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FOREWORD

Today's rapidly developing and changing tachnologies and induserisl
products and practices frequently carry with thum the incressed generation of
solid and hazardous wastes. These msterials, if improperly dealt with, can
threaten both public heslth and the enviromment. Abandoned vaste sites and
accidental releases of toxic and hazardous substances to the enviromament also
have important environmental and public health {mplications. The Hazardoua
Weste Engineering Resesrch Laboratery assists in providing am suthoritative
and deferaible engineering basia for assessing and solving these problems.
Its products support the policies, programs and ragulations of the Environ-
mental Protectiom Agency, the permitting and other responsibilities of State
and loeal governments and the needs of both large and small businesses in
handling their wastes responsibly and ecomomically.

This report describes a study conducted to verify thea lateral drainage
component of the Hydrologic Evaluation of Landfill Performance (HELP) computer
model using laboratory drainage data from two large-scale physical models of
landfill liner/drain systems. Drainage tests were run to examine the effects
that drainage length, slope, hydraulic conductivity and depth of saturation
have on the lateral drainage rate. The drainage results were compared with
HELP model predictions and numerical solutions of the Boussinesq equation for .
unsteady, unconfined flow through porous media. Detailed water budgets, test
summaries, and tables of the test data collected are published in appendices
under a separate report cover,

Thomas R. Hauser, Director

Hazardous Waste Engineering Research Laboratory
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ABSTRACT

Twe large-scale physical models of landfill liner/drain aystems were
constructed to examine the affecta that the length, slope and saturated
hydraulic conductivity of the drain layer, and the depth of saturation above
the liner have on the subsurface lateral drainage rate. The models have dif-
ferent lengths, 25.4 fv and 32.4 f¢, and adjustable slope ranging from 2 ta
10 percent. The models wares filled with a 3-ft sand drain layer overlying a
l-ft elay liner. A 2-in. layer of gravel was placed under the liner to col-
lect seepage from the clay liner.

Several drainage tests ware run on each configuration of the models by
applying water as rainfall to the surface of the sand layer, and then measur-
ing the water table along the length of the models and the lateral drainage
rate as a function of time. Lateral drainage rates and water table profiles
were measured during periods of increasing, decreasing and steady-state drain-
age rates,

The drainage rates were used to verify the lateral drainage component of
the Hydrologic Evaluation of Landfill Performance (HELP) model. Drainage
results were compared with HELP model predictions and numerical solutions of
the Boussinesq equation, which applies Darcy's law to unsteady, unconfined
flow through porous media. Neither the HELP model nor the Boussinesq solution
agreed completely with the drainage results. The HELP model predicted the
effect of increases in depth of saturation and hydraulic conductivity very
well, overestimated the drainage rate resulting from increases of slope, and
underestimated the drainage rate resulting from increases of drainage length.

This report was submitted in partial fulfillment of Interagency Agreement
DW96930236-01-0 between the U.S. Environmental Protection Agency and the
U.S. Army Engineer Waterways Experiment Station. This report covers a period
from June 1983 to September 1986, and work was completed as of September 1986.
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SECTION 1
EXECUTIVE SUMMARY

PURPOSE AND SCOPE

This study was conducted to test and verify the liquid management tech-
nology for lateral subsurface drainage in covers and leachate collection
systems, The specific objective was to verify the lateral drainage component
of the Hydrologic Evaluation of Landfill Performance (HELP) Model (1,2) and
other regulatory and technical guidance, provisions and procedures developed
by the U.S. Environmental Protection Ageney (USEPA) (3).

The HELP model is a computer model that generates water budgets for a
landfill by performing a daily sequential simulation of water movement into,
through and out of the landfill. The model produces estimates of depths of
saturation and volumes of runoff, evapotranspiration, lateral drainage, and
percolation. Lateral drainage is computed in the model as a function of the
average depth of saturation above the liner, the slope of the surface of the
liner, the length to the drainage collector, and the hydraulic conductivity of
the lateral drainage layer (l). Therefore, to accomplish the objective of
this study, the lateral drainage rate was measured as a function of the
hydraulic conductivity, slope, length and depth of saturation of the lateral
drainage layer in large-scale physical models. The measured average depths of
saturation, drainage rates and drainage times in the physical models were then
compared with HELP model predictions and numerical solutions of the Boussinesq
equation, which applies Darcy's law to unsteady, unconfined flow through
porous media.

Two large-scale physical models of landfill liner/drain systems were con-
structed and filled with a 3-foot (ft) sand drain layer overlying a 1-ft clay
liner. A 2-inch (in.) layer of gravel was placed under the liner to collect
seepage from the clay. The models were instrumented to measure the water
table profile, subsurface lateral drainage rate, water application, runoff and
percolation through the liner. Evapotranspiration and other water losses were
estimated from the water budget for each test. The models have adjustable h
slope, ranging from 2 to 10 percent in this study; and different lengths, one
being 26.5 ft and the other being 53.5 ft.

Several drainage tests were run on each configuration of the models by
applying water as rainfall to the surface of the sand layer, and then measur-
ing the water table along the length of the models and the lateral drainage
rate as a function of time., Lateral drainage rates and water table profiles
were measured during periods of increasing, decreasing and steady-state drain-
age rates. In these drainage tests, two drainage lengths were

1




compared-~25.4 ft arnd 52.4 ft. Three slopes were examined--approuimately 2, 5
and,10 percent. Sands of twe hydraulic conduetivities ware uged-—4 x

10> centimeter/second (cm/sec) (fine sand) and 2.2 x 10 = cm/sec {coarse
sand) ss measured in soil testing permeameters. Four rainfall events were
examined--a l-hour (hr) rainfall at 0.50 inches/hour (in./hr), a 2-hr rainfall
at 1.50 in./hr, a 6-hr rainfall at 0.50 in./hr and a 24-hr rainfall at

0.125% in./hr. Also, water was applied to the sand for a long period of time
(generally more than 36 hr) at a rainfall intensity which would maintain the
average depth of saturation in the sand at 12 im. In addition to these
drainage tests, the sand was saturated, predominantly from the bottom up for
several test conditions, and then allowed to drain. 1In total, more than sixty
tests were performed.

A complete block experimental design was used to examine the effects of
drainage length, slope, hydraulic conductivity, depth of saturation, rainfall
intensity and rainfall duration on the lateral subsurface drainage rates. The
block design was selected because it provided the most data with the least
time and expense for construction and model preparation. Several slopes and
rainfall events could be examined quickly since very little time was required
for changing these test conditions. Also, the time requirements and costs for
running an additional test with a different slope or rainfall were less than
10 percent of the requirements for preparing the model for a different sand.
Additional rainfall events were examined in lieu of replicates since the
lateral drainage rate as computed by the HELP model does not directly consider
the effects of rainfall intensity or duration. Also, since a complete block
design was used, the effect of a change in a variable is directly examined
under multiple test conditions, reducing the need for replicates.

RESULTS OF DRAINAGE TESTS

A comparison of profile shapes for the depth of saturation along the
length of the drainage layer indicates significant differences between the
rising saturated-depth profile (during filling) and the falling saturated-_
depth profile (during draining) for the same average depth of saturation (y).
The profiles are steeper near the drain when filling than when draining. The
difference is greater for higher infiltration rates. Steady-state profiles
are very similar to the profiles for draining.

The drainage rate for a given average depth of saturation was greater
during the filling portion of each experiment than during the draining
-portion. This is consistent with the saturated-depth profiles which show
steeper hydraulic gradients near the drain for filling conditionms. Plots of
drainage rates as a function of average depth of saturation also show that
drainage continues after y has essentially reached zero. This is presumed to
be drainage of capillary water, commounly called delayed yield. An estimate of
this capillary water volume when y had just drained to O in. based on an
analysis of the experimental data is about 0.1 in. (cubic inches per square
inch) for the fine sand and 0.3 in. for the coarse sand.

