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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 H2O during summer and 

autumn, but rise to -1 m H2O 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 m ake it difficult to determine where drains should be 

placed to 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 arc 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) colluvium below Delhi Pike and Onder 

Gokce, 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 America 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 

Gokce'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 bedrock. 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 gradually 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 Cincinnati. 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 o f 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 1987,1 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 

colluvium at Delhi Pike. Whereas drain A discharged water up to IxlCH m^/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 unless 

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 o f 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

1 to be published as a U.S. Geological Survey Bulletin with A.0. 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% 

limestone) 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 of the slide as a whole. 

Vertical offset along these scarps is generally 1 m or less. Subsidiary scarps in the

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



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 arbitrary 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*5 

m/s to a low of 7.70x10*8 m/s with an arithmetric average of 1.31x10*5 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.

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



it 
C

M

10

\ ^ B O 0

r -

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



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'^ m/s and the 

mean becomes 1.47x10'^ 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'^ m/s whereas the average horizontal 

conductivity is 1.03x10'^ m/s. 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 ( w l  %) Atterberg limits clay type
(m) gravel sand silt clay LL PL

1.2 *X 6 26 67 50 25 mixed layer, illite
2.1 4 7 29 60 48 24 mixed layer, illite
4.8 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

f----
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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-
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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 increase of 0.23 m, 

on April 11a 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 distinctly 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 Mow

The well-known approximation of groundwater flow through a phreatic aquifer 

developed by Dupuit in the middle of the 19& 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 sarurated-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

(cf. 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 P 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
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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/Tj, and R is net 

recharge (R > 0 for precipitation, R < 0 for evapotranspiration) to the water table [L/Tj. 

Positive recharge is not necessarily the same as rainfall, so the two should not be used 

synonymously 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

(1.3)

or, equivalently,

9h K|~a2h 
3T p [ 3^2—- h  co s  (3 +

2
cos (3 - —  sin P + —

35 - p
(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 = ZJL 

T = t/tr 

tr = D/K

as well as the scaling factor 

o  = D/L

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

9H
P 3 T

2 o 3H . o R 
9X2 ( s x j  o  cosp -g ^ -a sm p  + K (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 occur on a 

scale of tr = L/K; thus for a slab on the order of D = 10° m and K = 10"5 m/s, characteristic 

of the hillsides at Delhi Pike, we will be looking at changes that occur on a time scale of 

order 10$ s, or about one day. For long, thin slabs all terms containing a  will be negligible, 

hence integration to solve equation (1.5) for H yields 

T2

H = J p r dT + Ho (L6)
Tl

where Ho is uniform water level along the slope at Ti. 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 tr = 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 

Whithan, 1955; Miller, 1984)

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 v  = D/K, set R = 0, and assume that for a 

nearly-saturated hillside o  = p. To first order in o, then, equation (1.4) can be re-written as 

a homogeneous kinematic wave equation

where

o  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 X and amplitude Ao, a general solution to equation (1.8) is

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

(1.7)

( 1.8)



34

H = A o s i n ^ ( 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).

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 + St. For interior nodes the predictor form of equation (1.4) is

Finite Difference Formulation

hi*w  2 [ !  + p ( ^ )2 1 hi*1® + h ^ y2 = ~ 2p (S&
1-1 1 1+1 V  RK St cos p

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

J+I . J+I - 2 p (8^)2

‘ i+1 KSt h f 1/2 cos p

(1-11)
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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,(8 t)^2] (Douglas and Jones,

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 o f boundary conditions will not greatly 

affect the behavior o f 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

1963).

Boundary and Initial Conditions

p (8 £ )2 1 J + l /2  , J + l /2  - 2 p (5 | ) 2 1

and the accompanying form of the corrector, equation (1.11), is
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- 2ĥ xed + 2 ĥ  - ĥ  (1.(1.13)

Both the predictor and the corrector for the downhill boundary expanded around the (n - 

l)lll 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.

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

NUMERICAL RESULTS
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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, 

8£ = 5 m, p = 22°, 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 = / ( 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 fa lling  

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, P 

= 22°, h = 2 m, and slope length = 100 m. Rainfall intensity was 1x10*7 

m/s for the first hour, 5x10'? m/s for the second and third hours, 1 x 10'^ 

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 slighdy 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 (5 x 10*8 m/s). 

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 

m ark ed ly . 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 gende 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 equal 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 o f 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 = 5 x l0 '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 H a m ilton 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, OHICU

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 psi capita landslide 

damage costs are among the highest in the United States (Fleming and Taylor, 1980). 

Physiographically, the Cincinnati area consists o f flat uplands dissected by valleys of the 

modem 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 H2O, could be wetted during late 

winter rains and remain moist through the following spring. Using a numerical model of

F----
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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 .0 2 ) 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 H2O, 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 autumn.

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).

r
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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 

H20.
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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_1 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 o f 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 lO-6 m/s, an order o f 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 die 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 H2O 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 i m  thick soil layer with uniform pressure head of -1 m H2O on a 22° hillside 

should be on the order of 4x1 O'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 nr2. If this rate is integrated 

over the surface area o f a hillside, typically on the order of 103 m2, losses due to 

evaporation will greatly exceed losses due to gravity drainage (1(H m3 s' 1 x 12 hr. day1 = 

4x10° m3 vs. 4xl0 '8 m3s_1 for 24 hr. d ay 1 = 3xlO-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-stonn 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 H2O, is very sharp and piston-like. Pressure head near the upper
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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.

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



? o <M <0 to O
o o 0 0 O

( U J ) HId3 Q

o

IM

«MI

in
i

<0 *- 
' O <o o

(Ui) H l d ia

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



87

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 

H2O, 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
INSTALLATION 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 (Bemknopf 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).
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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 i) 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

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



92

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 diameter 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 that at 

the drain A site and at the time of construction there did not appear to be any geologic

f
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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 

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 5xl0 '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 o f 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-l 1) 

and in undisturbed colluvium approximately 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.

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



99

C*Ol
L.OJ
.c ^U 10

<-T~
■° £m
c  O  

•a

10

8

6

4

2

0 -  J

>  HJ 
“  -#-• 
ro  ' q ,

■° o  oi_a

0 . 0 6

2  0 . 0 4

0.02

0.00 i ii jjJL
1/15  1 /3 0  2 /1 4  2 / S  3 /1 5  3 / 3 0  4 /1 4  4 / S

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



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 o f 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 = - KSHgradO (3.1)

(where Q is volumetric flux per unit width of soil, O is total hydraulic head, and 8 H 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

Q = -K ^ S 4 >  (3.2)

where Nf is the number of flow channels (or, one less than the number of streamlines), Nd 

is the number of equipotential drops along the flow path, and 8 0  is the total head decrease 

along the flow path. Using Qin to represent mass flux into the problem domain above the 

scarp and Qout 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 Qin 

and Qout 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 Cincinnati International Airport 11/12/87 O.OOE+OO
11/13/87 O.OOE+OO
11/14/87 O.OOE+OO

date precip. (m) 11/15/87 O.OOE+OO
10/1/87 0.00E+00 11/16/87 O.OOE+OO
10/2/87 O.OOE+OO 11/17/87 3.8 IE-03
10/3/87 0.00E+00 11/18/87 O.OOE+OO
10/4/87 0.00E+00 11/19/87 O.OOE+OO
10/5/87 O.OOE+OO 11/20/87 2.54E-04
10/6/87 1.45E-02 11/21/87 O.OOE+OO
10/7/87 5.08E-04 11/22/87 O.OOE+OO
10/8/87 O.OOE+OO 11/23/87 1.27E-03
10/9/87 O.OOE+OO 11/24/87 7.87E-03

10/10/87 8.38E-03 11/25/87 O.OOE+OO
10/11/87 2.03E-03 11/26/87 1.02E-02
10/12/87 O.OOE+OO 11/27/87 O.OOE+OO
10/13/87 O.OOE+OO 11/28/87 1.98E-02
10/14/87 O.OOE+OO 11/29/87 O.OOE+OO
10/15/87 O.OOE+OO 11/30/87 5.08E-04
10/16/87 O.OOE+OO 12/1/87 1.78E-03
10/17/87 O.OOE+OO 12/2/87 O.OOE+OO
10/18/87 O.OOE+OO 12/3/87 3 30E-03
10/19/87 O.OOE+OO 12/4/87 O.OOE+OO
10/20/87 O.OOE+OO 12/5/87 O.OOE+OO
10/21/87 O.OOE+OO 12/6/87 O.OOE+OO
10/22/87 O.OOE+OO 12/7/87 O.OOE+OO
10/23/87 2.54E-04 12/8/87 7.62E-04
10/24/87 3.30E-03 12/9/87 2.03E-03
10/25/87 O.OOE+OO 12/10/87 O.OOE+OO
10/26/87 O.OOE+OO 12/11/87 2.03E-03
10/27/87 7.1 IE-03 12/12/87 O.OOE+OO
10/28/87 O.OOE+OO 12/13/87 O.OOE+OO
10/29/87 O.OOE+OO 12/14/87 1 45E-02
10/30/87 O.OOE+OO 12/15/87 7.1 IE-03
10/31/87 O.OOE+OO 12/16/87 O.OOE+OO

11/1/87 O.OOE+OO 12/17/87 O.OOE+OO
11/2/87 O.OOE+OO 12/18/87 O.OOE+OO
11/3/87 O.OOE+OO 12/19/87 4 33E-03
11/4/87 O.OOE+OO 12/20/87 1.78E-03
11/5/87 O.OOE+OO 12/21/87 O.OOE+OO
11/6/87 O.OOE+OO 12/22/87 O.OOE+OO
11/7/87 1.27E-03 12/23/87 O.OOE+OO
11/8/87 O.OOE+OO 12/24/87 5.33E-03
11/9/87 1.27E-03 12/25/87 2.03E-02

11/10/87 O.OOE+OO 12/26/87 3.56E-03
11/11/87 O.OOE+OO 12/27/87 1.52E-03

12/28/87 1.24E-02
12/29/87 5.08E-04
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12/30/87 0.00E+00
12/31/87 2.54E-04

1/1/88 0.00E+00
1/2/88 O.OOE+OO
1/3/88 O.OOE+OO
1/4/88 O.OOE+OO
1/5/88 O.OOE+OO
1/6/88 O.OOE+OO
1/7/88 1.27E-03
1/8/88 2.54E-04
1/9/88 O.OOE+OO

1/10/88 O.OOE+OO
1/11/88 O.OOE+OO
1/12/88 O.OOE+OO
1/13/88 O.OOE+OO
1/14/88 O.OOE+OO
1/15/88 O.OOE+OO
1/16/88 O.OOE+OO
1/17/88 8.13E-03
1/18/88 2.54E-04
1/19/88 3.68E-02
1/20/88 5.08E-04
1/21/88 2.54E-04
1/22/88 5.08E-04
1/23/88 1.27E-03
1/24/88 O.OOE+OO
1/25/88 2.03E-03
1/26/88 1.27E-03
1/27/88 2.54E-04
1/28/88 O.OOE+OO
1/29/88 O.OOE+OO
1/30/88 O.OOE+OO
1/31/88 1.70E-02
2 /1 /8 8 4.90E-02
2 /2 /8 8 3.05E-02
2 /3 /8 8 8.38E-03
2 /4 /8 8 4.32E-03
2 /5 /8 8 2.54E-04
2 /6 /8 8 O.OOE+OO
2/7 /8 8 O.OOE+OO
2/8 /8 8 O.OOE+OO
2/9 /88 O.OOE+OO

2/10 /88 O.OOE+OO
2/11 /88 9.65E-03
2 /12 /88 1.52E-03
2 /13 /88 O.OOE+OO
2/14 /88 2.03E-03
2/15 /88 2.29E-03

2/16 /88 O.OOE+OO
2/17 /88 O.OOE+OO
2/18 /88 O.OOE+OO
2/19 /88 1.045-02
2/20 /88 O.OOE+OO
2/21 /88 O.OOE+OO
2/22 /88 O.OuE+OO
2/23 /88 7.11E-03
2/24 /88 O.OOE+OO
2/25 /88 O.OOE+OO
2/26 /88 O.OOE+OO
2/27 /88 O.OOE+OO
2/28 /88 O.OOE+OO
2/29 /88 O.OOE+OO

3/1 /88 O.OOE+OO
3/2 /8 8 6.10E-03
3 /3 /8 8 2.44E-02
3 /4 /88 1.04E-02
3/5 /88 O.OOE+OO
3/6 /88 O.OOE+OO
3/7 /8 8 O.OOE+OO
3/8 /88 O.OOE+OO
3/9 /8 8 4.06E-03

3/10 /88 O.OOE+OO
3/11 /88 O.OOE+OO
3/12 /88 9.40E-03
3/13 /88 2.54E-04
3/14 /88 5.08E-04
3/15/88 5.08E-04
3/16 /88 O.OOE+OO
3/17/88 0 OOE+OO
3/18 /88 4.32E-03
3/19 /88 O.OOE+OO
3/20/88 O.OOE+OO
3/21 /88 O.OOE+OO
3/22/88 O.OOE+OO
3/23/88 O.COE+OC
3/24/88 0 OOE+̂ C
3/25/83 2.2 IE-02
3/26/88 5.08E-04
3/27/88 O.OOE+OO
3/28/88 O.OOE+OO
3/29 /88 O.OOE+OO
3/30/88 5.08E-04
3/31/88 3.3 IE-03

