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ABSTRACT

The hydrology of a thin colluvium hillside at the Delhi Pike landslide complex,
approximately 15 km west of downtown Cincinnati, is controlled by infiltration and
evapotranspiration. Pore water pressures approach -10 m H7O during summer and
autumn, but rise to -1 m H70 or higher after several days of steady winter rains. This
state of near saturation is maintained until large trees leaf out and pore pressures fall

dramatically in late spring.

Short-term response to winter and spring rainstorms is characterized by
simultaneous wetting and drying of the entire hillside, with localized zones of saturation
and no wave-like downhill flow. This is consistent with models of both modified Dupuit
hillside flow and vertical infiltration. The governing differential equations show that rapid
water level fluctuations can occur only if the soil is nearly saturated before rainfall and
that the occurrence of vertical, rather than slope-parallel, soil moisture flux after rainfall is
controlled by evapotranspiration rates. During winter and early spring, vertical flux due to
evapotranspiration will be greater than slope-parallel flux due to gravity drainage, but
both will be low enough that no significant drying occurs. As large trees leaf out and
evapotranspiration rates rise during late spring, vertical flux due to evapotranspiration

predominates and the hillside becomes significantly drier.

Localized zones of saturation make it difficult to determine where drains should be
placed 1o increase stability of thin colluvium hillsides, and if complete saturation of the
hillside is assumed, drain installation would amount wholesale replacement of the natural
hillside soil with free-draining material. However, if permanently saturated zones can be
identified or extensive re-grading and destruction of natural hillsides is an acceptable

consequence of development, then drain installation may be a realistic alternative.
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PREFACE
ORIGINS

This dissertation describes my work on the hydrology and drainage of a thin
colluvium hillside along the Ohio River valley west of Cincinnati. Each of the three main
chapters was written as a separate manuscript, and thus can be read independently of the
others, but as a consequence there is some redundancy among the introductory sections.
Moreover, the manuscripts are each intended to illustrate specific aspects of my work so
the texts are short and to the point rather than encyclopedic. Supporting material such as
field data, computer programs, and some mathematical derivations are included in seven
appendices. In this preface I summarize the evolution of my research during the past two

years and put each of the three main chapters into its proper historical context.

My research has its roots in work started nearly a decade ago when, during the
late 1970s, Robert Fleming of the U.S. Geological Survey and Arvid Johnson of the
University of Cincinnati began to investigate mechanisms of landsliding in the greater
Cincinnati area. They decided to map and monitor part of a typical colluvium landslide
complex along Delhi Pike, a two lane paved road along the Ohio River valley about 15
km west of downtown Cincinnati, that was closed in 1970 due to excessive landslide

damage.

Fleming and Johnson installed porous stone piezometers in both thin (< 2 m)
colluvium above Delhi Pike and thick (> 2 m) coiluvium below Delhi Pike and Onder
Gokee, a graduate student at the University of Cincinnati, began to measure water levels
several times a month between 1979 and 1981 as part of his Ph.D. dissertation research.

In addition, an automatic recorder was installed on two of the piezometers in thin
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colluvium, referred to as P-4 and P-6, and water levels were recorded at 15 minute
intervals during spring 1980. Preliminary data suggested that water levels in thick
colluvium changed slowly from season to season, whereas water levels in the usually
unsaturated thin colluvium rose and fell quickly during and immediately after winter and
spring storms, and these patterns were first described in the field trip guidebook for the

1981 Geological Society of Americz annual meeting held in Cincinnati.

Because the fortnightly sampling frequency was far too low to record the short-
term water level fluctuation in the thin colluvium, most of the data collected by hand were
impossible to analyze. The high-frequency data from P-4 and P-6 were nearly as puzzling
because the notion of rapid water movement in dense, clayey colluvium runs counter to
intuition. It was clear, however, that such rapidly changing water levels could be the key

to understanding the sudden failure of thin colluvium hillsides in Cincinnati.
CHAPTER 1

I became interested in Onder Gokce's water level data during autumn 1986 while
looking for a dissertation topic combining engineering geology and groundwater
hydrology. The rapid water level fluctuations had been described, but not analyzed, in
Gokcee's dissertation, and Arvid Johnson suggested that I might continue this pursue this

problem by investigating the effect of drains on the stability of thin colluvium hillsides.

Believing that the effects of drains could not be quantitatively evaluated until the
hydrologic regime of the thin colluvium hillsides was understood, I began to work on a
numerical model of hillside flow that would account for the 15 minute increment P-4 data
from 14 storms during spring 1980. Soil profiles from trenches dug by Fleming showed
a thin, highly inhomogeneous, layer of colluvium resting on top of a sloping contact with

shale and limestone bed-ock. Although colluvium thickness varied along the trench, it
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was about two orders of magnitude less than the head-to-toe length of the hillsides at
Delhi Pike, and estimates of fillable porosity before all but one of the 1980 storms
suggested that the colluvium was very near saturation, so I decided to approximate the
hillside as a sloping, one-dimensional phreatic aquifer with rainfall represented as

recharge to the water table.

Numerical solution of the modified Dupuit flow equations using rainfall and
hydraulic conductivity values extracted from field data agreed very well with the observed
water level fluctuations in piezometer P-4 only if fillable porosity was assumed to be no
more than a few percent. Most importantly, the model, which grew from water level
observations at a single point, predicted a distinct, testable pattern of water level changes
along the entire length of the hillside. According to the governing differential equations,
water level should increase uniformly along the entire hillside during rainfall. If
evapotranspiration is negligible after the rainfall, water levels should fall graduaily from
head to toe in a wave-like pattern. If evapotranspiration is significant, however, water

levels should fall uniformly along the entire hillside.
CHAPTER 2

While I was beginning work on my model, Larry Murdoch installed nests of
tensiometers near piezometers P-4 and P-6 to investigate infiltration processes during
December 1986 as part of his master's thesis research in the Department of Civil and
Environmental Engineering at the University of Cincinnat. He observed a rapid transition
from very dry to wet, but only occasionally saturated, colluvium during the first heavy
rains of winter, and also illustrated the importance of monitoring unsaturated flow in the

colluvium.
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In order to test my model of hillside flow, I installed a series of tensiometers
above and below P-4 and P-6. Pressure heads at the first three tensiometer groups,
installed in late May 1987, approached -10 m a few days after installation, which was
well below the range of my interest, so I disconnected the tensiometers for the summer. I
re-connected the first three tensiometer groups and installed two more groups in late
September 1987, only to find that pressure heads still ranged between -8 and -10 m.
Pressure head changes in response to rainfall were erratic throughout the autumn months,
and remained very low as temperatures began to fall below freezing in mid-December. I
disconnected the tensiometers again in anticipation of freezing temperatures during the
Christmas holiday, but returned to find that pressure heads throughout the hillside had
increased to about -1 m during heavy rains the last two weeks of December 1987, much
the same as described by Murdoch. Thereafter, pressure head remained at -1 m or more
throughout spring 1988 until large trees were completely leafed out in early May and
pressure heads decreased rapidly.

Shallow tensiometers characteristically showed much more pore pressure
variation than deep tensiometers at the same station, and drying occurred uniformly along
the hillside rather than by slope-parallel drainage during the period of record. So, in
addition to showing that the high, but unsaturated, pore water pressures necessary for
rapid water level increases could be maintained for several months with only occasional
rainfall, this portion of my work emphasizes the importance of atmospherically- and

biologically-controlled processes on the hydrology of a typical hillside.
CHAPTER 3

The final chapter describes the installation of two experimental drains at Delhi

Pike. When I began working on this project, I assumed that widespread zones of
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saturation— perched water tables— would develop in the colluvium at Delhi Pike. This as-
sumption further suggested that drains might be an effective and inexpensive means of
stabilizing natural hillsides. Preliminary estimates suggested that the radii of influence of
gravel-filled trench drains in colluvium would be on the order of about 1 m; so, although
it did not appear economical to drain an entire hillside with closely spaced drains, I was
optimistic that widely-spaced drains could increase stability by creating stable zones that

would buttress the rest of the hillside.

In April 1987, I designed and installed two gravel-filled trench drains (A and B)
approximately 1 m (wide) x 2 m (deep) x 10 m (long) with PVC discharge pipes in thin
colluviura at Delhi Pike. Whereas drain A discharged water up to 1x104 m3/s during
storms, there was never any observed discharge from drain B, although water did seep
from the colluvium and filled holes that I dug downslope from drain B. Subsequent
excavations showed no sign of damage to the drain B discharge pipe, and the design itself
seemed to work well enough in drain A, suggesting that the reason drain B did not
discharge any water was that no water was flowing into it. Darcy's law and tensiometer
data suggest that thin, rocky colluvium directly uphill from drain B served to deflect flow
upward where it seeped out along the surface. Such results imply that drain location in
locally saturated colluvium is critical, which would make drain design impractical uniess
surface seeps pinpointed frequently saturated areas. If the colluvium were completely
saturated, then the extremely close drain spacing required to stabilize the hillside would
essentially require replacement of the entire hillside with free-draining material, which
would not be aesthetically acceptable in most cases. Thus, whereas drains may be a
useful method of stabilizing thick colluvium hillsides that undergo predictable seasonal
water level fluctuations, they do not appear to be a practical way to stabilize most thin

colluvium hillsides.
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CHAPTER 1
RAPID WATER LEVEL FLUCTUATIONS IN A THIN
COLLUVIUM LANDSLIDE WEST OF CINCINNATI, OHIO!

INTRODUCTION

Nearly ten years ago, while examining dozens of landslides along the Ohio River
and its tributaries near Cincinnati, Ohio, we began to to realize that in some landslides
destabilizing pore water pressure is artesian whereas in others it is hydrostatic. We selected
two study areas, one in glacial deposits and another in colluvium, for detailed observation

and began to monitor movement and water levels in both places.

We began exploring the colluvium landslide complex in March, 1979 by drilling
both deep boreholes on gentle slopes with a trailer-mounted auger rig and shallow
boreholes on steeper slopes with a two-person portable auger, installing porous-stone
piezometers, and measuring piezometric levels by hand at two week intervals. After
realizing that piezometric levels in the shallow colluvium could change very rapidly in direct
response to rainfall (Fleming and others, 1981), we installed instruments to record both
rainfall and piezometric level in one piezometer at 15 minute intervals from late March
through mid May, 1980. In this paper we describe details of these rainfall and piezometric

level records, and then use a simple mathematical model of hillside groundwater flow to

explain some important characteristics of piezometer water level records.
Previous Work

Iverson and Major (1987) describe both annual and short-term water level

fluctuations in a long, thin northern California landslide, and note both that high frequency

115 be published as a U.S. Geological Survey Bulletin with A.O. Gokce as co-author.
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fluctuations due to individual storms attenuate with depth and that the events of previous
water years control annual water level increases. This is in line with the results of two
separate field studies by Gillham (1984) and Novakowski and Gillham (1988), who
concluded that high antecedent moisture content resulted in more rapid water table response
to rainfall. Pyles and others (1987) observed asymmetric water level fluctuations similar to
those described in this paper during their studies of thin landslides in western Oregon. Harr
(1977) monitored both saturated and unsaturated flow in a steeply sloping forested hillside
in the same western Oregon experimental forest used by Pyles and others (1987), and
showed that flow was almost always unsaturated except near the foot of the hillside. He
used measurements of stream and seepage face discharge to show that the lower reaches of
the hillside remained saturated due to drainage of soil pores that had been filled during
rainstorms. Upper reaches of the hillside became saturated at depth from time to time, but
only after at least 0.003 m of rain fell within 12 hrs., and even then the saturation persisted
less than 20 hrs. Harr attributed these intermittent zones of saturation to the accumulation of
infiltrating water along the contact between soil, where hydraulic conductivity decreased an
order of magnitude. Anderson and Burt (1977a) show longitudinal water table profiles
from a natural hillside that show water accumulating in the lower portion of the hillside
while water level falls in the upper portions, and in a related laboratory study (Anderson
and Burt, 1977b) show that a sloping, sand-filled gutter drains from the top down and a
small saturated wedge remains at the base throughout the experiment. Estimates of
discharge from the laboratory setup agree closely with those predicted using the slope of
the water table as the hydraulic gradient, but do not agree with those taking release of water

from the unsaturated zone into account.
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Geologic Setting

Landslides in the Delhi Pike area (Figure 1.1) occur in illitic, bouldery-silty-clayey
colluvium formed along the northern wall of the Ohio River valley about 15 km west of
downtown Cincinnati. Colluvium thickness ranges from less than a meter near hilltops to
more than ten meters at river level, and basal slip surfaces generally run along the contact
between colluvium and weathered bedrock. Flat lying, interstratified shales and limestones
of the Upper Ordovician Kope Formation (approximately 80% shale and 20% limestone)
and overlying Upper Ordovician Fairview Formation (approximately 60% shale and 40%
limestcne) comprise the local bedrock and are parent material for the overlying colluvium.

Landslide Morphology

For the most part, landslides in the Delhi Pike area are elongate parallel to
topographic contours, but in some cases this pattern is broken by narrow, U-shaped
landslides reaching farther uphill. The slide that we describe is one of these U-shaped
fingers, as shown in a detailed plane table map (Figure 1.2). Topography is generally
irregular, containing many small hummocks and scarps with a meter or so of relief, but
overall surface slope angles range between 20° and 30° and the bedrock surface slopes
approximately 30° across most of the hillside. The main slide mass is bounded by a left-
lateral strike-slip zone along its entire eastern flank, a headscarp to the north, and a right-
lateral strike-slip zone along the northern half its western flank. All of these boundaries are
characterized by a topographic depression, in some places up to 1 m deep. The southern
half of the western flank grades into several east-west scarps, and there is no distinct
boundary. The northern half of the slide mass is broken into a number of smaller slides,
each with a subsidiary, U-shaped headscarp reflecting the shape c. the slide as a whole.
Vertical offset along these scarps is generally 1 m or less. Subsidiary scarps in the
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Figure 1.1 Index map showing location of Cincinnati, Hamilton County, the Ohio

River, and the Delhi Pike study area.
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Figure 1.2 Plane table geologic map of the portion of the Delhi Pike landslide
complex studied in this chapter. All elevations are relative to an arbitrary

station on Delhi Pike.
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southern half of the slide, where the western boundary becomes indistinct, tend to be
nearly linear and parallel to topographic contours. Locally, however, these parallel scarps
branch and join to form an anastomosing network. The subtle increase in slope above the
+30 m contour (all elevations are relative to an arburary control point on Delhi Pike) reflects

the transition from Kope Formation to Fairview Formation bedrock.
Colluvium Stratigraphy and Physical Properties

The colluvium at Delhi Pike is mapped as Eden silty clay loam, a residual soil
formed on moderate to steep slopes, in the Hamilton County Soil Survey (Lerch and
others, 1982). It is described as well-drained, with slow permeability and very rapid
runoff (cf. our field observations of very little during storms). The soil survey further
states that excavations in lower parts of slopes commonly have seepage problems and
recommends that drains be installed around foundations. We had five test trenches
excavated using backhoes and larger tracked excavators, and found that within about 0.1 to
0.2 m of the surface the colluvium is grayish-brown and commonly breaks into peds,
whereas colluvium about 0.2 m or more from the surface is yellowish and massive. In
places, however, brown colluvium is found in isolated lenses within the yellow colluvium.
Both types of colluvium are composed of roughly 70% silty-clayey matrix and 30%
limestone slabs up to 0.3 m thick and 3 m long with no apparent preferred orientation. The
distribution of brown colluvium, yellow colluvium, large limestone slabs, and slip surfaces

exposed in a longitudinal trench is shown in Figure 1.3.

Laboratory falling head permeability tests were run on each of nine samples taken
from different depths in a trench at Delhi Pike, and then the results were averaged to obtain
a single value for each sample. These average values range from a high of 2.63 x 10-3

my/s 10 a low of 7.70x10-8 my/s with an arithmetric average of 1.31x10-> m/s (Figure 1.4);
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Figure 1.3  North-south longitudinal cross-section along the trench shown in Figure
2. Section shows distribution of brown colluvium, yellow colluvium,
limestone slabs, slip surfaces, and the contact between colluvium and
weathered bedrock. Profile courtesy of R.W. Fleming, U.S. Geological

Survey.
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Figure 1.4 Variation of colluvium hydraulic conductivity with depth. Points labeled
H and V are values for horizontal and vertical conductivity of closely
spaced samples from a depth of 1.2 m. Data courtesy of R.W. Fleming,

U.S. Geological Survey.
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if the latter value is excluded, the lowest average value becomes 3.26x10-0 my/s and the
mean becomes 1.47x10-5 m/s. With the exception of two errant values, hydraulic
conductivity appears to be very nearly constant with depth. Both horizontal and vertical
components of hydraulic conductivity were measured for one of the samples from 1.2 m
deep, and the average vertical conductivity is 5.11x10-6 m/s whereas the average horizontal
conductivity is 1.03x10- mys. It is difficult to assess the significance of measurements on
only one sample, but if accurate these results imply that the colluvium at Delhi Pike is

weakly anisotropic.

Atterberg limits and clay mineralogy were determined using four samples taken
from different depths in an auger hole, which is approximately 60 m southeast of
piezometer P-4 but not shown in Figure 1.2. There is very little variation in grain size
distribution, Atterberg limits, or clay mineralogy with depth in the borehole (Table 1.1).
Both the colluvium and the weathered

Table 1.1  Colluvium grain size distribution, Atterberg limits, and clay type from a
borehole at Delhi Pike (courtesy R.W. Fleming, U.S. Geological Survey).

depth grain size (wt. %) Atterberg limits clay type
(m) gravel sand st clay LL  PL

1.2 1 6 26 67 50 25 mixed layer, illite
21 4 7 29 60 48 24 mixed layer, illite
48 1 4 31 64 45 24 mixed layer, illite
6.8 5 9 31 55 41 21 illite, kaolinite

bedrock samples were composed primarily of clay-sized grains with lesser amounts of silt-

sized grains. Gravel- and sand-sized grains comprised less than 15% of sample weight in
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all cases. Liquid limits average 46% and plastic limits average 24%, both decreasing

slightly with depth.
WATER LEVEL FLUCTUATIONS

Our piezometers were cylindrical porous stones 0.050 m in diameter and 0.30 m
long attached to 0.025 m diameter PVC pipe. Each piezometer hole was backfilled with
quartz sand to a level approximately 0.20 m above the top of the porous stone and sealed
with approximately 0.40 m of bentonite (Figure 1.5). We measured water levels in six
piezometers at Delhi Pike by hand at least twice a month between March 1979 and August
1980. In addition, we installed an automatic recorder in one piezometer, referred to as P-4
(see Figure 1.2 for location), approximately halfway up the landslide to monitor
piezometric levels at 15 minute intervals between late March and mid April, 1980. Our
original intent was to use these short term data to estimate piezometer lag time, but they also
provided the first evidence of rapid piezometric level fluctuations in the Delhi Pike landslide
complex. During the past year we have found that P-4 often contains water when other
piezometers are dry, and have limited data to suggest that this was also true during 1980,

which will be considered in our Discussion.
General Characteristics of P-4 Water Level Records

We see several characteristics common to the water level records that we describe
below, and which are typical of all our data from P-4. During the summer and early
autumn the bottom of P-4 is dry (water level at least 1.20 m below the surface), whereas
during the late winter and spring of 1980 the background water level stood about 0.8 to
0.9 m below the surface. This background water level is punctuated by distinct increases of
several decimeters that correspond to individual rainstorms. Short, intense storms generally

produced sharp peaks, whereas gentle and prolonged rainfall generally produced flat-

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

14



Figure 1.5  Change in water level vs. rainfall. With one exception, maximum effective
porosity estimates range from 0.01 to 0.07, suggesting that the colluvium

was nearly saturated before rapid water level increases.
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Figure 1.6  Schematic drawing of a piezometer P-4 at Delhi Pike. See Figure 1.2 for

location.
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topped peaks. Regardless of rainfall intensity and duration, the water level record peaks are
asymmetric. In some cases piezometric level rose virtually instantaneously in response to
rainfall and in other cases the rise in piezometric level was considerably slower, but
piezometric levels always fell slower than they rose. After rainfall had stopped, piezometric
levels characteristically fell slowly at first, then more rapidly, and then slowly again as the
background piezometric level was approached to form a sigmoidal falling water level record
that continued to fall very slowly for many tens of hours in the absence of additional rain.
When more rain fell several hours after a storm, the fall of the water table slowed
substantially. In some cases a small hump appears to be superimposed upon the overall
slope of the falling water level record, but in other cases there is no sign of any hump. We

use specific examples, in chronological order, to illustrate these generalities below.
Individual Storms

March 20 through March 22, 1980.- The first P-4 water level record that we
describe, illustrated in Figure 1.7, is flat-topped and associated with a period of
intermittent, relatively gentle rainfall distributed over about 17 hours. Base level was about
0.83 m beneath ground level both before and after the rainfall. Significant features of this
water level record are a compound rising limb associated with two distinct storms on the
evening of March 20, and a broad, gently sloping crest associated with gentle rainfall on
the morning of March 21. As with all of our records, the falling limb of the water level

record is, on the whole, much flatter than the rising limb and is sigmoidal in shape.

April 8 through April 18, 1980.- The P-4 water level record for this ten day period
(Figure 1.8) contains a closely-spaced series of four storms and attendant water level
increases. All of the water level record peaks during these ten days were much sharper than

the water level record from March 20 through March 22, but the rates (i.e. slopes of the
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Figure 1.7  Rainfall and piezometric level in piezometer P-4 for the period of March
19, 1980 through March 22, 1980. This is an example of a flat-topped
water level record in which water levels remain high due to prolonged,

gentle rain following an initial storm or storms.
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Figure 1.8  Rainfall and piezometric level in piezometer P-4 for the period of April 8,
1980 through April 18, 1980. This is an example of a sharp-peakedwater
level record in which water levels rise and fall rapidly following a short-
lived, intense storm. In this record the slopes of the rising water level
records have nearly the same absolute values as the maximum slopes of

the falling water level records.
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water level record limbs) of water level changes are similar. What appears to be missing is
the prolonged, intermittent rainfall that occurred during March 20 through March 22. Base
level before and after this series of storms was about 0.92 to 0.95 m below ground level.
During the first storm, approximately 0.011 m of rain is associated with a water level
increase of only 0.03 m, but in subsequent storms the water level increase is much greater.
On April 9 a total of 0.004 m of rain was associated with a water level iacrease of 0.23 m,
on April 11 a total of 0.015 m of rain was associated with a water level increase of 0.51 m,
and on April 13 a total of 0.014 m of rain was associated with a water level increase of
0.54 m. All four of these water level records are distinctl ; asymmetric, as is typical of our

data.