The drainage results indicated that the drainable porosity of the sands
decreased with increasing depths of saturation above the clay liner. In
addition, the drainable porosity at all depths was considerably smaller than
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the velue sstimated from sail moisture dets and other seil properties
callected on the sands, Low dratnable porosity values wers obtained in part
due to the delayed yleld and capillary effects that results frowm the high
drainage rate. However, the the praaence and vertical distribution of
entrapped air appear to he primarily responsible for the low drainable
porosities and the change in drainable porosity with height, although no
measurements of entrapped air were collectad.

. All parameters required to computs the draindge rate by the HELP equation
except the Hydraulic conductivity wers messured for each drainage test, Due
to variable air entrapment and differences in placement, compaction and
preparation of the sand drainage media, the hydraulic conductivity measured in
a permeameter in the soils testing laboratary differed significantly from the
actual test values calculated from data on drainage rates and depths of
saturation from the physical models. As described in the documentation report
for the HELP model (1), the lateral drainage aquation was developed to
approximate numerical salutions of the Boussinesq equation for one-
dimensional, unsteady, unconfined flow through parous media. Therdfore, the
actual hydraulic conductivity for the drainage tests was estimated by
adjusting its value while solving the Boussinesq equation until the results
matched the measured drainage rates and saturated depths. The hydraulic con-
ductivity estimates are summarized in Appendix A. Determining the hydraulic
conductivity in this manner provided the best estimate obtainable for each
test since the Boussinesq solution is the commonly accepted representation of
the actual drainage process. Comparisons were made for both steady-state
drainage during rainfall and unsteady drainage following cessation of
rainfall.

The computed hydraulic conductivity values differed significantly from
the measured values. For steady-state drainage from the fine sand, the
average computed value was only 8 percent greater than the measured value,
while for unsteady drainage the average computed value was about 150 percent
greater. For steady-state and unsteady drainage from the coarse sand, the
average computed value was respectively 92 and 84 percent less than the
measured value. For both sands, the average computed hydraulic conductivity
for unsteady drainage was twice as large as the computed hydraulic con=-
ductivity for steady-state drainage.

In analyzing the computed hydraulic conductivity values, it was apparent
that hydraulic conductivity decreased with increasing y. This is consistent
with the earlier hypothesis that the volume of entrapped air increased with
increasing distance above the clay liner. A larger volume of entrapped air
decreases drainable porosity and cross-sectional flow-through area, thereby
decreasing hydraulic conductivity.

The computed hydraulic conductivity values varied considerably between
tests on the same sand, even in the same model without disturbing the
placement of the sand between tests. Considerable variability occurred
between tests having exactly the same configuration of sand, slope, length,
and depth of saturation, where only the rainfall intensity and duration
differed. This variance was examined using an unequal three-way analysis of




variance (ANOVA) test to determime whether the computed hydraulic ceaductivity
was a funetion of another variable Desides averags saturated depth.

The test variables used in the AROVAs ineluded type of sand, average
saturated dapth, slope, drainage length, rainfall duration amd rainfall
intensity. No effects of rainfall duration and intensity could be discerned
by inspection; therefore, tha initial ANOVAs were run using depth, slope and
length as the variables for data sets containing hydraulic conductivity
estimates for one type of sand. These ANOVAs indicated that the computed
Hydraulic conductivity eatimates for heth sands varied as 4 function of
averags saturated depth and slope, Additional ANOVAs indicated that drainage
length, rainfall intensity and duration did not significantly contribute to
the variance in the computed hydraulic conductivity values. No physical
reasons are apparent for the variability of the hydraulic conductivity as a
function of slope: Therefore, the variability due to slope probably arises
from inaccuracies ih the mannet in which the effecta of slope are modeled by
the Boussinesq equatiom.,

VERIFICATION OF THE HELP MODEL

The drainage rates computed by the HELP model was compared with the
results of the drainage tests in several manners. The hydraulic conductivity
that was needed to yield the measured drainage rate for the same drainage
length, slope, and average saturated depth existing in the drainage test was
computed for several times during each test. This hydraulic conductivity
value was compared with the value measured in the soils testing laboratory and
the value estimated using the Boussinesq equation. If the HELP equation
accurately predicted the results of the drainage tests, the hydraulic con-
ductivity value would agree with the measured or estimated hydraulic con-
ductivity value for the sand. If the hydraulic conductivity value was greater
than the value obtained for the sand, the HELP equation underpredicted the
lateral drainage rate. Another method of comparison was to examine the
effects of changing a single variable on the lateral drainage rate measured in
the drainage tests and predicted by the HELP equation. The effects of
drainage length, slope, average depth of saturation, and the head contributed -
by the slope of the liner were compared in this manner.

The hydraulic conductivity of the sand at various depths of saturation
was estimated for each test using the Boussinesq solution of Darcy's law for
unsteady, unconfined flow through porous media and the HELP lateral drainage
equation. These hydraulic conductivity values were compared to determine the
agreement between the HELP model and the Boussinesq solution. For steady-
state drainage, the HELP model estimates of the hydraulic conductivity were
44 percent greater than the Boussinesq solution estimates. This result means
that the HELP model underestimated the steady-state lateral drainage rate
predicted by the Boussinesq solution by 30 percent. The HELP estimates were
31 percent greater than the laboratory measurements for the fine sand and
88 percent less than the laboratory measurements for the coarse sand. For
unsteady drainage, the HELP model estimates were only 13 percent greater than
the Boussinesq solution estimates which would underpredict the lateral
drainage rate by 11 percent. The closeness of the estimates was not unexpected
since the HELP lateral drainage equation was developed from numerical
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solutioms of the Bowssineaq equation for saturated unconfined lateral flow
throught porous media under unsteady drainage conditions. The underpradiction
of the cumulative lateral drainage velume would be expected to be vary small
since the removal rate of water from the drain layer by all other means is
much smaller than the lateral drainage rate. Consequently, the effect of dif-
ferences {n the predicted and sctual drainage times are small,

The differences between the laboratory measurement of the hydraulic con-
ductivity and either of the two estimates computed from drainage data were
nuch larger than the differemces between the estimates. The HELP modal and
Boussinesq equation predicted very similar drainage rates at 2-percent slape
byt the HELP model pradicted lower drainage rates at 10-percent slope. Unlike
the laboratory messurements, the hydraulic conductivity in the drainage tests
varied as a function of the depth of saturation apparently due to entrapment
of air in the sand. This phenemenon makes it very difficult to model the
lateral drainage process and produce good agreement between the predicted and
actual results for drainage rate and depth of saturation as a function of
time.

An analysis was performed to determine how well the lateral drainage
equation in the HELP model accounts for the effects of drainage length, slope
of the liner, average depth of saturation and head above the drain contributed
by the liner in the estimation of the drainage rate. The drainage equation
overestimates the decrease in drainage rate resulting from an increase in
length given the same sand, slope, depth of saturation and head from the
liner. Using the drainage rate for a drainage length of 25.4 ft to predict
the rate for a length of 52.4 ft, the HELP model underpredicted the rate by
18 percent. The HELP equation overestimated the increase in drainage rate by
30 percent that resulted from an increase in slope from 2 percent to 10 per-
cent. Similarly, the HELP equation overestimated the increase in drainage
rate by 20 percent that resulted from increasing the height (head) of the
crest of the liner from 15.3 to 30.5 in. above the drain. The effects of
changes in the average saturated depth on the drainage rate predicted by the
HELP equation agreed very well with the actual results.