4 /1 /88 5.33E-03
4/2 /88 3.30E-03
4/3 /88 3.33E-02
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4 /4 /8 8 O.OOE+OO
4/5 /8 8 0.00E+00
4/6 /88 1.57E-02
4 /7 /88 5.33E-03
4 /8 /8 8 O.OOE+OO
4/9 /88 O.OOE+OO

4/10 /88 O.OOE+OO
4/11 /88 O.OOE+OO
4/12 /88 O.OOE+OO
4/13 /88 O.OOE+OO
4/14 /88 O.OOE+OO
4/15 /88 O.OOE+OO
4/16 /88 O.OOE+OO
4/17 /88 O.OOE+OO
4/18 /88 1.40E-02
4/19 /88 O.OOE+OO
4/20 /88 O.OOE+OO
4/21 /88 1.73E-02
4 /22 /88 1.02E-03
4 /23 /88 2.54E-03
4 /24 /88 O.OOE+OO
4/25 /88 O.OOE+OO
4/26 /88 O.OOE+OO
4/27 /88 7.62E-04
4 /28 /88 1.02E-03
4 /29 /88 O.OOE+OO
4/30 /88 O.OOE+OO

5 /1 /8 8 O.OOE+OO
5/2 /8 8 O.OOE+OO
5/3 /8 8 O.OOE+OO
5/4 /8 8 O.OOE+OO
5/5 /8 8 O.OOE+OO
5 /6 /8 8 O.OOE+OO
5/7 /8 8 O.OOE+OO
5/8 /88 O.OOE+OO
5/9 /88 8.38E-03

5/10 /88 O.OOE+OO
5/11 /88 O.OOE+OO
5/12 /88 O.OOE+OO
5/13 /88 2.03E-03
5 /14 /88 O.OOE+OO
5/15 /88 O.OOE+OO
5/16 /88 O.OOE+OO
5/17 /88 O.OOE+OO
5/18 /88 O.OOE+OO
5/19 /88 O.OOE+OO
5/20 /88 2.79E-03
5 /21 /88 O.OOE+OO

5/22 /88 O.OOE+OO
5/23 /88 3.28E-02
5 /24 /88 4.57E-03
5 /25 /88 O.OOE+OO
5/26 /88 O.OOE+OO
5/27 /88 O.OOE+OO
5/28 /88 O.OOE+OO
5/29 /88 O.OOE+OO
5/30 /88 O.OOE+OO
5/31 /88 O.OOE+OO

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



144

DATE & TIME ORAIN DiSCH. WATER LEVELS
(m‘3/s) (m)

instr * P-4 P-6 P-7 P-8 P-9 P -10 P-11 P -12
casing top -0.10 0.00 0.18 0.14 0.38 0.31 0.47 0.8

1/17/38 9:45 O.OOE+OO -0.98 -1.27 NA NA NA NA NA NA
1/17/88 16:15 0.00E+00 - 1 . 1 0 -1.27 NA NA NA NA NA NA
1/18/88 10:00 O.OOE+OO -1.10 -1.27 NA NA NA NA NA NA
1/19/88 9:30 O.OOE+OO -1.10 -1.27 NA NA NA NA NA NA
1/19/38 16 15 O.OOE+OO -1.07 -1.13 NA NA NA NA NA NA
1/20/88 10:15 O.OOE+OO -0.78 -0.87 NA NA NA NA NA NA
1/20/88 13:35 O.OOE+OO -0 77 -0.93 NA NA NA NA NA NA

1/20/88 14:10 O.OOE+OO -0.81 -1.02 NA NA NA NA Na NA
1/20/88 14-35 O.OOE+OO -0.85 -0.98 NA NA NA NA NA NA
1/20/88 15:05 O.OOE+OO -0.81 -0.99 NA NA NA NA NA NA
i/20 /38  15:40 O.OOE+OO -0.78 -0.99 NA NA NA NA NA NA
1/20/88 16:10 O.OOE+OO -0.80 -1.07 NA NA NA NA NA NA
1/20/88 16:45 O.OOE+OO -0.80 -1.02 NA NA NA NA NA NA
1/21/88 9:45 O.OOE+OO -0.85 -1.27 NA NA NA NA NA NA
1/21/88 10:45 O.OOE+OO -0.84 -1 27 NA NA NA NA NA NA
1/22/88 9:15 O.OOE+OO -0.90 -1.27 NA NA NA NA NA NA
1/24/88 11:00 O.OOE+OO -1.03 -1.27 NA NA NA NA NA NA
1/31/88 11:45 O.OOE+OO -1.10 -1.27 NA NA NA NA NA NA
2/1 /88  9:15 O.OOE+OO -0.61 -0.63 NA NA NA NA NA NA
2/1/88  16:40 O.OOE+OO -0 47 -0.57 NA NA NA NA NA NA
2/2 /88  10:00 5.00E-05 -0 44 -0.52 NA NA NA NA NA NA
2/2/88  17:00 2.50E-05 -0.63 -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 9:30 4.17E-06 -0.73 -0.70 mab mab dry dry NA NA
2/16/88 16:20 2.50E-06 -0.84 -1.27 dry dry dry dry NA NA
2/18/88 8:50 1.67E-07 -0.89 -1.27 dry dry dry dry NA NA

2/19/88 9:00 1 00E-05 -0.75 -0.84 dry dry dry dry NA NA
2/27/88 15:15 1 67E-07 -0.88 -1.27 dry dry dry dry NA NA
2/29/88 9:00 1 67E-07 -0.92 -1.27 dry dry dry dry NA NA
3/2 /88  9:40 O.OOE+OO -0.93 -1.27 dry dry dry dry NA NA
3/3 /88  9:15 1.17E-05 -0.71 -0.65 dry -0.85 wab wab NA NA
3/3 /88  16:45 5.00E-05 -0.60 -0.66 mab -0.83 mab -0.9 NA NA
3/4/88  10:45 1.00E-04 -0.50 -0.55 dry -0.84 -0.8 -0.83 NA NA
3/5 /88  16:40 6.67E-06 -0.85 -1.23 dry mab dry mab NA NA
3/6 /88  12:50 3.33E-06 -0.86 -1.27 dry dry dry dry NA NA
3/8/88  9:30 1.67E-07 -0.88 -1 27 dry dry dry dry NA NA
3/9 /88  9:45 1.67E-07 -0.88 -1 27 dry -0.84 mab dry NA NA
3/11/88 11:30 1.67E-07 -0.88 -1.27 dry -0.86 mab dry NA NA
3/12/88  11:00 O.OOE+OO -0 88 -1 27 dry -0.83 dry dry NA NA
3/16/88 16:50 1.67E-07 -0.88 -1.27 dry -0.80 mab mab NA NA
3/17/88 16:55 1.67E-07 -0.86 -1.27 dry -0.78 mab dry NA NA
3/26/88 12:45 3 00E-05 -0.86 -1.27 dry -0.72 dry dry drv mab
3/28/88 11:00 O.OOE+OO -0.86 -1.27 dry -0.77 dry dry dry dry

3/29/88 16:40 O.OOE+OO -0.87 -1.27 dry -0.74 dry dry dry d ry

3/31/38  9:45 O.OOE+OO -0.89 -1.27 dry -0.79 dry dry dry dry
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4/1 /88  11:30 0.00E+00 -0.90 -1.27 dry -0 78 dry dry dry dry
4/2/88 11:30 O.OOE+OO -0.86 -1.27 dry -0.78 dry dry dry dry
4/4/88 12:00 2.00E-05 -0 80 -1.27 dry -0.70 dry -0.82 dry -1 46
4/5 /88  11:20 3.33E-06 -0.85 -1.27 dry -0.70 dry dry dry -1.46
4/6/88 10:25 2.00E-05 -0.69 -1.27 dry -0.71 dry dry dry -1 41
4/7 /88  10:30 6.67E-05 -0.60 -0.83 drv -0.70 -0.9 -0.86 aru - 1 54

4/3/33 9:45 1 .Q0E-Q5 -0.35 _ 1 ‘“1*7« -4. • dry -0.71 dry dry dry- -1 33
4/11/88 1045 0 0QE+00 -0.33 -1 27 dry -0 72 dry dry dry -1 36
4/13/88 11.40 O.OOE+OO -0.88 -1.27 dry -0.75 dry dry dry dry
4/15/38 9:45 O.OOE+OO

rooi -1.27 dry -0.77 dry dry dry dry
4/17/38 11:45 O.OOE+OO -0 97 -1.27 dry -0.77 dry dry dry- - i 45

4/19/88 10.05 O.OOE+OO -0.99 -1.27 dry -0.77 dry dry dry -1 46
4/21/88 9:45 0 OOE+OC -0.98 -1.27 dry -0.78 dry dry dry dry
4/22/88 10:35 O.OOE+OO -1.05 -1.27 drv -0.76 dry dry drv dry
4/25/38 9:25 O.OOE+OO -1.06 -1.27 dry -0.76 dry dry dry- dry-
4/27/38 10:00 0 OOE+OO -1 08 -1.27 dry -0.77 dry dry dry dry
5/1 /88  9:50 O.OOE+OO -1.10 -1.27 dry -0.79 dry dry dry dry
5/4/88 10:20 O.OOE+OO -1.10 -1.27 -0.8 dry dry dry dry dry
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APPENDIX B 

TENSIOMETER DESIGN, INSTALLATION, 
AND CALIBRATION

DESIGN

The tensiometers (Figure B .l) used at the Delhi Pike slide were assembled using 

manometer tubes with porous stones, rubber stoppers, and gaskets (series 2300), and 

capillary tubing (MYT001) 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 cm^ 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 hlube 

is the total tensiometer tube length from top to porous stone midpoint, h^p is the length of 

capillary tube inside the tensiometer, hwi 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 column can be written as

Ytube = (htube * h\vl) ' (heap " hwl + 0.04 m)

= hmbe - ĥ ap + 0.04 m 

and the total pressure head, y , is

V|T = GnghHg htube ~ heap 0.04 m

where Gng is the specific gravity of mercury (taken to be constant at 13.55) and hng is the 

difference in mercury level across the manometer. For this study, hjig 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.l). 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 H20).

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 .l Schematic illustration of mercury manometer tensiometers used at Delhi 

Pike, including variables necessary for calculation of pressure head.
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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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Table B .l Tensiometer Calibration and Errors

tube length actualy measured \y error
(m) (m) (m) (m)

0.305 0.01 0 .0 2 0.01
0.610 0 .0 0 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 .l, 

show that instrumental error is on the order of 10"̂  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 '  ̂ 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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f I : : e d - h e n d  u p h i l l  b o u n d a r y
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] -  s q r ( h e a d s ! 2 , 3 ) - h e a d s i 2 , 1  1 1 / 2 . / h e a d s ! 2 , 2 3 :
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f i n e  l a - 2 )  -  s q r  ( h e a d s ! 2 ,  n e t a -  ' . ' j - h e a r t s l 2 . n e t a ) W 2 . / h e r d s ( 2 . n e t # - I J :  
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b e t a ,
q a a a a  i a r r a y ! I . . 1 0 0 )  o f  e x t e n d e d :

b e q i n
a l p h a ! I ] i *  b !  1 ) :  
b e t a l l )  c ( 1 1 / a 1p h a !  1 1 1 

q a a a a ! 1)  : •  f C I ) / a ) p h a t 1 ) :

f o r  e t a  i *  2 t o  n e t a - 2  do

b e q i n
a l p h a t e t a l  : »  b l e t a j - a C e t a I ' b e t a C e t a - 1 1; 
b c t a l e t a )  : = c t e t a l / a l p h a l e t a  1:
q a a a a l e t a )  I *  ( f t e t a ] - a t e t a ) s q a a a a ! e t a - 1 ) ) / a  I p h a l e t a  1: 

e n d ;
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i t n e t a - 2 )  : =  q a a a a  [ n e t  a - 2 ] : 
n u  i -  n e t a - 2 ;

( o r  e t a  : = 1 t o  nu  do

b e q i n
j : = n u - e t a :
r . t j )  : =  q a a a a ! j 3 - b e t a t j l « x t j * 11 :  

e n d :

e n d ;

b e q i n  > a a i n  p r o o r a a  }

i n i t i a l i s a t i o n :  

tiat :« 0.;

( o r  t  : =  1 t o  n t  do  ! a a i n  t i a e  l o o u

b e q i n

t i a e  : 3 t i a e + d t :  < s i a u l a t i o n  i i a e  i n  h o u r s  )

q o t o x y  <’ 0 , 2 1 1 :  
w r i t e l ’ p r e d i c t i n q . . .  ' ) ;

p r e d i c t o r :

t h o a a s :
( a a l e  s u r e  w a t e r  l e v e l  d o e s n ' t  

e x c e e d  s o i l  t h i c k n e s s  >

( o r  e t a  i >  2 t o  n e t a - 1  do  
i (  x C e t a - l J  > h 

t h e n  h e a d s d , e t a l  I s  h
e l s e  i  4 h e a d s d , e t a J  < 0 .  t h e n  h e a d s d . e t a l  : c  1 e - 0 6  

e l s e  h e a d s [ 2 , e t a l  : *  x t e t a - 1 1 :

h e a d s ( 2 , 1 3  : *  h e a d s d . 11 ;  
h e a d s d , n e t a )  : *  h e a d s ! I , n e t a l :

o o t o x y ( 3 0 , 2 1 ) :
w r i t e !  ' c o r r e c t i n q . . . ‘ |

c o r r e c t o r ;

t h o a a s ;
{ a a l e  s u r e  w a t e r  l e v e l  d o e s n ' t  

e x c e e d  s o i l  t h i c k n e s s  )

( o r  e t a  ■* 2 t o  n e t a - 1  do  
i (  x C e t a - l ] > h 

t h e n  h e a d f C l . e t a l  i >  h
e l s e  i (  h e a d s C i . e t a l  < 0 .  t h e n  h e a d s d . e t a l  : * l e - 0 6  

e l s e  h e a d s C l . e t a l  >■ x C e t a - U :
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h e a d s l 1 . 1 )  : -  h e a d s l Z . 1 J:  
h e a d s l t . n e t a J  : = h e a d s l x . n e t a 1:

g o t o x y O O . 2  j ) I
M r i t e f ' t i a e  * ( t i a e / J . 6 e 0 3 ) : 5 : 2 , '  h r s . i ;
o o t o x y f J O , 2 4 ) :
M r i t e l ' r a i n  * ' . r a i n C t l . '  a / s ‘ ) ;

M r  i  t e l n j  

f  i 1 e M r i t e :  

e n d !  

clo*e< di sk)|

Mr i  t e l n i  

M r i t e l n ( ’

M r  i  t e l n :

M r  i  t e l n  (  '

M r i  t e l n i  

r e a d i n g

e n d .