May 12 through 13, 1980.- We include this water level record in our descriptions
because it contains both the most rapid piezometric level increase (0.54 m/s), the most
rainfall in a single storm (0.04 m), and the highest piezometric levels (0.10 m below
ground level) we recorded at Delhi Pike. As shown in Figure 1.9, the rising water level
record limbs for both storms are very nearly vertical, suggesting a nearly instantaneous

water level increase.

Effective porosity.- We estimated maximum effective porosity for each storm as
total rainfall divided by total change in water level. In doing this, we assume that all
rainfall entered the soil and contributed to water table rise, so our estimates represent
maximum possible values. In all but one case we found maximum effective porosity
ranged between 1% and 7% for all of the storms during our period of record (Figure 1.5),
and in general that the magnitude of water level increase is proportional to the amount of
rainfall. The lone exception, which occurred on 8 April 1980 when rainfall of 0.011 m
produced a piezometric level increase of 0.025 m for a maximum effective porosity of

44%, will be addressed in the Discussion of this paper.
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Figure 1.9  Rainfall and piezometric level in piezometer P-4 for the period of May 12,
1980 through May 13, 1980. This is an example of a sharp-peaked water
level record in which water levels rise and fall rapidly following a short-
lived, intense storm. In this record the slopes of the rising water level
records are nearly vertical and much steeper than the falling water level

record slopes.
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A THEORETICAL MODEL OF HILLSIDE WATER LEVEL FLUCTUATIONS
Modified Dupuit Flow

The well-known approximation of groundwater flow through a phreatic aquifer
developed by Dupuit in the middle of the 19th century incorporates the assumptions that
flow is horizontal and equipotential lines are vertical, and is drawn from the observation
that in most phreatic aquifers the water table slope is small (Bear, 1972, p. 361).
Boussinesq (1904) extended the Dupuit model to account for unconfined flow above a
sloping impervious substrate, but retained the assumption of horizontal flow, so the model
works well only for very gentle slopes. Schmid and Luthin (1964) derived an analytic
solution for the Boussinesq model for steady-state flow and fixed head boundaries, and
Guitjens and Luthin (1965) used Hele-Shaw models to show that the solution is accurate
for slopes up to about 30%. Departing from the Boussinesq assumption of horizontal
flow, as opposed to slope-parallel flow, Klute and others (1965) solved the two-
dimensional steady-state fully-saturated inclined flow problem and found that flow through
slopes with length to thickness ratios greater than 10:1 could be accurately represented by a
one-dimensional, slope-parallel flow model. Childs {1971) and Towner (1975) give
analytic solutions to steady-state unconfined slope-parallel flow both with and without
recharge, whereas Chauan and others (1968) as well as and Ram and Chauan (1987)
present analytic solutions for the problem of transient slope-parallel flow between two
trenches on a slope with constant recharge. Karadi and others (1968) solve the related
problem of transient flow between drains resting on a shallow, impermeable substrate, and
Wong (1977) has published nomographs for the problem of flow to drains in sandy
leachate collection layers overlying clay landfill liners. Beven (1977) used a two-
dimensional finite element model of saturated-unsaturated flow, and predicted that saturated

zones, controlled by pre-existing pressure heads, would form by accumulation of water at
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the toes of hillsides. More recently, Beven (1981, 1982) and Hurley and Pantelis (1985)
have used linearized one-dimensional approximations to successfully model some aspects
of saturated and unsaturated hillside discharge. Hurley and Pantelis show that flow through
a thin sloping aquifer is indeed one-dimensional to a first approximation, but they solve the

unsaturated flow problem in terms of total soil moisture flux.

We approximate hillside flow, at least as we have observed it, as a fully-saturated,
unconfined flow problem. Bear (1979, p.74-75) discusses limitations of the fully-saturated
approach, particularly the error introduced by ignoring the capillary fringe, or zone of
tension saturation, above the water table. As we will show, however, our model has the
advantage of predicting water table height rather than total soil moisture flux, as would a
more rigorous saturated-unsaturated model (e.g., Hurley and Pantelis, 1985), and can

account for many important characteristics of our field data.

For a thin porous slab underlain by a sloping impervious substrate we define total

hydraulic head, @, as
®=hcosP-EsinPB (1.1)

(¢f. Beven, 1981; Hurley and Pantelis, 1985) where & is the slope-parallel coordinate [L],
h is height of the phreatic surface [L] measured perpendicular to the substrate (Figure
1.10), and B is slope angle. Combining equation (1.1) with Darcy's law, the governing
equation for fully-saturated, incompressible one-dimensional flow through a

homogeneous, unconfined aquifer

(1.2)

h_KJ (30 \.R
ot pag( ag) P
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Figure 1.10 Idealization of a thin slab of uniform thickness resting atop a sloping,
impervious substrate and the representative element used to derive the
governing equation for hillside flow through a homogeneous, isotropic,

phreatic aquifer.
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where p is effective porosity, K is saturated hydraulic conductivity [L/T], and R is net
recharge (R > O for precipitation, R < 0 for evapotranspiration) to the water table [L/T].
Positive recharge is not necessarily the same as rainfall, so the two should not be used
synonymousiy unless there is evidence to suggest that all rainfall reaches the water table.
Because we have not observed any runoff at Delhi Pike except in areas where we have
exposed colluvium at the surface we will assume that a large proportion of rain finds its
way to the water table and that recharge is approximately equal to rainfall when weather is
cloudy and cool during winter and spring storms. We also use effective porosity, p, in
place of the more common specific yield on the assumption that the elastic storage
component of thin hillside soil layers is negligible (Bear, 1972, p. 376). For the limiting
case of p = 0, corresponding to a state of tension saturation, the temporal derivative in
equation (1.2) goes to infinity and piezometric level should rise instantaneously in response

to rainfall.

Differentiating equation (1.1) with respect to £ and substituting the result into

equation (1.2) we arrive at

oh_Kd roh b si R
x5 ag( 3 hcosP -hsinB )+ > (1.3)
or, equivalently,
2 2
%%:%l:g?gh cos B + (2—2) cosB-%—gsinB]+% (1.4)

both of which are nonlinear in h and have no known analytic solutions for time-variant

recharge.
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Dimensional Analysis of the Governing Equation

For a porous slab of length L and thickness D we introduce the dimensionless

variables

H=h/D
X=&/L
T=th

tr=D/K

as well as the scaling factor

c=D/L

and then non-dimensionalize equation (1.4) to arrive at

2 2
p%I'fI..: [gTI%'H (g%)]ozcosﬁ -g%csin[i +% (1.5)

We chose to use a characteristic time of t; = D/K because we are interested principally in
short-term water level changes rather than the long term fluctuations that would occuron a
scale of t; = L/K; thus for a slab on the order of D = 100 m and K = 105 m/s, characteristic
of the hillsides at Delhi Pike, we will be looking at changes that occur on a time scale of
order 105 s, or about one day. For long, thin slabs all terms containing ¢ will be negligible,
hence integration to solve equation (1.5) for H yields
T2
H= f%dT+Ho (1.6)
T P

where Hy is uniform water level along the slope at T;. Equation (1.6) suggests that water

levels will rise and fall uniformly along the entire slope, with no component of wave-like
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flow. Furthermore, effective porosity, p, will be different before each storm and prediction
of rapid water level changes in response to rainfall, even using this simple model, requires
detailed knowledge of pre-storm effective porosity, hydraulic conductivity, rainfall

intensity, and rainfall duration.

One way to produce wave-like flow with the model is to redefine the characteristic
time of the system as t; = L/K, so that typical values of L = 102 m and K = 10-5 m/s give a
characteristic time on the order of 107 s, or about 100 days. Using this new definition,
equation {1.4) can be written as a nonhomogeneous kinematic wave equation (Lighthill and

Whitham, 1955; Miller, 1984)

oH (sin B) oH R
+ = .
ENR > e 4D
which will indeed produce wave-like flow, but on a time scale much longer than that of the
rapid fluctuations observed at Delhi Pike. Another way to produce wave-like flow with the
model is to return to our original definition of ty = D/K, set R = 0, and assume that for a
nearly-saturated hillside 6 = p. To first order in G, then, equation (1.4) can be re-written as
a homogeneous kinematic wave equation
oH oJoH
I+ e ax=0 18

where

c=S sin B
p
is the celerity of the traveling waveform. Thus net recharge, due to either infiltration or
evapotranspiration, must be insignificant in order for wave-like flow to occur on the time

scales observed at Delhi Pike. For a phreatic surface with periodic perturbations of arbitrary
wavelength A and amplitude Ag, a general solution to equation (1.8) is
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H=Ag sm[zx—“(x ; cT)] (1.9)

which can be verified by differentiating with respect to X and T, and then substituting the

results into equation (1.8).
Finite Difference Formulation

We assume that spatial grid increments are uniform, solve for the second
derivative, and linearize by letting coefficient h values lag one time increment behind
(Anderson and others, 1984, p. 337). In order to minimize the error introduced by letting
coefficients lag over large temporal increments, we use the alternate predictor-corrector
method of Douglas and Jones (1963) with a fully-explicit predictor to estimate values of h
at time t + (8t /2), which are then substituted into a Crank-Nicholson corrector to solve for

values of h at time t + &t. For interior nodes the predictor form of equation (1.4) is

i+1/2 p (88)2 i+172 | j+12 _ - 2p (8E)?
o 1s 2@ _Jymn yan_ 20 G
K 8t hicos B K 6t cos B

1 /1§ o Etan B .j _j R (88)?
- (0 ., K ——  (1.10
4@(‘” 1-1)2"' " (m "1)+Kh’icosB (1.10)

1

whereas for internal nodes the corrector form of equation (1.4) is

hji':»ll_z[H p (88)2 }hj+1+hi+1 ___-2p (3¢)?

K dt hj;uz cos B i Bl gt hji‘}'ll2 cos B

1 ; j g tan B j
- 4hj+1/2 (h-;i-l i hi-l +2H+1n ( i+1 'hi~l)
i

A — e .
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Note that because the predictor, equation (1.10), is fully explicit it uses a forward
difference temporal derivative and is only first order accurate in time, but because the
Crank-Nicholson corrector, equation (1.11), is half explicit and half implicit it uses a
central difference temporal derivative and is second order accurate in time. Both the
predictor and the corrector are second order accurate in space, so the combined accuracy
over one entire time increment is accurate to order [(8&)2,(5t)3/2] (Douglas and Jones,

1963).
Boundary and Initial Conditions

We chose to fix water table height at both the uphill and downhill ends of our
numerical model both to account for the steady baseflow, represented by relatively constant
water levels in P-4 between storms, that we observed at Delhi Pike and also to insure that
water levels near the lower boundary did not exceed soil thickness. As shown in the
perturbation analysis above, though, boundary effects act only over small portions of the
problem domain so that choice of a specific set of boundary conditions will not greatly
affect the behavior of the model. For a fixed piezometric level at spatial node 1 the
boundary form of the predictor, equation (1.10), expanded around neighboring spatial
node 2 is

2 . . ) 2 .2
2] 14— P88 W2 4 P2 2p (88)° 1.(h13-h11)
Kot th cos B KdtcosB 4
o 2
Lotanp (h-’3 ] hﬁ)«»ﬁ’-—-h‘f‘“’ (1.12)
2h) K h} cos B

and the accompanying form of the corrector, equation (1.11), is
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_2[1, p (36)2 ]rgu 2P BiEE?

K &t hj;1/2 cos B K 8t hjgllz cos B

. 2
+1/2 (hj hj)z ta31/ hjl)*' Elgé)
21} Kb} cos B

-2n* 4 on) 1) (1.13)

Both the predictor and the corrector for the downhill boundary expanded around the (n -
1)th node are similar in form to equations (1.12) and (1.13).

To solve the model, we used the standard Thomas algorithm (e.g. Press and others,
1986; Anderson and others, 1984) for tridiagonal linear systems to solve finite-difference
approximations of the forms given in equations (1.10) and (1.11) with boundary
approximations of the forms given by equations (1.12) and (1.13), and verified our
algorithm with an analytical steady-state perturbation solution of equation (1.4). The
complete computer program is listed in Appendix C, and the analytical solution is derived
and compared to numerical results in Appendix E.

NUMERICAL RESULTS

On the basis of our theoretical analyses and field observations we chose
representative values for all of the constants in equation (1.2), and then experimented with
the numerical model in order to produce synthetic water level records similar to those we
recorded at Delhi Pike. First we attempted to match actual water level records with
synthetic water level records from our model. Then, after we were satisfied that the model
could account for our field observations, we experimented with different combinations of
rainfall intensity and duration to see what effect changes in these variables would have on

water level record shapes. In order to better understand the effects of rainfall patterns on
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water level record shape, we decided to use relatively simple rainfall distributions rather

than the more complex patterns we recorded at Delhi Pike.
Simulation of P-4 Water Level Records

By trial and error we found that field water level records with very abrupt changes
or multiple storms, such as we have described for May 12 through May 13, 1980 (Figure
1.9) are difficult to model. However, we were able to obtain good results for simple,

single storms with gradually changing water level records.

In general we found that, as predicted by our first order analysis, the model is very
sensitive to changes in effective porosity, p, hydraulic conductivity, K, and recharge, R.
For example, Figure 1.11 compares actual and calculated water level records for the storm
of April 11 and 12, 1980. We used values of p = 0.025, K = 1.3 x 10-5 m/s, 8t = 3600 s,
O =5 m, B =229, upslope head fixed at 0.1 m, downslope head fixed at 1.2 m, and
recharge, R, equal to measured rainfall. Except for effective porosity, p, we selected these
representative values from our field observations. Calculated maximum effective porosity
for this storm, which assumes that all of the rain contributes to the measured water level
increase, was p = 0.035, but our model runs showed that p = 0.025 gave better results.
The necessity of such an adjustment, however, is not surprising because the field estimates
were obtained by solving the equivalent of equation (1.7) for p, which does not include
high order terms for downhill flow, whereas the computer model solves an approximation
of equation (1.4), in which the water is being lowered due to the higher order terms at the
same time it is being raised due to the lower order terms; thus the lack of higher order terms

causes equation (1.7) to underestimate effective porosity.

The shapes of falling hydrograph limbs in our simulations were also controlled by

location along the slope, but this is an artifact of our incomplete knowledge of the
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Figure 1.11 Comparison of actual and synthetic water level records from P-4 on April
11 and 12, 1980. Effective porosity in the numerical model was lowered
from the actual maximum effective porosity of 0.035 to 0.025, and

recharge to the model water table was set equal to actual rainfall.
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necessary variables. While attempting to reproduce P-4 hydrographs we assumed that both
K and R = f(t) were known with some confidence and then adjusted our estimate of p until
the simulations agreed with our rainfall data. Rapid increases, governed by equation (1.7),
occur uniformly along the entire slope so the shape of rising hydrograph limbs is
independent of position; however, when rainfall ceases and R = 0 in the numerical model
drainage occurs from the head to the toe of the slope, so the steepness of simulated falling
hydrograph limbs will be a function of position along the slope. By trial and error we
found that synthetic hydrographs from the finite difference node at § = 15 m (measured
from the top of the slope) gave the best match with field data from P-4, which is not
unreasonable because the colluvium mantle thins and becomes more rocky above the

contact between Kope and Fairview Formations some 15 to 20 m upslope from P-4.

The synthetic water level record for P-4 during the storms of March 11 and 12
(Figure 1.11) begins to rise steeply as soon as rainfall begins, whereas the actual field
water level record begins to rise slowly 2 hours after rainfall begins. Furthermore, the
synthetic water level record is very sensitive to changes in rainfall intensity, producing an
irregular curve, whereas the actual water level record is smooth and does not reflect
variations in rainfall intensity. Both water level records peak at about 0.50 m and 22 hours
elapsed time. (Note that we give model results in water table height above the impermeable
substrate and elapsed time, as compared to water depth beneath the surface and time of day
for our field data). The synthetic water level record falls more rapidly to its fixed head
boundary base level of 0.10 m, whereas the actual water level record falls to about 0.20 m

before leveling off and shows several small perturbations on its falling limb.

Simulation of short, intense rainfall.- Our numerical experiments with short, intense

rainfall produced distinctly asymmetric water level records with very steep rising limbs.

Figures 1.12 and 1.13 show that for one simulation of this type water level began to rise
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Figure 1.12 Model results for drainage of a fully saturated, thin homogeneous aquifer
of uniform thickness resting atop a sloping impervious substrate. Water
level rises almost uniformly along the entire slope, but drains from head to
the toe of the hillside. Variables used were p = 0.01, K = 1.3x10-5 m/s, B
=220, h = 2 m, and slope length = 100 m. Rainfall intensity was 1x10-7
my’s for the first hour, 5x10-7 m/s for the second and third hours, 1 x 10-7
m/s for the fourth hour, and zero thereafter.
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Figure 1.13 Synthetic water level records in response to a short, intense rainstorm
providing 0.004 m of net recharge to the water table. Curves are for finite

difference nodes located 25 and 50 m from the top of the hillside.
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almost immediately after rainfall began, and peaked shortly after it stopped. Although water
level rose uniformly at all of the interior finite-difference nodes, it fell much more rapidly
near the top of the hillside than at its midpoint, and the water level record from & = 50 m is
much flatter than the water level record from & = 25 m. Total recharge for the simulation

shown in Figure 1.13 was 0.004 m.

Simulation of prolonged, gentle rainfall.- Next, we simulated the effects of a
prolonged, gentle rainfall providing the same amount of recharge as the short, intense
rainfall simulation that we describe above (0.004 m). Figure 1.14 shows that the § =25 m
water level record peaked slightly below and before the & = 50 m water level record.
Except for this offset of peaks, the falling limbs are virtually identical to those in Figure
1.13. The rising limb, however, is much flatter, and is no steeper than the steepest portion

of the falling limb.

Simulation of intense followed by gentle rainfall.- We observed that in some cases,
for example the water level record of 19-22 March, a small amount of rain distributed over
several hours seemed to maintain the water table at a high level until the rain stopped. So,
we modeled such a situation using an initial short, intense storm identical to that in Figure
1.13 followed by followed by seven hours of very light but continuous rain (S x 10-8 oys).
The results of our simulation (Figure 1.15) show that water level first peaked at the same
level and time as in Figure 1.13, and then began to fall slowly when the rain stopped.
Before the water level could fall very much, though, the light rain began and slope of the
falling limb for & = 25 m remained constant until the rain stopped and then increased
markedly. The § = 50 m water level record, however, fell only until the second round of
rain began, and then rose to peak at about 1.75 m while the § = 25 m water level record
was falling. Thus the effect of a small secondary storm is differs along the length of the
hillside.
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Figure 1.14 Synthetic water level records in response to gentle rainfall providing
0.004 m of net recharge to the water table, the same as in Figure 12.
Curves are for finite difference nodes located 25 and 50 m from the top of
the hillside. Note differences between synthetic water level records in
Figures 13 and 14 produced net recharge of equai magnitude but different

intensity and duration.
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Figure 1.15

Synthetic water level records in response to a short, intense storm
followed by several hours of gentle rainfall. Curves are for finite
difference nodes located 25 and 50 m from the top of the hillside. The
initial storm provided 0.004 m of net recharge, the same as in Figures 12
and 13, but the additional recharge was able to significantly decrease the

rate at which the water table fell after the storm.
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DISCUSSION

Our simple theoretical model accounts for the shapes and amplitudes of asymmetric,
short-term piezometer hydrographs from Delhi Pike surprisingly well if we assume that
pre-storm effective porosity was on the order of a few percent when our field data were
collected. Most importantly, we have shown that rapid water level fluctuations should
occur uniformly along the entire slope during periods of significant rainfall or
evapotranspiration and that wave-like downhill flow, as predicted by other mathematical
and laboratory models, is controlled by higher order terms in the governing equation that

are significant only when rainfall or evapotranspiration are negligible.

Although we have developed a conceptually simple model, we stress that it is also
extremely sensitive to variations in all four of the values needed to predict rapid water level
fluctuations: rainfall intensity, rainfall duration, hydraulic conductivity, and pre-storm
effective porosity. Because these critical values are also extremely difficult to assess in
complex natural hillsides, we are wary of the many recent attempts to predict sudden
hillside failures during rainstorms by correlating so-called threshold rainfall with slope
instability, particularly when such predictions may have a bearing on human life and limb
(e.g. Keefer and others, 1987). We recommend that instead of relying solely on statistical
correlations, any future slope instability warning system include monitoring of pre-storm
soil moisture conditions in areas where sudden failure would have significant economic or

social consequences.

Numerical solutions of our model using reasonable values for the hillside at Delhi
Pike agree in both shape and magnitude with our field data but, like the first order analytical

model, are also sensitive to variations in rainfall, conductivity, and porosity estimates.

Differences between actual and synthetic water level records produced using the model '
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(Figure 1.11) give us some insight into the hillside hydrologic system. The first major
difference, a noticeable time lag between the onset of rainfall and piezometer response, can
be attributed largely to the time required for rainwater to infiltrate through the unsaturated
zone. For example, if we assume that R was constant with time and p = 0.03 before the
storm of April 11, 1980, we can solve equation (1.7) for R = 5x10-6 m/s using the
observed 7200 s time lag, suggesting that the water table is being recharged at a rate of
about K/2. Examination of Murdoch's (1987) laboratory data for colluvium from Delhi
Pike show that unsaturated hydraulic conductivity for p = 0.03 is about two-thirds to one-
half of saturated hydraulic conductivity, so a 7200 s time lag for a piezometer tip about 1 m
deep in slightly unsaturated colluvium is not unreasonable. Because the hydraulic
conductivity of unsaturated soils is a highly nonlinear function of pressure head, both the
time lag and the slope of the rising hydrograph will vary exponentially with pre-storm
fillable porosity, which is also a function of pressure head. Once the soil does become
saturated, however, water can flow into the piezometer tube and Hvorslev's (1951) method
predicts a response time for P-4 of about one minute, so the effect of the piezometer tube

itself on response time should be negligible.

The differences between actual and synthetic falling water level record limbs in
Figure 1.11 suggest to us that water is being introduced from a source not considered in the
model, perhaps bedrock seeps. Localized seepage from fractured limestone layers in the
bedrock would also explain the steady baseflow observed in P-4 between storms, and are
consistent with observations of weakly artesian bedrock springs throughout the Cincinnati

area (Baum, 1983).

There are not enough high frequency water level data uphill and downhill from P-4
frequently enough to tell us how well our model or any other model applies to the entire

hillside, but the data do tell us that sampling frequencies of several days or weeks can be
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too low to resolve the effects of single storms at Delhi Pike. The Hamilton County Soil
Survey (Lerch and others, 1982) does describe common seepage problems along only the
lower portions of Eden silty clay loam slopes, though, so there is some evidence for slope-
parallel drainage in hillsides such as those at Delhi Pike, and similar results have been

reported elsewhere.