Since the HELP lateral drainage equation was developed to approximate
numerical solutions of the one-~dimensional Boussinesq equation for unsteady,
unconfined, saturated flow through porous media, it cannot be expected to
perform any better than the Boussinesq equation. Therefore, it was necessary
to compare the Boussinesq solutions to the laboratory measurements in order to
form a basis for judging the significance of the differences between the HELP
equation predictions and the laboratory measurements, and between the HELP
equation and the Boussinesq solution.

To summarize, the Boussinesq solution after calibration still produced
results significantly different from those measured in the drainage tests.
The results obtained with the HELP model were generally as good or better than
the Boussinesq solution. The HELP equation performed better on tests con-
ducted with 2-percent slope and the Boussinesq solution performed somewhat
better on tests conducted at 10-percent slope. The differences between
predictions by the two methods for a glven set of conditions were small in
comparison to the range of actual results. Similarly, the differences between
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the predictioms and the actual results were much larger tham the differsaces
betusent the HELP equation and the Boussinesq equatiowm.

CORCLUSIONS AND RECOMMENDATIONS

The following comclusions and recommendations are made. Lateral drainage
in landf1ll limer/drain systems is quite variable, probably due to air entrap-
ment. The hydraulic comductivity measurement made in the laboratory is quite
different than the in-place value. Consequently, the estimation of the lat-
eral drainage rate is prone to considerable error despite having a good equa-
tion or solution method for the estimation., Neither the HELP model nor the
Boussinesq solution agreed completely with the drainage results, Neverthe-
less, the prediction of the cumulative volume of lateral drainage is likely to
be quite goad since the depth of saturation will be overpredicted if the
drainage rate is underpredicted and vice versa, thereby adjusting the drainage
rate. However, the predicted depth of saturation will be quite different from
the measured value.

Improvements should be made to improve the predictions of drainage rates
resulting from changes in slope and drainage length. The drainage equation
should be modified to increase its applicability to slopes as large as
30 percent and drainage lengths as large as 2000 ft.

Evaluation of the effects of drainage length, slope of the liner, depth
of saturation and head above the drain on the drainage rate predicted by the
Boussinesq solution should be performed to determine whether the effects
observed with the HELP drainage equation are unique or derived from the
Boussinesq equation. Similarly, an additional data set of drainage results
should be collected to determine whether the effects are unique to this data
set. Additional data should be collected for longer drainage lengths and
greater slopes and from actual landfill/liner systems.
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SECTION 2

INTRODUCTION

BACKGROUND

Landfills have come to be a widaly employed means for disposal of munici~
pal, industrial and hazardous solid wastes, Storage of any waste material in
a landfill poses several patential problems. Among thess is the possible con-
tamination of ground and surface waters by tha migration of water or leachate
from the landfill to adjacent areas, Given this potential problem, it is
essential that the liquids management technology perform das expected over the
life of the landfill. It is also essential that the performance of the tach~
nology can be simulated or modeled with sufficient accuracy to design land-
fills to prevent migration of liquids from the facility, The modeling of the
moisture movement through landfills alsc pravides important information for
review of landfill designs and evaluation of the adequacy of the design and
the limitations of the liquids management technology.

This study was conducted to test and verify the liquid management tech-
nology for lateral subsurface drainage in covers and leachate collection sys~ -
tems. The specific objective was to verify the lateral drainage component of
the Hydrologic Evaluation of Landfill! Performance (HELP) Model (1,2) and other
regulatory and technical guidance, provisions and procedures developed by the
U.S. Environmental Protection Agency (USEPA) (3).

The USEPA regulatory provisions for lateral drainage layers require only
that the depth of leachate buildup at the bottom of the landfill should not
exceed 1 ft and the construction materials for leachate collection should be
registant to chemical attack and the physical forces exerted on them (3).
USEPA technical guidance states that the drainage layer should be constructed
to be at least 12 in. thick at a minimum slope_gf 2 percent and have a
hydraulic conductivity of not less than 1 x 10 cm/sec. Also, the drainage
Pipe system should be of appropriate size and spacing to efficiently remove
the leachate. It is believed that 4-in.-diameter pipes spaced 50 toc 200 ft
apart would be adequate for removing leachate (3). The drainage layer in the
cover should have the same specifications as above except that pipe drainage
systems are not necessary, although free drainage must be provided at the
perimeter of the cover (3).

Subsurface drainage has been a subject of interest for at least 200 years
as man attempted to drain marshes and reclaim land for health and agricultural
purposes. The literature is filled with citations describing drawdown of a
water table under steady-state conditions with pipes placed in parallel at a
constant elevation. In the majority of these studies the impervious barrier
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901l lzyer vas well below the elavation of the drain pipes. Drainage under
these conditions has been fully described and cam be predicted within
10-percent accuracy. The phreatic surface is elliptical as long as the drains
remain unsubmerged and do not restrict drainage.

Drainage from soils where the drainage pipes are placed on the surface of
the barrier soil layer is less well defined. In general, the drainage for
this condition is comsiderably slower, and the accuracy of the drainage rate
estimate by Dupuit's law (Darcy's law for unconfined flow) is slightly worse,
though reasonably good. The drainage rate is smaller bécause the cross-
sectional area through which the water flows toward the drain is smaller. The
drainage rate is slightly overestimated because the flow is more curvilinear,
violating the parallel flow assumptioen,

Studies on subsurface drainage from soila above a sloped impervious layer
are not widely found in the literature, Preliminary findings on drainage
through pipes placed well above the barrier soil layer have been reported, but
none of these studies examined drdinadge from the surface of the barrier soil
layer as performed in landfills and in this study. The literature does not
pregsent equations to predict the drainage rate or the phreatic surface.

The majority of the drainage equations reported in the literature were
developed using a steady-state assumption of a uniform recharge rate equal to
the drainage rate. The drainage equation used in the HELP model assumed
steady state to develop the basic form of a steady-state equation but was cor-
rected to agree with the results of a numerical model for unsteady drainage.
Drainage in the cover of a landfill or from the leachate collection system of
an open laridfill is clearly transient, and the phreatic surface profile may
differ significantly from the elliptical profile obtained under steady-state
conditions. The profiles will vary while the drainage layer fills and drains.
Consequently, as the profiles vary, the drainage rates vary for the same aver-
age depth of saturation.

The prediction of drainage rates is complicated by many factors. At low
heads, unsaturated flow controlled by capillary action, soil moisture
gradients and gravity can significantly contribute to drainage. Matrix
effects between soil layers can affect the drainage between the layers. Air
can be entrapped in the layers altering the head, hydraulic conductivity and
phreatic surface profile. The unsaturated hydraulic conductivity of soil at a
given moisture content varies depending on whether the soil is wetting or
drying. Field measurements of hydraulic conductivity, porosity, and field
capacity are difficult to perform precisely and accurately. Soils are
generally not uniform and homogeneous.