( e n d  o f  a a i n  t i a e  l o o p  1 

{ c l o s e  o u p u t  f i l e )

e n d  o f  j o b ' ) i 

p r e s s  RETURN t o  e x i t ' ) :

{ e n d  a a i n  p r o q r a a  )
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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

(e.g., Bear, 1979), where 0  is volumetric water content, K = K(\|0 is hydraulic 

conductivity and a function of pressure head, O is total head, and V = 3 /3xi is the usual 

differential operator. Defining total head as the sum of elevation head and pressure head (z 

axis positive downward), O = (y  - z), and multiplying the left side of (D.l) by (d\j//3\j/), 

the governing equation for vertical unsaturated flow becomes

is known as specific storage capacity. The variables \y, 0 ,  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

-^ V -O C V O ) (D.l)

(D.2)

where the derivative

(D.3)

K = K satefa ( V ' Vcrit)^ (D.4)
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is assumed, where a  is a constant with units of [length'1], Ksat is saturated hydraulic 

conductivity, and \jrcrjt 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

where is saturated volumetric water content. The derivative (D.3) is evaluated as

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 \|/ = \jrcrit and approach zero as approaches 

negative infinity.

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 derivatives in 

(D.2) are expanded. Based upon these comparisons, an explicit linearization and implicit 

discretization scheme was chosen for the finite difference approximation

(D.5)

c= (D.6)
eVcrit

NUMERICAL SOLUTION

Finite Difference Approximation
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(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-i)& time step to estimate hydraulic conductivity 

at the current jib. 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

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 Mis (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 > Ksat, 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(\jr) at the upper boundary, 

then a flux boundary condition is used. If K(\y) < R < at the upper boundary, then 

K(\|/) is set equal to R so that no ponding occurs. Finally, if the R > K^t, then R is set 

equal to K ^ . 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

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
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A central difference approximation of (D.10), where spatial node 1 is imaginary and spatial 
node 2 lies on the flux boundary, is, after rearranging to solve for \|^,

Vj = V3 - 25z Tl - RJ/ k |■j-1 '
)

(D .ll)

As before, the i subscripts are spatial indices and the j superscripts are temporal indices. To 

formulate the flux boundary finite difference approximation, (D .ll) is substituted into 

(D.8), which is in turn rearranged to arrive at

K>' + 2KH  + r i 1 +
1 2 3 5t

V2 + p 1 + 2Kj2T + Kj3 ^ V 3

= 8z - Kjj !j  + 2 8z 1̂ - RJ/Kj2*i-1 \ (2 C 8 z2 Li
y , 1 (D.12)

8t

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

- f e 1 + 2Kj ‘ 1 + Kj
8t I 4 y A

S z ^ - K ^ j
(2 C 8 z2 

8 t Vi
i-l (D.l 3)

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 

is
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+ 2 1  ̂ . trj-l ,  ̂ C 8 z2n
“"nz-2 nz-1 nz W  9 + KJ-1 ,  + 2KJ . + KJ_1 + V  .J  “ nz-2 nz-2 nz-1 nz g  ̂ Ynz-1

(2 C 8 z2 >
= & ( * £  - k ^ .2 ) - 2 5 z [* - o i< ‘ . 2 ] < ! . ,  (D.i4)

INPUT VARIABLES

Values of Ksat = 1.3xl0‘5 m/s (see Chapeter 1) and 0 ^  = 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 < \j/ < 0.0  m, so \ycrit = -0.1 m, and a  = 10 

nr1 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 i m  thick, homogeneous soil 

underlain by both an impermeable base (Q = 0) and a recharging leaky base (Q « Ksat).

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)

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



alpha (alph)
saturated volumetric water content (thetasat) 
number of spatial grid nodes (nz) 
number of temporal grid nodes (nt) 
spatial grid increment (dz) 
temporal grid increment (di}
number of time increments between output file disk writes (dtwrite) 
initial pressure heads (psi[l..nzj from ground surface down) 
surface influx/outflux (r[l..ntj)

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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p r o g r a m  s p e c i f i e d . f l u x i n f i l t r a t i o n :

(• I •••••!*........

M a t r i x  s o l u t i o n  o f  t h e  l o c a l i z e d  e x p a n s i o n  o f  t h e  R i c h a r d s  e q u a t i o n  
f n r  v e r t i c a l  i n f i l t r a t i o n .  Up p e r  b o u n d a r y  i s  s p e c i f i e d  f l u x ,  l o n e r  
b o u n d a r y  1 5  a w a t e r  t a b l e  w i t h  s p e c i f i e d  r e c h a r g e .  Up p e r  b o u n d a r y  
b e c o m e s  f i x e d  h e a d  i f  r a i n f a l l  e x c e e d s  s a t u r a t e d  h y d r a u l i c  c o n d u c t i v i t y ,  
o t h e r w i s e  s u r f a c e  c o n d u c t i v i t y  i s  s e t  e q u a l  t o  r a i n f a l l  r a l e  s o  t h a t  
p o n d i n g  c a n n o t  o c c u r .  Lowe r  b o u n d a r y  h a s  u n i t  p r e s s u r e  h e a d  a r a d i e n t  
i f  r e c h a r g e / d i s c h a r g e  t e r n  i s  z e r o .  V e r t i c a l  c o o r d i n a t e  s y s t e m  i s  p o s i t i v e  
downwa r  d .

I n i t i a l  h e a d s  a n d  c o n s t a n t s  a r e  r e a d  i n  f r o e  a n  ASCI I  d i s l  f i l e  w i t h  
e n t r i e s  s e p a r a t e d  b y  c a r r a i g e  r e t u r n s ,  a n d  r e s u l t s  a r e  w r i t t e n  t o  a 
s e c o n d  ASCI I  d i s l  f i l e  c o m p a t i b l e  w i t h  M i c r o s o f t  E x c e l  ( i . e .  e n t r i e s  
s e p a r a t e d  by  c h r ( 9 >  t a b s ) .

D e f a u l t  v a l u e s  a i e  60  s p a t i a l  a n d  1 200  t e m p o r a l  a r i d  n o d e s .

A l l  v a r i a b l e s  a r e  d e f i n e d  a s  g l o b a l  e x c e p t  i n  p r o c e d u r e  t h o a a s .  

w r i t t e n  i n  M a c i n t o s h  T u r b o  P a s c a l  v .  l . O u a  

R i 1 I H a n e h e r g
J o h n  I .  R i c h  G e o a e r l i a n i  c s  l a b o r a t o r y  
’ Wh e r e  S c i e n c e  g o e s  f o r  a g o o d  t i n e "
D e p a r t m e n t  o f  G e o l o q y  
U n i v e r s i t y  o f  C i n c i n n a t i  
C i n c i n n a t i ,  O h i o  4 5 2 2 1 - u 0 1

v e r s i o n  o f  7 / 2 1 / 8 B

( a r r a v  r a n g e  c h e c k i n g  c h e c k i n g  }

s a n e  , 
a e a t v p e s .  
q o i c f d r a w ,  
o s i  n l  f 1

1 m i s c .  f u i h o  P a s c a l  c o m p i l e r  d i r e c t i v e s  
{ s e e  P o r l e n d  I n t l .  d o c u m e n t a t i o n  f o r  I 
I t o o l b o x  i n t e r f a c e  u n i t  e x p l a n a t i o n s  >

t y p e
l i t t l e  v e c t o r  = a r r a v l l . . 6 0 1  o f  e x t e n d e d :  
b i g _ v e c t o r  = a r r a y l  1 . .  12001  o f  e x t e n d e d :

va r
s a t u r a t e d l ion I m a n :
c l o c k  
t l  . 1 2  
d i s k  1 

k s a t , 
q.
a 1 p h , 
c o e f  f , 
s t o r , 
t h e t a s a t , 
r a i n ,  
t i m e ,  
p s i  c r  i t , 
m a x d 1 f f  , 
d r ,
d t  : e x t e n d e d ;

r i a l e t  i m e r e c ; 
I o n q i  n t ; 

t e x t ;

( d e p e n d s  on  u p p e r  b o u n d a r y  r o n d i t i o n  1
< M a c i n t o s h  s v s t e a  c l o c l  r e c o r d  1
( dummy t i m e  v a r i a b l e s  )
( d e f i n e s  o u t p u t  d e v i c e  )
( s a t u r a t e d  h y d r a u l i c  c o n d u c t i v i t y  !
( f l u x  t o  w a t e r  t a b l e i  s e e  F r e e z e .  I76V 
( p o we r  l a w c o n s t a n t  !
C s p e c i f i c  s t o r a q e  c a p a c i t y  !
< c o m b i n e d  s t o r a g e  c o n s t a n t  )
{ s a t u r a t e d  v o l u m e t r i c  w a t e r  c o n t e n t  1 
I dummy v a r i a b l e  f or  s u r f a c e  f l u x  !
( e l a p s e d  t i m e  1
! l o w e r  l i m i t  o f  t e n s i o n  s a t u r a t i o n  ;
( n a x .  m a t r i x  i n v e r s i o n  e r r o r  )
{ s p a t i a l  g r i d  i n c r e m e n t  ;
{ t e m p o r a l  g r i d  i n c r e m e n t  )
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a  . b  . c  ,

« . < .
p s i  1 1 i 1 1 1e _ v e c  t o r : 
r : b i q v e c t o r ;  
n : , n t . 
d t n r i t e ,  
nume q,
7 . i , t  : i n t e q e r : 
t p«  11 r o e .
t e * t e r e a t o r  : p a c k e d  a r r a y

A i t n . i l  ! >, r t i  i n |  t r .  r  o n d " r  t  l .  i 1 v A l i e v  1 

Thomas  a l g o r i t h m  c o l u mn  v e c t o r ?  I

v  PC t n r  c o n t a i n i n g  p r e s s u r e  h e a d s  '■
I n < i I  I r a t i o n . e y a p o r a t i o n  r a t e  v e c t o r  > 
n umbe r  pf  s p a t i a l  1 t e m p o r a l  n o d e s  )
I o f  t i «p i i .c r e « e n  t s  b e t w e e n  d i e t  w r i t e s  
n umbe r  of  e n u a t i o n s  t o  b e  s o i v e d  < 
l o o p  c o u n t e r s  !

t 1. . d  1 o f  c h a r ;

(  s y s t e m  f i I ? - i r e s t i n q  p a r a m e t e r s

p r o c e d u r e  d a t a r e a d :

{
P r o mp t s  f o r  i n i t i a l  d a t a  f i l e  n a me ,  o p e n s  i n i t i a l  d a t a  f i l e ,  r e a d s  i n  
d a t a ,  a n d  c l o s e s  i n i t i a l  d a t a  f i l e .