——
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CHAPTER 2
SEASONAL AND SHORT-TERM HYDROLOGY OF A THIN
COLLUVIUM HILLSIDE NEAR CINCINNATI, OHIO!

INTRODUCTION

Studies of hillside flow, particularly those dealing with storm discharge
hydrographs, are common in the hydrologic literature, but studies of pressure head
variations in natural hillsides are rare. This paper describes the hydrology of a thin,
predominantly unsaturated colluvium hillside near Cincinnati, Ohio between October 1987
and May 1988, and shows that field observations can be explained largely in terms of
infiltration and evapotranspiration, with only secondary contributions from bedrock seeps.
Goals of the research, which grew out of previous work on local landsliding problems,
were: 1) to determine whether nearly-saturated conditions conducive to rapid water level
increases could be maintained between storms during winter and spring months, 2) to
assess the relative contributions of rainfall and bedrock seepage to the hillside hydrologic
regime, and 3) to test the applicability of published wave-like hillside flow models.

Geologic Setting

The Delhi Pike landslide complex, located in Holocene colluvium along the Ohio
River valley about 15 km west of downtown Cincinnati, Ohio (Figure 2.1) is typical of thin
colluvium landslides throughout the Cincinnati area, where annual per capita landslide
damage costs are among the highest in the United States (Fleming and Taylor, 1980).
Physiographically, the Cincinnati area consists of flat uplands dissected by valleys of the
modern day Ohio River and its predecessors (Teller, 1973; Durrell, 1961), with relief on

the order of 100 m or more. Valley walls are lined with clayey to rocky colluvium resting

1 in review for Journal of Hydrology.
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Figure 2.1 Index map showing location of the study area in relation to major

geographic features near Cincinnati.
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on top of the flat-lying Upper Ordovician shale and limestone bedrock, and are covered by
0.10 to 0.15 m of organic soil and forest litter. The colluvium, which ranges in thickness
from zero near hilltops to 10 m or more near river level, consists of about 70% silty to
clayey matrix derived from local illitc shale bedrock that slakes to its constituent grains, and
about 30% tabular limestone clasts ranging from a few centimetres to metres in length. It is
mapped as Eden silty clay loam, a well-drained residual soil with low permeability formed
on moderate to steep slopes, in the Hamilton County, Ohio soil survey (Lerch and others,

1982).

Both weathered and fresh head scarps and strike-slip lateral boundaries delineate
individual landslide blocks in the study area, but in some areas the topography is
hummocky and landslide features cannot be identified (Figure 2.2). Colluvium thickness
ranges up to 1.5 m thick in this portion of the complex, but thins to a decimetre or two at
the base of large scarps. A longitudinal trench through part of the landslide complex
(Figure 2.3) shows that the bedrock surface is nearly parallel to the ground surface but
contains many small undulations, particularly over limestone layers, and erratically

distributed limestone blocks.
Previous Work

The Delhi Pike landslide complex has been the site of several research projects,
some concerned with hydrologic problems, during the past decade. Fleming and others
(1981) first described rapid water level fluctuations in thin (< 2 m) colluvium as well as an
association between water levels and landslide movement; they also noted that water level
fluctuations in thick colluvium at Delhi Pike, in contrast to rapid fluctuations in the thin
colluvium, were seasonal. In a preliminary study, Murdoch (1987) found that extremely
dry colluvium, with pressure heads approaching -10 m H30, could be wetted during late

winter rains and remain moist through the following spring. Using a numerical model of
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Figure 2.2 Surficial geologic map of part of the Delhi Pike landslide complex
showing landslide morphology and instrument locations. All elevations

relative to an arbitrary datum on Delhi Pike.
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Figure 2.3  Longitudinal trench profile showing distribution of soil types, landslide
features, and bedrock clasts (see Figure 2 for trench location). Trenching

operations destroyed hummocky surface topography.
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infiltration into an infinite half-space to interpret his field data, Murdoch concluded that
seepage was predominantly vertical during storms or periods of high evapotranspiration
and predominantly slope-parallel between storms. Using the theoretical model developed in
Chapter 1, analysis of piezometer data recorded between 1979 and 1981 shows that fillable
porosity must have been low (= 0.02) before rapid water level increases during winter and
spring 1980 storms at Delhi Pike. When evapotranspiration is insignificant, the Chapter 1
model predicts wave-like downhill flow in which water levels rise uniformly along the
entire slope during storms and then gradually fall from top to bottom as water flows
downhill, much the same as predicted by linear kinematic wave (Beven, 1981, 1982;
Hurley and Pantelis, 1985), two-dimensional finite element (Beven, 1977), and laboratory
sandbox (Anderson and Burt, 1977b) models of hillside flow. When evapotranspiration is
significant, however, the Chapter 1 model predicts a uniform reduction of water levels

along the entire hillside.
FIELD OBSERVATIONS
Instrumentation

Both mercury manometer tensiometers and porous stone piezometers were chosen
to measure pressure heads at Delhi Pike because of their low cost and simplicity, and daily
measurable precipitation data (Figure 2.6) were obtained from the National Weather Service
office at the Greater Cincinnati International Airport, about 5 km south of the study area.
The practical lower limit of the manometer tensiometers is -0.7 m of Hg (Croney and
others, 1952), or about -9.5 m of H,0, which coincides with the lowest pressure heads

recorded in this study.

A total of six tensiometer groups, each consisting of three or four instruments at
different depths, were installed in thin colluvium at Delhi Pike using a hand auger (see

Figure 2.2 for locations). Groups A, B, and C were installed in late May 1987, but were
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then disconnected until late September 1987 because of extremely low pressure heads.
Groups D and E were installed in late September 1987, and group F was installed in April
1988. Piezometers P-4 and P-6 are the same instruments described in Fleming and others
(1981) and Haneberg and Gokce (in press), and piezometers P-7 through P-10 were
installed in February 1988 using a two-person power auger. Large roots and rocks made
installation difficult, and controlled locations and depths of the instruments. Pressure heads
were measured by hand at intervals ranging from once or twice a week during dry periods
to several times a day during winter and spring rains, with the exception of several gaps
when the tensiometers were disconnected in anticipation of freezing temperatures. The data
presented here are not comprehensive, but rather were chosen to illustrate processes
observed during the study period; Appendices A and B contain complete sets of field data

as well as details of tensiometer design and calibration.
Seasonal Variations

Precipitation before and during the period of record was substantially below
normal. Typically, snow and rain are uniformly distributed throughout the year in the
Cincinnati area (Figure 2.4), but a cumulative plot of actual monthly precipitation between
January 1987 and May 1988 shows a cumulative deficit of about -0.2 m during this period.
The precipitation shortfall between July 1987 and January 1988 was particularly severe,
accounting for nearly half to the total deficit during the period of record, and normal rainfall
levels during spring 1988 could not compensate for drought conditions during the previous

summer and auturn.

Pressure head data from Delhi Pike show extremely strong seasonal variations
during the study period, and except for brief transitional periods the soil was either
uniformly dry or uniformly moist (Figure 2.5). For example, between October and

December 1987, pressure heads in group E tensiometers ranged between -8 m and -10 m,
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Figure 2.4 Cumulative total monthly precipitation, average monthly precipitation, and
departure from monthly average precipitation at Greater Cincinnati
International Airport, about 5 km south of the study area. Data from
National Oceanic and Atmospheric Administration (1987, 1988).
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Figure 2.5 Tensiometer group E pressure heads, October 1987 through May 1988.
Lower limit of mercury manometer tensiometers is approximately -9.5 m
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and fluctuated erratically from day to day to produce a jagged sawtooth pattern. After
steady winter rains in late December 1987 (Figure 2.6), however, pressure heads abruptly
increased to about -1 m or greater, and were maintained at this level throughout the
following months with only occasional precipitation. Pressure head plots for spring 1988
are much flatter than those from autumn 1987, but increases in response to significant
rainfall stand out clearly (compare Figures 2.5 and 2.6). In general, shallower tensiometers
characteristically showed higher amplitude fluctuations than deeper tensiometers during

both dry and wet periods, especially during autumn 1987.

Piezometers P-4 and P-6 were dry throughout autumn 1987, and held water only
during and immediately after storms during spring 1988 (Figure 2.7). Although both
piezometers responded to rainfall, P-4 commonly rose higher and maintained high water
levels longer than P-6; in particular, water level in P-4 remained about 0.9 m below the
ground between rainfalls during spring 1988, whereas P-6 characteristically held no water
between rainfall.

Other piezometers installed in spring 1988 responded erratically; some never
contained water, whereas others almost always held several centimetres of water. During
spring 1988, water trickled from cracks in an asphalt road downhill from the study area and
from nearly vertical cuts in bedrock approximately 1000 m west of the study area. In both
places, seeps continued for several days after rainfall, and stood in sharp contrast to the
surrounding dry asphalt and bedrock. The bedrock seeps occurred in only a few places,
rather than along the entire exposed lengths of limestone layers, and could not be traced to

any fractures, voids, or other irregularities in the bedrock.
Transitional Periods

Tensiometer data for much of the late December 1987 dry to wet transition are

unavailable. However, temperatures were well below freezing during early January 1988,
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Figure 2.6 Daily measurable precipitation at Greater Cincinnati International Airport,
approximately 5 km south of the Delhi Pike landslide complex, between
October 1987 and May 1988.
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Figure 2.7  Water levels in piezometers P-4 and P-6 between January and May 1988.
Water levels rose and fell rapidly in response to rainfall, but the consistent
water level in P-4 between storms suggests that localized bedrock seeps

may occur. Neither P-4 nor P-6 held water during autumn 1987.
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so the transition must have occurred as a result of heavy rains during the last ten days of
December 1987. Test excavations during late November and early December, when even
the shallowest tensiometers did not approach saturation during steady rainfall (Appendix
A), showed that moisture moved slowly downward through the soil behind a distinct
wetting front that advanced only a few centimetres per day. For example, after
approximately 0.02 m of light rain during the previous three days, on the morning of
November 27 colluvium was moist and plastic to a depth of approximately 0.05 m and
became gradually less plastic between 0.05 and 0.10 m deep. Below a depth of about 0.10
m, however, the colluvium remained dry and could be crumbled between the fingers, so
the wetting front moved downward at a velocity on the order of 10-7 m s-! and, assuming
that all of the rain infiltrated into the soil, pre-storm fillable porosity was approximately

0.27. Neither P-4 nor P-6 held water during this time.

Small shrubs began to leaf out in late March 1988, but pressure heads did not begin
to fall precipitously until May 1988, when large trees leafed out completely during warm,
sunny weather. When significant drying began, it was from the surface downward
(Figures 2.5 and 2.8) and as drying progressed, vertical pressure head gradients increased
beyond unity, which would be the equilibrium gradient if drainage were due to gravity
alone (Day and Luthin, 1956). As drying proceeded, the ground surface became cracked,
dusty, and desiccated while deeper colluvium remained moist and plastic.

Short Term Effects of Rainfall

Tensiometer response to rainfall during the dry months of October through early
December 1987 is erratic and short-lived, as illustrated by daily rainfall and pressure heads
at tensiometer group E during November 1987 (Figure 2.9). For example, approximately
0.004 m of rainfall on November 17 produced a pressure head increase of nearly 1 m,

whereas greater amounts of rainfall between November 23 and 27 produced much smaller
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Figure 2.8 Tensiometer group E vertical pressure head profiles, May 1988. Pressure
heads decreased downward, and the ground surface became cracked and
dusty during this period of warm, sunny days and low rainfall.
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Figure 2.9 Tensiometer group E pressure heads, November 1987. High amplitude,
short duration response to rainfall is characteristic of dry season behavior,

particularly in shallower instruments.
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pressure head increases. Such erratic pressure head fluctuations of up to 1 m are typical of
dry season behavior in all of the tensiometer groups, and stands in contrast to the wet

season behavior described below.

Field data from mid January through early May 1988, after the colluvium had been
moistened by late December rains, are characterized by smaller amplitude fluctuations and
higher overall pressure heads (see Figure 2.5). Pressure heads measured with group E
tensiometers during the first few days of February 1988, the wettest period observed, are
shown in Figure 2.10a. Pressure head in the shallowest tensiometer, 0.22 m below ground
surface, increases to nearly atmospheric on February 2 and then falls to its pre-storm level
by February 3. The middle two tensiometers may record the passing of a wetting front that
crests at a depth of 0.27 m on February 2 and a depth of 0.40 m on February 3. If both
crests do indeed represent the same wetting front, downward velocity of the front was on
the order of 10-6 m/s, an order of magnitude greater than the wetting front velocity
estimated during the previous autumn. The deepest tensiometer, 0.62 m deep, also peaks
on February 2 and falls somewhat by February 3, but at a pressure head higher than those
recorded by the two tensiometers directly above it. A similar plot of total head versus depth
(Figure 2.10a) over the same three days shows that the vertical hydraulic gradient decreases
with depth, suggesting that some slope-parallel flow must occur at depth in order to
maintain continuity. During this time water levels rose from more than 1 m beneath the
surface to less than 0.5 m beneath the surface in piezometers P-4 and P-6, which are

located at about the same elevation on the hillside as tensiometer group E.

Data from tensiometers located up and down the longitudinal axis of the landslide
mass, positioned to document any wave-like downhill flow, show that pressure heads
peaked at approximately the same time during rainy periods, and lacked any consistent
evidence of head to toe hillside drainage. As an example, during late January and early

February 1988, when the greatest rainfall of the study period occurred, pressure heads
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Figure 2.10 A) Tensiometer group E total head profiles during early February 1988.
B) Tensiometer group E total head and pressure head profiles during
early February 1988. In both cases head decreases with depth, requiring

that seepage vectors change from vertical to inclined downward.
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peaked at group B, the highest on the hillside, one day before pressure heads at groups A,
C, and E. However, pressure heads at group C, the lowest on the hillside, rose and fell
much more suddenly than those in groups A and E, located mid-way up the hillside (Figure
2.11).

DISCUSSION

Field observations described in this chapter suggest that rainfall and
evapotranspiration control seasonal hydrologic fluctuations in thin colluvium at the Delhi
Pike landslide complex. When temperatures are high and trees are leafed out in late spring
through autumn, pressure heads are near the lower limit of mercury manometer
tensiometers. Tensiometric response to rainfall is short lived during this time, and only the
upper few inches of topsoil and colluvium become moistened during rainfall. After trees
lose their leaves, however, several days of steady winter rains are sufficient to thoroughly
wet the thin colluvium by infiltration, although not necessarily to saturate it. The same kind
of abrupt dry-to-wet transition was also observed by Murdoch (1987) at Delhi Pike in
December 1986, so this phenomenon is apparently an annual occurrence. Relatively high,
but unsaturated, pressure heads can then be maintained throughout the spring months with
only occasional rainfall. Late spring drying of the colluvium occurs only when
temperatures rise and large trees are completely leafed out, and proceeds from the ground
surface downward. Vertical pressure head gradients are much greater than unity during
drying, and must be due to evapotranspiration rather than gravity drainage alone. This dry-
wet seasonal dichotomy stands in contrast to the continuously saturated conditions
observed in large, persistently active landslide complexes in Oregon (Pyles and others,

1987) and northern California (Iverson and Major, 1987).

Maintenance of relatively high, but unsaturated, pressure heads for days or weeks

between spring rainstorms can be explained by a combination of low soil drainage and
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Figure 2.11 Longitudinal pressure head variation among tensiometer groups A, B, C,
and E during late January and early February 1988. Data are from one
tensiometer per group, at a depth of 0.3 to 0.4 m. The pattern of pressure
head fluctuations shown is not consistent with the notion of wave-like

downhill flow, as discussed in the text.
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evaporation rates. Hydraulic conductivity of Delhi Pike colluvium at -1 m HyO pressure
head is approximately two orders of magnitude less than saturated hydraulic conductivity
(Murdoch, 1987), or about 10-7 m s°1, so Darcy's law predicts that slope-parallel flux
through a 1 m thick soil layer with uniform pressure head of -1 m H7O on a 220 hillside
should be on the order of 4x10-8 m3 s"1. An order of magnitude estimate of evaporation
using the Priestly-Taylor method (Chow and others, 1988, p. 90) shows that losses from
an open pan of water on a 25°C day will be about 10-7 m3 s-1 m-2. If this rate is integrated
over the surface area of a hillside, typically on the order of 103 m2, losses due to
evaporation will greatly exceed losses due to gravity drainage (104 m3s-! x 12 hr. day-1 =
4x100 m3 vs. 4x10-8 m3s-1 for 24 hr. day-! = 3x10-3 m3).

When evaporation is significant compared to the slope-parallel hydraulic gradient,
as discussed in the previous paragraph, the theoretical model developed in Chapter 1
predicts that wave-like downhill flow should not occur. Although this prediction is
consistent with the field observations described in this chapter, it is inconsistent with other
theoretical (Beven, 1977, 1981, 1982; Hurley and Pantelis, 1985) and laboratory
(Anderson and Burt, 1979b) models of hillside flow that do not take evapotranspiration
into account. The unsaturated flow model developed by Murdoch (1987) for colluvium at
Delhi Pike, however, predicts that post-storm evaporation can redirect near-surface seepage

vectors upward although it does not address the problem of wave-like downhill flow.

Even at the rate of evaporation estimated above, however, barely 1% of the
saturated water content in a soil with 50% porosity would be removed per day, and neither
evaporation nor gravity drainage alone appears capable of significantly drying the hillsides
at Delhi Pike, particularly during cool, cloudy weather. It is only when trees become fully
leafed out during warm, late spring weather that evapotranspiration increases markedly and
pressure heads plunge, which agrees with both experimental and field data data (e.g.,

Vznuzdaev, 1968; Remson and Randolph, 1958) showing that evapotranspiration can
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significantly decrease pressure head. Clearly, then, the importance of biological factors on

hillside hydrologic budgets can be significant.

The short-term effects of rainfall at Delhi Pike depend on antecedent pressure
heads, which has been observed in other field studies (Novakowski and Gillham, 1988;
Iverson and Major, 1987; Gillham, 1984) and is also predicted by theoretical models of
unsaturated flow (e.g. Philip, 1957; Freeze, 1969). Field observations also show that
perched water tables develop only when antecedent pressure heads are greater than -1 m,
which provides the low fillable porosity required for rapid water level fluctuations (Chapter
1). Similar behavior was described by Harr (1977), who found that unsaturated pressure
heads predominated in a steep, forested slope in western Oregon, but that during storms

short-lived saturated zones could develop on top of a low permeability zone at depth.

Perched water tables were localized without any apparent pattern, as in early
February 1988. There are at least two possible explanations for this localization. First,
consistently saturated areas might be fed by bedrock seeps, as suggested by the consistent
baseflow recorded in P-4 between storms and seepage from nearby outcrops. Second,
inhomogeneities in the colluvium, particularly large roots and limestone blocks, might
control the development of localized perched water tables. Nearby bedrock seeps are only
slow trickles, so it seems unlikely that seeps near piezometers would have the artesian head
necessary to form perched water tables, but otherwise, there is no compelling evidence to

favor one explanation over the other.

The effects of antecedent pressure heads on wetting front shape and velocity, as
well as the accumulation of perched water tables, can be illustrated with numerical
simulations of the infiltration process using hydraulic parameters typical of Delhi Pike
colluvium (see Appendix D). The wetting front shown in Figure 2.12a, with initial uniform
pressure head of -5 m H0, is very sharp and piston-like. Pressure head near the upper

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

84



Figure 2.12 A) Numerical simulation of infiltration/evaporation cycle in typical Delhi
Pike colluvium with uniform initial pressure head of -5.0 m. Note distinct
wetting front and lack of water table on imperveous lower boundary.
B) Numerical simulation of infiltration/evaporation cycle in typical Delhi
Pike colluvium with uniform initial pressure head of -0.5 m. Wetting
front is much more diffuse than in dry colluvium, and a perched water

table accumulates on top of the imperveous boundary.
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boundary increases while rain is falling, but decreases when the rain has stopped. In
contrast, the wetting front in Figure 2.12b, with initial uniform pressure head of -0.5 m
H>O0, is diffuse and moves much more rapidly than in dry soil. Most importantly, pressure
heads and hydraulic conductivity in the bottleneck beneath the wetting front are high
enough to permit downward soil moisture flux and the accumulation of a perched water
table even though the upper boundary is unsaturated. The water table is further fed by
gravity drainage after the rainfall stops and the pressure head gradient approaches unity.
Vertical pressure head gradients that change with depth (Figures 2.9b and 2.10b), along
with the development of locally-saturated zones at depth, require curved equipotential lines
much the same as in the numerical models of Murdoch (1987) and Beven (1977).
Accordingly, there must then be some slope-parallel unsaturated soil moisture flux
although, as demonstrated above, low unsaturated hydraulic conductivity makes the

magnitude of slope-parallel mass flux negligible.
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CHAPTER 3
INSTALLLATION AND EVALUATION OF EXPERIMENTAL
DRAINS IN THIN COLLUVIUM AT THE DELHI PIKE
LANDSLIDE COMPLEX

INTRODUCTION

The relation between groundwater and landslides in both natural and man-made
earth slopes has been known for more than half a century (Terzaghi, 1936) and installation
of drains has long been recommended as a generic remedy for landsliding (Terzaghi,
1950). Despite the fact that annual per capita landslide damage costs in the greater
Cincinnati area are among the highest in the nation (Bernknopf and others, 1988; Johnson
and others, 1987; Fleming and Taylor, 1980), little attention has been given to the use of
drains to stabilize landslides in the region. Instead, drilled pier walls (Nethero, 1982) are
the preferred method of stabilization for natural hillsides. Therefore, one of the goals of my
research was to install drains in a thin colluvium landslide and evaluate their effects on
slope stability. In this chapter I describe the design and installation of two experimental
drains, and discuss problems that arose when attempting to determine the effectiveness of

drains as a method of stabilizing thin colluvium hillsides throughout the area.
ENGINEERED DRAINAGE SYSTEMS
Examples of Drain Installation

Lau (1983) tabulates examples of drilled horizontal drains, vertical drains, drain
galleries, and trench drains used for landslide stabilization throughout the world. Of these,
drilled horizontal drains are by far the most commonly described method in the engineering
literature, and have been used successfully in California (Gedney and Weaver, 1978),

Ontario (Lau and Kenney, 1983), British Columbia (Thomson and Mekechuk, 1982),
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western Oregon (Long, 1985), Tennessee (Moore, 1986; Royster, 1977), eastern Europe
(Zaruba and Mencl, 1982), and many other locations (Lau, 1983). LaRochelle and others
(1977) describe a combination of drilled horizontal drains and a toe drainage trench used to
stabilize a large landslide in Quebec. Other drainage solutions mentioned in the literature
include interceptor trench drains, sand or gravel blanket drains, integrated drain and
retaining wall systems, and vertical wells with gravity drains (Cedergren, 1975; Veder,
1981).