This study examines transient or unsteady drainage from the entire drain-
age layer above a sloped barrier soil layer to verify the equation used in the
HELP model. This equation was developed by extending equations developed in
the literature for simpler cases. This study provides much-needed information
in three areas where the literature is lacking: transient drainage, drainage
from the surface of a barrier soil layer, and drainage from soils above sloped
barrier soil layers. This study measured drainage rates as a function of
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phreatic surface profile for twe sands, three slopes, a range of saturated
depths, and twe drain spacings. :

DESCRIPTION OF HELP MODEL

The HELP model is a computer model that generates water budgets for a
landfill by performing a daily sequential simulation of water movement into,
through and out of the landfill. The model estimates of depths of saturation
and volumes of runoff, evapotranspiration, lateral drainage, and percolatiom.
Lateral drainage is computed in the model as a function of the average depth
of saturation sbove the liner, the slope of the surface of the liner, the
length to the drainage collector, and the hydraulic conductivity of the
lateral drainage layer (1)

_.0.16
2 (0.51 + 0.00205 a L) K ¥ [; ‘—Z) + aL]
al, .
Q= 3 . . (1)
L

Q = average lateral drainage rate for the time period,
inches/day (in./day)

a = slope, dimensionless

L = drainage length, inches

K = hydraulic conductivity, in./day

average depth of saturation, inches

<
]

As presented in the HELP documentation report (1), this equation was
developed from the Boussinesq equation for unsteady, unconfined laminar flow
through porous media. The Boussinesq equation is obtained by combining
Darcy's law with the Dupuit-Forchheimer assumptions (also known as Dupuit's
law and Dupuit's approximation) with the continuity equation. Dupuit's law is
a steady-state equation for lateral flow:

q = K y (dh/dx) . (2)
where
q = flow rate per unit width

depth of saturation above the impervious bed

o«
] [

height of free surface above the drain

x = horizontal distance from the drain
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This law assumes that the flow throughowt the depth of saturated soil is hori-
zontal. Thuse, the equipotentisl lines are vertical and the streamlines are
horizontal. The second assumption of this law is that the hydraulic gradient
is equal to the slope of the free surface and does not vary with depth.

The continuity equation for lateral drainage from porous media may be
written as follows

£ (3y/at) = -(3q/3x) + R (3)
vhere
f = drainsble porosity
t = time

R = rate of vertical infiltration or ewvaporation
into or out of the saturated soil

Combining Equations 2 and 3, the Boussinesq equation is obtained:

£ (ay/at) = 3(K y (3h/3x))/3x + R (4)
This equation applies Dupuit's law for unsteady conditions.

Equations 2, 3, and 4 were developed for systems with horizontal or
mildly sloping impervious beds. Landfills typically have liners that are
sloped from 2 to 30 percent, which violates the form of Equations 2, 3 and 4.
If the flow is assumed to be parallel to the constantly sloped, impervious
bed, then the equipotential lines would be perpendicular to the bed. Under
these assumptions Equations 2, 3 and 4 can be modified as follows

q = -K y cos g (dh/dl) (5)
£ (ay/3t) = -(3q/31) + R cos ¢ (6)
f(3y/3t) = 3(K y cos g (3h/31))/31 + R cos ¢ (7N

where

g = slope of the impervious bed
h=y+1 sing
1 = distance from drain along the bed slbpe

Equation 7 is the form of the Boussinesq equation used to develop the HELP
lateral drainage equation and the equation solved numerically in this study.
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To develop the HELP equation, steady state was assumed (3y/3¢ = 0). This
implies that the phreatic surface profile does not diffar significantly from
the profile during unsteady conditions, particularly during pariods when the
phreatic surface is falling. Under steady-state conditions the infiltration
rate (R) equala the overall averige one-dimensional lateral drainage rate (Q);
therefore, Equation 7 becomes

Q = K dly (dh/d1)]/d1 8

This equation is nonlinear since both y and h are functions of 1, The bound-
ary conditions for this equation are

h=0atl =0 (9a)
and
dh/dl = 0 at 1 = L (9b)
where L = length of bed from drain to crest.

Equation 8 was linearized by setting dh/dl equal to the total change in
head over the total length divided by the total length:

dh/dl = (y° + L sin 68)/L (10)
where Yo " depth of saturation at 1 = L,
Equation 8 becomes
Q=K (y° + L sin 8)(dy/dl) /L (11)

Similarly, dy/dl was set to equal the average depth of saturation divided by
half of the drainage length:

dy/dl = y/(L/2) (12)

Therefore, Equation 11 becomes
Q= 2Ky (y, + L sin 8)/2 (13)

Equation 13 was then converted to replace y_ with a function of ; since
Y, is unknowm in the HELP model. It was also cofrected to agree with numeri-
cal solutions of Equation 8 for periods when the phreatic surface is falling
after the profile had reached steady state. The correction was made for satu-
rated depths ranging from 0 to 30 in., for slopes ranging from 1 to 10 per-
cent, and for drainage lengths ranging from 25 to 200 ft. The result of this

correction yielded Equation 1 after replacing sin 6 with a. The slope, a, in
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dimensionless form is equivalent to tan 8, which for small slopes is
approximately equal to sin 8.

The spatially averaged depth of saturation is not constant in a landfill
with respect to time, and depending on the rainfall intensity, collection sys-
tem design, and permeability of the soil layers, can vary greatly in several
hours., Since the drainage rate is a function of the average depth of satura=
tion, the drainage rata can also vary greatly in several hours.

As lateral drainage occurs from a drain layer without infiltration, the
average depth of saturation continuously decreases; the drainage rate does
1ikewisae. Therefore, the HELP model solves Equation 1 as a funetion of time
by applying it for a time step, ylelding the averags drainage rate for the
time step. The time steps were 6 hr for lateral drainage from above the top
barrier soil layer of the landfill and 24 hr for the lower two barrier soil
layers.

The model reports the drainage rate from above each barrisr soil layer
daily. To obtain the daily value for the top barrier soil layer, the model
averages the computed values from the four time steps. The units for drainage
are inches/day (volume/day/surface area).

The average drainage rate is a function of the average depth of satura-
tion, which i3 a function of the average drainage rate. Therefore, the model
solves for drainage iteratively by assuming the drainage rate, solving for the
average depth of saturation and then solving for the average drainage rate.

If the calculated drainage rate differs significantly from the agsumed value,
a new estimate of the drainage rate is produced and the process is repeated
until the estimated and computed values agree within 0.2 percent.

The average depth of saturation is computed by dividing the drainable
water in the lowermost unsaturated segment in a subprofile by the drainable
porosity of that segment, and then adding this value to the sum of the thick-
nesses of all saturated segments between that segment and the barrier soil
layer. In actuality, the average depth of saturation in a landfill, physical
model or a two- or three-dimensional model would be determined by integrating
the depth of saturation over the area or along a path to the drain and divid-
ing by the area or the length of the path. This is the method that was used
in analyzing data from the physical models in an attempt to verify the drain-
age equation.

While the model neglects the lateral variation in saturated depth, the
drainage equation used in the HELP model was corrected to approximate the
numerical solution of the one-dimensional Boussinesq equation as draining
occurred. The numerically generated profiles were used to compute the average
depths of saturation which were subsequently used to develop Equatiomn 1.
Therefore, use of Equation 1 by the HELP model implies that the profiles are
the same as those generated by the numerical solutions of the Boussinesq
equation.

12

I N EBE T I BN BN B BE BE I BN B BN B .

»




2

PURPOSK AND SCOPE

The objective of this study was ta verify the lateral draimage componeat
of the HELF model and ather USEPA regulatory and techmical guidance for
leachate collection systems by determining the lateral drainage rats as a
function of the hydraulic conductivity, slope, length and depth of saturation
of the lateral drainage layer in large-scale physical models, The measured
average depths of saturation, drainage rates and drainage times in the
physical models wers compared with the results predicted by the HELP equations
for vertical and lateral drainage.

Two large-scale physical models of landfill liner/drain systems were con-
structed and filled with a 3-ft sand drain layer overlying a l-ft clay liner.
A 1-in, layer of gravel was placed under the liner to collect seepage from the
clay. The models were instrumented to measure the water table profile, sub-
surfaee lateral drainage rate, water application, rumeff and percolation
through the liner, The models have adjustable slope and two drainage lengths,
25,5 ft and 51.5 ft.