)
v a r

i n f i l e ,  na me  : s t r  i n q :

b e o i n  
wr i  t e l n ;
x r i t e f ' n e m e  of  i n i t i a l  d a t a  f i l e  t o  b e  r e a d :  
r e a d l n ( i n f  i 1 e l ) 
o r  i t e l n i  
mr i t e l n )
r e s e t ( d i  s k . i n f  i 1e )  1 
r p a d l n ( di  s k , name 1 1

« r i t e 1n ( ' r e a d i n q  i n i t i a l  d a t a  f i l e  . n a me  . ' . . .  • • 
wr i  t e l n :
r e a d l  n <d i s t , p s i  c r  i 1 1 : 
r e a d l n ( d i  s t  ,  1 s a t  I ; 
r e a d l n  <di  s t , q t : 
r e a d l n ( d i  s k , a l p h  I ; 
r e a d l n ( d i s t . t h e t a s a t l )  
r e a d l n ( d i  s k , n i I : 
r e a d  I n ( d  i s t . n 1 1 : 
r e a d l  n ( d i  s t . d r ) :  
r e a d l  n ( d i s t , d 1 1 : 
r e a d l n ( d i s t . d t H n t e ) ;

f o r  z := I t o  nz  do  
r e a d  I n ( d i s k , p s i  1 2 1 1 ;

f o r  t  : =  1 t o  n t  do  
r f t J  : =  0 . :  

t : ■= 0:
w h i l e  n o t  s e e l e o f ( d i s k ) d o  < r e a d  i n  r e c h a r q e  u n t i l  e o f  I

b e q i n
t  i =  t  ♦ I :  
r e a d l n  ( d i  s k  , r C  t  ] I ) 

e nd )

t  I ’  0:  
wr i t e l n ;
e r i t e l n ( '  • • •  f i n i s h e d  r e a d i n q  i n i t i a l  d a t a  f i l e .  >:
Hr i t e l n ) 
c l o s e ( d i s k  ) i 

e n d :

r
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p r  n r . e d n r  e  ( i I e o p e n  ;

Ope ns  <i i ^ k t e x t  f i l e  f o r  d a t a  o u t p u t .  Ft eaembpr  I o d e c l a r e  t h e  v a r i a b l e  
d i s k  : t e x t  a s  a  g l o b a l  v a r i a b l e ,  a n d  t o  c l o s e  i t  a t  e nd  of  p r o o r a a !

v a r

1 e x 1.1 v p e .
t p x t r . r e a t p r  : p e e l e d  a r r a v  1 1 . . 4 1  of  c h a r :  
f i 1e n a a e  : s t r i n g :

b e g  i n

w r i t e ' n a a p  f o r  o u t p u t  d i s k  f i l e '  
r pad  I n ( f 1 1e n a a e ) ;  
wr i t e l n :

r e w r i l e l d i s l . f i l e n a n p l :
wr i t e I n ( d i  s k , ' t  ex t  f i l e  n a a e :  ' . f i l e n a a e r :  
x r i ( p i n :
v r i l ? l n l ' =  = = = = = :! = = = s :  = x  = ==  =  = = = s = : -  = = ; . z z ^ z  z z z z r ------------------------------- - z z z z z z z z

x r i t e l n ;
x r  i t e l  n ( d i s f  1;
w r i t e l n l d i s f . ' k s a t  = , c h r ( 9 ) , l s a t , c h r ( 9 l i ;
wr i  t e l n ( d i s f , ‘ d 3 ’ , c h r ( 9 ( , q , c h r ( 9 1 ) :
w r i t e l n ( d i s k , ' a I p h a  * ’ . c h r ( 9 ) , a 1p h , c h r  ( 9 )  I :
w r i t e l n ( d i s t , - p s i c r i t  = ‘ . c h r  ( 9 1 , p s i c r  i t , c h r ( 9 t i :
w r 1 1 p i n ( d i s k , ' t h e t a s a t  = " , c h r  ( 9  I , t  h e t a s a t . c h r i e ) I :
w r i t e l n ( d i s k , ' d z  = ' , c h r ( 9 ) . d z , c h r ( 9 ) l ;

w r i t e ( d i s k , c h r ( 9 ) I ; ( i n s e r t  t wo  b l a n l  f i e l d s  >
wr 1 1 e ( d i  st .  , c h r  ( 9 )  I s

f o r  i  : = 1 t o  n 2 - Z do
w r i t e ( d i s t , ( z - l ) ' d z : l : 3 ,  c h r  (9 M :

wr i t e l n ( d i  s k ) ;

e n d ;

p r o c e d u r e  f i l e w r i t e ;

W r i t e s  o n e  l i n e  of  d a t a  t o  a d i s k  o p e n e d  i n  p r o c e d u r e  f i l e o p e n .
)

b e g i n

w r i t e ( d i s k , ( t i a e / 3 . 6 e 0 3 > r 3 : 3 , c h r ( 9 ) ) :

i f  t  > fi t h e n
w r i t e ( d i s k , r t t l , c h r ( 9 )  ) 

e l  s e
w r i t e ( d i 5 k . r [ l l - r [ l J , c h r ( 9 ) ) |

f o r  z i *  2 t o  n z - 1  do
w r i t e ( d i s k , ( p s i C z l t i j : 6 . c h r ( 9 ) i :

wr i t e l n  ( d i  sk I ;
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p r o c e d u r e  i n i t i a l i z a t i o n :

F e a d s  i n  i n i t i a l  h e a d s  a nd  i n i t i a l i z e s  a s s o r t e d  v a r i a b l e s ,  o p e n s  a n d  
m i t e s  t  3 0 d a t a  t o  o u t p u t  d i s k  f i l e .

b e q i n

nr  i t e 1n ;
Mr 1 1 e 1 n ;
W n t f l n  1 ’ : : : r s 5 i J S : : : ! : : i : : : s 5 : 5  = 5 : a  
wr i  t e l m

d a l a r e a d :  
f i I e o p e n ;  
ti»e i« O.i
p s i C I !  p s i [ 3 3 * 2 . • ( p s i f 2 3 - p s i t J 3>:
f i I  e a r i t e 1

c l e a r s c r e e n :

e n d :

p r o c e d u r e  c o n d u c t :

f i l l s  h y d r a u l i c  c o n d u c t i v i t y  a r r a y  l t l . . n ; l  u s i n o  v a l u e s  of  p s i  
f r o a  p r e v i o u s  t i a e  s t e p .

I
b e g i  n

f o r  z : =  2 t o  n z - I  do
i f  p s i f z l  > p s i c r i t  t h e n  k t z )  : =  k s a t

e l s e  f . t z l  : = k s a t * e x p < a l p h * ( p s i l z l  * p s i c r i t ) ) :

e n d 1,

            .
p r o c e d u r e  f l u r a a t r i n ;

C
F i l l s  a . b . c .  a n d  f a r r a y s  t o  b e  u s e d  i n  p r o c e d u r e  t h o a a s  f o r  s p e c i f i e d  
Hu m u p p e r  b o u n d a r v .  f l o t a t i o n  a f t e r  Mano a n d  A n d e r s o n ,  1 9 8 2  . I n t r o d u c t i o n  
t o  G r o u n d w a t e r  M o d e l i n g .

b e q i n

s a t u r a t e d  : = f a l s e ;

n u a e q  n z - 2 :  f how many e q u a t i o n s  t o  s o l v e 7 3

f o r  z : =  3 t o  n z - 2  d o  ( f i l l  a r r a y  i n t e r i o r s  )

b e q i  n

i f  p s i  [ z I < p s i c r i t  t h e n  ( t e n s i o n  s a t u r a t e d ?  >

( r e a d  i n  i i n  d a t a  }
( o p e n  d a t a  o u t p u t  f i l e  )
( s “ i t h e  s i m u l a t i o n  c l o c k  1 
t s e t  u p p e r  n o d e  '
I o u t  i n i t i a l  h e a d s  on d i s k )
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h e q  1 n
c n p H  : =  t h e t a s a t » p * p  ( p s i f z  1 1/ e x p ( p s i c i  1 1 ) :  
s t o r  : =  2 . * c o e f f • s q r ( d z l / d i ;

®nd 
e I cp

s t o r  : =  0 . :

a f z - l  1
b t z - l  1 
c t z - 1 3

= Hz-11 ♦ K;l:
* - ( H z - 1 3  * 2 . » k C z ]  ♦ k l z * l l  * s t o r  I ; 
= H ;'l) ♦ K:l:

f ( z - l 3 i a dz  •  (k C z * 1 1 - H : - 1 ] )  -  s t o r ' p s i f z l :  

e n d ;

I u p p e r  f l u x  b o u n d a r v  J

i f  p s i [ 2 1  < p s i c r i t  t h e n  
b e q i  n

c o e f f  : =  t l i e t  a s a t  * e x p  ( p s  i C 2 3 1 / e x p  ( p s i  c r  i t »;  
s t o r  : *  2 . ' c o e f f > s q r ( d z 1 / d t ;  

e mj  
e l  s e

s t o r  : =  0 . ;

a[ I 1 := 0.;
b l l J  : =  - ( k t 3 3  ^  ? . « f [ 23 ♦ 1113 * s t o r ) :
d l l  : =  H ’ l ♦ 2 . » k C 2 3  ♦ k i l l :
f i l l  : =  dz  • ( It [ 3 1- k  1 1 3 1 + 2 . » d z » ( l  -  r  I 1 3 / I  1 2 3) • 1 1 1 1 J *1. f 2 3) -  s t o r « p s i l 2 3 :

{ l o w e r  f l u x  b o u n d a r y  3

i f  p s i C n z - 1 3  ( p s i c r i t  t h e n  
b e q i n

c o e f f  : =  t h e l a s a t * e x p ( p s i r n z  - 1 3 1 / e x p ( p s i c r i t >: 
s t o r  : =  2 . » c o e f f » s q r ( d z ) / d t ; 

e n d  
e l s e

s t o r  : =

a t n z - 2 3  : = H n z - 2 ]  ♦ 2 . « K n z - 1 3  * V t n z J :
b t n z - 2 ]  i =  - ( k t n z - 2 3  ♦ 2 . » k [ n z - I 3  * k l n z l  ♦ s t o r l :
c f n z - 2 3  : »  0 . 1

f f n z — 2 1 : =  d z * < k f n z ] - k t n ? - 2 3 ) - 2 . * d z » ( l : t n z - t ] ' * k t n z 3 ) * ( l  * q / k [ n z - l 3 > :  
f t n z - 2 )  I s  f t n z — 2 J -  s t o r » p s i [ n z - 13;

e n d :

p r o c e d u r e  s a t a a t r i x )

P i l l s  a . b . c ,  a n d  f a r r a y s  t o  b e  u s » d  i n  p r o c e d u r e  t h n e a s  f o r  a s a t u r a t e d  
u p p e r  b o u n d a r y .  N o t a t i o n  a f t e r  Na n g  a n d  A n d e r s o n ,  1 9 8 2 ,  I n t r o d u c t i o n  t o  
G r o u n d w a t e r  M o d e l i n g .

b e q i n

s a t u r a t e d  i *  t r u e i  
n u a e q  : »  n z - 3 :

f o r  i  : =  f  t o  n z - 2  d o

b e q i  n

( how a a n v  e q u a t i o n s  t o  s o l v e 7 ) 

! f i l l  a r r a y  i n t e r i o r s  )
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i f  p x i t z J  p s i c r i t  t h e n  ( t e n s i o n  s a t u r a t e d '  1
b e g i n

c o e f f  : =  t h e t a c a f » e * p  ( p s i 1 z 1 >/ e x p ( p s i c r 1 1 r ; 
s t o r  : * 2 . * c o e f f * s q r ( d z ) / d t ;  

e nd  
e l  s e

s t o r  0 . ;

a [ z - 2 1  : =  k t z - 1 1  ♦ H r ) :
bf  z - 2  J : =  -  ( k t  z -1 1 ♦ 2 . < H ( i  ♦ I l l ' l l  ♦ c l  o r / :
c t z - 2 1  : =  H z * l l  ♦ I t z l :
f [ z - 2 1  : =  d z •< k [ z * I 1- k t : -  1 11 -  s t o r « p s i t z l :

e nd  i

I u p o e r  f l u <  b o u n d a r v  /

i f  p s i 1 3 J '  p s i c r i t  t h e n  
b e g i n

c n e f f  : = t h e  t  a s a  t *e xp  ( p s i  t ? 1 ) / e x p  (p s i c r  i ' ' :  
s t o r  : =  2 . » c o e f f » s q r ( d z ) / d t : 

e nd  
e l  s e

s t o r  : =  O. i

a [ 1 1 : * 0 .  :
b i l l  : *  - I H 4 )  * ’ . H l j )  ♦ k s a t  * s t o r l :
c 111 : « M  71 » k t 4 1:
f i l l  != d z * ( k t 4 l - k s » t ) -  s t o r * p s i [ J ) :

( l o c e r  f l u *  b o u n d a r y  )

i f  p s i l n z - 1 1  < p s i c r i t  t h e n  ! t e n s i o n  s a t u r a t e d ' 7 )
b e q i  n

c o e f f  : = t h e t a s a t « e x p  ( p s i [ n z - 1 1 ) / e x p ( p s i c r 1 1 ) :  
s t o r  : =  2 . » c o e f f * s q r ( d z ) / d t ; 

e n d  
e l  s e

s t o r  i =  0 . :

a t n z - J l  : =  k t n z - 2 J  ♦ 2 . » k [ n z - l ]  ♦ k t n z l :
b t n z - J ]  I '  - ( k t n z - 2 1  ♦ 2 . a k l n z - 1 1  ♦ f . t nz  1 * s t o r ) ;
c [ n z - ' 1 : =  O . i
f l n z - 7 1  i =  d z • (  k t n z  1 - k t n z - 2 1 ) - 2 . » d z • (  1 [ n z - 1 I * k [ n z 1 ) » ( I -  q / k l n r - ! J ) :  
f t nz  —31 i *  f t n z - J l  -  s t o r » p s i t n z -  11:

e n d :
( * • • • <

p r o c e d u r e  b o u n d a r v h e a d s ;

(
C a l c u l a t e s  p r e s s u r e  h e a d  a t  i m a g i n a r y  n o d e s  bv  e x t r a p o l a t i n g  s p e c i f i e d  
g r a d i e n t s  f r o s  i n t e r i o r  n o d e s .  T h e s e  v a l u e s  a r e  I h e n  u s e d  t o  c a l c u l a t e  
c o n d u c t i v i t y  a n d  t h e  s t e r a q e  c o e f f i c i e n t  i n  t h e  n p x t  t i » e  s t e p .  T i « e  
s t e p s  » u s t  b e  k p p t  s a a l l  ( 1 mi l l  or  l e s s )  t o  u s e  t h i s  e x p l i c i t  
l i n e a r i z a t i o n  a e t h o d .