Despite the widespread and successful use of drains to stabilize slopes throughout
the world, there are no published accounts of their use in the Cincinnati area. However, an
unpublished City of Cincinnati Department of Public Works report (Montgomery and
McGavren, 1953) describes the installation of a drainage gallery in a thick colluvium
landslide along the western side of the Mill Creek valley, an area with chronic landslide
problems (Johnson and others, 1987). Because the report is neither well-known nor

generally available, it is summarized below.

In 1949 colluvium was excavated and reinforced concrete walls, with drained
porous backfill, were installed during construction of the Warsaw Avenue entrance ramp
for the Sixth Street viaduct extension just west of downtown Cincinnati, Ohio. Offsets of
up to 0.02 m between wall panels were observed in June 1950, about ten months after the
wall was completed. Montgomery and McGavren write that by March 1951 sidewalks and
pavement were buckled and curbs sheared both along Warsaw Avenue and the entrance
ramp. Maximum offset of wall panels was about 0.12 m in March 1951 and 0.15 m in June
1951. The report further states that:

Throughout this period, the walls had remained substantially plumb,

indicating a rather deep-seated earth movement, so that the walls were being

shifted laterally without tendency to overturn (Montgomery and McGavren,
1953, p. 4).

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

89



Following a geotechnical investigation that revealed a 100 m long tension crack on
the wooded hillside above Maryland Avenue, a trench was constructed to intercept surface
water, but the slide continued to move. By March 1953 maximum offset between wall
panels had reached approximately 0.18 m. Further exploratory drilling and trenching were
undertaken, and slope stability analyses suggested that groundwater seepage through the
modified hillside was the cause of instability. Remedial measures considered at the time
included reinforcement of the toe, removal of earth at the head of the slide, and installation
of drains. Of the three proposed solutions, only drainage was economically feasible due to
the great size of the slide. Between October 1952 and March 1953 a 3 m diameter shaft was
driven to colluvium-bedrock contact and a 61 m long, 1.5 m diameter tunnel driven along
the beneath the west curb line of Maryland Avenue in order to explore the possible
effectiveness of drainage. Water levels in observation wells near the tunnel fell 2.4 to 3.1 m
immediately after construction was completed, whereas water levels in more distant
boreholes remained constant, suggesting that drainage could be an effective means of thick
colluvium slope stabilization. Pumping was stopped and water levels allowed to rise after
the tunnel was completed on March 1, 1953 and by March 23 water level stood at 1.9 m
above the base of the tunnel. Montgomery and McGavren further proposed that a series of
vertical sand drains be drilled to feed the horizontal tunnel, and also that an electric sump
pump be installed to lift water from the tunnel, but apparently this work was never

undertaken.
The Design Process

One approach to drain design is to select a solution and tailor it to individual sites
using standardized design procedures, as described by Schmid and Luthin (1964), Kenney
and others (1977), Prellwitz (1979), Ram and Chauhan (1986), Stanic (1985). However,
this approach requires that conditions in the field agree closely with those assumed in a

particular method. For example, all of the references cited immediately above assume that a
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steady state water table exists. This method of standardized procedure may be effective for
man-made slopes and embankments, in which soil composition and geometry are largely a

matter of choice, but can cause problems in more complex natural systems.

A second approach to design, the observational method (e.g. Peck, 1969), appears
throughout the work of Karl Terzaghi and his followers. First, the seat of the problem is
deduced by exploration and measurement. In my study, the problem is destabilizing
groundwater. Second, one attempts to characterize the problem. For example, how much
water infiltrates from the surface downward and how much seeps from bedrock, and what
paths does it follow? Third, a solution is designed on the basis of necessarily incomplete
data and continually modified as problems arise during construction. Finally, performance

of the design is monitored to detect any problems that may arise during its useful life.
EXPERIMENTAL DRAINS AT DELHI PIKE

The general geology and hydrology of the Delhi Pike landslide complex are
summarized in previous chapters of this dissertation, and will not be reiterated here. Only a
few piezometer water level records (Fleming and others, 1981) from Delhi Pike were
available when this study began in late 1986, but preliminary estimates using 1) infinite
slope stability analyses to calculate critical water table height at failure (Appendices F and
G), and 2) the method of Schmid and Luthin (1964) to calculate drain spacing necessary to
maintain steady-state water level beneath the critical height, suggested that gravel-filled
trench drains would have to be spaced on centers of about 1 m in order to stabilize the
hillsides at Delhi Pike by lowering water levels throughout the entire slope. If these
calculations were correct it would not have been practical to lower water levels throughout
the entire hillside. Another possibility was that carefully-located drains might be used to
stabilize hillsides by creating localized stable zones that would buttress the rest of the

hillside. However, the rapid water level fluctuations described elsewhere (Fleming and
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others, 1981; Chapter 1 of this dissertation) suggested that conditions in the field might be
substantially different from the steady-state conditions assumed in the preliminary
calculations, and plans were made to install experimental drains in order to compare field

data with theoretical predictions.
Installation

Two gravel-filled trench drains were installed at the Delhi Pike landslide complex in
April 1987. Each drain was approximately 10 m long by 1 m wide by 2 m deep, and
penetrated weathered bedrock to insure that all seepage would be intercepted. The first
drain (drain A) was constructed approximately 80 m WSW of the most intensively-studied
portion of the landslide complex to make sure that the drains could be built as designed
and, once the construction technique had been tested, the second drain (drain B) was
installed in the previously-studied landslide mass (Figure 3.1). Trees and brush were
cleared with a tracked front-end loader and trenches excavated with a backhoe. An outlet
trench was excavated perpendicular to each drain trench. After the stratigraphy of each
trench was recorded, 9.1 m of 0.15 m diameter perforated PVC drain pipe was laid in each
trench and connected to 6.10 m of 0.15 m diaméter non-perforated discharge pipe. Then,
each drain trench was filled with 0.02 m diameter pit-run gravel and sealed along the top
and end with colluvium backfill. Some rough regrading was done, but a flat bench and
short access drive from abandoned Delhi Pike was left at each of the drain locations, which
were later fertilized and seeded to reduce surface erosion. As described in Chapter 2, a
series of tensiometers and piezometers were installed around drain B, which was intended
to be the primary drain because of the supporting geologic and hydrologic information
available (Fleming and others, 1981; Murdoch, 1987; Chapter 1 of this dissertation).
Stratigraphy, topography, and drain design at each of the sites, shown in Figure 3.2, is

similar with the exception that colluvium at the drain B site seemed more plastic than thatat

the drain A site and at the time of construction there did not appear to be any geologic
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Figure 3.1  Topographic map of the Delhi Pike-Hillside Avenue area showing
locations of the two experimental drains described in this Chapter as well

as major landslide features. Some landslide features from Fleming and

others (1981).
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Figure 3.2 Cross-section showing topography, stratigraphy, and drain design at

locations A and B.
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reason why either of the drains might function differently than the other. Each drain took
approximately one working day to complete using two equipment operators and myself as a

supervisor, and cost approximately $1000.
Results

No discharge from either drain was observed during late spring, summer, or
autumn 1987, when tensiometer and piezometer measurements showed the colluvium to be
extremely dry and precipitation in the Cincinnati area was well below normal, as described
in Chapter 2. The first observed drain discharge occurred during heavy rains the first week
of February 1988, when discharge from drain A peaked at about 5x10-5 m3/s. Drain A
continued to discharge water during and immediately after storms throughout spring 1988
(Figure 3.3), and discharge volume was generally proportional to rainfall although many
small storms produced no discharge and rainfall of at least 0.02 m/day was required to
produce discharge greater than a slow trickle. When it became apparent that drain A was
discharging water while drain B was not, two piezometers were installed in drain A (P-11)
and in undisturbed colluvium approximateiy 5 m uphill from drain A (P-12) in late March
1988. Both of these piezometers remained dry except during heavy rains, when water level

in P-12 rose to 0.55 to 0.66 m beneath ground level (Appendix A).

In contrast to drain A, the outlet pipe from drain B did not discharge any water
during the period of record, but water seeped freely from colluvium just downhill from the
outlet and quickly filled small holes dug with a spade. Subsequent excavation showed that
the outlet pipe was not blocked and contained no sediment, suggesting that it had never
carried water. Moreover, the excavations showed that there was no water leaking from or

flowing along the outside of the drain B outlet pipe while seepage was occurring downhill.

Piezometer P-7, located in the gravel trench of drain B, never contained water

whereas piezometer P-8, approximately 5 m directly uphill from drain B, consistently had a
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Figure 3.3 Daily precipitation and discharge from drain A, January through May
1988. No discharge from drain B was recorded during this period.
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water level 0.60 to 0.70 m beneath the ground surface, so there was clearly water in the
colluvium uphill from the drain (see Figure 3.4 for instrument locations and cross-section,

and Appendix A for piezometer and tensiometer data).

Data from tensiometer group D, located about 3 m uphill from drain B, however,
suggested that seepage vectors were commonly directed upwards. Another set of
tensiometers, group F, was installed between group D and drain B in mid-April 1988 and
also showed that seepage vectors immediately uphill from drain B were directed upwards

and out of the hillside.

During heavy rains there was some surface runoff from areas of bare colluvium,
which were the result of drain construction, but it was impossible to tell whether the runoff
was due to rainfall or seepage from the colluvium. Further excavations about 10 m west of
tensiometer group D showed that colluvium is only about 0.1 to 0.2 m thick and underlain
by limestone slabs up to 0.25 m2 beneath a landslide scarp. The slabs were all flat-lying
and opposite sides of fragments could be easily matched, suggesting that the limestone had
not moved far and probably marks the top of weathered bedrock.

DISCUSSION

In light of the field data presented in Chapter 2, it is not surprising that drain
performance was erratic and difficult to evaluate. The slope-wide rise and fall of a water
table predicted on the basis of preliminary field and and numerical modeling (Chapter 1)
was never observed; rather, zones of saturation were highly localized and short-lived.
Although rainfall was below normal before and during the early parts of this study, which
spanned a period of drought in much of the eastern United States, rainfall levels were
normal or above normal during most of spring 1988 (Chapter 2). It is impossible, though,
to say how drains would have responded had precipitation been greater during the early

phases of this work. Field data from this and other field studies at Delhi Pike during the
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Figure 3.4  Cross-section showing topography, instrumentation, and inferred slip
surface near drain B. Note that colluvium thins immediately uphill from
drain B due to both a natural landslide scarp and excavation during drain
construction, causing upward-directed seepage at tensiometer groups D

and F.
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periods 1979-1981 (A.O. Gokce, personal communication) and 1987 (Murdoch, 1987) do
combine to show that the hillside has been largely unsaturated for five of the past ten
springs, however, so it is safe to say that the occurrence of widespread saturated zones in
colluvium at Delhi Pike is not a common occurrence, and the use of drain design formulae
based on the requirement of steady-state water tables (e.g. Schmid and Luthin, 1964;
Kenney and others, 1977; Prellwitz, 1979; Ram and Chauhan, 1986; Stanic, 1985) under

the conditions observed at Delhi Pike is thus inappropriate.

The lack of discharge from drain B poses an interesting problem: Design and
construction of drain B was superficially identical to that of drain A. Inspection of the
trenches during construction did not find evidence of any significant geological differences
between the two drain locations. There were no signs that drain B had become blocked in
any way. In short, if there was water flowing into drain B there is no apparent reason why

it should not have flowed out of the discharge pipe.
Now the question becomes, why was there no water flowing into drain B?

The most plausible explanation is that surface and subsurface hillside geometry
caused water to flow away from drain B. Apparently, the colluvium is thin and rocky near
the landslide scarp about 5 m uphill from drain B, as well as beneath the uphill side of the

bench cut during drain construction. Examination of Darcy's law
Q=- KSHgrad ® (3.1)

(where Q is volumetric flux per unit width of soil, @ is total hydraulic head, and 6H is
saturated soil thickness) shows that decreasing soil thickness has the same effect as
decreasing hydraulic conductivity. In effect, the form of (3.1) dictates that a zone of thin
colluvium would deflect flow towards the nearest free surface, where pressure head is

atmospheric, in the same way that a zone of low permeability would deflect flow, which
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explains the upward-directed seepage vectors at tensiometer groups D and F, just uphill
from drain B. This can be easily illustrated using the flow net in Figure 3.5, which shows a
sloping soil layer with its thickness reduced by one-half across a scarp and underlain by an
impermeable substrate. Mass flux across any boundary of a flow net can be calculated

using the well-known variation of Darcy's law

N
Q=K N_S&D (3.2)

where Nris the number of flow channels (or, one less than the number of streamlines), Ng
is the number of equipotential drops along the flow path, and 8® is the total head decrease
along the flow path. Using Qjip to represent mass flux into the problem domain above the
scarp and Qqyq to represent mass flux out of the problem domain below the scarp, and

assuming the soil to be homogeneous, it follows that

because all terms except Nf will cancel. Thus, reduction of colluvium thickness by one-half
across a scarp reduces flow by five-sixths and seepage from scarps can be a significant

factor in hillside hydrologic budgets.

Drains can remove water from the clayey colluvium at Delhi Pike, which means that
they necessarily increase slope stability. But are they an effective solution to landslide

problems in thin colluvium? In most cases probably not, for two major reasons:

A) Drain location is critical to success when a hillside is not completely
saturated. However, soil inhomogeneity, irregular soil thickness, and
isolated bedrock seeps (Chapters 1 and 2) make it impractical to predict
where drains should be located unless surface seeps or permanently

saturated areas can be found. When the soil is not saturated, drains can
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Figure 3.5 Steady-state flow net showing deflection of stream lines due to reduction
in thickness of a homogeneous, sloping porous layer. Boundary
conditions are no flow across the lower impermeable substrate, total head
equal to elevation head along the upper boundary, and constant flux Qjp

and Qqy across each end of the problem domain.
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actually impede drainage if pressure head in the finer-grained soil is lower
than can be supported by the coarser-grained drain material (Bear, 1979, p.
198; Clothier and others, 1977; Hanks and Bowers, 1962), so drains would

be useless for stabilizing unsaturated soil.

B) Drain spacing would have to be unacceptably close. There is so much
uncertainty about the hydrologic behavior of the thin colluvium hillsides at
Delhi Pike that any drain installation would have to be designed under the
conservative assumption of complete saturation. In essence, this would
require that the entire hillside be excavated and replaced with free-draining
material. Such an alternative would both destroy the aesthetic value of
natural hillsides and be extremely expensive; while this may be acceptable
for large construction projects where extensive re-grading is necessary, it

would be unacceptable for most projects.

In conclusion, then, the data described in this chapter suggest that generalized drain design
criteria should not be applied to thin colluvium hillsides in the Cincinnati area, and the
hydrologic unpredictability of these hillsides makes it impractical to design customized
solutions. Although the possible existence of the steady-state water table commonly
required by generalized methods cannot be denied, it is clearly not a common occurrence
and at this point it is impossible to say how often water levels in hillsides at Delhi Pike are
high enough to cause instability. As such, drains do not appear to be an effective means of
reducing thin colluvium landslide damage costs in the Cincinnati area. However, drainage
may still be a viable, though largely untested, alternative for thick colluvium landslides in

which hydrologic behavior is more predictable.
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DAILY MEASURABLE PRECIPITATION
National Weather Service
Greater Cincinnali International Airport

date
10/1/87
10/2/87
10/3/87
10/4/87
10/5/87
10/6/87
10/7/87
10/8/87
10/9/87
10/10/87
10/11/87
10/12/87
10/13/87
10/14/87
10/15/87
10/16/87
10/17/87
10/18/87
10/19/87
10/20/87
10/21/87
10/22/87
10/23/87
10/24/87
10/25/87
10/26/87
10/27/87
10/28/87
10/29/87
10/30/87
10/31/87
11/1/87
11/2/87
11/3/87
11/4/87
11/5/87
11/6/87
11/7/87
11/8/87
11/9/87
11/10/87
11/,11/87

[

precip. (m)
0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00
1.45E-02
5.08E-04
0.00E+00
0.00E+00
8.38£-03
2.03E-03
0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00€+00
0.00E+00
0.00E+Q0
0.00E+00
0.00E+00
2.54E-04
3.30E-03
0.00E+00
0.00E+00
7.11E-03
0.00e+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+0Q
0.00E+00
0.00E+Q0
0.00E+00
1.27€-03
0.00E+00
1.27e-03
0.00E+00
0.00E+Q0

11/12/87
11/13/87
11/14/87
11/15/87
11/16/87
11/17/87
11/18/87
11/19/87
11/20/87
11/21/87
11/22/87
11/23/87
11/24/87
11/25/87
11/26/87
11/27/87
11/28/87
11/29/87
11/30/87

12/1/87

12/2/87

12/3/87

12/4/87

12/5/87

12/6/87

12/7/87

12/8/87

12/9/87
12/10/87
12/11/87
12/12/87
12/15/87
12/14/87
12/15/87
12/16/87
12/17/87
12/18/87
12/19/87
12/20/87
12/21/87
12/22/87
12/23/87
12/24/87
12/25/87
12/26/87
12/27/87
12/28/87
12/25/87

0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+CO
3.81E-03
0.00E+00
0.00E+00
2.54E-04
0.00E+00
0.00E+00
1.27€-03
7.87E-03
0.00E+00
1.02E-02
0.00E+00
1.98E-02
0.00E+00
5.08E-04
1.78E-03
0.00E+00
3.30E-03
0.00E+Q0
0.00E+00
0.00E+00
0.00E+Q0
7.62E-04
2.03E-03
0.00E+00
2.03E-03
0.00E+00
0.COE+Q0
1 45E-02
7.11E-03
0.COE+Q0
0.00E+00
0.00E+QQ
4 83E-03
1.78E-03
0.00E+00
0.00E+00
0.00E+00
5.33E-03
2.03E-02
3.56E-03
1.52E-03
1.24E-02
S.08E-04
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12/30/87
12/31/87
1/1/88
1/2/88
1/3/88
1/4/88
1/5/88
1/6/88
1/7/88
1/8/88
1/9/88
1/10/88
1/11/88
1/12/88
1/13/88
1/14/88
1/15/88
1/16/88
1/17/88
1/18/88
1/19/88
1/20/88
1/21/88
1/22/88
1/23/88
1/24/88
1/25/88
1/26/88
1/27/88
1/28/88
1/29/88
1/30/88
1/31/88
2/1/88
2/2/88
2/3/88
2/4/88
2/5/88
2/6/88
2/7/88
2/8/88
2/9/88
2/10/88
2/11/88
2/12/88
2/13/88
2/14/88
2/15/88

0.00E+00
2.54E-04
0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+Q00
0.00E+00
1.276-03
2.54E-04
0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+Q0
0.00E+Q0
8.136-03
2.54E-04
3.686-02
5.08E-04
2.54E-04
5.08E-04
1.27€-03
0.00E+00
2.03E-03
1.27€-03
2.54E-04
0.00E+00
0.00E+00
0.00E+Q0
1.70E-02
4.90E-02
3.058-02
8.38E-03
4.32E-03
2 54€E-04
0.00E+Q0
0.00E+Q00
0.00E+00
0.00E+Q0
0.00E+00
9.65E-03
1.52E-03
0.00E+Q0
2.03E-03
2.29E-03

2/16/88
2/17/88
2/18/88
2/19/88
2/20/88
2/21/88
2/22/88
2/23/88
2/24/88
2/25/88
2/26/88
2/27/88
2/28/88
2/29/88

3/1/88

3/2/88

3/3/88

3/4/88

3/5/88

3/6/88

3/7/88

3/8/88

3/9/88
3/10/88
3/11/88
3/12/88
3/13/88
3/14/88
3/15/88
3/16/88
3/17/88
3/18/88
3/19/88
3/20/88
3/21/88
3/22/88
3/23/88
3/24/88
3/25/83
3/26/88
3/27/88
3/28/88
3/29/88
3/30/88
3/31/88

4/1/88

4/2/88

4/3/88

0.00E+00
0.00E+00
0.00E+00
1.04E-02
0.00E+00
0.00E+00
0.0UE+00
7.11E-03
0.00E+00
0.00E+Q0
0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00
6.10E-03
2.44E-02
1.04E-02
0.00E+00
0.00E+00
0.00E+00
0.00E+00
4.06E-03
0.00E+00
0.00E+00
G.40E-03
2.54E-04
5.08E-04
5.08E-04
0.00E+00
0 00E+Q0
4.32E-03
0.00E+00
0.00E+00
0.00E+Q0
0.00E+Q0

0.00E+08
0 CNE+ND
2.21E-02
S.08E-24
0.00E+00
0.00E+00
0.00E+00C
5.08E-04
3.81E-03
5.33E-03
3.30E-03
3 33E-02

eI
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4/4/88
4/5/88
4/6/88
4/7/88
4/8/88
4/9/88
4/10/88
4/11/88
4/12/88
4/13/88
4/14/88
4/15/88
4/16/88
4/17/88
4/18/88
4/19/88
4/20/88
4/21/88
4/22/88
4/23/88
4/24/88
4/25/88
4/26/88
4/27/88
4/28/88
4/29/88
4/30/88
5/1/88
5/2/88
5/3/88
5/4/88
5/5/88
5/6/88
5/7/88
5/8/88
5/9/88
$/10/88
S$/11/88
5/12/88
5/13/88
5/14/88
5/15/88
5/16/88
5/17/88
5/18/88
5/19/88
5/20/88
5/21/88

0.00E+00
0.00E+Q0
1.57E-02
5.33E-03
0.00E+00
0.00E+Q0
0.00E+00
0.00E+00
0.00E+00
0.00£+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00
1.40E-02
0.00E+00
0.00E+00
1.73E-02
1.02E-03
2.54E-03
0.00E+00
0.00E+00
0.00£+00
7.62E-04
1.02E-03
0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+C0
0.00E+00
0.00E+00
8.38E-03
0.00E+00
0.00£+00
0.00E+00
2.03E-03
0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00
2.79E-03
0.00E+Q0

5/22/88
5/23/88
5/24/88
5/25/88
5/26/88
5/27/88
5/28/88
5/29/88
5/30/88
5/31/88

0.00E+00
3.28E-02
4.57E-03
0.00E+00
0.00E+00
0.00E+Q0
0.00E+00
0.00E+00
0.00E+00
0.00E+00
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DATE & TIME ORAIN DiSCH. WATER LEVELS
{m3/s) {m)
instr * P-4 P-6 p-7 pP-8 P-g P-10 P-11 p-12
casingtop -0.10 0.00 0.18 0.14 038 031 047 038