Drainage tests were conducted on both models at three slopes--2, 5 and
10 percent, Drainage from two different sands was studied in each model at
each slope. Several drainage tests were run on each configuration of the
models by applying water as rainfall to the surface of the sand layer and then
measuring the water table along the length of the models and the drainage rate
as a function of time. The water was applied at several intensities and for
several durations.




SECTION 3

MODEL DESIGN, PREPARATION, AND INSTRUMENTATION

MODEL DESIGN AND CONSTRUCTION

Two physical models were designed and constructed to perform the labora-
tory verification tests. The models, shown in Figures 1 and 2, were con-
structed at two different lengths to permit the examination of the effacts of
length on draindge. One model was built to have a usable depth of 5.0 ft, an
inside width of 5.3 ft, and a drainage length of 25.4 ft, The other model had
the same depth and width but had a drainage length of 52.4 ft.

Both models were constructed of identical materials. The basa of the
models was constructed of steel soil test cars used for mobility studies.
These cars are reinforced 1/4-in, steel tanks that are 27 ft long, 5.3 ft wide
and 2.5 ft deep. The sides of the cars were extended upward 4 ft with marine
grade, 1/2-in. plywood supported by 2-in. 'angle iron. Silicone sealant was
used to fill the joints and cracks and to seal and prevent leaks.

The models were placed at a 2-percent slope and fitted with supports for :
attaching 5-ft screw jacks at the upper end. A jacking structure was built to
attach to either model which could raise the end of a fully loaded model. The l
jack could increase the slope of the long model to 1l percent and the short
model to 20 percent. The slopes of the models during testing were determined
by surveying. .

Three troughs, approximately 12 in, deep and extending across the width
of the models, were placed inside the lower end of each model as shown in
Figure 3. The bottom trough was used to collect seepage through the clay
liner. The middle trough collected subsurface lateral drainage at the bottom
of the sand drainage layer. The top trough collected runoff from the surface
of the sand. The bottom two troughs were constructed of 1/4-in. steel plates
welded to the steel soil test car. The top trough was fabricated of
galvanized sheet metal and bolted in place to the plywood walls. The sheet
metal was sealed to the walls with silicone sealant.

The runoff trough was drained to a 5-ft-deep, 32-in.-diameter (dia) sump
tank via 1.5-dia polyvinyl chloride (PVC) pipe. The water level in the tank
was measured with a steel measuring tape before and after a simulated rain
event to determine the runoff volume, The drainage trough was also drained to
a S5-ft-deep, 32-in.-dia sump tank via l.5-in.-dia PVC pipe. The drainage sump
tanks were automatically pumped out when filled to a height of about 44 in.,
requiring only about 5 minutes (min) to lower the water depth to about 10 in.
The minimum time required to fill the tank was about 4 hr. The seepage trough -
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was periodically drained into & A-liter (1) gradusted cylimder te measure the
sespage volume., The seepage was drained from the trough via am attached
2-in.~dia rubber hoss that was sealed between measurements.

Both models were fitted with a device to spray water unifornly across the
length of the surface of the sand drain layer, This device consisted of a
1.5-1in.~dia PVC pipe mounted on a 12-ft-long aluminum cart that tracked back
and forth on rails that ran the length of the model, A nozzle that sprayed a
uniform line of water across the width of the model was attached on each end
of the pipe. Fach nozsls aprayed on one~half of the model as the cart moved
its maximum distance in one direction. The height of the nozzles and the
travel limits of the cart were adjustable to ensure that the entire surface of
the sand was sprayed, The water application rate or rainfall intensity was
adjusted by changing the size of the nozzles or changing the water pressure
applied on the nozzles. The intensities of flow rates could be varied between
0.02 and 6 in./hr or 0.06 and 10 gallona/minute (gpm). The intensity during a
test was determined by measuring the volume of water applied as a function of
time, A stopwatch was used to measure the time and a Badger Meter, Inc.,
Model Recordall 12 water meter measured the water volums. The nozzles used in
the tests were Floodjet 1/8 K,25 316SS through 1/4 K18 3168S that were manu-
factured by Spraying Systems Co,

Schematics of the models are shown in Figures 1, 2 and 3. Figure 1 shows
a plan view of the experimental setup, including the layout of the two models,
water and drain lines, instrumentation, and sump tanks, Figure 2 shows
a cutaway side view of one model including the troughs, drain lines, sumps,
jacking structure and rain cart. Figure 3 ghows an cutaway end view of the
model illustrating the placement of the trough and the shape of the model.

TEST PREPARATION

After construction was completed, the models were filled with three func-
tional layers and a layer of fill dirt as shown in Figure 2. The top layer
was a 3-ft sand layer for lateral drainage. The second layer was a l-ft com-
pacted clay liner designed to minimize percolation. The third layer was a
2-in. layer of pea gravel to transmit the seepage from the clay liner to a
drain. The bottom layer was a 10-in. layer of fill dirt to build up the pea
gravel layer to promote drainage.

Fill material 10 in. deep was compacted in the bottom of the steel test
car to fill the trapezoidal section of the model and to reduce the volume of
pea gravel required. The fill material was covered with a 30-mil, butyl
rubber membrane, T-16 manufactured by Firestone. The membrane was glued to
the walls of the steel car to prevent percolation into the f11l material. The
glue was G-580, a synthetic rubber resin dispersed in solvent and manufactured
by Pittsburgh Paint & Glass. :

A 2-in, layer of washed creek pea gravel was placed on the impermeable
membrane and in the seepage collection trough. This layer was degigned to
have a high permeability and low storage potential in order to transmit the
small volume of seepage rapidly to the collection trough. The layer was
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covered with Bidim Type C34 filter fabric manufactured by Monaanto to pravent
migration of fines from the clay liner into the pea gravel, thereby protecting
the ability of the pea gravel ta transmit seepage. The filtar fabric was
glued to the walls of the steel car to ensure that the fabric and pea gravel
did not move during placement of the clay liner, Both the gravel and fabric
were wetted during placement of the liner. Wetting reduced the seepaga
required to sufficiently deplete tha storage volume of the pea gravel and
rubber membrane for transmisaion of the seepage to begin.

A 12-in, clay liner was placed above the seepage transmission layer.
Buckshot clay, & local, well~defined clay, was used. The clay was spread on a
concrete strip and cut into small clods using a scarifier. The clay was then
wetted to a moisture content of about 27 percent and placed in the model in
2-in, lifts. Each 1ift was compacted with a gasoline-powared, hand-operated
compactor manufactured by Wacker. The compactor had a compacting area of
about 0.5 square foot (sq ft). Additional water was added during compaction
to emsure good blending and to praevent drying. At least four passes were made
on each lift with the compactor, after which no additional compaction could be
dfscerned by additional passes.

After placement of the clay liner was completed, a sample of the top
3 in. was taken. Its water content was 27.l1 percent, its dry density was
94.9 pounds per cubic foo:_flbs/cu ft or pcf), and its coefficient of
permeability was 1.67 x 10 ' cm/sec. A second sample, taken at a depth of
6 in. while filling, had a moisture content of 28.3 percent and a dry density
of 91.0 pcf. Nuclear density probe measurements indicated a moisture content
of 34.5 percent and a dry density 89 pcf. The nuclear density measurements
were made with a. Troxler Electronic Laboratories, Inc. Model 3411B nuclear
density gage using the procedures outlined in its instruction manual. The
moisture content read by the nuclear density meter is much higher because it
includes water of crystallization and hydration which could not be measured by
the standard moisture content test. Buckshot clay is known to have a high
content of bound water. In all of the samples, the dry densities were very
high for the moisture content (as shown in Figure 4), which indicates very
good compaction. The soil testing was performed in accordance with ASTM-
accepted procedures as outlined in Laboratory Soils Testing, Engineer
Manual 1110-2-1906 (4).