>
b e q i n

( u p p e r  b o u n d a r y  1
p s i t l l  : =  p s i 1 3 1 - 2 . * d z » ( 1 - r [ 1 1 / k s a t  1 : 

i f  p s i t l l  > p s i c r i t  t h e n  k i l l  i = k s a t
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e l s e  1 1 1 ]  : = k s a t ‘ e x p ( a l p h » ( p s i 1 11 * p s i c r i t i i ;

( l o we r  b o u n d a r v  ;
p s i t n z l  t »  p s i t n z - 2 1  * 2 . « d z » ( l  -  q / k s a t > :

i f  p s i t n z l  > p s i c r i t  t h e n  K n z ]  : = k s a t
e l s e  k t n z l  ; •  k s a  t  *e x p  ( e l  ph  » ( p s  1 t n z  1 * p s i c r i t ) ) :

e n d ;

p r o c e d u r e  t h o e e s  ( v a r  t h o a a . t h o a b , t h n a c , t h o a f , t h o a i : 1 i t t 1e , v e c t o r ; 
h o w _ a a n y _ e q s : i n t e g e r ) ;

{
T h o e a s  a l g o r i t h m  ( o r  s o l u t i o n  of  s y s t e m s  r.f l i n e a r  o o u a t i o r i s  w i t h  
t r i d i a q n n a l  c o e f f i c i e n t  e a t r i c e s .  A d a p t e d  f r o m Fl tRfftAN s u b r o u t i n e  
1PI D1A o f  Hanq  a n d  A n d e r s o n ,  1 9 8 2 ,  I n t r o d u c t i o n  t o  G r o u n d w a t e r  M o d e l i n g .

v a r
I ,  nu : i n t e q e r ;
a l p h a ,
b e t a .
q a a a a  i a r r a v t  1 . .  l t ' 01  o f  e x t e n d e d ;  

b e g i n

a l p h a ( I 1 r « t h o a b t 11:  
h e t a l l l  I *  t h o a c 1 11 / a l p h a ( 1 1 ;  
q a a a a l l ]  : = t h o a f t 1 1 / a l p h a l l 1;

f o r  z := 2 t o  h o w _ a a n y _ e q s  d o

b e q i  n
a l p h a t z ]  ; s  t h o a b ( z 1 - 1 h o a a t z 1» b e t a t z - I 1:  
b e t  a t  z 1 : = t h o a c f z l / a l p h a t z l ;
q a a a a t z l  ; <  ( t h o a f ( z 1 - t h o a a I z J » g a » a a [ z - 1 1 ) / a 1 p h a t z J : 

e n d ;

t h o a r t h o w a a n y  e q s l  s “ q a a a a t h o w  a a n y  e q s J : 
nu  i =  h o w _ a a n y e q s - 1;

f o r  z : =  1 t o  nu d o

b e g  i n
j : »  h o w a a n v  e o s - z ;
t h o a x t . i l  i s  q a a a a t j 1 - b e t  a t j 1 » t h o a x I  i * 11:  

e n d ;

e n d ;

p r o c e d u r e  i w a p v a l u e s i

Swa ps  n e w l y - c a l c u l a t e d  v a l u e s  f r o a  p r o c e d u r e  t r i d i a  w i t h  o l d  v a l u e s .
1

vat-
l ow : i n t e g e r ;
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b e a  i rt

i f  s a t u r a t e d  t h e n  l ow : =  J 
e l s e  l ow : *  2:

f o r  z : = l ow t o  n z - 1  dn 
p s i C z 1 : *  x I z -  l ow ♦ I I :

e n d :

p r o c e d u r e  d i s p l a y :

D i s p l a y s  r e e l  l i a e ,  s i a u l a t i o n  t i a e ,  e r r o r ,  a n d  w h a t e v e r  e l s e  a i q h t  
s e e *  w o r t h w h i l e  a t  t h e  t i a e ,

vai
l e a p  : l o n q i n t ;  

b e g i n

i f t = I t h e n  t e a p  : =  1 1 
e l s e  t e a p  : = 1 2 ;

q e t d a t e t i a e ( t 2 > ; ! t 2  i s  i p a l  t i a e  i n  s e c o n d s  )

o o t  ox y ( 2 0 . 1 :
w r i t e ( ' i n c r e a e n t  r e a l  t i a e : ' , ( t 2 - t e a p ) : ' .  s ' ) :

o o t  o x y ( 2 " .  1 1 1 :
w r i t e ( ' e l a p s e d  r e a l  t i a e : ' .  < t 2 - t l ) : 5 .  s ' ) :

q n t o x y ( 2 0 , 1 2 ) :
w r i t e I ' s i a u l a t i o n  t i a e :  ' , ( t i a e f J . 6 e u ~ ) : 3 : 2 , '  h r s . ' ) :  

o o t n x y  < 2 0 , I 3 ) ;
w r i t e < ' i n f i 1 t r a t i o n  r a t e :  ' , r t t l , '  a / s  ) :  

o o t  n * y ( 2 0 ,  1 4 ) :
wr i t e  ( ' s u r  f  a c e  h y d r a u l i c  c o n d u c t !  » i  t y :  ' , H 2 J , '  a / s ' ) ;  

q o t o x y ( 2 0 ,  1 7 )  i
wr i t e ( ' s u r <a c e  p r e s s u r e  h e a d :  ' , p s i  1 2  11 2 : 4  , a  ' ) :  

o o t o x y ( 7 0 . 1 9 ) I
w r i t e l ' b a s a l  p r e s s u r e  h e a d :  ' , p s i t n 2 - I ) : 2 : 4 ,  ' a ' ) :  

e n d ;

p r o c e d u r e  c h e c k t i a e :

(
C h e c k s  t o  s e ® i f  c u r r e n t  t i a e  i s  t h e  s p e c i f i e d  a u l t i p l e  o f  t i a e  i n c i e a e n t s  
' d t w r i t e ) .  I f  s o ,  d a t a  f r o a  c u r r e n t  t i a e  a r e  w r i t t e n  t o  d i s k .  11 n o t .  
a o v e  on  t o  n e x t  t i a e  i n c r e a e n t .

n r
t i a e f a c t o r  : e x t e n d e d :  

b e q i n
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t i a p f a r t n r  l / d l w r i t p :  
i (  l t i « p ( ) c t o r  -  t r u n c ( t i n e f a c t o r ) I = <>. 

Ui p n  ( i 1 e n r  i t *?:
e n d !

p r o c e d u r e  c l e a n u p ;

C l o s e s  di s l > f i l e ,  p r i n t s  e n d  o f  j o b  s l e t p a e n l .
)

b e g i n
c 1o s e  < d i s k  ) : 
wr I t e I n S 
wr i t  e  I n : 
wr  1 1 p  I n  I '

« r  i t p 1»:  
wr i t  p 1 n < ’ 
wr 1 1 e l  n : 
rPidln: 

e n d :

p r o c e d u r e  c h e c 1 s a t u r a t i o n :

(
A d . i n s t s  u p p e r  b o u n d a r v  t o  p r e v e n t  p o n d m a  a n d  c a l l s  a p p r o p r i a t e  
•  a t r i x - f 1 1 1 i n q  p r o c e d u r e .  I f  i n f i l t r a t i o n  r a t e  e x c e e d s  s a t u r a t e d  
c o n d u c t i v i t y ,  t h e n  t h e  r a t e  i s  S P t  p q u a l  t o  r o n d u c t l v i t v  a n d  s a t a a t r i x  
i s  r a l l p d .  I f  i n f i l t r a t i o n  r a t e  e x c p e d s  a c t u a l  s u r f a c e  c o n d u c t i v i t y  b u t  
i s  b e l o w  s a t u r a t e d  c o n d u c t i v i t v . t h e n  s u r f a c e  c o n d u c t i v i t y  i s  s e t  e q u a l  
t o  i n f i l t r a t i o n  r a t e  a n d  f l u x a a t r i r  i s  c a l l e d .  I f  i n f i l t r a t i o n  r a t e  i s  
l e s s  t h a n  a c t u a l  c o n d u c t i v i t y ,  t h e n  f l u x e a t n x  i s  c a l l e d .

beqin
i f  r [ t 1 > k s a t  t h e n  ( s a t u r a t e d  q r o u n d  s u r f a c e  )

b e q  i n
r  1 1 J  : =  k s a t  i 
k [ 21 : *  k s a t !  
p s i 1 21 : « 0 . ;  
s a t a a t r  i x 

e n d  i

i f  r i l l  > k C 21 t h e n  
b e q  i n

k t 21 : =  r  C 1 1 1 

f 1u x a a t r  i x 
e n d  
e l  s e

f  l u x a a t r  i x :

e n d ;

( • I I I I I I K H I I I I I M I I

{ I K I I I I I I I I I M I M I I I

b e q i n  < a a i n  p r o q r e n  )

q e t d a t e t i m e t t l l l  { s t a r t i n g  r e a l  t i a e )
i n i t i a l i z a t i o n ;

{ o n s a t u r a t e d  q r o u n d  s u r f a c e  ) 
( h i t h  n o  p o n d i n g  )

< c l o s e  o u p u t  f i 1e  I

e n d  o f  j o b  ' > ;  

p r e s s  f ' E I i J R N  t o  e x i t ' ) :
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( o r  t  : =  I l o  n t  do

b e e  i n
t i e *  i 3  t  i a * * d t ; 
c o n d u c t ; 
b o u n d a r v h e a d s :  
c h e c V s a t u r a t i o n ;  
t h o * * s < a . b , c f # , # , n u a e q ) ; 
s w a p v a l u e s ;  
d i  s p l  Ay;  
c h e c t t i a e ;  

e n d ;

c l e a n u p ;

e n d .

( h a i n  t i a e  1o o p  )

( s i m u l a t i o n  t i a e  i n  s e c o n d s  >
( f i l l  h y d r a u l i c  c o n d u c t i v i t y  a a t r i *  }
( c a l c u l a t e  h e a d  a t  i a a o i n a r y  no d ®s  )
< d e c i d e  w h i c h  u p p e r  b o u n d a r y  c o n d i t i o n  ) 
( s o l v e  f o r  p r p e v . i r e  h e a d s  )
( p u t  x v a l u e s  i n t o  p s i  v e c t o r  }
{ s how i m p o r t a n t  s t u f f  1 
( a nd  p u t  t h e m on t h e  d i s t  )
( e n d  of  a a i n  t i a e  l o o p  )

( c l o s e  down e v e r y t h m q  and  oo  h o a e  '<

( e n d  a a i n  p r o q r a a  )
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APPENDIX E 

PERTURBATION SOLUTION OF 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
K

+ /S tf
[a% w J J

„ dh . 0 cos p  sin p (E.l)

Now (E.l) 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(S)

in which h « h, so that substitution of (E.2) into (E.l) yields

(E.2)

R
K

9^n ,7  r ,—-  (h+h) +
a^2

cos (3 - —  sin B (E.3)

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

order in h equation (E.3) becomes

d2h dh tan (3R

K h cos p d^2 d!;
(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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-7  ̂ - tan Pm2 + bm = 0  where b  ---------- (E.5)

with eigenvalues 

mi = - b

m2 = 0 (E.6 a,b)

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

(E.4) is

h = ci exp(mi^) + c2 exp(m2 )̂ (E.7)

or, substituting (E.6  a,b) into (E.7),

h = c i  exp(-b^) + 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 5 + C4 (E.9)

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

t a n  P R , r i mC3     ---------------  (E.10)
h K h cos P

with C4 = 0 , and finally solve for the non-zero coefficient term

c3 =  (E.l 1)
K sin p

The general solution to (E.4) is a linear combination of (E.8) and (E .ll), hence
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h = c i exp(-b^) + C2 + C3  ̂ (E. 12)

PARTICULAR SOLUTION

Constants ci and C2 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 2; = 0 and 2; = L, although there 

is no mathematical reason why other boundary conditions could not be evaluated. First 

evaluate (E.12) at % = 0 and solve for ci to get

c i = - C 2 (E.13)

and substitute (E.13) into (E.12), this time evaluated at  ̂= L, to arrive at

0 = - C2 exp(-bL) + C2 h-------——  \  (E. 14)
K sin p

Solving (E.14) for C2

c2 = ----------------— -------------- (E.15)
[1 - exp(-bL)] K sin (3

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

h = — ^ - L V  eXp(f~ h iTl (E-16)K sin p  ̂ * exp(-bL)J

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 J lo w jch g e , 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.l, which illustrates analytical and numerical solutions for values of p = 0.025, 

R/K = 0.00024, P = 22°, and t = 300 hrs., agreement between analytical and numerical 

results is excellent for values of = 5.0 and 2.5 m, but large errors occur for Sc, = 10.0 

m. Maximum error for 5£, = 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'^ m/s.