1/17/88 9:45  0.00E+00 -098 -127 NA NA NA NA NA NaA
1/17/88 16:1S  0.00E+00 -1.10 =127  NA NA NA NA NA NA
1/18/88 10:00 0.00E+Q0 -1.10 =127  NA NA NA NA NA NA
1/19/88 9:30 0.00E+00 -1.10 ~127 NA NA NA NA NA NA
1/19/88 1615 0.00E+QQ -1.07 -1.13  NA NA NA NA NA NA
1/20/88 10:1S  0.00€+00 -078 -087 NA NA  NA NA  NA  NA
1/20/88 13:35 0 00E+Q0 -077 -093 NA NA NA NA NA NA
1/20/88 14:10  0.00E+00 -0.81 -1.02 NA NA  NA NA NA  NA
1/20/88 1435 0.00E+00 -085 -098 NA NA  NA NA NA NA
1/20/88 15:.05 0.00E+00 -0.81 -0.99 NA NA NA NA NA NA
1/20/88 15:40 0.00E+00 -0.78 -0.33 NA NA  NA NA NA NA
1/20/88 16:10 0.00E+00 -080 ~1.07 NA NA NA NA NA NA
1/20/88 16:45 0.00E+Q0 -080 -1.02 NA NA  NA NA NA NA
1721/88 9:45  0.00£+00 -085 -127 NA NA NA NA NA NA
1/21/88 10:45 0.00E+00 -084 -127 NA NA NA NA NA NA
1/22/8% 9:15  0.00E+00 -080 -127 NA NA NA NA NA NA
1/24/88 11:00 0.00E+Q0 -1.03 -1.27 NA NA NA NA NA NA
1/31/88 11:45 0.00E+00 -1.10 -1.27 NA NA NA NA NA NA
2/1/88 9:15 0.00E+00 -061 -0.63 NA NA NA NA NA NA
2/1/88 16:40  0.00E+00 -047 -057 NA NA NA NA NA NA
2/2/88 10.00  5.00€-05 -044 -052 NA NA NA NA NA NA
2/2/88 17:00  2.50E-05 -063 -0.57 NA NA  NA NA NA NA
2/3/88 9:30 4.00E-05 -0.85 -1.04 NA NA NA NA NA NA
2/15/88 930  4.17E-06 -0.73 -0.70 mab mab dry dry NA  NA
2/16/88 16:20 2.50E-06 -084 -127 dry dry dry dry NA A
2/18/88 850  1.67E-07 -089 -127 dry dry dry dry NA NA
2/19/88 9:00  1.00E-05 -0.75 -084 dry dry dry dry NA NA
2/27/88 15:15  167€-07 -088 -127 dry dry dry dry NA NA
2/29/88 9:00  1.67E-07 -082 -127 dry dry dry dry NA NA
3/2/88 9:40 0.00E+00 -093 -127 dry dry dry dry NA NA
3/3/88 9:15 1.17E-05 -0.71 -065 dry -085 wab wab NA NA
3/3/88 16:45  5.00E-0S -060 -066 mab -0.83 mab -09 NA NA
3/4/88 10:45  1.00E-04 -050 -055 dry -084 -08 -083 NA NA
3/5/88 16:40  6.67E-06 -085 -123 dry mab dry mab NA NA
3/6/88 12:50  3.33E-06 -086 -1.27 dry dry dry dry NA NA
3/8/88 9:30 1.67E-07 -0.88 -127 dry dry dry dry NA NA
3/9/88 9.45 1.67e-07 -088 -127 dry -084 msb dry NA NA
3/11/88 11:30  1.67E-07 -088 -127 dry -0.86 mab dry NA NA
3/12/88 11:00 0.00E+00 -088 -127 dry -083 dry dry NA NA
3/16/88 1650 1.67E-07 -088 -127 dry -080 mab mab NA NA
3/17/88 1655 167E-07 -086 -127 dry -0.78 mab dry  NA NA
5/26/88 12:45 3 00E-05 -086 -127 dry -072 dry dry drv  mab
3/28/88 11:00 0.00E+00 -086 -127 dry -077 dry dry dry dry
3/29/88 16:40 0.00E+00 -087 -127 dry -074 dry dry dry  dry
3/31/88 9:45  0.00E+Q0 -089 -127 dry -079 dry dry dry dry

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



4/1/88 11:30
4/2/88 11.30
4/4/88 12:00
4/5/88 11:20
4/6/88 10:25
4/7/88 10:30
4,/3/88 2:.45

4/11/88 1019
4/13/88 11.40
4715788 3.43
4/17/38 11:45
<4/19/88 10.05
4/21/88 3:45
4/22/88 10:35
4/25/88 9:25
4/27/88 10:00
5/1/88 950

5/4/88 10:20

0.00E+00
0.00E+00
2.00E-05
3.33E-06
2.00E-05
6.67E-05
1.00E-0S
0 00E+0C
0.00E+00
0.0CE+00
0.00E+00
0.00E+00
0 O0E+00
0.00E+00
0.00E+00
0 0QE+00
3.00E+00
0.00E+00

-0.90
-0.86
-0 80
-0.85
-0.69
-0.60
-0.35
-0.88
-0.88
-0.93
-097
-0.99
-0.98
-1.08
-1.06
-108
110
-1.10

-1.27
-1.27
-1.27
-1.27
-1.27
-0.85
-1.27
-1.27
-1.27
-1.27
-1.27
-1.27
-1.27
-1.27
-1.27
-1.27
-1.27

dry
dry
dry
dry
dry
drv
dry
dry
dry
dry
dry
dry
dry
drv
dry
dry
dry
-0.8

-0.78
-0.78
-0.70
-0.70
-0.71
-0.70

N7
V.

-0 72
-0.75
-0.77
-0.77
-0.77
-0.78
-0.76
-0.76
-0.77
-0.79
dry

dry
dry
dry
dry
dry
-0.9
dr',

dry
dry
dry
dry
dry
dry
dry
dry
dry
dry
dry

dry
dry
-0.82
dry
ary
-0.5%
dry
dry
drv
ary
dry
dry
dry
dry
ary
dryv
dry
dry

dry
drv
dry
dry
dry
ary
arv
dry
dry
dry
drv
ary
dry
arv
dry
dry
dry
dry
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dry
ary
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-141
34
23
3€
dry
dry
-1 45
-1.4d6
dry
ary
dry
dry
dry
dry
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APPENDIX B
TENSIOMETER DESIGN, INSTALLATION,
AND CALIBRATION

DESIGN

The tensiometers (Figure B.1) used at the Delhi Pike slide were assembled using
manometer tubes with porous stones, rubber stoppers, and gaskets (series 2300), and
capillary tubing (MYTO001) manufactured by the Soilmoisture Equipment Co., Santa
Barabara, California. There are two reasons for this choice: First, it is inexpensive; total
cost for an average tensiometer, including mercury, is approximately $20, roughly half that
of commercially available instruments. Instruments, including several tensiometers and
piezometers during this study, have been stolen during research projects at Delhi Pike, so
this design cuts initial as well as replacement costs in the likely event of theft. Second, the
glass mercury reservoirs used by Murdoch (1987) were attractive targets for vandalism, so
I designed an instrument in which all of the mercury is contained in a shatterproof nylon

capillary tube.
INSTALLATION

To install each tensiometer, I used a hand auger to drill a hole slightly larger than
the tensiometer tube diameter and added finely-crumbled colluvial clay and de-aired (boiled)
water to the hole to form a slurry, inserted the tensiometer tube, and twisted until it became
firmly seated in the base of the hole to insure good hydraulic contact. Stones and roots,
however, made it impossible to install tensiometers deeper than about 0.6 m. Finally, I
tamped and mounded soil around the top of each tensiometer tube to prevent surface water
from entering the hole. Each capillary tube was bent into a U-shape, attached it to a wooden

dowel, which had been driven vertically into the soil, using plastic cable ties, wire, or
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strapping tape. Finally, the capillary tube was filled with with approximately 1.5 cm3 of
technical grade mercury using suction from a common plastic syringe, and the tensiometer

tube filled with de-aired water.

Tensiometers of different lengths ( 0.30 m, 0.61 m, 0.91 m, and 1.22) were
installed in groups A, B, and C, but only three tensiometers (0.30 m, 0.61 m, and 0.91 m)
were installed in groups D and E. In January 1988, a fourth shallow shallow tensiometer
was added to group E, and in April 1988 tensiometer group F, consisting of three

instruments, was installed.
CALCULATION OF PRESSURE HEAD

Average pressure head over the contact area of the porous stone is given by the sum
of the difference in mercury level across the manometer and the pressure head due to the
water column within the tensiometer tube (Croney and others, 1952; Bear, 1979). If hyyhe
is the total tensiometer tube length from top to porous stone midpoint, heap is the length of
capillary tube inside the tensiometer, hy,j is the water level beneath the tensiometer tube top,
and the capillary tube enters the tensiometer 0.04 m from the top of the tensiometer tube,

then the pressure head due to the water coiumn can be written as
Wbe = (hube - hw1) - (heap - hwi +0.04 m)
= hybe - heap + 0.04 m
and the total pressure head, v, is
W = GHghHg + hwbe - heap + 0.04 m

where Gy is the specific gravity of mercury (taken to be constant at 13.55) and hyg is the
difference in mercury level across the manometer. For this study, hyg is negative when the

height of mercury in the closed side of the manometer is higher than the height of the
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mercury in the atmospheric side of the manometer (as in Figure B.1). In theory the limit of
such tensiometers should be limited to the vapor pressure of water at the operating
temperature, but Croney and others (1952) suggest a practical upper limit of -0.70 m of Hg
(-9.5 m Hp0).

The tensiometers used in this study have a portion of air-filled capillary tube, on the
order of several tens of centimetres long, which will introduce some error (see Calibration
Procedure below). Although Croney and others (1952) write that it is a simple matter to
completely fill the capillary tube with water and then inject mercury to displace the water,
this was virtually impossible in the field. Instead, I used a syringe to suck mercury into

the capillary tube and left the remainder filled with air.

CALIBRATION PROCEDURE

I chose several new tensiometer tubes at random and calibrated them in the
laboratory to determine tensiometer response time and the amount of error due to air in the
capillary tube. Each of these tubes was assembled, mounted on a vertical support, and
partly immersed in water roughly up to the midpoint of the porous stone. The top of the
tensiometer tube was then sealed with a rubber stopper, pressurizing the tube. Declining
mercury level differences in the capillary tube were measured during calibration periods of
up to 2 hrs. in order to estimate the time required to respond to a perturbation. Figure B.2
shows that response to the perturbation was rapid in all cases, and that the tensiometers had

essentially reached their equilibrium pressure heads within approximately 15 min.
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Figure B.1 Schematic illustration of mercury manometer tensiometers used at Delhi

Pike, including variables necessary for calculation of pressure head.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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Figure B.2 Calibration curves for tensiometers showing decrease in pressure head
perturbation with time and equilibrium pressure head, theoretically equal

to zero.
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36 in. (0.91 m) tensiometer calibration, trial #2
2.0000
>
1.5000
pragsure
hesd
deviation ectusl =001 m
from 1.0000 - ——messured = 0.04 m———
sctual l
(m H20)
0.5000
\
\
0.0000 e
0:00.00 0:30.00 1.00.00 1:30:00 2:00:.00 2:30.00
slapsed time (hrs.)
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Table B.1 Tensiometer Calibration and Errors
tube length actual y measured error
(m) {m) (m) (m)
0.305 0.01 0.02 0.01
0.610 0.00 0.07 0.07
0.914 0.01 0.08 0.07
0.914 0.01 0.04 0.03

Actual pressure head was slightly positive in all cases because the tubes were
pushed into the water when the rubber stopper was inserted to pressurize the instruments,
but equilibrium pressure head was slightly negative for the 0.30 m and 0.61 m tubes, and
slightly positive for the two 0.91 m tubes. A second 0.91 m tube was tested because the
results of the first 0.91 m test were different than had been expected from the 0.30 m and
0.61 m calibrations. Results for all three tube lengths, summarized above in Table B.1,
show that instrumental error is on the order of 10-2 m for pressure heads near 0 m. It was
difficult to measure mercury levels in the field more accurately than about + 10-3 m, which
corresponds to a pressure head error of about + 10°2 m, so the inaccuracy of the
instruments should not markedly affect the quality of data used in this study, and is more

than compensated for by the economy and durability of the design.
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APPENDIX C
FINITE DIFFERENCE COMPUTER PROGRAM FOR
SOLUTION OF THE MODIFIED DUPUIT HILLSIDE FLOW
EQUATION
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nrogram downhill flow rchge:

R R R R R R R R R SRR R R R R R R R RN R R A R N N RN R R RN N R R R R R RN NN ]

Direct Thoamas alagoriths solution to the one-dimensional,fullv saturated
nonlinear equation for hillside flow with time-variant recharge. Uses
euplicit (time-lagging) linearizalion in the alternate Douglas % Jones
predictor~-corrector forsulation. Initial heads and constants are read in
from an ASCII disk file, and results are written to a second ASCII dis}t
file compatible with Hicrosoft Excel (j.e. =ntries separated by chr(9)
tabs). Default maximum 50 spatial and 200 tesporal aorid nodes.

written in Macintosh Turbo Pascal v. 1,0ua

R11] Haneberag

John L. Rich Geomechanics Laboratorv

"Your source for high quality, low cost geomechanics research.”
Neparteent of Geoloagy

University of Cincinnati

Cincinnati, Ohio 45221-0013

working version of 1/21/88

SOV RS SE SRR RN RN RO BN RN BRI PRIE DRI ERC RN IOINIIIENEIBINIIOOIIGES)

uses sanes { Standard Apole Numeric Environment )
var
disk ¢t texts { defines output device }
P { effective porositv }
LIS { saturated hvdraulic conductivity }
pdivk, { porosity / hydraulic conductivity }
h, { soil thictness normal to slope )
time, ( elansed time
slope, { slope anale i1n dearees ;
deta, { spatial grid increment )}
dt : extended: { temporal grid increment ?
a.b,c, { Thomas algoritha matrices )
x.f ¢ array(1..50] of extended: ( b " " }
heads { arrav of total heads }
arrayl1..2,1..50) of extended:
rain ( array of rainfall values }
arrayl1..200) of extended:
neta, nt, { number of spatial & tesporal nodes
eta,s,t : inteqery ( loop counters }
texttype,
textcreator ( systea file-creating paraaeters }

packed array {1..4) of chary

(IIIllllIl!.II'I.I’I.IIII.II.!.'.llll..!l..llll!l..lI'O!.OllIOCDCGOOIIOOCIOO)

procedure dataread;
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Frompts for initial data file name, opens 1niti1al data fi1le, reads 1n

data, and closes injtial data file.

var

infi1le, name : string:

begin

writeln:

write( 'name of inttial data file ko he read:
readin(infile):

writeln:

writeln:

reset(disk,infile);

readinidisk,nane);

writelnl'reading initial data tile '.name. ...’

writeln:

readintdisk.p):

readin(dist h)3

readinidisk, h);

readin(disk,neta);

readinidisk, deta);

readin(disk,nt)

readin(disk,dt

readin(disk,slope):

far eta = | to neta do
readlnidisk . heads(l,etally

for t := | to nt do
rain(t] = 0.3

[ S H

while not seekeof(disk) do
beagin

t 3t + It
readln(disk,rainlt]))s

end:

t s 0y

writeln:

writelnt’

writeln:

writeln;

close(disk)y

endi

{ sot all rain equal to zero ;

Y

( read in onlv non-zero rainfall

finished reading i1nitial data file.

(KX R R RN R R R NN RN R R X R R R R R R RN NN Y RN R NN RS N NN N NN RN R EREEER R RN NN M

procedure fileopens

{

}

Opens disk text file for data output. Rememher to declare the variable
disk 1 text as a global variable, and to close 1t at end of prograam’

var
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textivype,
textcreatar : parted array (1..4) of char:
filename : string:

begin

uritelny

write('name for output disk file? ")
readin(filenamelt

writeln:

rewriteldisk,filenamel:
writelnl{disk, ‘text file name: °,filename);

writeln:

writeln( zac3sgacxcce=-scscx=SERc-EZ2®==S2TSSITISTESISICSISTISSSSTIISECEISIISIISISISIIZ (0 g
writelns

writelin(disk):

writeln{disk,’ p = ",chr(9),p.chriS)):

writelntdisk, 'k = “,chr(9) ,k,chr(9)):
writeln(disk, 'dx = “,chr (9} ,deta,chr(?)i;
writeln(disk, 'dt = °*,chr(9),dt,chr(9));
writelnidisk, ‘beta = ',chr(9),slope,chri(?)):

writel(disk,chr(9)); ( tab req'd to separate columns in Excel )
wrate(disk,.chr(9));

for eta := 1 to neta do
writel(disk,(eta-1)edetasis3, chr(9));

writelntdisk);

end:

(llll.lll.lllllll.llllllll.ll.ll'lCl.lllllll.lllllll.ll.!ICIIlllC!I.OOIGCOOG)

procedure filewrites

{
Writes on= line of data to a disk ooened in procedure fileopen.
This maodification writes residual heads (present-oriocinal) to disk.

begin
urite(disk,(tine/3.56€03)1313,chri9));

if t = 0 then
writel(disk,0.9,chr(9))
else
write(disk,rain{t]),chr(9));

far eta 12 {1 to neta do
write{disk,(heads{!,etal)r3:4,chr(91);

—
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writelntdish):

endy

(S5 8BIB 35S 0300RERSToTSIeI0eaIRRUP I el s RPoUsIssbasspisissaipntinelssasss:
procedure initieisciction:
{

Reads in initial heads and initializes assorted variables. opens and

writes t = 0 data to output disk file.

begin

writeln:
writeln;

writeln('zz=zc=z=ss=rzzoxzr===2ToR2=T2TS TS SSESCSSEISTSNSSSIISTSITTIIZTITTIIZISS

writeln;
dataread: ( read in raw data

)

open data output file

~

fileopen:

o~

time 1= 0, aisceilaneous 1n3tilization !
slope 1= slope/57.29577951: ( convert degrees to radians )

pdivk :z p/ks { combined ronstant )

for ety :3 | to neta do
heads(2.eta) := heads(l.etal:

filewrite; { put inytial heade wn dist)
endg
(l.lllllll'ICI..l.l!ll'l.ll...!'ll..llll'..ll'l"lI'.l!llll.l!ll!!..!l.li!ll)

procedure predictor;

(
Fills a.,b,c. and § arrays with Douglas-Jones oredictor values to be
used in procedure thomas, Notation after Wang and Anderson., 1982,

Introduction to Groundwater MHodeling.
)

begin

-

for eta 1= 3 to neta-2 do ¢ €ill arrav interiors )

begin
aleta-1] 1= .3
bleta-1] =3 -2.#(). + pesqr(deta)/t/dt/head<{1.etal) /cos(slope)):



cleta-1]

tleta-1]

tleta-1)

fleta-11}

fleta-1)
end:

altl
bl1] ¢
cfi) := 1
f01) 3

H

fL1]

1z
=
12
1

=

= Q0.3
= =2,%(1. ¢+ pssgrideta)/k/dt/headsil, ). cosislopel):
= ol
= -2.%p¥sgqrideta) /k/dt/cosislope):

= {(1) - sqriheads{1,3)-heads{1,1)) 4, /headel], 2]}

1.3
-2.%pesqr (deta)/k/dt /cos(sionm):
fleta-13 - sgriheads({t,etatl)-hoads(l.eta~1]J)/4, /heads(], etal:

ileta-13 + detastan(slope)siheadsl],etatl)~heads(i,ota-1}2/headsli.etal.?

ffeta-1) - rainltlesgrideta) /¢t /heads{i,etal/cosislopel;

13 )

{ fixed~head uphill boundarv ;

f013 :3 §(1] + detastanisiope)s(headsl),3)-headsli.}})/heads(1.2)/7.:
§01) 1= #01] - heads(1,.11;
fU1) 1= §01) - rain(tlesqrideta)/k/headsl1.2)/cosislonel:

alneta-21
blneta-21
clneta-2)
f{neta-2}
tlneta-2)
flneta-2)

N
.

fineta-2] :
tlneta-2] :

end:

1=
L]
1=
1=

( f1xed-head downhill boundarv !}

t.s

-2.8({1, ¢ pesqr(deta)/k/dt/heads(],neta-1)/cosislope)):

0.3

-2.%pegqr(detal)/k/dt/cos(slope):

flneta-2] - sgr(heads{i.netal-heads(li.neta-2})/4./headsli, ,aste-11}:

fineta-2) + detastani(slopelsiheads[],netal-heads{l.neta-21)/7headsti.nnta-

flneta-2] ~ headsli.netal:
fineta-2) - rainftlesqgr {deta)/y/headsli,neta-1}/cosislopel:

(SF BN U FR RN IR POl s IR RREITRPORESRTRGPREROIBRANEIRSRBEBIIBIINIGD)

procedure corrector;

{

Fills a.,b.c. and § arravs with Douglas-Jones corrector values to be
used 1n procedure thomas. Notation after Wang and Anderson, 1982,
Introduction to 6roundwater Modeiing.

}
begin

for eta 1= 3

begin
afeta-1]
bleta-1}
cleta-1]
fleta-11]
fleta-1)
fleta-1]
fleta~11
ileta-1]

end})

te

neta-2 do ( §111 arrav 10teriors

1.1

-2.81f, ¢+ pusgridetal/k/dt/headsl2,etal}/cosisiopel);

1.3

-2.%pesqr (deta)/k/dt/heads(Z,etal/cosislope) #headsil.etal:

fleta~1) - sqriheads(2,etasl)l-heads(2,eta~11)/2./heads(2,eta]:

fleta~1) + detastan(siope)e(heads{7.etastl)-heads(2.meta-11}/heads(l.etal:
fteta~1) - heads(l,eta-1] ¢ 2.sheadslli,eta) - heads(l,etasl]:

fleta~1) - 2.%rainltlesqrideta)/k/heads(2 ,etal/cos(siopers
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all) 1= 0.3
bl{1) 1= -2.8(1, + pesqrideta)/k/dl/heads(7,l)/cosislape));

cll) 1= 1,

.

 f1zed~head uphill boundarv ¥

fl1) 1= -2.spegqr(deta)shmadsi],2)/b/dt/cos(slope)/headsl2,2];

FL11 = §(1) - sqriheads(2,5)-heads(2,1])/72./headel(l,2]:

$U1) 3= §01) + detastan(slope)stheads(2,31-headsl2,1))/heads(z,2]):
f01) 2= #{1) ~ headsil,1]) ¢ 2.%heads(1,2) - headell,3) - heads(Z,1];
fI1) 33 ¢(1) ~ 2.%rain(t])esqr(deta)/k/heads(.,l)/cos(slopel;

alnata-2]
b{neta-21
clneta-2)
tlneta-2)
flneta=-2]}
flneta-21
fineta-2]}
tinata-2)
flueta-2]

end:

“ 80 o4 €0 46 0 se se e

4 4 u non W

1.3

( fixed-head downhill boundarv !