While placing the clay liner, a flap of the T-16 rubber membrane was glued
to the walls of the steel car at 8 in. above the base of the clay and 4 1in.
below the eventual top of the clay liner. This flap extended 4 in. into the
clay. The purpose of the flap was to prevent seepage from occurring between
the car and the clay by diverting the water into the clay in the event that
the clay shrunk or cracked at the walls.

A 3-ft layer of sand was placed above the clay liner. The sand was
placed in 4-in. 1lifts and each lift was vibrated until no additional compac-
tion could be discerned. In general, four passes were made with a hand-
operated, gasoline-powered sand compactor manufactured by Wacker. The size of
the vibrating plate on the compactor was about 2 sq ft.
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Twe different samds were used in the tests. One sand was Reid-Bedford
sand with Windham clay nenuniformly dispersed throughout. The clay content
was about 10 percent in the short medel amd about 1] percent in the long
model, The dry density, as placed, was 106 pcf. This is a relative density
of 96 percent, indfcating very good compaction. The specific gravity was 2.7,
and the Sgefficient of permeability measured in the soils laboratory was about
3.5 x 10 ° cm/sec. The porosity was 0.37, the maximum drainable porosity was
between 0.21 to 0.25, and the wilting point was about 0.07. The grain~size
distribution of the sand with the clay is shown in Figure 5.

The other sand was a local, ungraded washed creek sand. The dry density,
as placad, was 107 pcf in the long model and 110 pef in the short model, indi-
cating both were highly compacted. The specific gravity of the sand was 2.7,
and the g?efficiant of permeability measured in the soila laboratory was
2,2 x 10 " cm/sac. The porosity was 0.35 in the short model and 0,36 in the
long model, The maximum drainable porosity was between 0.24 to 0,28 and the
wvilting paoint was about 0,04 to 0.05. The grain-size distribution is shown in
Figure 3§,

INSTRUMENTATION

Description and Installation

The lateral drainage rate from the sand layer was determined by twa
devices, one for low flow rates and the other for high flow rates. Low flow
rates (below 0.08 gpm or 0.05 in./hr for the short model and 0.02 in./hr for
the long model) were. determined by measuring the drainage volume as a function
of time using a Weathertronics Model 6010 tipping bucket rain gage. The tip-
ping bucket collected the water from the end of the PVC pipe draining the
drainage trough and discharged the water into the drainage sump tank, A
bypass was placed in the PVC pipe to divert the drainage directly into the
sump tank during periods of very high flow rates. Higher flow rates (greater
than 0.08 gpm) were determined by measuring the water level in the drainage
sump tank as a function of time using a Weather Measure Corporation
Model F553-A water level recorder powered at 12 volts by a ELCO Model 1060S
low ripple battery eliminator and charger.

Pore-pressure transducers were placed in the clay liner with the trans-
ducer exposed upward toward the sand layer. The face of the transducer was
set slightly below the surrounding top surface of the clay. To install a
transducer, a hole about 5 to 6 in. deep and 6 in., in diameter was dug in the
clay. The transducer and wire lead were placed in the hole and the removed
clay was tamped back in place. The transducer was about 2.5 in. long and
1 in, in diameter. The wire lead from the transducer was placed just below
the surface of the clay to prevent interference with the lateral drainage from
the sand layer. The tranducer installation is shown in Figure 6.

Six transducers were placed in the long model and five were placed in the
short model. Consolidation Electrodynamics Corporation Type 4-312 pressure
pickups were fitted in a brass body with a porous stone so the pressure trans-
ducer could only measure pore pressure, which in this case was the head of
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Figure 6. Sketch of piezometer and transducer installation.
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water on the transducer. The locations of the transducers were approximately
3, 6, 11, 16 and 23 ft from the lip of the drainage trough in the short model
and 3; 6, 11, 23, 35 and 50 ft from th¢ trough in the long model, as shown in
Figure 2, The transducers were placed on the centerline dividing the width of
the models. The elevations and locations of the transducers were determined
by surveying.

Piezometers were installed in the sand layer to provide a backup method
for measuring the depth of saturation above the clay liner. These measure-
ments were also used to calibrate the pressure transducers and to check the
accuracy of the transducers throughout the testing. Piezometers were con~-
gtructed by attaching 1.5 in.-dia, 4-in, long-cylindrical porous stones to
1/2-in.-dia PVC pipes of approximately 4-ft lengths, The piezometers were
installed with the stone end placed flush with the top of the clay liner and
with the pipe extending straight up through the sand layer. The depth of sat-
uration was determined by measuring the depth to the water surface from the
end of the pipe and then subtracting that value from the total length of the
plezometer. Pilezometers were placed at the locations of the second and last
transducers from the 1ip of the drainage trough in the short model, and at the
second, fourth and last transducers in the long model. A sketch of the
plezometer installation is shown Iin Figure 6,

Calibration

Instrumentation was used to measure the water applied as rain on the
models, to measure the runoff, lateral drainage and seepage from the model,
and to measure the depth of saturation above the clay liner. Each of these
instrumentation systems was calibrated or used calibrated devices of kndwn
accuracy.

The water applied as rain was metered on a Badger Meter which was cali-
brated at the factory. The meter was accurate within 1 percent at all flow
rates. The accuracy was checked by filling a 5~gallon (gal) bucket with water
and then carefully measuring the volume of water using a graduated cylinder.
The measured volume was within 1 percent of the volume measured by the meter,

Runoff was measured by measuring the change in the water level in the
runoff sump tank. The volume of the tank was measured as a function of the
water level. Water was added to the tank in increments to raise the water
level about 5 in. The quantity of water added was measured using the
calibrated meter for the rainfall, and the water level was measured using a
steel measuring tape. The procedure was repeated until the tank was full.

Lateral drainage was measured in two ways. For high flow rates the water
level in the drainage sump tank was measured as a function of time using a
Weather Measure Corporation Model F553~A water level recorder. The volume of
water in the drainage tank and the response of the recorder were measured as a
function of the water level using the same procedure used to calibrate the
runoff sump tank. For low flow rates the volume of drainage was measured as a
function of time using a Weathertronics Model 6010 tipping bucket rain gage.
The volume per tip was calibrated at the factory and checked by slowly pouring
a measured volume of water from a graduated cylinder through the tipping
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bucket. The number of tips was counted and comparsd with the number recorded
on the water level recorder. The drainege rates computed from the tipping
bucket dats and the water level recorder data were compared at the midrange of
the flow races and agreed well with each other.

Seepage was collected in the model for a weak or longer and then drained
into a 3-gal bucket or a graduated cylinder. The volume of seepage was mea~
sured with a graduated cylinder,

The depth of saturation above the clay liner was measured in two ways—-
manually uaing piezometers and automatically using pore pressure transducers.
The plezometers were calibrated by measuring the length of each piezometer and
survaying the location and elevation of sach piezometar with respect to the
11pa of the runoff and drainage troughs and the clay liner, The end of each
plezomater was placed flush with the surface of the clay liner.

Prior to installation, the transducers were calibrated in the instrumen-
tation laboratory to determine the linear response factors for a unit increase
in head and the readings for zero head. The responses from the transducers
were recorded using a Digitrend Model 210 digital recorder with & Hewlett
Packard Model 6113A S5-volt DC power supply, a Doric Model 214 digital clock
and a Doric Model DS-100 integrating microvoltmeter. A Comsclidated Electro-
dynamics Corporation Type 8-108 DC bridge balance was used to convert the
millivolt signals from the transducers to pressure readings in pounds per
square inch for the experiments with the Reid-Bedford sand. This same equip~-
ment was used both in the instrumentation laboratory and in the model tests.