r
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Figure E .l Comparison of steady state phreatic surface profiles generated with 

equation (E.16) and a modification of the computer program listed in 

Appendix C.
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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.l. The approach taken here departs 

from standard infinite slope analyses by calculating the weight of a variably-saturated soil 

column as

where ym is the unit weight of the dry soil matrix, yw is the unit weight of water, and 0 (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

H

(F .l)

S = W sin (3

H

= H ym + yw J 0 (z) dz sin p (F.2)
0
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Figure F .l 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, x, which is in general 

assumed to be of the form

T = c + aefftan<|) (F.3)

along the failure surface, where c is cohesive strength (see below), aeff 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

x = c + on tan <{) - uw tan <{>b (F.4)

for atmospheric pore air pressure, where On is total normal stress, uw is pore water 

pressure, and <{>b is the slope of a plot of pore pressure vs. shear strength with constant 

normal stress. According to the laboratory data summarized by Fredlund, <j>b ranges from 5° 

to 15° less than <p for the soils tested. McTigue and others (1983), in contrast, propose an 

effective stress law that implies shear strength of the form

x = c + ^an + ^-uwjtan<(> (F.5)

for one dimension and atmospheric air pressure, where 9 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

x = c + (cn - Uw) tan <f> (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

X = (on - uw) tan 4>r (F.7)

where <f>r 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 <!>r (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 = W cos B

H
H Ym + Yw J  0(z) dz cos (3 (F.9)

and

U = \|/ Yw cos p

hence

H
T = H ym + yw J  0(z) dz - v  yw cos P tan <j>r

(F.10)

(F. 11)
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Division of (F.2) into (F .ll) yields the factor of safety for a partially saturated infinite 

slope

F = T /S

(N - U) x   g tan (pr

H

H Ym + Yw J 0(z) dz - V Yw tan <|>r

H

H Ym + Yw J  9(z) dz tan |3

(F.12)

SPECIAL CASES 

Cases of \\f = 0 and \jr = 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 <pr
F = • 

tan (3

For a hillside saturated to the ground surface, \\f = H and 0(z) = n, so

(F.l 3)

F = 1 -
tan (3

(F.14)

Inspection shows that the sum \j/m + n\|/w is equal to the saturated unit weight of the soil, 

\|/sat, and (F.14) becomes
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F = 1 . V*
Vsat

tan <I)r
(F.l 5)

tan p

Finally, because the unit weight of water is roughly half the saturated unit weight of most 

soils, equation (F.l5) can be further simplified to

tan d)rF = - (F.16)
2 tan P

Case of Constant 0

Field data from the Delhi Pike landslide complex suggest that it is a reasonable first 

approximation to assume that 9  is constant with depth, and under this condition (F.12) can 

be simplified to

[ v m  + V w ( e - ^ |  tan <|>r
F = 5=--------------------- ^ ---------  (F. 17)

(,Vm + Vwj tan p

The problem remains complicated, however, because in unsaturated porous media 0 = /Cy) 

and (F.13) is nonlinear in \jr However, laboratory measurements of water content vs. 

pressure head in colluvium samples from Delhi Pike (Murdoch, 1987) suggest that, if 

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

0 = n exp { a ( \ | / - Vsat)} (F.18)

for \|/ < Ysat and

0 = n (F.19)
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for for \|/ > \jTsat, where n is porosity, \|fsat is the lower limit of tension saturation, and a  is 

a constant. Thus for constant 0, F can be calculated by substituting either (F .l8) or (F.l9) 

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 pbtted 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 0 (z) = constant over specified ranges 

Pi <)>r> Ym. and V- 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 y ,  but 

almost equally insensitive to changes in (5, <pr, and Ym- Because P, <j)r, and Ym might be 

assumed to be relatively constant through time, the sensitivity analysis suggests that basal 

pressure head, \j/, 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 0 and variable (3, 

<f>r, Ym, H, and \jr. Variable ranges, which were chosen as representative 

of thin colluvium hillsides in the Cincinnati area, are 1 < H < 2 m, 1000 < 

Ym< 2 0 0 0 k g m -3 ,2 0 °< P < 2 8 °, 20° < <>r ^ 25°, and0 < v < 2  m H20. 

Other constant are n = 0.45, a  = 5, Xj/crit = -0.1 m K2O, Yw = 981 kg nr3, 

and Favg = 0.43.
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Again assuming that 0 is constant with depth

(F.20)

Ycrit — - H
tan (3 Ym ^
tan (J)r ) [  Yw ,

(F.21)

Critical basal pressure head at failure can then be estimated by iterating either (F .l8) or 

(F.19), as appropriate, and (F.21) to convergence as shown in the accompanying BASIC 

program PSICRIT.BAS. Figure F.3 shows that Vent clusters around zero for typical 

values of (3 and (fo, so in general Cincinnati area thin colluvium hillsides should be stable as 

long as y  < -1 m H2O 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

P ro g ra m  to e v a lu a te  s e n s it iv ity  of fa c to r  of sa fe ty  eq u ation  for a n  
u n sa tu r a te d  or sa tu r a te d  in fin ite  slope w ith  w a te r  co n ten t a s  fu n c tio n  
of p r e s s u r e  h ead . O utput is  w r it t e n  to a n  ASCII d isk  file  com p atib le  w i t  
M icro so ft Excel.

W illia m  C. H aneberg
J o h n  L. Rich G eom echanics L aboratory
D ep a rtm en t of Geology
U n iv e r s ity  of C in cin n ati
C in cin n a ti, OH 45221-0013

w r i t t e n  in  M a c in to sh  BASIC, v . 3.0

v e r s io n  of S ep tem b er 1988

VARIABLES

h ip h i = m a x im u m  an gle of fr ic tion
loph i = m in im u m  an gle of fr ic tio n
a v g p h i = a v e r a g e  an g le  of fr ic tio n
h im a tr ix  = m a x im u m  m a tr ix  u n it  w e ig h t
lo m a tr ix  = m in im u m  m a tr ix  u n it w e ig h t
a v g m a tr ix  = a v e r a g e  m a tr ix  u n it  w e ig h t
h ith ic k  = m a x im u m  soil th ick n e ss
lo th ick  = m in im u m  soil th ic k n e ss
a v g th ic k  = a v e r a g e  so il th ick n e ss
h ip s i = m a x im u m  b asa l p r e s su r e  head
lo p si = m in im u m  b a sa l p r e s su r e  head
a v g p s i = a v era g e  b a sa l p r e s su r e  head
h ib eta  = m a x im u m  slope angle
lobeta  = m in im u m  slope angle
a v g b eta  = a v e r a g e  slope an g le
th e ta  = v o lu m e tr ic  w a t e r  co n ten t = f(p si)
p oros = p o ro s ity  (= sa tu ra te d  v o lu m e tr ic  w a te r  con tent)
a lp h a  = co n sta n t te r m  in  p r e s s u r e -w a te r  con ten t eqn.
p s ic r it  = lo w e r  l im it  of ten sio n  s a tu r a t io n
w a t e r  = u n it  w e ig h t  of w a te r
d eg sto ra d s = d egree  to ra d ia n  co n v e r s io n  factor = 57.29...
F = fa c to r  of s a fe ty  a g a in s t  slid in g
F avg = b a se lin e  fa c to r  of s a fe ty  u s in g  a v e r a g e  v a lu e s

TYPICAL VALUES FOR CINCINNATI COLLUVIUM HILLSIDES

d eg sto ra d s  = 57.29577951*
p oros = .45
a lp h a  = 5
p s ic r it  = -.1
w a te r  = 981
h im a tr ix  = 2000
lo m a tr ix  = 1000
h ib eta  = 3 0
lobeta = 20
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PRINT

PRINT "delta phi";CHR$(9);"delta FM 
FOR angle = lophi TO h iphi STEP .5 

phi = an g le /d egstorad s  
GOSUB ca lcu la te  
deltaF = 100*(F-Favg)/Favg
delta phi = 200*(p h i-avgp h i)/(h ip h i/d egstorad s-lop h i/d egstorad s)  
PRINT deltaphi;CHR$(9);deltaF 

NEXT
phi = avgp h i 
PRINT

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

beta = a n g le /d egstorad s  
GOSUB ca lcu la te  
deltaF = 100*(F-Favg)/Favg
d eltab eta  = 2 00*(b eta -avgb eta )/(h ib eta /d egstorad s-lob eta /d egstorad s) 
PRINT deltabeta;CHR$(9);deltaF 

NEXT
beta = avgbeta  
PRINT

PRINT "delta thick";CHR$(9);"delta F"
FOR th ick  = lo th ick  TO h ith ick  STEP .25 

GOSUB ca lcu la te  
deltaF = 100*(F-Favg)/Favg
delta  th ick  = 2 0 0 * (th ick -a v g th ick )/(h ith ick -lo th ick )
PRINT deltathick;CHR$(9);deltaF  

NEXT
th ick  = a v g th ick  
PRINT

PRINT "delta matrix";CHR$(9);"delta F"
FOR m a tr ix  = lo m a tr ix  TO h im a tr ix  STEP 100 

GOSUB ca lcu la te  
deltaF  = 100*(F-Favg)/Favg
d e lta m a tr ix  = 2 0 0 * (m a tr ix -a v g m a tr ix )/(h im a tr ix -lo m a tr ix )
PRINT deltam atrix;CHR$(9);deltaF  

NEXT
m a tr ix  = a v g m a tr ix  
PRINT

CLOSE *1

END

SUBROUTINE TO CALCULATE FACTOR OF SAFETY 

calcu late:
IF p si < p s ic r it THEN th eta  = poros*EX P(alpha*(psi-psicrit)) 
IF p si => p s ic r it  THEN th eta  = poros
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F = (m a tr ix  + w a ter* (th e ta -p si))/(m a tr ix + w a ter* th e ta )  
F = F*TAN(phi)/TAN(beta)

RETURN
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’ PSICRIT. BAS

Program  to ca lcu la te  c r it ica l b asa l p r e ssu r e  head for s ta b ility  of a n  
u n sa tu ra ted  or sa tu ra ted  in f in ite  slope w ith  w a te r  content a s  fu n ctio n  
of p ressu re  head. R esu lts a re  w r it t e n  to an  ASCII d isk  file  com p atib le  
w ith  M icrosoft Excel.

W illiam  C. Haneberg
John  L. Rich G eom echanics L aboratory
D epartm ent of Geology
U n iv e r s ity  of C incinnati
C incinnati, OH 45221-0013

w r it te n  in M acin tosh  BASIC, v . 3.0

v er s io n  of A ugust 1988

VARIABLES

to lerance = m a x im u m  a llo w a b le  e r ro r
d ifferen ce  = er ro r  in  g iv en  itera tio n
o ld va lu e = d u m m y  v a r ia b le
th ick n e ss  = th ic k n e ss  of so il [L]
th eta  = a ctu a l v o lu m e tr ic  w a te r  co n ten t
th e ta sa t = sa tu ra te d  v o lu m e tr ic  w a te r  con ten t
a lpha = co n sta n t te r m  in  p r e s s u r e -w a te r  co n ten t eqn.
h c r it  = lo w er  lim it of ten sio n  sa tu r a tio n  [L]
m a tr ix  = u n it w e ig h t  of so il m a tr ix  [WEIGHT/L‘3]
w a te r  = u n it  w e ig h t  of w a te r  [WEIGHT/L‘ 3]
phi = re s id u a l an gle of in te r n a l fr ic tio n  [DEGREES]

’ lophi, h ip h i = upper and lo w e r  l im ite s  of re s id u a l fr ic tion  angle  
beta = slope an gle [DEGREES]
lobeta, h ibeta  = upper and  lo w e r  l im its  of slope angle  
h eight = p r e ssu r e  head a t  fa ilu r e
d egstorads = degree to ra d ia n  c o n v er s io n  facto r  = 57.29... 
cou n t = itera tio n  co u n ter  
slope = index v a r ia b le  for phi 
s tr e n g th  = index v a r ia b le  for beta

‘ TYPICAL VALUES FOR CINCINNATI COLLUVIUM

tolerance = .0000001  
in itia lh e ig h t = -1! 
d ifferen ce  =1000 
th ick n ess  = 1.5 
th eta sa t = .45 
alpha = 5 
h cr it = -.1 
m a tr ix  = 1525 
w a te r  = 981 
lophi = 20 
hiphi = 25 
lobeta = 20 
hibeta = 30
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lophi = 20 
hip h i = 25 
lobeta = 20 
hibeta = 30 
h ith ic k  = 2 
lo th ick  = .5 
h ip si = 2 
lopsi = -2

GET OUPUT FILE NAME AND OPEN DISK FILE FOR OUTPUT

outfile$=FILES$(0,"enter o u tp u t f ile  nam e")
IF ou tfile$  = "" THEN END 
OPEN ou tfile$  FOR OUTPUT AS *1