-2.%(1. ¢ pesqr(deta)/k/dtrheadsliZl.neta-11/caostslope):;

0.3

~2.%p%sqr {deta)sheads(l ,neta-11/k/dt /cosislope)/headslz.nota-1]):

finrta-2) -
flneta-2) »
flneta-2] -
flneta-2) -
flneta-2} -

sqr theads{2,neta-")-heads(2,netal)/2,/heads(T.neta-1):

detadtan(slope)ttheads(Z.neta-2)-heads(2.neta)r/headeli .neta-t i

heads(1.neta) + 2.¢heads(l,neta-1] ~ headsll,nota-J1};
heads{:,netal:
2.%rainlt)osqgr (dela)/k/headsl2,neta-1l/cos(sioper;

(Bt a R a RN IR IR C R RN NIRRT EOREERPIDIIE U IR NP BRI RIEREESIRERNSID])

procedure thomas;

(

Thomas algoritha for solution of systeas of linear equations with
tridiagonal coefficient satrices. Adapted from FORTRAN subroutine
TRIDIA of Wang and Anderson, 1982, Introduction to Groundwater Modelina.

}

var

jo» MU ¢t integery

alpha,
beta,

gasmd 1 arrayll..100) of extended:

begin

alphall] 1= b{ll):
betall] 1= clil/alphall)y
qamsall) 3= §{1)/alphallly

for eta = 2 to neta-2 do

begin

alphaletal 1= bletal-afetalsbetaleta-11:
betaletal) 1= cletal/alphaletal:
qasmaleta) 1= (fleta)-af{etaleqammaleta-1))/aiphaletal:

end;
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z{neta~2) := gammalneta-2):
ny := neta-2;

tor eta 1= 1 to nu do
beqin
} := nu-etay
20j) == qgammaljl-betal Jax{j+1]:
end:
end;
(ll.!llllllll.l'&!llllllIlllllll.llllllll!lllllllllllIOIQICCCIOICOIUONIIIOGC;
begin { main proaras }

initialization:

time = 0,

tor t 1= 1 to nt do ( sain time loop !
begin
tise 1= tiseddt: { symulation time 1u hours }

gotoxy(30,21):
write( predicting... ):

predictar:

thomas:
{ male sure water level doesn’'t

exceed soil thicéness }
for eta 12 2 to neta-1 do
if x{eta-1} > h
then heads(2,etal 1= h
else if heads{2,etal < 0, then heads{l.ets) 5 le-Cé
else heads(2,etal = nleta-1];

heads{2,1) :2 heads(1,1];
heads{2,netal 1= heads(l,netal:

qotoxy (30,210
write( 'correcting...’}}

corrector;y

thomas;
{ make sure water level doesn’t
exceed soil thickness )
for eta 1= 2 to neta-l do
it x{eta-l] > h
then headsii,eta) 1= h
else if heads(i,eta) < 0. then headsll.eta) := le-06

else heads(i,eta) := x(eta-1J3
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heads(1,1) := headslZ, ]
heads{l,neta) := headsi2,netal;

gotoxy{30,23)3:

writel(‘time = ', (time/3.6€03):5:2,  bhrs. 13
qotoxy (30,241

writel'rain = “,raialtl,’ ma/s’};

writelng

filewrites

end: ( end of main time loop
close(disk)} { close ouput file )
writelng
writelin(’ end of )job' )1
writeln: ‘
writeln(’ press RETURN to exit )
writelny
readlng
end. { end sain proqras ;
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APPENDIX D
NUMERICAL SIMULATION OF ONE-DIMENSIONAL
VERTICAL INFILTRATION AND EVAPORATION

PHYSICS OF INCOMPRESSIBLE UNSATURATED FLOW

Flow of incompressible water through an unsaturated porous, non-reactive, non-

expansive, incompressible soil is generally described by the so-called Richards equation
0©
== V-(KV®) (D.1)

(e.g., Bear, 1979), where © is volumetric water content, K = K(y) is hydraulic
conductivity and a function of pressure head, @ is total head, and V = d /0x; is the usual
differential operator. Defining total head as the sum of elevation head and pressure head (z
axis positive downward), ® = (y - z), and multiplying the left side of (D.1) by (oy/dvy),

the governing equation for vertical unsaturated flow becomes
d
c%:%[x(g’zi-q} (D.2)

where the derivative

C—a—e (D.3)
=% .

is known as specific storage capacity. The variables v, ©, and K are all share highly
nonlinear relationships. Soil moisture characteristic curves for Kope colluvium exist only
for pressure heads greater than about -1 m (Murdoch, 1987), which is far above pressure
head values measured during summer and autumn, so an exponential relationship between

hydraulic conductivity and pressure head of the form

K = Kt e{ (Y - Werit) } (D.4)
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is assumed, where « is a constant with units of [length-1], K¢a; is saturated hydraulic
conductivity, and W, is the lower limit of tension saturation, which is sometimes called

the air entry pressure. Water content and pressure head are further assumed to be related by
0 =0 oW - Werid (D.5)
where ©g,; is saturated volumetric water content. The derivative (D.3) is evaluated as

C= &L eV (D.6)

e Verit
which can be substituted back into (D.2) to arrive at a soluble form of the governing
equation. Equations (D.4) and (D.6) specify that both hydraulic conductivity and water
content are equal to saturated values at ¥ = Ycrj; and approach zero as y approaches

negative infinity.
NUMERICAL SOLUTION
Finite Difference Approximation

There are few analytic solutions to (D.2), so infiltration problems are virtually
always solved numerically. Havercamp and others (1977) evaluated six different finite
difference formulations of (D.2) for unsaturated conditions only, and suggest that trade-
offs between numerical error and computation time make implicit discretization schemes
preferable. In addition, Havercamp and Vauclin (1981) show that the local form of the
Richards equation is more stable than the decomposed form, in which all the derivatves in
(D.2) are expanded. Based upon these comparisons, an explicit linearization and implicit

discretization scheme was chosen for the finite difference approximation
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Cyl-yh
ot

1
oz

. ) . i1 . . 1
v, - vl [ij + K J W - i [KJI + KJi-l]
—_ - - 1] | ——

oz 2 oz 2

D.7

where superscripts represent time indices and subscripts represent spatial indices, to reduce
computing time while maintaining acceptable mass balance accuracy. As with all fully
implicit discretizations, (D.7) is unconditionally stable but only first order accurate in time
(Anderson and others, 1984; Ferziger, 1981). Explicit linearization, however, uses
pressure head values from the previous (j-1)i1 time step to estimate hydraulic conductivity
at the current jii time step, so time increments must be kept small, particularly while
gradients are changing rapidly. Rearrangement of (D.7) gives a system of linearized

equations of the form

(KJ{.I + Kji-l)wi]-l '(Kjlx + 2Kji.l * Kji.+ll .2 C&S < )‘Vl * (KJ+11 + KJ{I)‘VM
_ i1 i-1y (2C 522 i1
=8z (KM -K m)‘ (——-& v (D.8)

with a tridiagonal coefficient matrix, which is be solved using a standard algorithm (e.g.,
Wang and Anderson, 1982; Remson and others, 1971; Anderson and others, 1984;
Ferziger, 1981).
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Boundary and Initial Conditions

Boundary conditions are treated by combining the hydrologic model of Freeze
(1969) and the mathematical formalism of Mls (1987). The lower boundary is the simpler
of the two, and is assumed to be saturated with some constant rate of flux, Q, in or out of
the bottom boundary. Positive Q represents flow out of the problem domain, whereas
negative Q represents flow into the problem domain. The upper boundary can have either
specified rate of flux, R, or, when the upper boundary node becomes saturated, a specified
pressure head of zero. Positive R represents flow into the problem domain (infiltration),
whereas negative R represents flow out of the problem domain (evaporation). Deciding
when to switch from specified flux to fixed is largely an arbitrary decision that can be
argued, but this model assumes that all rainfall can infiltrate until R > Kgj;, at which point
the ground becomes saturated and excess rainfall runs off. For simplicity, rainfall rate is
used for the upper boundary flux in the model. If the R < K(y) at the upper boundary,
then a flux boundary condition is used. If K(y) <R < Kgq at the upper boundary, then
K(y) is set equal to R so that no ponding occurs. Finally, if the R > Kga;, then R is set
equal to Kgar. An alternative boundary treatment, which might be more useful when
modeling field data, would be to use a fixed head boundary with boundary pressure heads

at each time increment given by a time series.
Flux across the upper boundary is given by Darcy's law

R=K (%“’z- 1) (D.9)

where R is the rate of volumetric recharge per unit of surface area normal to the z-axis

[L/T], The flux equation, (D.9), can be re-arranged to solve for the derivative

dy R
¥R (D.10)
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A central difference approximation of (D.10), where spatial node 1 1s imaginary and spatial
node 2 lies on the flux boundary, is, after rearranging to solve for WJ ,

wi1= \,11'3-252(1 - Rj/sz'l ) (D.11)

As before, the i subscripts are spatial indices and the j superscripts are temporal indices. To
formulate the flux boundary finite difference approximation, (D.11) is substituted into
(D.8), which is in turn rearranged to arrive at

, : : 2y .
-(Kjl'l + 2K + K+ 2C 027 )

i1, kil 4 gy
5 w’2+(K1 +2K% +K3)WJ3

. . ;. 2 .
=5z(KJ3'1 - KJ;I) +282 (1 - RIS )-(2—%8-2— )\V’z'l (D.12)

When the upper boundary node becomes saturated and its pressure head is fixed, however,
the number of linearized equations to be solve decreases by one, and the upper boundary

finite difference approximation is

1, il i1, 2C 822\ 5 il e
-(KZ +2K5 + K+ ” \u’3+(K3 + K, )\4;’3

i- i- 2 C 322 i
) P

Note that in (D.13) the boundary node expression is expanded around node 3 rather than

node 2.

Some mass flux, Q, is allowed across the lower boundary, which Freeze (1969)
relates to the regional water table. Thus the lower boundary finite difference approximation

1s
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] (KL;_Z s2k0L 4 anzl)wlnz-Z . (an Loe2kil Ll 2_9&)

St W:lz-l

_ i-1 i-1 j -1 2 C 38z2 i1
=0z (K‘Lz - K-’nz_z)-ZSZ(I - QJ/an_2 )(T ) 21 (D.14)

INPUT VARIABLES

Values of Kgy; = 1.3x10-5 m/s (see Chapeter 1) and Ogy¢ = 0.45 from Murdoch
(1987) are assumed on the basis of field and laboratory results. Murdoch's data also imply
a zone of tension saturation from about -0.1 m <y <0.0 m, 50 Werit =-0.1 m, and & = 10
m-! was also assumed. Spatial grid increments of 0.02 m and temporal grid increments of
36 to 3600s were used in simulations of infiltration into a 1 m thick, homogeneous soil

underlain by both an impermeable base (Q = 0) and a recharging leaky base (Q « Kgap)-
COMPUTER PROGRAM

The finite difference model developed in the preceding pages was solved with the
accompanying computer program written in Borland Turbo Pascal, v. 1.00a, on an Apple
Macintosh 512KE microcomputer. The code is in standard Pascal except for ASCII file
handling, an array-checking compiler directive, and the inclusion of ROM toolbox units for
floating point arithmetic (SANE) and operating system interface (QUICKDRAW,
MEMTYPES, OSINTF). The latter three units are used only to access the system clock,
which can be excluded without substantially changing the program. Default array values of
60 spatial nodes and 1000 temporal nodes are used because of memory limitations.

Data are read from an ASCII disk file specified by the user, with values separated
by carriage returns. The order of values is:

input file name (infile)

lower limit of tension saturation (phicrit)

saturated hydraulic conductivity (ksat)
lower node constant influx or outflux (q)
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alpha (alph)

saturated volurnetric water content (thetasat)

number of spatial grid nodes (nz)

number of temporal grid nodes (nt)

spatial grid increment (dz)

tempora! grid increment ()

number of time increments between output file disk writes (dtwrite)
initial pressure heads (psi[1l..nz] from ground surface down)
surface influx/outflux (r(1..nt])

Examination of the procedure dataread should further clarify input data file structure.
Results are likewise written to an ASCII disk file, but this time with each entry separated

by a CHR(9) tab and each line separated by a carriage return so that the data can be read by

the Microsoft Excel or other graphics programs for editing and plotting.
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proaram specifired _flux anfiltration:

(ll"l.llllll.Il.'l".'ll..I.IIIGI'.'.'.ICIIIllll.lll.ll.lllllllll."l!lllll

Matriz solution of the localired evpansion of the Richards equation
fnr vertical 1nfillration. Upper boundary 15 sperifired flux, lower
boundary is a water table with specified recharae. Upper boundary
becomes fixed head if rainfall exceeds saturated hvdraulic conductivity,
otherwise surface conductivity ts set equal to rainfall rale so that
panding cannot occur. Lower boundary has unit pressure head aqradient
1§ recharge/discharqge term 1s 2ero. Vertical coordinale systea 1s positive
downward.

Initial heads and constants are read in from an ASCI] disk §i1le with
entries separated by carraiqe returns, and results are written to a
second ASCII disk #i1le compatible with Microsoft Excel (1.e. entries
separated by chr(9) tabs),

Default values are 60 spatial and 200 temporal arid nndes.

All variables are defined as global except in procedure thomas.
written in Macintosh Turbo Fascal v. 1,.Cvra

B111 Haneharg

dahn L. Rich Genarchanics lLahoratory

"Wher2 Science qors for 3 good time”

Department nf Geology

University of Cincinnati

Cincinnati, Ohio 45221-0013

version of 7/21/88

FESBEFEREVBOEO RTINS EDNRNS ISR ARSN NN NP RRESNRPORRAREIBRIIREAIRIISG)

{SR+)} ( arrav range checkino checking 3}

uses { misgc. Turhn Fascal comprler directives )
cane, { see Rorland Intl. documentation for }
meatypes, ( toolbox interface unit explanations
guichdrawm,
osinlt#ég

type

little vector = arrav(i..40] of ertended;
big_vector = array(1..1200) of extended:

var
saturated : hoolsan: ( depends an uppoer boundarv condition
clock : datetimerec: { Hacintosh svstem clocth record
t1,t2 : longints { dumsmav t1me variables )
dish & text: { defines output device )
ksat, { saturated hvdraulic conductivity
‘B ( flux to water table: see Freeze, 1769 !
alph, ( power law constant |
coeff, ( sperific stnrage capacity ;
stor, { combined stnrage constant )}
thetasat, { saturated volumetric water content
rain, { dummay vari1able for surface flux !
time, { elapsed time !
psicrit, { lower }1m1t of tensinn saturation ;
maxdyrff, { mar. matriy 1nversion error }
ar, { spatyal grad 1ncreament
dt : extended; ( temporal grid increment )
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b

abyc,

-.“

pst tlittle_vector:
r : big_vector:

nz, nt,

dturite,

numeq,

r.5,t 1 integer:
texttype,

P s ST

artual hydranfig ronduetyoyly array 3
Thomae algorsthe colvan vectors

" )

\

vectnr containing pressure heads
tnfiltratian.evaporation rate vector ?
nuaber of cpatial ¥ temporal nodes )

t ot tiae 1ucrements belween dick writes |

numher uf equations to be soived ;
loop counters |

textcreator : packed arrav [1..4] of char:

(

system file-creating parameters

;Ili!llllllillll!ll!l.l'll'llIOIII'IOIOIClbtliIlllIl.l...llltiIllCOlOOODOOQO)

procedure dataread:

{

Prompts for initial data §{ile name, opens intlial data file, reads un

data, and cluses 1nitial data file.

}

var
infile, name : string;

beaqin
wrileln;

writel ' name of initi1al data 41le to be read: "):

readinlinfilely
writelng

writelny

reset (disr.infilm)y
readln{disk,namelil

writeln('reading inttial data file

writein:

readin{dist ,peicrit)s:
readin(dist ,ksall;
readin(dist,q):
readin(disk,alphi;
readin(disk,thetasat)
readin(disk,nziy
readinidisk,.nt);
readinidisk.42);
readlntdisk ,dt):
readintdish ditwritel;

for z := 1 to nz do
readin(disk,psilzl);

for t := 1 to nt do
rlt) 2= 0.2
[ N 'H
while not seekeof (disk) do
beain
ta=t + 1
readin{disk,rit]};
end;

t = 0y

writeln;

writelnd(’

writeln;

closeldisk)y
end:

TJniame, L., 08

v

( read 1n recharge until e¢oé |

... finished reading 1n1t1al data faile.

{ll'll.lll‘llllllll.llllll!l.llll!lIll'lllllllllllllllllllllll.ll!llllllllll)

—
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procedurs fileapeng

(

173

Opens disk text file for data output. FRemsaber 1o declare the variable

disk : text as a global variable, and to close 1t ot end of proaras!

}

var
texitvpe,
tertcrerator : pacled arrav L1..4] of char:
ftlename : string:

beatn

writet'naae for output disk file” ")
readini{filename);
writelns

rewriteldist filenamel;
writelntdist, text file name: ", filenamar:
writeln:

wrileln({'s==zz2=ar=cczssczzess22=32325320282a3sT8RT " s-s-es-zzxns32

writelns

writelntdist):

writeln(dist, ¥sat = " ,chr(9) bsat, chri(3);
weitelnldist, ' q = " ,chr(9),q,che(?));

writelnidisk, ‘alpha = ', chr(9) ,alph,chr(9i);
writelnidist, psicrit = °“,chr(9),psicrit,chr(5);
writeln(disk, thetasat = " ,chr(?),thetasat,chr ®)):
writeln(disk, 'd2z = “,chr{7).dz,chr(?)};

writeldisk chr(9)); { insert two blant fields
writel(dist ,chri{9)1;

for 2 := 1 to n2-2 do
writeldish, (z-1)8dz:1:3, chr(9});

writeln{disk};

end;

}

(Ollliﬁlllillllllllllll.ll'l.ll.!lllllll!llllCOIOll!llll.lllll..lllll..bll.l)

procedure filewrite:
(
Writes one line of data to a disk opened in proredure fi1leopen.
)
., begin
writeldisk,(time/3.6e03)t3:3,chri(9));
ift >0 then
writeldisk,r(t],chr(9))
else
writeldisk,r(1J-r(1),chri9))y

for 2 12 2 to nz-1 do
write(disk,(psilz]Vt3:6,chr(9))s

writeln(disk);
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end;

{llllllIIO.II!!II.IIII.llllll.lllllllllllllhllllllll!lllllllllllll!lCbitllll;

procedure initislization:

{
fFoads in initi1al heads and initializes assorted variabies, opens and
writes t = O data to output disk file.

)

begin

writeln:
write]ln;

writeln({ Ss=sz3z3c=soTcETo=oTs S EIITESCCIISSISSSTSSSISSSISSSISISISSSITEITIITIIISSC

writelng

dataread:

fileopen;

time 3= O,

psif{l) := pst(3}+2.6(ps1{2)-ps1{3]}:
frlewritey

clearscreen;

read in raw data )

open iata putput f1le )
sot the simulation clock
set upper node !

onl wnitial heads on disk)

~ o~~~

end;
I L O N N T R R R N N N N R Y R R R AN N R NN

procedure conduct:

(
Fills hvdranlic conductivity array Ill..nc] usina values of ps)

from previous time step.
H

begin
for 2 := 2 to nz-1 do
if psilz) » psicrit then k[z] := ksat
else k(z) := ksattexp(alphs(psilz] ¢ psicritid:
end;
(Ollilliillll.'.i..III'll.'lll.'l...'l'lll.lllI‘..l.lllllll...!!.!ll!.llllll)
procedure flurmatrix;

{
Fills a,b.c., and § arrays to be used in pracedure thomas for specified
flux upper boundarv. MNotation after Wana and Anderson, 1982, introduction
to Groundwater Nodeling.

begqin

saturated := {false;

numeq :3 nz-2: { how manv equations to solve? )}
for 2 := 3 to nz-2 do { §11) array interiors )}
begin
1f psilz) < psicrit then { tension saturated? )
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beqin
cneff := thetacatsevpipssizlisenpipsicritys
stor := 2.%coeffesqridzi/di;
end
eles
stor := 0,2
afz=-11 = ¥(2-11 & $(21}:
blz-11 := -(¥(z-13 ¢ 2.8402) ¢ k(z+l]} ¢+ stors:
clz-13 := ¥[zs1) ¢ F(2):
$l2-11 1= dze{k{z+1]-¥(2-11) - storepsi(:];

end;

if psil2) < psicrit then

{ upper flux boundarv }

beqin
coefé := thetasatesexpipsi{2))/exp(psicritr;
stor := 2.%coeffuesqr(dz)/dt;
eni)
else

stor := 0.3

alll) = 0.3

bil) s= (k) ¢ 2,802 + ¥I13 ¢ story;
cl1) s= ¥{3IY & 2.8K(2) ¢ k() 1:

FLYY s= dza(k(3)-kTID}

if psilnz-11 ( psicrit then
begqin
coett :
stor :=
end
elsa
stor 1=

Z.tcoeffssqridz)/dt;

0.3

alnz-2]
binz-2])
c{nz=-21
$inz-21
fln2-2)

13 0,3

ends

+ 2.8%dz28{1 - rLt)/BC21) 8 (1]J40{2)) - storepsi(Z]:

.

( lower flux boundary

= thetasateexpipsiinz~ll}/explpsicrit):

12 k{nz=-21 ¢ 2.8k(n2-1] ¢ ¢t(nzd;
1= =(k(nz-2) ¢+ 2,%k(nz~1} ¢+ klnz] ¢+ stor):

sz dzo(¥{nz)-klnz-21)-2.8dz? (k{nz-1)+klnc))ac]l ¢ qiblnz-1)r:
1= §{nz-2) - stortpsiinz-11];

(ll!.l.l!IG'II!IGGIQ.'II!I!IIIGII.I..IIIlllliltllllii..Ollllllll.lillli!ll!!)

procedure satmatrixg

(
Fills a,b,c,

and ¢ arrays to be used in procedure thomas for a saturated

upper boundary., Notation after Wang and Anderscon, 1782, Introduction to

Groundwater Modeling.
}
beqin

saturated := truet
nuaeq :x nz-33

for z := 4 to nz-2 do

begin

{ how many equations to solve™ }

{ #11] array interiors )
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‘

1§ peilz) <« psacralt then { tencron saturated? )
begin
roeff := theiasatsaxpipeilzl)/aeyvplpsicrrtl;
stor := 2.#coeffesqridz)/dt:
end
else
stor := O.:

alz2-2) = klz-13 ¢+ k(2]

bl2-2) 2= ~(k(2-8) ¢ 2.6k(2] ¢ K{z#ll ¢ stor:

c{z+-2) = v(z2¢1) 4 1{2):

§02-2) := dzs(bl2413-k{z-1]) - storvpsylzi:
end}

.