After installation, the locations and elevations of the transducers were
surveyed with respect both to the lips of the runoff and drainage troughs and
the clay liner. After the sand was placed above the transducers, the trans-—
ducers were calibrated again in place to establish the readings which corre-
sponded to zero head of water on the clay liner since the transducers were not
placed flush with the surface of the liner. The transducers were also checked
to determine if the linear response factors for a unit increase in head were
the same as in the instrumentation laboratory. The zeros and response factors
were determined in place by saturating the sand layer and flooding the surface
to establish free water surfaces of known elevations above the sand. Using
the surveying data and the linear response factors, the zeros were calculated.
The linear response factors were checked by computing the changes in the
readings for several known changes in water level and comparing them with the
factors determined in the instrumentation laboratory. The response factors
agreed well with the instrumentation laboratory data but the zeros varied
considerably,

The piezometers were read periodically throughout the testing to provide
a backup for the transducers. The readings of the piezometers were compared
with those of the transducers to better define the zeros for the transducers.
After testing was completed, corrections to the zeros were determined from the
comparisons. The corrections ranged from about -2 to 2 in. (%5 percent of
maximum), though half of the transducer readings required little or no correc-
tion. The zero of one transducer drifted with time in a constant manner, and
the correction was made as a function of time. After correcting the readings

25




of the transducers which had plezcmeters associated with them, the resdings of
the other transducers were corrected. These readings were corrected by
plotting the readings te form a profile of the saturation at about five dif-
ferent average heads for sach test. A smooth curve was drawn through the pre~
viously corrected readings and zeroc at the trough. The offset of the other
readings for each plot was noted to determine whether the offset was constant
at all average heads and for each test. A constant offset at all heads and
for each tast indicated that the zero was off and required correction equal to
the offset. If the offseta changed continuoualy, particularly in one direc-
tion, it would indicate that the readings drifted. Readings of only one
transducer drifted and the transducer was located at a piezometer. 1f the
offsets increased or decreased uniformly with increasing average head, it
would indicate that the linear response factor was incorrect. None of the
linear responsa factors required correction. Nonsystematic changes in the
offsets indicated the variance in the transducer readings. The standard devi-
ations of the readings weras about 20.25 in. ’
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SECTION 4

EXPERIMENTAL DESIGN AND PROCEDURES

EXPERIMENTAL DESIGN

A complete block experimental design was used to examine.the effacts of
drainage length, slope, hydraulic conductivity, depth of saturation, rainfall
intensity and rainfall duration on the lateral subsurface drainage rates. The
block design was salected becayse it provided the most data with the least time
and expense for construction and model preparationm. Only two models could be
built due to their costs, and only two sands could be examimed due to the
unavailability of another of significantly different permeability., Several
slopes and rainfall events could be examined quickly since very little time
was required for changing these test conditions. Also, the time requirements
and costs for running an additional test with a different slope or rainfall
were less than 10 percent of the requirements for preparing the model for a
different sand. Additional rainfall events were examined in lieu of
replicates since the lateral drainage rate as computed by Equation ! does not
directly consider the effects of rainfall intensity or duration. Also, since
a complete block design was used, the effect of a change in a variable is
directly examined under multiple test conditionms, reducing the need for
replicates, '

A summary of the model tests is presented in Tables 1, 2 and 3. Two
drainage lengths were compared—25.4 ft and 52.4 ft. Three slopes were
examined-—approximately 2, 5 agd 10 percent. Sands of two hydraylic con-
ductivities were used—4 x 10 - cm/sec (fine sand) and 2.2 x 10~ cm/sec
(coarse sand), Four rainfall events were examined-——a l-hr rainfall at
0.50 in./hr, a 2-hr rainfall at 1.50 in./hr, a 6-hr rainfall at 0.50 in./hr
and a 24-hr rainfall at 0.125 in./hr. Also, water was applied to the sand for
a long period of time (generally more than 36 hr) at a rainfall intensity
that would maintain the average depth of saturation in the sand at 12 in. 1In
addition to these drainage tests, the sand was saturated, predominantly from
the bottom up for several test conditions, and then allowed to drain.

The order of the testing was arranged to accommodate manpower and equip-
ment restrictions. All tests were performed on a given sand before replacing
the sand since it would have been very costly and time-consuming to continually
change the sand. Also, the placement of the sand would not have been identical
each time, which would have been a source of error in the comparisons of the
other variables such as drainage length and slope.

All rain events were performed for a given test condition before changing
the slope of the model. This was done to minimize manpower requirements and
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TABLE 1, EXPERIMENTAL CONDITIONS FOR UNSTEADY DRAINAGE TESTS WITR RAINFALL

Model Rainfall Rainfall Rainfall

+

Teat Type of Length Slope Intensity Duration Volume

Setup Sand (£t) (€3] (in./hr) (hr) (gal)

1A Fine* 25.45 1.8 0.58 1.0 48,5

18 - " " " 1.69 2,0 284,12

1C " " " 0.56 6.0 284.,4 H
1D " " " 0.14 24,1 287.0

1E " " w 1.69 2.0 282.2 I
2A " " 4.9 0.58 6.0 291.6 |

3A " " 10.4 0.56 1.0 48.6

3B " " " 1.74 2.0 291,7

3¢ " " " Q.57 6.0 291.1

3p " " b 0.14 24,0 291.0 l
4A " 52,45 2.1 ¢.57 1.0 98.5

4B " " " 1.70 2.0 588.0

4C " " " 0.54 6.3 593.0

4D " " " 0.14 23.5 587.0 |
54 " " 5.0 0.57 6.0 591.0 l |
6A " " 10.3 0.57 1.0 98.6

6B - " " 1.70 2.0 589,2

6C " bt " 0.54" 6.2 581.0

6D " " " 0.14 24.6 592.2

7A Coarsge#* 25.45 1.9 0.58 1.0 48.6

7B " " " 1.73 2.0 291.6 I
7C " " " 0.58 6.0 . 291.6

7D " " oo 0.14 27.9 338.7

7E " " " 0.14 24.2 290.9 '
8A " " 5.4 1.73 2.0 291.4

8B " " " 0.59 5.9 291.1

9A " " 10.0 0.58 1.0 48.6 I
9B " " " 1.73 2.0 291.0

9C " " " 0.58 6.0 291.6

9D " " " 0.12 29.6 290.9 I
9E " " " 0.14 24,0 291.0

(Continued) I
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TABLE !. (CONCLUDED)

Modal Rainfall Rainfall Rainfall

Test Type of Length Sloge Intensity Duration Volume

' Setup _ Sand (ft) (X) (in./hr) (hr) (gal)
10A Coarse** 52,45 2.3 0.57 1.0 98.4

. 108 " 629.4 " 1,70 2.0 589,2
" 10¢ " . " 0,56 6.1 591.0
10D " " " 0.14 24,0 591.0

11A " " 5.2 1,62 2,1 589.4

118 " " " 0.57 6.0 590.4

12A " " 9.9 0.37 1.0 98.6

128 " " " 1.71 2,0 589,2

12¢ " " " 0,57 6,2 581.0

12D " w " 0.14 24,0 590.4

12E " " " 1.70 2.0 589.4

* Hydraulic conductivity = 3 x 10-3_ m/sec
** Hydraulic conductivity = 2.2 x 10 cm/sec

TABLE 2. EXPERIMENTAL CONDITIONS FOR STEADY~-STATE DRAINAGE TESTS

Avg,

Model Depth of Rainfall Drainage

Test Type of Length Slope Saturation Rate Rate
Setup Sand (ft) (%) (in.) (in./hr) (in./hr)
1 Fine#* 25,45 1.8 12.6 0.0446 0.0336

