-shear tests had various
coarse fractions removed: the +230 mesh (>63 pum) fraction
was removed for one test of each type, and the +30 mesh
(>600 um) fraction was removed for the other test of each
type. All the tests were conducted under three different nor-
mal loads equivalent to burial at depths of 1, 2, and 4 m. The
results of the tests are in table 3.

Residual strength parameters, expressed as the slope of
the best-fit line through the three data points, are angles of
internal friction ranging between 12° and 24°. The largest
value was obtained for the sample that did not have the
coarse fraction removed. Smaliest values, 12°-17°, were
consistently obtained with the ring-shear device on samples
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Table 3. Residual strength of colluvium fromi the Delhi Pike
study area

[All tests performed according to American Society for Testing and Materials stan-
dards]

Strength parameters
Test conditions Residual Residual
friction cohesion
(degrees) (kPa)
Direct-shear test
Total sample:
Cohesion assumed zero ............. 24 0
"Best fit" ..o 21 3
+30-mesh fraction removed:
Cohesion assumed zero ............. 21 0
"Best fit" ..o 18.5 8
Minimal friction ..........cceeeuee.. 12 16
+230-mesh fraction removed:
Cohesion assumed zero ............. 21 0
"Best fit" ..o 20 5
Minimal friction ...........cccoeene.. 11 16
Ring-shear test
+30-mesh fraction removed:
Cohesion assumed zero ............. 17.5 0
"Best fit" ..ooeieeeeeeeeeeeeeees 12 5.5
+230-mesh fraction removed:
Cohesion assumed zero ............. 16 0
"Best fit" oo 12,5 3

that had the coarse fraction removed. Whether the fraction
removed was +30 mesh or +230 mesh made only a slight dif-
ference in the strength parameters.

The best-fit straight line through the data points for
each test had a small cohesion intercept that ranged from 3
to 16 kPa. There has been much discussion in the literature
about whether a sample at residual strength can have a small
cohesion intercept as part of its total strength parameters.
The data obtained here are not relevant to that issue, and
interested readers are referred to Skempton (1985) and to the
references that he cites relative to residual strength.

Shannon and Wilson, Inc. (oral commun., 1980) stud-
ied a large landslide in colluvium in the Mt. Adams section
of Cincinnati (fig. 1). Their laboratory measurements
showed that the colluvium had residual friction angles of 15°
and zero cohesion. Back-calculation of strength parameters
for the landslide produced a residual friction angle of 13° and
a cohesion of 96 kPa.

STABILITY ANALYSES

We performed stability analyses for both thin and thick
landslides at the Delhi Pike site. For the thin landslides, we
used the geometry revealed by trench 4 (pl. 1) and averages
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of measured properties. Figure 15 shows the response for
water levels in thin slides to even a moderate-size spring
rainstorm. Storms large enough to raise the unconfined water
surface as high as the ground surface are likely even in years
of average precipitation. We back-calculated strength
parameters for the above conditions using the method of
Janbu (1973). Atequilibrium, a frictional resistance of 39° is
necessary to support the slope. This value is much larger
than the strength we would expect to find along the well-
developed failure surfaces exposed in trench 4.

Skempton (1964, 1985) reports measurements of resid-
ual strength on clays of similar physical properties in the
range of 13° to 15°. Results of our measurements of residual
friction angles of the colluvium varied from about 24° to 12°
for different types of tests and methods of sample prepara-
tion (table 3). The largest values were obtained from
untreated but remolded samples tested in a direct-shear
machine. The smallest values were obtained on samples that
had the coarse fraction (>30 and >230 mesh) removed and
were tested in a ring-shear device. After the tests, we
inspected the failure surfaces developed during shearing.
Samples having larger residual strength invariably contained
sand-size particles along the planes of failure.

Even assuming the maximum value of residual strength
that we measured, the colluvium is only marginally strong
enough to resist failure by thin landsliding. Therefore, some
additional factor(s) must have enhanced the resistance to
sliding. Possible factors mentioned earlier include tree roots,
roughness of the failure surface, and (or) small residual
cohesion,

The factor of safety of slopes underlain by thick land-
slides is apparently consistent with laboratory measurements
of strength. We back-calculated the stability of the slope that
we studied on the downhill side of Delhi Pike, using the
same properties as for the thin slides. The computed effec-
tive residual friction angles necessary for equilibrium range
from 23° for a slope saturated to the ground surface to 12°
for a slope with the water level below the failure surface.
Both extreme values appear to be unrealistic. We measured
saturated conditions to a level of 1 m above the failure sur-
face at the toe and noted the presence of springs locally
within the failed mass. On the other hand, near the middle
of the landslide, we did not find saturated conditions in the
colluvium anywhere above the bedrock; the failure surface
in the colluvium was at least 2 m above the bedrock-collu-
vium contact. Thus, an estimated average residual friction in
the range of 16° to 20° would be consistent with field and
laboratory data.

CONCLUDING REMARKS

In summary, slopes in thin colluvium appear to be more
stable than we would predict from laboratory measurements
of residual strength of the colluvium. The puzzling question
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Figure 18. Hypothetical force-ratio-displacement models for thin
and thick landslides. Back-calculation of stability of thin colluvium
reveals that the residual strength is insufficient to support the slope.
Field behavior indicates that some form of stick-slip behavior pro-
duces large initial strength that is lost after a small amount of dis-
placement. The back-calculation of stability of thick colluvium
reveals that failure is consistent with the measured value of residual
strength.

about thin landslides, then, is not why some slopes have
failed, but rather why failure is not more extensive. Observa-
tions of episodes of movement of typical thin landslides (fig.
18) suggest that a type of stick-slip phenomenon may con-
tribute to larger-than-measured initial strength. We
observed that a small displacement causes a large loss of
resistance, and a thin landslide commonly accelerates out of
the slide scar. The situation, shown schematically in figure
18, may be equivalent to the abrupt loss of strength in first-
time failures of slopes compared to reactivation of previ-
ously failed slopes. For thin colluvium, however, the slope
has previously failed and yet retains greater resistance to
sliding than predicted by laboratory measurements.

The landslides in the thick colluvium behave more or
less as we would predict from laboratory measurements of
residual strength of the colluvium. We know of no examples
in which thick landslides have moved more than a few
meters during any given episode of movement. More com-
monly, the total displacement during a movement episode is
only a few centimeters. A force-displacement diagram for
the thick landslides (fig. 18) illustrates the concept that the
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maximum mobilized resistance to sliding is residual friction.
The cause of the difference in behavior between the two
landslide types could be due to a small amount of residual
cohesion and/or roughness of the failure surface and perhaps
tree roots.

The presence of multiple failure surfaces is an interest-
ing aspect of the thick landslides. The history of failure at the
Schmale residence indicated that the failure surfaces formed
progressively from a common headscarp along Delhi Pike.
Our stability analysis is relevant only to the deepest of the
failure surfaces. The tree rings and constricted inclinometer
casings are evidence that movement continues to occur on
the more shallow failure surfaces.
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