{ upper fluc boundary

-~

1f psal3) 7 psicrit then
bentn
coeéf := thetasatsexpipsi[I3)/expipsicratds
stor := Z.scoeffesqridz)/dt:
end
eiss
stor :3 (.2

alt) =3 0,
htl) s= -(rL&) & 2.0k(3) 4 ksat + stor):
clid 8 O3] ¢ k(4D
$(1) 2= dz2s(k{4)-hsat) - storspsi(3]):
( lower {lux boundarv )
if psilnz-1] < psicrit then { tension saturated? !}
beqin

coeff := thetasateexplipsilnz-1])/expipsicrat):
stor := 2.vcoeffesqr(d2)/dt;
end
else
stor 1= 0.3

alnz-31 :2 ¥tnz-2) ¢ 2.%k(nz-1) + kinzl:

blnz=-3] 1= -(kinz-21 ¢ 2.%kinz-1] ¢ kinz) ¢ storl:

clnz-3] 3 0,2

fi{nz=-3) 13 d2o(kln2l-¥{n2-21)-2,8d2sti[nz~L1sk[nz))s(] - q/Vvinz-13):
fln2=-3) 1= $#{nz-3] - storspsiinz-1]:

end:
(GI.IIII.C'CIIIl..l.ll.l.llllll.llllllllll'Cll.ll.Ill.llll!I.II'IIII..!!C!‘I)

procedure boundaryheads;

(
Calculates pressure head at imaginarv nodes by extrapolating specified
gradients from interior nodes, These values are lhen used to calcnlate
conductivity and the storage coefficient 1n the next time step. Time
steps must be kept small ( § min or less) to use this explicit
linearization method.

}

begin

{ nwpper boundarv
psill) := psil31-2.edz8(1-r(t)/ksat);

i¢ psili) > psicrit then kll) 1= ksat
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else b[1] = Fsatsexp(alph#(psi{l) * psicraited:

{ lower boundarv ;
psil{nz] 1= psilnz~2} + 2.8dz%(1 - q/ksat):

1f{ psilnz) > psicrat then ¥(nz) := ksat
else k{nz] := ksatvexplalphei(psilnzl} ¢ psicrit));

end;

A R R R R R R R R E R NN R R R R Y N NN NN R R R R R RN RN R RN R RN RN RN ENNERN N

procedure thomas (var thoma.thomb,thnmac,thomf,thom=:li1ttle_veclor:
how_many eqs:integer):

(
Thomas algoritha for solutiaon of systems «f linear equations with
tridiagonal coefficient aatrices. Adapted from FORTRAN subroutine
TRIDIA of Wang and Anderson, 1982, Intrnduction to Groundwater Modeling.

v
’

var
i, nu : inteqer:
alpha,
heta,
gaama 1 arrayl(l..lud) n¢ extended:

beqin

alphalt] t= thosh(!ll:
hetalll s= thoacll)/alphall)s
nammpall) := thomflid/alphalll:

for 2z := 2 to how_many_egs deo

begin

alpha{z]) := thoneblz)-thomalzl®hetalz-1]:

betalz] := thomc(21/alphalz]:

qeamalz] := (thoaflz)-thomalzleqammalez-1)i/alphalz):
end;

tha-x(hnn‘-iny;eqsl := gaamalhow _eany eqs):
nu t= how_many_eqs-1;

for z := | to nu do
begin
J := how manv eas-z:
thomx(}] 1= qasmal l-betaljlsthoax{it]);
end?

endy

{((ll.l"l!ICIIICGCCCI'CIOCCIO!I#ICIOIIOIlllllllllllll.lllllllllllllllllll.!)
procedure swapvalues:
{

Swaps newly-caiculated values from procedure tridia with old values.

)

var
low : integer;
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beain

if saturated then low := %
else low := 2:

$or 2 = iow to nz-1 do
psilz) := xlz - low ¢+ |1}

end:

!l'l'll'll.l..,lDIC'.OUOICOOUC‘CI..ll'..l‘llll!!"'llll!l‘.'l.'l‘l'll.llllll‘,

vrocedure display:

’
A

Dicplavs reaj time, simnlation time, error, and whatever else might

seea worthwhile at the tiame.

1
:

var
teap : longint;

begin

it =1 then temp := ti
else temap 1= t2;

getdatetime(t2):

gotory (20,10}

{ t2 15 real time 1n saconds )

writel 'increment real time: ,(t2-temp):>, s5'):

ootoxy(20,11);
write('elapsed real time:’,

qntory(20,12):

(t2-t1):5, s7):

writel 'simulation time: " (time/X.beul):3:2," hrg, ')

aotoxy{20,13);

write{ infiltration rates “,ritl,’

antnxy(20,14);

n/g )

-

write{ surface hydraulic conductivity: ", b12]," wm/s’);

qotoxy (20,17

write( 'surface pressure head:

qotoxy(20,19)
writel 'basal pressure heag:

ead;

(BB RO RRII RPN RBRIRI AR RBRNII NN PNNIBINRRNENIRIRRIRTTRIRRINAY;

pracedure checktime;

(

Chects to ses if current time is the speciiied saulitiple of time increments
tdtwrite). 1§ so, data from currenl
move on to next time incresent.

}

ver
timefactor : axtended:

beqin

‘ypsi(2112:4, & 2

.psilnz-13:2:4," m )3

time are wrilten to disk.

1f not,

178
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timetactor := L/dlwrite:
1§ (timaefactor - trunci{timefactor)) = o,
then filewrite:
end}

(l'l'l'l.lll.'.l.l"l'l'.l'l""'I..l.l'l...[l"lllll'.’l.ll".‘.ll.llll.‘l.)

procedure cleanup;
Closes disk file, prints end of joh stateaent.
)

beqin
close{disk): { close ouput file )
writeln:
writein:
wrttelnt’ end of joub 2
writelng
writeln(’ press FETURN to ozt ):
writleln;
readlin:

end:

(lllllllIIl!Il!l!!!.lllll!lll‘llll.!lIl.!llllllll&loDtollllvtlillllollilluil)
praocedure checksaturation:

(
Adiusts upper boundary to prevent ponding and calls appropriate
matrix-fi1lling orocedure. [§ 1nfiltration rate erceeds saturated
conductivitv, then the rate is set equal to ronductivitv and satwatrix
is called. 14 infiltration rate excemds actual surface conductivity but
is below saturated conductivitv, then surface conductivity 1s set mqual
to infiltration rate and fluxmatrir is called. [IF wnfrltration rate 3s
less than actual conductivity, then fluxmatrix is called.

1
H

begin

if r(t]l > ksat then ( saturated gqround surface ;
begin
rltl = Fsaty
«{2) := ksaty
psi{2) := 0,3
satmatrix

end:
if rlt) > ¥(Z] then { vnsaturated around surface }
begin { with no ponding }

vl2) := rlt)y
fluxmatrix
end
else
fluxeaterix:

end;

(SRR IaNEssaRBRsIpRRORIEss UIBOIlUBsURBIBRRBRTRBEsslIPBRURIORIOSRIIIIRIBIIGIL,
('l'lll"!Illll'lll'llllll.!ll’lllll.llll'l!llllllll|l|0|0'.li§lll‘|ll00ll.!}
Y

beqin { main prograa ;

getdatetime(tl)y ( starting res! time )
tnitializationg
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for t := | Lo at do

begin
tiee 1= timeedt:
conducts
boundarvheads:
chectsaturationt
thomasta.b,c,$ ,x,numeq);
swapvalues:
display:
checktime:

endi

cleanups

end.,

(lll'll.‘ll.ll.l.lllIll!5.'.'.!6"".."‘.!'.'lllllll!Ill'lll.lllllllll!'bll)

-~

e ek ke e e e e

(

(

main time lonp )

s1anlation time in ceconds }

fill hvdraviiec conductivity satrix )

calcnlate head at imaqinary nodes

decide which upper boundary condition

solve for precsure heads )

put x vaines i1nto psi vector
show 1mportent stuft 3

and pul thea on the dish
end of main time loup

rlose down everything and go hoame

end main proqram )}

\
’

v
H

\
‘

(SN R B I BRI B TR RR NN PVUBIO NN IRETIBIRIPIRRsReRDORIIIBRBISSIRIIITLY],
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APPENDIX E
PERTURBATION SOLUTION QF THE LINEARIZED
STEADY-STATE HILLSIDE FLOW EQUATION

GENERAL SOLUTION

Under steady state conditions the governing equation for modified Dupuit flow,

equation (1.3), reduces to the nonhomogeneous, nonlinear ordinary differential equation

R _[d%h 2 dh .
'K_[d§2 h + G—'z) ]cosB-E51nB (E.I)

Now (E.1) can be linearized by assuming that water level, h, consists of two parts: an
average component that remains constant along slope and a smaller perturbed component

that varies along slope
h(€) = h + h(E) (E.2)

in which b « }-1, so that substitution of (E.2) into (E.1) yields

R oh
T =|:£ (h+h) + [aiT] cos B - gsm B (E.3)

The assumption that h « h allows all terms involving products of h to vanish, so to first

orderin h equation (E.3) becomes

R d2h dh tan B

(E.4)

which is a second order linear ordinary differential equation that can be solved using the
method of undetermined coefficients (e.g. O'Neil, 1983; Boyce and DiPrima, 1977). For

its homogeneous portion, (E.4) has the characteristic equation
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m2+bm =0 where b =—205 (E.5)
h
with eigenvalues
mp=-b
my = 0 (E.6 a,b)

For two real and distinct eigenvalues, a general solution to the homogeneous portion of

(E4)is

h=c¢; exp(mj&) + ¢ exp(mak) (E.7)
or, substituting (E.6 a,b) into (E.7),

h = ¢y exp(-bE) + c2 (E.8)

The particular solution to the nonhomogeneous part of (E.4), Hp, must be differentiated at
least once to arrive at the nonhomogeneous portion, so guess that Hp is a first degree

polynomial of the form
hp=c3&+cs (E.9)

Now differentiate (E.9) and substitute the results into (E.4) to get

lnB__ R (E.10)
h K hcos B
with c4 = 0, and finally solve for the non-zero coefficient term
. . (E.11)
K sin B

The general solution to (E.4) is a linear combination of (E.8) and (E.11), hence
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h =cy exp(-bE) +ca +c3 & (E.12)
PARTICULAR SOLUTION

Constants ¢ and c; are found by evaluating the general solution (E.12) at both ends
of the problem domain, & = 0 and £ = L, where L is the length of the porous slab. This
Appendix considers only the boundary conditions h = 0 at £ = 0 and & = L, although there
is no mathematical reason why other boundary conditions could not be evaluated. First

evaluate (E.12) at £ = 0 and solve for cj to get

¢1=-c2 (E.13)
and substitute (E.13) into (E.12), this time evaluated at § = L, to arrive at

0=-cpexp(-bL) +co + ;-.Ln-é (E.14)
o Sin p

Solving (E.14) for ¢y

cp=- RL (E.15)
[1- exp(-bL)] K sin B

which gives, after substituting (E.13), (E.15), and (E.11) into (E.12) and rearranging,

H=__R_[§_ 1-exp(-b§)]

1 - exp(-bL) (E.16)

which can be checked by differentiating with respect to § and substituting the results back

into (E.4).
VERIFICATION OF THE NUMERICAL SOLUTION

Equation (E.16) can now be used to verify the numerical model developed in
Chapter 1 by comparing the closed form solution of (E.4) with the results of the computer

program for large values of t. To obtain a steady state numerical solution, the program
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downhill_flow_rchge, listed in Appendix C, was modified to handle constant, rather than
time variant, recharge and also to write results to disk only after the last time increment.
The computational parts of the program, however, remained unchanged. As shown in
Figure E.1, which illustrates analytical and numerical solutions for values of p = 0.025,
R/K = 0.00024, 8 = 229, and t = 300 hrs., agreement between analytical and numerical
results is excellent for values of 8§ = 5.0 and 2.5 m, but large errors occur for 8¢ = 10.0
m. Maximum error for 8§ = 2.5 m was 0.15%. The value of R/K = 0.0024 was obtained
by averaging 1 m of rainfall, the average annual precipitation in Cincinnati, over 1 year and

then dividing the result by K = 1.3x10-5 m/s.

b
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Figure E.1 Comparison of steady state phreatic surface profiles generated with
equation (E.16) and a modification of the computer program listed in

Appendix C.

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



—

1.0800

YA al
1.060C

water

. e s
Cheowem )
) [N

level 1.0400
{m)

1.0200

re t
oLl

.1

1.0000 U+

0.0

+

L}

10.0 20.0 30.0 40.0 50.0 0.0 70.0 80.0 90.0 100.0
distance along slope (m)

‘®  analytical,
dx =25 m

numerical,
dx =25m

numerical,

= numerical,

dx

=1{0.0m

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

186



—

APPENDIX F
FACTOR OF SAFETY AGAINST SLIDING FOR A
VARIABLY-SATURATED INFINITE SLOPE

LIMIT EQUILIBRIUM EQUATION

In this Appendix the standard infinite slope analysis is modified to take variable soil
moisture profiles into account. Limit equilibrium slope stability analyses estimate a factor of
safety against sliding by dividing the gravitational driving force into the resisting force due
to soil shear strength. Variables used, along with a free-body diagram of a representative
slope element, are schematically illustrated in Figure F.1. The approach taken here departs
from standard infinite slope analyses by calculating the weight of a variably-saturated soil

column as

H
W=Hy,n+yw6[e(z) dz (E.1)

where Y is the unit weight of the dry soil matrix, ¥ is the unit weight of water, and 6(z)
is the volumetric water content, which is a function of both space and time during
infiltration. For simplicity infiltration is assumed to be vertical only, so that water content is
constant parallel to the slope. The gravitational driving force resolved parallel to the slip

surface, S, is thus given by

S=Wsin

H
= I:H Ym + Yw Ie(z) dz] sin f (F.2)
0
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Figure F.1  Schematic illustration of variables used in the variably-saturated infinite
slope analysis. Pressure head increases hydrostatically volumetric water
content is constant beneath water table (i.e. ¥ = 0 isobar), but are
functions of z above the water table. Bold face vectors denote forces

acting on a representative slice of unit width.
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Shearing resistance is controlled by soil shear strength, T, which is in general

assumed to be of the form
T=C+ Oefftan ¢ (F.3)

along the failure surface, where c is cohesive strength (see below), G is effective normal
stress, and ¢ is the angle of internal friction. Although the principle of effective stress in
saturated media has been long established (Terzaghi, 1923), there is some debate in the
literature concerning effective stress in partially-saturated media. For example, Fredlund
(1987) fits curves to laboratory triaxial test data and proposes an unsaturated shear strength

law that specializes to
T=C + Op tan ¢ - uy tan ¢b (F.4)

for atmospheric pore air pressure, where Oy is total normal stress, uy is pore water
pressure, and ¢V is the slope of a plot of pore pressure vs. shear strength with constant
normal stress. According to the laboratory data summarized by Fredlund, ¢b ranges from 5°
to 15° less than ¢ for the soils tested. McTigue and others (1983), in contrast, propose an

effective stress law that implies shear strength of the form
0 <
T=C+{0p + o Uw tan ¢ (F.5)

for one dimension and atmospheric air pressure, where 0 is volumetric water content and n
is porosity. Fredlund's law is backed by experimental data, but it lacks a sound theoretical
foundation; the law proposed by McTigue and others, on the other hand, is theoretically
rigorous but has no empirical substantiation. However, it is reasonable to assume that

volumetric water content is fairly close to saturation when thin colluvium hillsides near
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Cincinnati are in danger of failing, so the error introduced by assuming that a classical

shear strength criterion of the form
T=C+(0p- uy) tan ¢ (F.6)

applies to slightly unsaturated soil will be negligible. Shearing resistance in natural clays
undergoing progressive failure is controlled by residual shear strength (Skempton, 1964,

1985), in which zero cohesive strength is assumed, giving a failure criterion of the form
T =(On- uw) tan ¢r (E.7)

where ¢, is the residual angle of internal friction. Integrating along the failure surface

beneath a representative element of unit width gives the resisting force, T
T=N-U)tan ¢, (F.8)

where N is soil weight resolved normal to the failure surface and U is the buoyant normal

force counteracting N. These are given by

N=Wcos B
H
= [H Ym + Yw 6[9(2) dz} cos B (F.9)
and
U =y ywcos B (F.10)
herce
H
T=[H Ym +wae(z) dz-wyw:lcothamb, (F.11)
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Division of (F.2) into (F.11) yields the factor of safety for a partially saturated infinite

slope

F=T/S

_N-O)

H
[HYm + Yw 6[6(2) dz - ¥ Yy ]tan¢r
= q (F.12)

[H Ym + Yw d[e(z) dz:| tan B

SPECIAL CASES
Casesof y=0andy =H

Equation (F.12) can be specialized to recover two commonly-used simplifications.

For a hillside in which the water table coincides with the failure surface, y = 0 and after

substitution (F.12) simplifies to

_tan ¢r

F F.13
tan B (F.13)
For a hillside saturated to the ground surface, y = H and 6(z) = n, so
F= (1 NP, . ) tan & (F.14)
Ym+ DYy )tan B

Inspection shows that the sum Y, + nYy is equal to the saturated unit weight of the soil,

WYsar, and (F.14) becomes

—-
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Fe ( ] ‘V_W) tan (F.15)
Wsar) tan B

Finally, because the unit weight of water is roughly half the saturated unit weight of most
soils, equation (F.15) can be further simplified to

_ tan Or

= F.16
2tan B (F.16)

Case of Constant 0

Field data from the Delhi Pike landslide complex suggest that it is a reasonable first
approximation to assume that @ is constant with depth, and under this condition (F.12) can
be simplified to

F =[Wm i (e i )] e & (F.17)

(Vm + Ww) tan B

The problem remains complicated, however, because in unsaturated porous media 6 = f(y)
and (F.13) is nonlinear in \y However, laboratory measurements of water content vs.
pressure head in colluvium samples from Delhi Pike (Murdoch, i987) suggest that, if

hysteresis is ignored for simplicity, water content may be approximated as

0 = nexp{ o(y - Wsan) } (F.18)
for ¥ < Ygar and
O=n (F.19)
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for for W > Year, Where n is porosity, Wsa, is the lower limit of tension saturation, and a. is
a constant. Thus for constant 6, F can be calculated by substituting either (F.18) or (F.19)

as appropriate into (F.17).
SENSITIVITY ANALYSIS

Changes in F in response to changes in the values of variables can be examined
using a relatively simple form of sensitivity analysis (USDA Forest Service, 1987).
Average values for each of the variables in (F.12) are assumed and used to estimate a
baseline factor of safety against sliding, Favg. Then, for a generic variable X, the value of
each variable is changed by small increments within reasonable bounds while the remaining
values are held constant, and the percent change in factor of safety 100 (F - Favg)/Favg is
plotted against the normalized percent change in that variable 200 (x - Xavg)/(Xmax - Xmin)-
The latter range is chosen so that all of the independent variables can be p'otted on the same

axis over the range of -100% to +100%.

The accompanying BASIC computer program SENSITIVITY.BAS evaluates the
sensitivity of the infinite slope stability equation for 8(z) = constant over specified ranges
B, 0r, Ym, and . Results for typical Cincinnati thin colluvium hillside values are shown in
Figure F.2, and show that the stability equation is very sensitive to changes in W, but
almost equally insensitive to changes in B, ¢, and Ym. Because B, ¢r, and ym might be
assumed to be relatively constant through time, the sensitivity analysis suggests that basal

pressure head, v, is the critical value controlling stability.
EVALUATION OF CRITICAL BASAL PRESSURE

The factor of safety equation (F.8) can be set equal to unity re-arranged to solve for

the critical basal pressure head at failure
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Figure F.2  Sensitivity of the factor of safety equation for constant 6 and variable 3,
&r, Ym, H, and y. Variable ranges, which were chosen as representative
of thin colluvium hillsides in the Cincinnati area, are 1 <H<2 m, 1000 <
Ym < 2000 kg m-3, 20° < 8 <28°,20° < ¢y <25° and 0 < y <2 m H,0.
Other constant are n = 0.45, & = 5, Werie = -0.1 m HC, yw = 981 kg m3,

a.nd Favg = 0.43.

f
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ST

H
orie = - {28 [ 6(2) dz (F.20)
ktan Or i Yw 6'

N

Again assuming that 8 is constant with depth

\l/crit='H( anB IJ(YL ) (E.21)

tan ¢r Tw

Critical basal pressure head at failure can then be estimated by iterating either (F.18) or
(F.19), as appropriate, and (F.21) to convergence as shown in the accompanying BASIC
program PSICRIT.BAS. Figure F.3 shows that Wit clusters around zero for typical
values of B and ¢r, so in general Cincinnati area thin colluvium hillsides should be stable as
long as ¥ < -1 m H20 along potential failure surfaces. This estimate agrees with many
observations that these hillsides fail during winter and spring months, when the colluvium

is moist and susceptible to rapid water level fluctuations.
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Figure F.3  Critical basal pressure head at failure for variably-saturated infinite slope,
calculated using typical values for thin colluvium hillsides in Cincinnati.
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‘  SENSITIVITY.BAS

' Program to evaluate sensitivity of factor of safety equation for an

' unsaturated or saturated infinite slope with water content as function

' of pressure head. Qutput is written to an ASCII disk file compatible with
) Microsoft Excel.