PRINT "SENSITIVITY ANALYSIS OF PARTIALLY-SATURATED INFINITE SLOPE- 
PRINT
PR IN T"delta(variable) is  n o rm a lized  to + /-  1 0 0 %  of h a lf -r a n g e  about the  
average"
PRINT
PRINT* I," p o ro sity  = ” ,CHR$ (9), poros 
PRINT*!,"alpha = ",CHR$(9),alpha 
PRINT*!,"psi c r it  = M,C H R $(9),psicrit 
PRINT*I, "unit w t .  w a t e r  =",CH R$(9),water
PR IN T *l,"unit w t .  m a tr ix  = ",CHR$(9),lomatrix,CHR$(9),"to",CHR$(9),himatrix
PRINT*1, "beta = " ,CHR$(9),lobeta,CHR$(9>," to" ,CHR$(9>, h ibeta
PRINT*!,"phi = ",CHR$(9),lophi,CHR$(9),"to",CHR$(9),hiphi
PRINT* 1," p si = M,CHR$(9), lop si, CHR$(9),"to",CHR$(9), h ip si
PRINT*l,"soil th ic k n e ss  = ",CHR$(9),lothick,CHR$(9),"to",CHR$(9),hithick

CALCULATE AVERAGE VALUES

a v g m a tr ix  = (h im a tr ix + lo m a tr ix )/2 !: m a tr ix  = a v g m a tr ix  
a v g th ick  = (h ith ick + lo th ick )/2 !: th ick  = a v g th ick  
a v g p h i = (h ip h i+ lop h i)/2 !/d egstorad s: ph i = avgp h i 
avgb eta  = (h ib eta+ lob eta )/2 !/d egstorad s: b eta  = avgbeta  
a v g p si = (h ipsi+ lopsi)/2!: p s i = a v g p si

GOSUB ca lcu la te  
Favg = F
PRINT* 1," Fa v g  =",CHR$(9>,Favg 
PRINT

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

PRINT "delta psi";CHR$(9);"delta F"
FOR psi = lopsi TO h ip s i STEP .25 

GOSUB ca lcu la te  
deltaF  = 100*(F -F avg)/F avg  
d elta p si = 2 0 0 * (p s i-a v g p s i) /(h ip s i- lo p s i)
PRINT deltapsi;CH R$(9);deltaF  

NEXT
p si = avgp si
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degstorads = 57.29577951# 
count = 0

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

OPEN ou tfile$  FOR OUTPUT AS *1

PRINT #1,
PRINT * 1 ,"CRITICAL BASAL PRESSURE HEAD FOR FAILURE OF INFINITE SLOPE" 
PRINT *1,
PRINT # l," so il th ic k n e ss  = ";th ickness  
PRINT # 1 ,"saturated  w a te r  con ten t = ";thetasat 
PRINT * 1 ,“a lp h a  = ";alpha
PRINT # 1 ,"low er l im it  ten sion  sa tu ra tio n  = ",h crit  
PRINT * 1 ,"m atrix  u n it  w e ig h t = ";m atrix  
PRINT #1, " w ater  u n it  w e ig h t = " .w ater  
PRINT * 1 ," iteration  to leran ce  = ";tolerance  
PRINT #1,
PRINT *1,
PRINT #1, "phi",CHR$(9)-"psi crit"
FOR slope = lobeta TO h ibeta  

beta = slop e/d egstorad s  
PRINT *1, CHR$(9);"beta =";slope;" degrees"

FOR str e n g th  = lophi TO h ip h i STEP .5 
h eigh t = in it ia lh e ig h t  
d ifferen ce  = 1000 
phi = s tren g th /d eg sto ra d s  
WHILE d ifferen ce  > to lerance  

cou n t = co u n t + 1 
o ld v a lu e  = h eight
IF h eight > h c r it  THEN th eta  = th eta sa t
IF h eigh t <= h c r it  THEN th eta  = thetasat*E X P (alpha*(height-hcrit)) 
h eigh t = -th ic k n e ss* (m a tr ix  + theta*w ater)*(T A N (beta)/T A N (phi) -

1!)/w a te r
d ifferen ce  = ABS(height -  o ldvalu e)

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 slopes 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 subroutine trapzd), and subtracting 

the appropriate integrals from each other. The line of action of the horizontal interslice 

force, E, at the i*  interface is assumed to act at a height hj = (gj - Si)/3, where gj and sj are 

the heights of the ground and slip surfaces at the i111 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 ax 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(l), ground(l), water(l), slip(l) [realJ

x(slices+l), ground(slices+l), water(slices+1), slip(slices+!) [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 phieatic 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.l). Soil 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 .l Comparison of Janbu and Infinite Slope Analyses

phreatic surface @ slip surface @ ground surface

soil unit weight 22.0xl03 N/m3 22.0x103 N/m3

water unit weight 9.8xl03 N/m3 9.8xl03 N/m3

residual friction angle 22° . 22°

average slope angle 18°

o
O
O

rH

Fjanbu 1.25 0.64

Finfinite 1.24 0.62

error(infinite) -0 .8% -3.1%
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Figure G .l 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 slope methods for 

completely saturated and completely unsaturated hillsides at Delhi Pike are shown above in 

Table G.l. As expected, the Janbu method predicts higher factors of safety because it takes 

interstice forces into account; however, this difference is negligible because changes in slip 

surface geometry that produce non-zero differences in interstice 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 = lx l0 ° (G.l)

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

where a  is the slope of the impermeable substrate. Using (G.l) 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

(jjr = 22° (residual friction angle)
P = arc tan a  = 18° (slope angle)

D = 1.5 m (soil thickness)
Ysoil = 2.0x 104 N/m3 (saturated soil unit weight)
Ywater = 9.8x 103 N/m3 (water unit weight)

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

Ywater Itan <t>r
(G.4)

Now substitution of the typical values into (G.4) yields

H = 6X10' 1 m (G.5)

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

maintain stability

L = 1x10*0 m (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 0.15 m/24 hrs., or 1.7xl0‘6 m/s, and from Chapter 1, K = 1.3xl0'5 m/s, 

so

R/K = 1.3x10'! (G.7)

and from Schmid and Luthin (1964, Figure 2)

L/H = 5x10° (G.8)

so, recalling H = 6xl0_1 m from (G.5) critical drain spacing is

L = 3x10° m . (G.9)

for the less extreme case.

Even if recharge is reduced by another order of magnitude, R/K = 1.5xl0'2, L/H = 

2.5X101 and H = 1.5x10 1 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 would be on the 

order of 10° < L < 101 m.
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p r o q r a n  j a n b u

C ..........  -........— ...........................  ..............................

C S t a b i l i t y  a n a l y s i s  l o r  h o a o q e n e o u s  s o i l  ' l o p e s  a s  d e s c r i b e d  i n
C N.  J a n b u ,  1 9 7 3 .  S l o p e  s t a b i l i t y  c a l c u l a t i o n s .  Ill R . C.  H i r s c h f e l d
C I  S . J .  P o u l o s ,  e d s . ,  E « b a n k » e n t - O a s  E n g i n e e r i n q : U i  1 e y - I n t e r s c i e n c e .

C T h i s  p r o q r a w  d o e s  n o t  t r e a t  d i s t r i b u t e d  s » r t a r l o a d s ,  p o i n t
C s u r f a c e  l o a d s ,  o r  a p p l i e d  h o r i z o n t a l  l o a d s ,  b u t  >a v  be  e s t e n d e d
C t o  do  s o ;  s e e  J a n b u  ( 1 9 7 3 )  f o r  e x p l a n a t i o n .

C I n n u t  d a t a  a r e  r e a d  f r o *  a u s e r - s p e c i f i e d  ASCI I  f i l e ,  and r e s u l t s
C a r e  w r i t t e n  t o  a s e c o n d  ASCI I  d i s k  t i l e .  D e f a u l t  v e c t o r  s i z e  of  75
C c a n  a c c o e o n d a t e  up t o  24 s l i c e s .

C O r i g i n a l l y  w r i t t e n  a n d  r u n  i n  H i c r o s o f t  FOKI kAN- 77  w i t h  8 x
C e x t e n s i o n s  ( do  w h i l e . . . r e p e a t , d o . . e n d  d o ,  i f . . t h e n . . end i f )
C on a n  A p p l e  M a c i n t o s h  5 I 2 I . E .  I f  i t  w o n ' t  wor k  on  v o u r  c o m p u t e r ,
C t h a t ' s  n o t  a y  p r o b l e n .

C Hi 1 1 i a a  C.  H a n e b e r q
C J o h n  L.  R i c h  S e o a e c h a n i c s  L a b o r a t o r y
C D e p a r t a e n t  o f  G e o l o o y
C U n i v e r s i t y  o f  C i n c i n n a t i
C C i n c i n n a t i ,  OH 4 5 2 2 1 - 0 0 1 3

C S e p t e a b e r  1988

C .......................    - ..............- ................... - ..................................... .............

C v a r  i a b l e  l i s t . . .

c X v e c t o r  o f  x - c o o r d i n a t e s
c s l i p v e c t o r  o f  z - c o o r d i n a t e s  f o r  s l i p  s u r f a c e
c w a t e r v e c t o r  o f  z - c o o r d i n a t e s  f o r  p h r e a t i c  s u r f a c e
c q r o u n d v e c t o r  o f  z - c o o r d i n a t e s  f o r  q r o u n d  s u r f a c e
c b e t a v e c t o r  o f  s l i p  s u r f a c e  s l o p e s  f o r  e a c h  s l i c e
c t a n a l p h a a v e r a q e  s l o p e  b e t w e e n  t wo  a d j a c e n t  s l i c e s
c e v e c t o r  o f  i n t e r s t i c e  h o r i z o n t a l  f o r c e s
c t v e c t o r  o f  i n t e r s l i c e  v e r t i c a l  f o r c e s
c h v e c t o r  o f  l i n e  o f  a c t i o n  h e i q h t s  f o r  e
c dw v e c t o r  o f  s o i l  w e i q h t  f o r  e a c h  s l i c e
c d u v e c t o r  o f  w a t e r  w e i q h t  f o r  e a c h  s l i c e
c de v e c t o r  o f  i n t e r s l i c e  h o r i z .  f o r c e  d e r i v a t i v e s
c d t v e c t o r  o f  i n t e r s l i c e  v e r t i c a l  f o r c e  d e r i v a t i v e s
c n v e c t o r  o f  n - f a c t o r s  f o r  e a c h  s l i c e
c a r e a  1 a r e a  o f  s l i c e  b e n e a t h  a r o u n d  s u r f a c e
c a r e a 2 a r e a  o f  s l i c e  b e n e a t h  p h r e a t i c  s u r f a c e
c a r e a 3 a r e a  o f  s l i c e  b e n e a t h  s l i p  s u r f a c e
c o l d f O f a c t o r  o f  s a f e t y  w i t h o u t  i n t e r s l i c e  f o r c e s
c n l d f  r f a c t o r  o f  s a f e t y  f o r  w i t h  i n t e r s l i c e  f o r c e s
c new duwa y  f a c t o r  o f  s a f e t y  v a r i a b l e  d u r i n g  i t e r a t i o n s
c we t wt ■ o i s t  u n i t  w e i g h t  o f  s o i l
c wa t wt u n i t  w e i q h t  o f  w a t e r
c ph i r e s i d u a l  a n q l e  o f  i n t e r n a l  f r i c t i o n

P- - - -
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C t o t  er e a x i e u n  a l l o w a b l e  e r r o r  p e r  i U i  ») n m
c d i f  f e r e r r o r  p e r  i t e r a t i o n
c r e l e r r r e l a t i v e  e r r o r  b e t w e e n  o l d f u  a nd  o l d f l
c dr  i ve d r i v i n g  f o r c e s  f o r  a g i v e n  s l i c e
c r e s i s t r e s i s t i n g  f o r c e s  f o r  a g i v e n  s l i c e
c d s u a s u a  o f  d r i v i n g  f o r c e s  f o r  a l l  s l i c e s
c r s u a s u e  o f  r e s i s t i n q  f o r c e s  f o r  a l l  s l i c e s
c d e g r a d d e g r e e  t o  r a d i a n  c o n v e r s i o n  f a c t o r  (a c o n s t a n t )
c i v e c t o r  i n d e x
c c o u n t l o o o  c o u n t e r
c s i  i c e s n u a h e r  o f  s l i c e s

C .................................................................   - ...................................................- .....................