' William C. Haneberg

' John L. Rich Geomechanics Laboratory
' Department of Geology

' University of Cincinnati

' Cincinnati, OH 45221-0013

' written in Macintosh BASIC, v. 3.0
) version of September 1988
! VARIABLES

' hiphi = maximum angle of friction

' lophi = minimum angle of friction

) avgphi = average angle of friction

'  himatrix = maximum matrix unit weight

' lomeatrix = minimum matrix unit weight

' avgmatrix = average matrix unit weight

‘  hithick = maximum soil thickness

' lothick = minimum soil thickness

' avgthick = average soil thickness

! hipsi = maximum basal pressure head

‘ lopsi = minimum basal pressure head

' avgpsi = average basal pressure head

) hibeta = maximum slope angle

! lobeta = minimum slope angle

! avgbeta = average slope angle

) theta = volumetric water content = f(psi)

) poros = porosity (= saturated volumetric water content)
' alpha = constant term in pressure-water ccntent eqgn.
' psicrit = lower limit of tension saturation

' water = unit weight of water

' degstorads = degree to radian conversion factor = 57.29...
' F = factor of safety against sliding

' Pavg = baseline factor of safety using average values

' TYPICAL VALUES FOR CINCINNATI COLLUVIUM HILLSIDES

degstorads = 57.29577951%

poros = .45
alpha = 5%
psicrit = -.1

water = 981
himatrix = 2000
lomatrix = 1000
hibeta = 30
lobeta = 20

—
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PRINT

PRINT “delta phi";CHR$(9);"delta F"
FOR angle = lophi TO hiphi STEP .5
phi = angle/degstorads
GOSUB calculate
deltaF = 100%(F-Favg)/Favg
deltaphi = 200*(phi-avgphi)/(hiphi/degstorads-lophi/degstorads)
PRINT deltaphi;CHR$(9);deltaF
NEXT
phi = avgphi
PRINT

PRINT "delta beta";,CHR$(9);,"delta F"
FOR angle = lobeta TO hibeta

beta = angle/degstorads

GOSUB calculate

deltaF = 100*%(F-Favg)/Favg

deltabeta = 200%(beta-avgbeta)/(hibeta/degstorads-lobeta/degstorads)

PRINT deltabeta;,CHR$(9),deltaF
NEXT
beta = avgbeta
PRINT

PRINT “delta thick";CHR$(9),"delta F"
FOR thick = lethick TO hithick STEP .25
GOSUB calculate
deltaF = 100%(F-Favg)/Favg
deltathick = 200*(thick-avgthick)/(hithick-lothick)
PRINT deltathick;CHR$(9);deltaF
NEXT
thick = avgthick
PRINT

PRINT "delta matrix";CHR$(9);"delta F"
FOR matrix = lomatrix TO himatrix STEP 100
GOSUB calculate
deltaF = 100%(F-Favg)/Favg
deltamatrix = 200%(matrix-avgmatrix)/(himatrix-lomatrix)
PRINT deltamatrix;CHR$(9);deltaF
NEXT
matrix = avgmatrix
PRINT

CLOSE #*1

END

SUBROUTINE TO CALCULATE FACTCOR OF SAFETY

calculate:
IF psi < psicrit THEN theta = poros*EXP(alpha*(psi-psicrit))
IF psi = psicrit THEN theta = poros
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F = (matrix + water*(theta-psi))/(matrix+water*theta)
F = F'TAN(phi)/TAN(beta)
RETURN
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' PSICRIT.BAS

*  Program to calculate critical basal pressure head for stability of an

‘ unsaturated or saturated infinite slope with water content as function
'  of pressure head. Results are written to an ASCII disk file compatible
with Microsoft Excel.

William C. Haneberg

John L. Rich Geomechanics Laboratory
Department of Geology

University of Cincinnati

' Cincinnati, OH 45221-0013

‘ written in Macintosh BASIC, v. 3.0
version of August 1988
' VARIABLES

tolerance = maximum allowable error

difference = error in given iteration

' oldvalue = dummy variable

' thickness = thickness of soil [L]

) theta = actual wolumetric water content

' thetasat = saturated volumetric water content

' alpha = constant term :in pressure-water content egn.
herit = lower limit of tension saturation {L]

' matrix = unit weight of soil matrix [WEIZHT/L"3}

' water = unit weight of water [WEIGHT/L"3]

*  phi = residual angle of internal friction [DEGREES]

' lophi, hiphi = upper and lower limites of residual friction angle
' Dbeta = slope angle [DEGREES]

' lobeta, hibeta = upper and lower limits of slope angle

' height = pressure head at failure

' degstorads = degree to radian conversion factor = 57.29...
count = iteration cointer

slope = index variable for phi

* strength = index variable for beta

‘  TYPICAL VALUES FOR CINCINNATI COLLUVIUM

tolerance = .0000001
initialheight = -1!
difference =1000
thickness = 1.5
thetasat = .45
alpha =5

herit = -1
matrix = 1525
water = 981

lophi = 20

hiphi = 25

lobeta = 20
hibeta = 30
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lophi = 20
hiphi = 25
lobeta = 20
hibeta = 30
hithick = 2
lothick = .5
hipsi = 2
lopsi = -2

' GET OUPUT FILE NAME AND OPEN DISK FILE FOR OUTPUT

outfile$=FILES$(0,"enter output file name")
IF outfile$ = “* THEN END
OPEN outfile$ FOR OUTPUT AS *1

PRINT"“SENSITIVITY ANALYSIS OF PARTIALLY-SATURATED INFINITE SLOPE"
PRINT

PRINT"delta(variable) is normalized to +/- 100% of half-range about the
average"

PRINT

PRINT#1,"porosity =",CHR$(9),poros

PRINT#*1,"alpha = ",CHR$(9),alpha

PRINT#*1,"psi crit = ",CHR$(9),psicrit

PRINT#*!, "unit wt. water =",CHR$(9),water

PRINT#*!,"unit wt. matrix = ",CHk$(9),lomatrix,CHR$(9),"to" ,CHR$(9),himatrix
PRINT#!,"beta = ",CHR$(9),lobeta,CHR$(9),"to",CHR$(9),hibeta

PRINT#|,"phi = ",CHR$(9),lophi,CHR$(9),"to",CHR$(9),hiphi

PRINT#1,"psi = " ,CHR$(9),lopsi,CHR$(9),"to",CHR$(9), hipsi

PRINT#1,"soil thickness = ",CHR$(9),lothick,CHR$(9),"to",CHR$(3),hithick

' CALCULATE AVERAGE VALUES

avgmatrix = (himatrix+lomatrix)/2!: matrix = avgmatrix
avgthick = (hithick+lothick)/2!: thick = avgthick

avgphi = (hiphitlophi)/2!/degstorads: phi = avgphi
avgbeta = (hibeta+lobeta)/2!/degstorads: beta = avgbeta
avgpsi = (hipsi+lopsi)/2!: psi = avgpsi

GOSUB calculate

Favg = F

PRINT#1,"Favg =",CHR$(9),Favg
PRINT

' CALCULATE CHANGE IN F AS CONTROLLED BY CHANGES IN EACH CONTRCL
' PARAMETER (PSI/H, BETA, PHI, MATRIX)

PRINT "delta psi";CHR$(9);"delta F"
FOR psi = lopsi TO hipsi STEP .25
GOSUB calculate
deltaF = 100%(F-Favg)/Favg
deltapsi = 200%(psi-avgpsi)/(hipsi-lopsi)
PRINT deltapsi;CHR$(9);deltaF
NEXT
psi = avgpsi
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degstorads = 57.29577951#
count = @

outfile$=FILES$(0,"enter output ASCII file name:")
IF outfile$ = "" THEN END

OPEN outfile$ FOR OUTPUT AS #I

PRINT #|,

PRINT #1,"CRITICAL BASAL PRESSURE HEAD FOR FAILURE OF INFINITE SLOPE"
PRINT #],

PRINT #1,"soil thickness = ";thickness

PRINT #1,"saturated water content = ";thetasat

PRINT #1,"alpha = ";alpha

PRINT #!,"lower limit tension saturation = “;hcrit

PRINT #*1,"matrix unit weight = ";matrix

PRINT #1,"water unit weight = “;water
PRINT *1,"iteration tolerance = “;tolerance
PRINT #*i,

PRINT *1,

PRINT #1, "phi";CHR$(9);"psi crit"
FOR slope = lobeta TO hibeta
beta = slope/degstorads
PRINT #1, CHR$(9);"beta =";slope;" degrees”
FOR strength = lophi TO hiphi STEP .5
height = initialheight
difference = 1000
phi = strength/degstorads
WHILE difference > tolerance
count = count +1
oldvalue = height
iF height > hcrit THEN theta = thetasat
IF height <= hcrit THEN theta = thetasat*EXP(alpha*(height-hcrit))
height = -thickness*(matrix + theta*water)*(TAN(beta)/ TAN(phi) -
1)/ water
difference = ABS(height - oldvalue)
WEND
PRINT #*1, phi*degstorads;CHR$(9);height
NEXT
PRINT #1,
NEXT
CLOSE *1
END
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APPENDIX G
JANBU SLOPE STABILITY ANALYSIS AND ESTIMATE OF
DRAIN SPACING

JANBU COMPUTER PROGRAM

The accompanying FORTRAN-77 (with 8x extensions) computer program uses
Janbu's (1973) method of slices to estimate the stability of siopes with irregularly-shaped
shear surfaces. This program is limited to homogeneous soil with no external loading,
although the generalized procedure of slices is capable of treating layered and
inhomogeneous soils, distributed and point loads applied at the ground surface, and
earthquake loads. Also, because the program was designed to analyze the stability of
natural hillsides, cohesionless residual shear strength is assumed. Soil and water weights
for each slice are calculated by integrating the volume of each slice beneath the ground,
phreatic, and slip surfaces using the trapezoid rule (see subroutinic irazzd), and subtracting
the appropriate integrals from each other. The line of action of the horizontal interslice
force, E, at the ith interface is assumed to act at a height h; = (g - s;)/3, where g; and s; are
the heights of the ground and slip surfaces at the ith interface, and at an angle that is the
average of the slip surface slopes of the two adjacent slices. The iterative procedure used to
solve for interslice shear and horizontal normal forces was taken directly from Janbu

(1973, p. 69).

Required data are read into the program from a user-specified ASCII disk file in the

following order:

initial guess at factor of safety [real]
unit weight of soil [real]

unit weight of water [real]

angle of internal friction [real]
iteration tolerance [real]

number of slices [integer]
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x(1), ground(1), water(1), slip(1) [real]

:vc(slices-é- 1), ground(slices+1), water(slices+1), slip(slices+1) [real]

where x(n) is a vector containing the horizontal coordinates of each interface between
slices, ground(n) is a vector containing the vertical coordinates of the ground surface,
water(n) is a vector containing the vertical coordinates of the phreatic surface, and slip(n) is

a vector containing the vertical coordinates of the potential slip surface.
APPLICATION TO DELHI PIKE

The Janbu analysis program described above was used to evaluate the accuracy of
the infinite slope simplification developed in Appendix E and used in Chapter 3 of this
dissertation. Data from a trench at Delhi Pike, excavated by R.W.Fleming (personal
communication), were used to determine ground and slip surfaces and to divide the hillside
into 21 slices (Figure G.1). Scil weight was estimated using values of 70% fine grained

matrix with a unit weight of 19,600 N/m3 and 30% limestone blocks with a unit weight of

Table G.1 Comparison of Janbu and Infinite Slope Analyses
phreatic surface @ slip surface @ ground surface
soil unit weight 22.0x103 N/m3 22.0x103 N/m3
water unit weight 9.8x103 N/m3 9.8x103 N/m3
residual friction angle 22° 2°
average slope angle 18° 18°
Fianbu 1.25 0.64
Finfinite 1.24 0.62
error(infinite) -0.8% -3.1%
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Figure G.1 Approximation of hillside geometry at Delhi Pike used in Janbu stability

analysis.

—
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26,600 N/m3, and a residual angle of internal friction of 22° was assumed on the basis of
direct shear test data. Both matrix unit weight and residual friction angles were selected
using laboratory data provided by R.W. Fleming (personal communication). Factors of
safety against sliding, F, calculated using both the Janbu and the infinite slere methods for
completely saturated and completely unsaturated hillsides at Delhi Pike are shown above in
Table G.1. As expected, the Janbu method predicts higher factors of safety because it takes
interslice forces into account; however, this difference is negligible because changes in slip
surface geometry that produce non-zero differences in interslice forces (dE and dT in
Janbu's notation) across each slice are minimal, and for practical purposes the hillside is an

infinite slope.
ESTIMATE OF DRAIN SPACING

If a steady-state phreatic surface were to exist (see Chapters 2 and 3 for a
discussion of this possibility), how closely would drains have to be spaced to maintain
acceptable water levels throughout the entire hillside at Delhi Pike? The infinite slope
analysis validated above can be combined with the method of Schmid and Luthin (1964) to
give a first approximation of drain spacing necessary to stabilize thin colluvium hillsides
such as those at Delhi Pike under two sets of conditions: the most extreme case of steady-
state recharge equal to saturated hydraulic conductivity and the a extreme case of steady-

state recharge equal to the 100 yr. rainfall distributed over 24 hrs.
Most Extreme Case
For steady-state recharge equal to hydraulic conductivity
R/K = 1x100 G.1)

where R is recharge and K is saturated hydraulic conductivity of the soil, and
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o =0.32 (G.2)

where a is the slope of the impermeable substrate. Using (G.1) and (G.2), Figure 2 of

Schmid and Luthin gives a value of
L/H =2x100 (G.3)
where L is distance between drains and H is critical water level that must not be exceeded.

For hillsides such as those at Delhi Pike assume typical values of

¢y =220 (residual friction angle)

B =arctan o = 180 (slope angle)

D=15m (soil thickness)

Ysoil = 2.0x104 N/m3 (saturated soil unit weight)
Ywater = 9.8x103 N/m3 (water unit weight)

and solve the standard infinite slope stability equation for water level, H, at F =1

H=-DM(s—iB—B—- cos B) (G.4)
Ywater \tan or

Now substitution of the typical values into (G.4) yields
H=6x10"1m (G.5)

and subsequent substitution of (G.5) into (G.3) gives minimum drain spacing necessary to

maintain stability
L=1x100m (G.6)
Less Extreme Case

It is unlikely that R = K can be maintained over long periods of time, so for a less

extreme situation assume that R is equal to the 100 yr. maximum daily rainfall infiltrates
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over a period of 24 hrs. From Chow and others (1988), the 100 yr. rainfall for the
Cincinnati area is ().15 m/24 hrs., or 1.7x10-6 m/s, and from Chapter 1, K = 1.3x10-5 mys,

so

R/K = 1.3x10-1 (G.7)
and from Schmid and Luthin (1964, Figure 2)

L/H = 5x100 : (G.8)
so, recalling H = 6x10-1 m from (G.5) critical drain spacing is

L =3x100m . (G.9)
for the less extreme case.

Even if recharge is reduced by another order of magnitude, R/K = 1.5x10-2, L/H =
2.5x10! and H = 1.5x10! m. With the value of K assumed here, however, this low rate of
recharge corresponds to daily rainfall of 0.07 to 0.08 m. For comparison, the maximum
daily rainfall during spring 1988 was about 0.05 m, which suggests that R/K = 10-2 is too
low for design purposes and a more conservative estimate of drain spacing wouid be on the

orderof 100<L <101 m.
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William C. Haneberg

Jaohn L. Rich Geomechanics Laboratory
Department of Geoloay

University of Cincinnati

Cincinnati, OH 45221-0013

Septeaber (988

variable list...

X vector of x-coordinates

ship vector of z-coordinates for siip surface
water vector of z-coordinates for phreatic surface
around vector of z-coordinates for ground surface
beta vectar of slip surface slopes for each slice
tanalpha average slope between two adjacent slices

e vector of intersiice horizontal forces

t vector of interslice vertical forces

b vector of line of action heights four e

dw vector of soil weight for each slice

du vector of water weight for each sl:ce

de vector of interslice horiz. force derivatives
dt vector of interslice vertical force derivatives
n vector of n-factors for each slice

areal area of slice beneath around surface

area? area of slice beneath phreatic surface

areal area of slice beneath slip surface

0ldfo factor of safety without interslice forces
oldfT factor of safety for with interslice farces
new dumay factor of safety variable during iterations
wetwt moist unit weight of so1l

watwt unit weiqht of water

phi residual angle of internal friction
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120

122

123

124

125

128

127

128

toler
dyéfer
relerre
draive
resist
dsum
rsum
degrad
1
count
slices

N~
—
~

maxiaum allowable error per yteratun
error ppr ileration

relative error between nldfuv and nldii
driving forces for a given siice
resisting forces for a qiven slice

sua of driving forces for all slices
sum of resisting forces for all slices
degree to radian conversion factor (a constant)
vector index

loop counter

nusher of slices

declare all variables...

implicit none

realsd
realed
realsd
realsd
realed
reals»d

slip(25) swater (29) ,aronnd (25) ,dw(5) ,dnt25),n(25) ,x(25)
e(25) ,t{25) ,h(25) ,de(25),dt(25),beta(23) . drive(23)
resist (25)
areal,area2,areald,tanalpha,dsum,rsum,desna, dtsum

oldf), oldfl,wetwt, watwt toler length.depth,crack,ph
factor.new,diféer deqrad.relerr

integers?2 siices,.i . .count
charactere25 infile,outfile

print greeting, get naae of input and output ASCII files...

write(9,120)
format (16X, JANRU STABILITY ANALYSIS FOR HOHOGEREOUS SLOFES )

prints
printe

write(s,121)

format (30X, 'William C. Haneberg'!
writel(s,122)

foreat (221, 'John L, Rich Geomechanics Laboratory’)
write(®,123)

format (30X, Department of Geology')
write(s,124)

format (28X, 'University of Cincinnat:’)}
write(#,125)

format (28X, Cincinnati, OH 45221-00{3")

printe

write(s 126}
format (29X, version ot October 1988 )

printe
prints

write(s,127)
format (19X, file names must be less than 25 charactersy’)

printe

write(s,128)
format (‘Nase of ASCII input file? ")

reads,

infile
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101

to7

«3
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prints

write(s,129)

format ("Name of ASCI[ output fiie? °}
reads, outfile

prant#

read 1n data from ASCII disk file..,
openlunit=f,filezinti1le.status="0ld ,action= read’)

print », °‘reading d2ta ¢ile ",initile
printy

read (1.100) oldfo
format ($4.2)

read (1.101) wetwt
format (§6.0)

read (§1.102) watwt
format (f6.0)

read (1.10%} phi
format (¢5.3)

read (1,104) toler
format (§5.7)

read 1).,108) crack
tormat (fé.1)

read (1.,106) slices
foreat (i)

do (i=l,slices+})
read (1.107) x(i),around(i) waterti},slipt1)
format(4(48,3))

end do

close(unit=1)

calculate things that stay constant throuwad iterations...

degrad = 57.29577950
pht = phi/dearad

s0il weight, water weight, and slope for each slice:
passive earth pressure is assumed to calcvlate line
of action height, hii), éor each interiace,

do tizi,slices)
call trapzdix{i) x(i+t),ground(i),ground(i+l) areal)

call trapedix(i) x(ist) ,water(i} ,water(14]),areal)
call trapzdixti) x(is+t),slapti) slipti¢l), areald)

dw i) (areal=-areal)ewetnt
duli) = (area2-areal)#watmt

215



h(1) = (aground(id-slip6r) /3,
betalid=atani(slip(itl)=-slipti)i/(xtas-2aV))

end do

c iterate factor of safety to converaence tor 1 = v, E = v

diffar = lelé
count = ¢

do while (differ .qt. toler)

differ = 0.0e-08
count = count ¢+ 1
dsym = 0.
rsye = 0,

€ calculate resisting and driving forces tor each slice, and
[ then sum thea over all of the slices...

do (i=1l,slices)
n{i) = cosibetatid)ss2s{istantbrtatidtistaniphils/oldiQ)
resist (1) x {dw(i)-duli))etaniphi)/nl1)
rsusm = rsua ¢+ resist(j)
drive(1) = dwli)otani{betatr})
dsua = dsus + driveli)
end de

new = rsum/dsum
differ = abstnew-0ldf0!
oldf0d = new

repeat
write(9.130) 0ldf0,count

130 format{'F = * £5,2,° after ",i2,' i1terations’,
X ° with no interslice forces’)

print#
[  =-memmce—cmmceecmemmecmerommmmmmcecc-emcm e mem-——m—e—memmem———aa-soo
C and now use F for T = 0 as a basis for
o iterating F for T > 0 and E » O

oldféT = oldf0
differ = le0b
count = 0

do while (differ .qt. toler)

differ = 0.0e-09
count = count + |}
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dsum = U

rsua 3 0,
G first, calculate 1nterslice forces and derivatives--
C see Janbu (1973, p. 69) for details...

do (i=l,slices}
de(1) = drave(i) - resist(i)/oldél
desum = desum + del(1)

end do
pll) = 0O
ti(ty = u.

elglices+]) = n,
tislices+l) = 9,

de (1=2.slices)
tanaipha = lslln‘nOl)-sliotl-:))/lx(lbl;jnln-l))
af)) = eli-1)+deti-1)

tti) = -eli)stanalpha
tiz) = tei) + hiidstetis)éeln-1))7{x38])-x11-3))
end do

do (i=],slices)
dti) = tGiel) - t(i)
dtsum = dtsym ¢+ dt(i}

end do
o now, use these new d7 values Lo z2lculats resisling and
r driving forces for each slice, and sum them over all of
C the slices...

do ti=i,slices)
n(i) = cos{betali))sa2s{{stan(betati})stantiphi)/oldfl)
resist (i} = (dw(i}edt(il-duls})etaniphi}/ali)
rsum = rsua ¢+ resistii)
drive(i) = (dwli)edt(i))stan(betat1))
dsum = dsum ¢ driveli)
end do

new © rsua/dsua
differ =z absinew-oldiT)
0ldfT = new

repeat

write(s,131) oldéT,count
131 toreat ("F = * §5,2,  after ",i2,  iterations .,
X ° with interslice forces’!
prints
prints

Rl

write results to disk file...
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this version saves a ainiaal amnuat of data,
but can be expanded to save interclice f{orces,
slice weights, and so forth...

(a3 o« Biw]

phi = phisdeqrad
relerr = 100.8abs((oldf0-0ldfT}/0ldfl)

openfunit=2,file=outfile,status="new’ ,action="write’)

wrate (2,110) inérle
1in format ('input data file: ',azd!
write (2,111) wetwt
tt format (‘soil unit wt.: " ,f6.0)
write(2.112) watwt
112 format {"water unit wt.: “,f5.0)
write(2,113) phi
113 tormat('residual phi: °',§5.2)
weite (2,1146) toler
116 format(‘iteration tolerance: ’,{3.3)
write(2.117) oldfQ
17 format('F = ', §4.3,° wilth no i1nterslice turces )
write(2,118) oldfYy
118  format(’'F = ", §6.5," with interslice forces’)
write(Z,119} relerr
119 format(‘relative error: “,§5.2,°%°)

closelunit=2)

printe

prints, data written to disk file "“,outfsie

prints

prints, ‘press RETURN to exit’

pause

end
C ................. o o o 2 A0 o o o o = e e = = = = = e - = - - - -
C use vajues vl and y2 to integrate between x1 and «2
C with the trapezoid rule...

subroutine trapzdi(xi,x2,yl,y2,area)
realsd dx
dx = abs(x2 - x1}
area = dx#ly2 + y1/2.)

return

end

—
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