C d e c l a r e  a l l  v a r i a b l e s . . .

i m p l i c i t  n o n e

r  e a 1 * 4 s 1 i o 12 5 1 , a *  t e r  ( 2 5 > , o r o H n d ( 2 5 ) , d w ( 2 j > . d » < ( 2 5 ) , n ( 2 5 ) , x t 2 5 )  
r e a l • «  e <251 . t ( 2 5 )  . h ( 2 5 ) , d e ( 2 5 ) , d t ( 2 5 ) . b e t  a ( 2 5 1 . d r  i v e ( 25)  
r e a l * 4  r e s i s t ( 2 5 l
r e a l  >4 a r e a l , a r e a 2 , a r e a  3 . t a n a l p h a , d s u n , r s i u * , d e s u « . d t s u e  
r e a l i 4  o l d f O ,  o l  d f  T, we t  a t , e a t  a t , t o l  e r  . 1 e n g  t h . d e p t  It , c r  a c t  . o b i  
r e a l *4 ( a c t o r , n e w , d i f f e r . d e q r e d . r e l e r r  
i n t e g e r * 2  s i i c e s . i . c o n n t  
c h a r a c t e r * 2 5  i n ( 1 1 e , o u t ( 1 1 e

I; -----------------------------------------------------------------------------

C p r i n t  g r e e t i n g ,  g e t  n a a e  of  i n p u t  a n d  o u t p u t  ASCI I  f i l e s . . .

a r i t e < 9 , 1 2 0 )
120 f o r e a t ( 1 6 X ,  JAHBU STABI LI TY ANALYSIS FOR HOMOGENEOUS SLOPES' )  

p r i n t *
p r i n t *
n m  t e l * ,  1211

121 T o r a a t  ( 3 b X , ' Hi 1 1 1 a s  C.  H a n e b e r g )  
a r  i t e l  * . 1 2 2 )

122 f o r a a t  ( 2 2 X , ' J o h n  L.  R i c h  G e o a e c h a n i c s  L a b o r a t o r y )  
a r i  t e I » , 1 2 3 )

123 f o r a a t I 3 0 X , ' O e p a r t a e n t  o f  G e o l o g y ' )  
a r i  t e I  * , 1 2 4 )

124 f o r a a 1 1 2 8 X. ’ U n i v e r s i t v  o f  C i n c i n n a t i  ) 
a r i  t e l * . 1251

125 f o r a a t ( 2 8 X , C i n c i n n a t i ,  ON 4 5 2 2 1 - 0 0 1 3 ' )  
p r i  n t *
a r i  t e l * . 126)

126 f o r a a t 1 2 9 X  , ' v e r s i o n  o f  O c t o b e r  1988 ) 
p r i n t *
p r i n t *
a r  i t e I * . 1 2 7 )

127 f o r a a t I 1 9 X , ' f i l a  n a a e s  a u s t  b e  l e s s  t h a n  25 c h a r a c t e r s ' )  
p r i n t *
a r i  t e l * . 128)

128 f o r a a  11 ’ l l a a e  o f  ASCI I  i n p u t  f i l e 7 ' )  
r e a d * , i n f i l e
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p r i n t *
t*r i t e  ( • , 129)

129 f o r a a t C N a a e  o f  ASCI I  o u t p u t  t i l e ?  I 
m a d * ,  o u t f i l e  
p r i n t *

c    -   ......................

C r e a d  i n  d a t a  f r o »  ASCI I  d i s )  f i l e . . .

o p e n ( u n i t = l , f i l e = i n f i l e . s t a t u s = ' o l d ' . a c t i o n =  r e a d )

p r i n t  » , ' r e a d i n q  d a t a  f i l e  ' , i n f i l e  
p r i n t *

r e a d  ( l . l O u )  o l d f O  
190 f o r a a t < 1 4 . 2 1

r e a d  ( 1 . 101)  w e t w t
101 f o r a a t ( f 6 . 0 >

r e a d  ( 1 . 1 0 2 )  w e t wt
102 f o r a a t f f h . O )  

r e a d  ( 1 . 1 0 3 )  p h i
10 j  f o r a a t ( 1 5 . 5 )

r e a d  ( 1 . 1*M) t o l e r
1 0 4  f o r a a t 14 5 . 1 )

r e a d  ' 1 . 1 0 5 )  c r a c k
105 f o r a a t ( f 6 . 0 )

r e a d  ( 1 . 1 0 6 )  s l i c e s
1 0 6  f o r a a t  <i 3>

do  ( i » I . s i i c e s *  1)
r e a d  ( 1 . 1 0 7 )  x ( i  I . o r o u n d  ( i ) , we t e r ( i ) , s l i p 1 1 )

1 0 )  f o r a a t < 4 ( 1 8 . J ) > 
e n d  do

c l o s e ( u n i  t * l )

C ................................... - ............. - .......................................................................................... - ......................

C c a l c u l a t e  t h i n q s  t h a t  s t a y  c o n s t a n t  t h r o u a h  i t e r a t i o n s . . .

d e q r a d  = 5 7 . 2 9 5 7 7 9 5 0  
ph i  > p h i / d e a r a d

C s o i l  w e i q h t ,  w a t e r  w e i q h t ,  a n d  s l o p e  f o r  e a c h  s l i c e ;
C p a s s i v e  e a r t h  p r e s s u r e  i s  a s s u a e d  t o  c a l c u l a t e  l i n e
C o f  a c t i o n  h e i q h t ,  h ( i > ,  f o r  e a c h  i n t e r f a c e .

do  ( i ’ l , s l i c e s )

c a l l  t r a p z d ( x ( i ) , x < i * l ) , q r o u n d ( i > , q r o u n d < i * l > , a r e a l >  
c a l l  t r a p z d ( x < i ) , x ( i * l ) , w a t e r < i ) . w a t e r ( i - * l ) . a r e a 2 )  
c a l l  t r a p z d l x ' . i ) , x ( i * l ) , s l i p ( i ) , s l i p ( i * l ) . a r e a a )

d w ( i )  = < a r e a l - a r » a 3 ) * w e t w t  
d u ( i >  = ( a r e a 2 - a r e a 3 )  » wa t wt
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h < i > = ( a r  o u n d  ( i 1 - s i i P  d 1> / o

b e t a d )  = a t a n l ( s l i D ( i * l > " S l i p d ) i / , x ( i ' ' l > - ' ( i i i >

e n d  do

C ..................................................................................................     —

C i t e r a t e  ( a c t o r  o t  s a l e t y  t o  c o n v e n i e n c e  ( o r  I = £ = o

d i ( ( e r  = l eOA 
c o u n t  * 0

d o  w h i l e  ( d i ( ( e r  . a t .  t o l e r )

d i  K e r  = 0 . 0 e - 0 9  
c o u n t  = c o u n t  ♦ I 
d s u a  * 0.  
r s u a  = 0 .

C c a l c u l a t e  r e s i s t i n q  a n d  d r i v i n a  ( o r c e =  ( o r  e a c h  s l i c e ,  a nd
C t h e n  s u e  t h e *  o v e r  a l l  o f  t h e  s l i c e s . . .

do  l i - 1 , s l i c e s )
n ( i )  -  c o s ( b e t a ( i ) ) , 4 2 * ( l * t a n ( b p t a r i ) ) * t a n ( p h i ) / o l d ( 0 )  
r e s i s t ( i )  * ( d w ( i ) - d u d ) > • t a n ( p h i  I / n d > 
r s u a  * r s u a  * r e s i  s t ( i ) 
d r i v e l i l  * d w ( i ) » t a n ( b e t a ( 1 1 ) 
d s u a  * d s u a  ♦ d r i v e d )  

e n d  do

new = r s u a / d s u a  
d i ( ( e r  = a b s  ( n e w - o l d ( O )  
o l d f O  = new

r e p e a t

w r i t e ( 9 . I J 0 )  o l d ( 0 , c o u n t  
130 f o r e a t l ' F  * ’ . ( 5 . 2 , '  a ( t e r  ' . i 2 . '  i t e r a t i o n s ' .

X ' w i t h  no  i n t e r s l i c e  ( o r c e s ' l  
p r  i n t *

C -----------------  - .................................... - ......................................................................... ................

C a n d  now u s e  F f o r  I = 0 a s  a b a s i s  l o r
C i t e r a t i n g  F ( o r  T > 0 a n d  E > 0

o l d M  » o l d ( 0  
d i f l t r  •  l e Ob  
c o u n t  * 0

do  w h i l e  ( d i ( ( e r  . q t .  t o l e r )

d i f f e r  = 0 . 0 e - 0 9  
c o u n t  * c o u n t  ♦ 1
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d s ' i »  * n .  
r s u a  ’ 0 .

r. f i r s t .  c a l c u l a t e  m t e r s l i c e  f o r c e ?  e n d  d e r i v a t i v e s - -
C s e e  J a n b u  ( 1 9 7 3 .  p .  6 9 )  f o r  d e t a i l s . . .

do  ( i = 1 , s i  1c e s )
d e < i )  * d r i v e ( i )  -  r e s i s t <l ) / o l d f T  
d e s u a  * d e s u a  ♦ d e ( i )  

e n d  do

e l l )  = <i.
Ml )  = U.

e I s  1 i c e s ♦ 1 1 = 11. 
t  ( s  1 1 c e s ♦ I ) = 0 .

do  < i = 2 .  s l i c e s )
f . e n a l p h a  = I s I  1 0 ' i • U - s 1 i p ( i -  1) ) /  1» ( i ♦ 1 1 ■'  ' i • 1 1 )
•  i i ) = e ( i - I ) * d e ( i - 1 )  
t  ( i ) = - e ( i ) • t a n a l p h a
t l i )  = t f i )  ♦ h ( i ) » ( e ( i  * 1 )  ‘ e l i - 1  ) > / ( * < )  ‘ 1 ) - x  l i -1 > > 

e n d  do

do ( i « 1 . s i  i c e s )
d t  ( i  ) ■ t ( i * 1 1 -  t ( i ) 
d t s u a  •  d t s u a  * d t ( i ) 

e n d  do

C n o n .  u s e  t h e s e  new d f  v a l u e s  t o  c a l c u l a t e  r e s i s l m q  a nd
C d r i v i n g  f o r c e s  f o r  e a c h  s l i c e ,  a n d  s u a  t l i e a  o v e r  a l l  of
C t h e  s  1 i c e s . . .

do  ( i  = I . s l i c e s )
n ( i )  = c o s ( b e t a ( i > ) a « 2 a < | a t a n ( b a t a ( i ) ) > t a n ( p h i ) / o l d f I i  
r e s i s t ( i )  = ( d a ( i 1 * d t ( i 1 - d u ( i ) ) ♦ t a n ( p h i ) / n  ( i ) 
r s u a  = r s u a  ♦ r e s i s t ( i )  
d r i v e d )  * ( d u ( i 1* d t ( i ) 1 » t a n ( b e t  a f 1 1> 
d s u a  = d s u a  ^ d r i v e ( i )  

e n d  do

n e a  = r s u a / d s u a  
d i f f e r  = a b s ( n e « - o 1d f T I  
o l d f l  = n e a

r e p e a t

a r i t e ( * . 1 3 l )  o l d f l , c o u n t  
131 f o r a a t l ' F  * ' , f 3 . 2 , '  a f t e r  ’ . i 2 , '  i t e r a t i o n s ' .

X ‘ a i t h  i n t e r s l i c e  f o r c e s ' !  
p r i n t *  
p r  i n t  •

C ............  — ------------ ------------------------------------------------ --------------------------

0 a r i t e  r e s u l t s  t o  d i s k  f i l e . . .
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C t h i s  v e r s i o n  s a v e s  a  a i n i a a l  a a n u n *  of  d a i a .
C b u t  c a n  b e  e x p a n d e d  t o  s a v e  i n l e r s l i c e  f o r c e s .
C s l i c e  w e i a h t s ,  a n d  s o  f o r t h . . .

p h i  * p h i * d e g r a d
r e l e r r  = 1 0 0 . * a b s ( l o l d f O - o l d f T 1/ o l d f f l  

o p e n ( u n i t = 2 , f i l e = o u t f i I e . s t a l u s = ’ n e w ' . a c t i o n - = ' i < r i t e ' i

w r i t e  ( 2 . 1 1 0 1  I n f 1 1 p
I I  •> f o r a a t  ( ’ i n p u t  d a t a  f i l e :  ’ . a Z 5 )

w r i t e  ( 2 . 1 1 1 )  w e t w t
I I I  f o r a a t f ’ s o i l  u n i t  w t . :  . f 6 . 0 )

w n t e ( 2 . 1 1 2 )  w a t w t
112 f o r a a t I ’w a t e r  u n i t  w t . i  , f 4 . u )  

wr i  t e f 2 . 1 1 3 )  p h i
113 f o r a a t ( ’ r e s i d u a 1 p h i :  ’ , ( 5 . 2 )

wr i  t e  ( 2 . 1 1 4 )  t o l e r
116 f o r a a t < ’ i t e r a t i o n  t o l e r a n c e :  ’ , ( 3 . 3 )  

wr i t  e ( 2 . 1 1 7) o l d f O
117 f o r a a t l ’F * ’ , f 6 . 3 , ’ w i t h  n o  i n t e r s t i c e  f o r c e s  ) 

wr i  t e ( 2 . 1 18)  o l d f T
118 f o r a a t l ’ F ■ ' . 1 6 . 3 , '  w i t h  i n t e r s t i c e  f o r c e s ' )

wr i t e ( 2 , 11 01 r e l e r r
119 f n r a a t ( ' r e l  a t i v e  e r r o r i  ’ . f S . Z . ’ Z ’ )

c l o s e ( u n i t =2)  

p r i n t *
p r i n t * , ’ d a t *  w r i t t e n  t o  d i s t  f i l e  ' . o u t f i l e  
p r i n t *
p r i n t » , ’ p r e s s  RETURN t o  e x i t '  
p a u s e

en d

C - ....................... - ............. ........... ...................................................................................................

C u s e  v a l u e s  v l  a n d  y 2  t o  i n t e g r a t e  b e t w e e n  x l  and  <2
C w i t h  t h e  t r a p e z o i d  r u l e . . .

s u b r o u t i n e  t r a p z d ( x l , x 2 , y l , y 2 , a r e a >  
r e a l * *  dx 
dx » a b s  1x2 -  x 1) 
a r e a  * d x * ( y 2  * y l / 2 . )  

r e t u r n  
end

C .............................................. ......................... ..................................................................................
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