2 " " 10.4 13.2 0.0714 0.0543

3 "o . 52,45 ' 10.3 12,7 0.0589 0.0249

4 Coarge** 25,45 1.9 11.4 0.0928 0.0708

5 " " 10.0 11.3 0.2070 0.1688

6 " 52,45 2.3 11.3 0.0464 0.0330

7 " " 9.9 11.8 0.1212 0.1050

* Hydraulic conductivity = 3 x 10-3_ m/sec
** Hydraulic conductivity = 2.2 x 10 = cm/sec -
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TABLE 3. EXPERIMENTAL COMDITIONS POR DRAINAGE TESTS USING
PRESATURATED SAND

Modal Initial Avg. Depth

Test Type of Length Slope of Saturation
Setup Sand (in.) (%) (in.)
1 Fine# 305.4 1.8 20,95
2 1] 11} " 16.79
3 “ 629.4 2.1 27.35
[‘ 7" ll‘ " 24.74
5 " " " 9.24
6 Coarge’®» 305.4 1.9 29.79
7 " " 10.0 19.14
8 ” " n Z.M
9 " 629.4 2.3 27.75
10 " " " 21.18
11 ] " " .oon 14._62

* Hydraulic conductivity = 3 x 10_3_$m/sec
** Hydraulic conductivity = 2.2 x 10 = cm/sec

because it would have been difficult to achieve exactly the same slope again.
The order in which the slopes were tested was not constant to accommodate
manpower and equipment scheduling. The scheduling introduced some randomness
into the order of testing the effects of slope. Similarly, the order of the
rainfall events for different test conditions was varied to accommodate the
work schedules for personnel. This scheduling introduced some randomness into
the order of testing the effects of differences in rain events,

TEST PROCEDURE AND DATA COLLECTION

Each test was run in one of three manners. Lateral drainage was measured
from a presaturated sand; from a sand before, during, and after a simulated
rainfall event; or from a sand while attempting to maintain a constant average
depth of saturation of 12 in., The test procedures for the three manners were
very similar; only the procedure for applying the water to the model varied.

The procedures for running a test were as follows:
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1. Prepare model for testing. This included preparing the sand by plac-
ing or leveling) preparing the rainfall cart for desired rainfall intensity by
changing nozzles, nozzle heights and end stops; changing the slope of the
model; draining sump tanks; and preparing the recorders,

2. Inirialize test. This included starting the recorders, setting the
time, draining the lateral drainage trough, recording test conditions, measur-
ing initial depth of water in runoff sump tank, and recording the initial
vater meter reading.

3. Apply water to the model as prescribed for the test. This imcluded
adjusting the water application rate and the spray pattern,

4. Note peculiarities of the test including unusual anvironmental condi-~
tions, problems, amd vartiations from the test procedure.

5. After the rainfall was complated and runoff cesases, measure the final
depth of water in runoff sump tank,

6. Mcasﬁre water lavels in piezometers periodically.
7. Drain tanks as required.

8. Continue testing until the heads bacome so low as to nearly expose a
transducer to air and then stop drainage or start a new test.

9. Collect data from recorders and reduce the data.

Prior to calibration of the pore pressure transducers, water was added
slowly to both ends of the model. In this manner the sand was saturated pri-
marily from the bottom up, which forced the air out of the sand. Following
the calibration, the sand was drained and the drainage rate and heads were
measured continuously while draining. Drainage from presaturated sand was
measured for only four test conditions since saturation was required only for
calibration.

For the tests in which a constant average head of 12 in. was maintained,

| water was applied to the model to increase the head rapidly to 12 in. This

water was applied at a rate of about 0.5 in./hr. After reaching a head of

12 in., the rainfall intensity was decreased to the intensity estimated as
necessary to maintain the head. The desired intensity was determined by
adding the evaporation rate, the rate of leakage and seepage, and the drainage
rate which corresponded to an average head of 12 in. during a previous rain-
fall for the same physical test conditions. The intensity was adjusted during
the test if the head did not remain constant near 12 in. The rain was con-
tinued for at least 12 hr after the head remained nearly constant.

The evaporation rate ranged from about 0.2 to 0.3 in./day while raining,
as estimated by the differences in the water application rate and the lateral
drainage rate during the steady-state drainage tests. The rate was dependent
on building temperature and on the spray nozzle. The building temperature
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ranged from about 38°F to 90°Y, but for most Casts the temperaturs ranged
between 70°7 and 81°F,

Leakage varied directly as & function of head. Both models leaked, but
the short model was mora watertight than the long model. The leakage rates
for the short modal wers measured to be about 0,02 in./day at a head of
20 in. and about 0.0l in./day at a head of 12 in., while the leakage rates for
the long model were measured to be about 0.12 in./day at a head of 20 im. and
about 0,07 {n./day at a head of 12 in, Neither model leaked at heads below
6 in. since all of the seams in the model were above this depth. The long
model leaked more because it suffered greater deflections upon loading due to
its greater length. This caused more seams to rupture and leak. These
leakage rates were used to correct the water budgets for each test.

The majority of the drainage tests encompassed measurements before, dur-
ing, and after a specified rainfall event. In these testa, a specified quan-
tity of water, either 48.3 or 291 gal for the short model and either 98.5 or
591 gal for the long model, was sprayed across the entire surface of the sand
in a specified period of time--l, 2, 6 or 24 hr. These quantities of water
correspond to about 0.57 in. and 3,4 in. of rain, respectively, for both
modals. During these tests, the head increased from a starting point of about
4 in. to a peak value occurring about 30 min after the rainfall ceased, and
then returned to about 4 in. when the test was stopped. Several tests were
allowed to continue until the head was nearly zero inches.

DATA REDUCTION

. The readings of the pressure transducers were recorded on a digital
recorder at an interval ranging from 10 to 60 min. The reading for each
transducer was converted into head of water at tha location of each trans-
ducer. The reading was converted by subtracting the zero for the tramsducer
and then multiplying this value by the linear response factor for the trans-
ducer to convert the millivolt value to pressure head in inches of water. The
head was then corrected for changes in the barometric pressure and temperature
using the readings from a transducer installed to monitor these changes. The
heads were then corrected for the differences between the elevations of the
transducers and the elevations to the surrounding clay liner. After the
actual heads were computed, the heads throughout each model at each time
period were averaged using the trapezoidal rule. The head at the lip of the
drainage trough was assumed to be zero, and at the upper end the head was
assumed to be the same as at the uppermost transducer.

The volume of drainage was recorded continuously on a strip chart. The
drainage rate was determined by reading the change in volume of drainage
collected in the sump tank for an interval of time or the volume of drainage,
as tips, passing through the tipping bucket during an interval of time. These
volumes were then divided by the interval of time to yield the average
drainage rate. This rate was recorded as the drainage rate at the center of
the time interval. The intervals ranged from 15 min to 3 hr depending on how
rapidly the drainage rate was changing. The drainage rate was then correlated
with the heads by matching the time of the readings.
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SECTION 5

PHYSICAL MODEL RESULTS

This section presents the results of the drainage tasts. These results
include measurements of the aaturated depth as a function of distance from
drain, measurements of saturated depth and drainage rate as a function of
time and, similarly, measurements of drainage rate as a function of saturated
depth. Explanations of these results are presented in the next section along
with comparisons between these results and the HELP model predictionsa,

SATURATED-DEPTH PROFILES

The depth of saturation was measured using pressure transducers at various
distances from the drain. Plots of depth of saturation versus distance from
the drain are shown in Figures 7-10 for various times during the experiments.
The depth measurements at a given time were used to compute the average -
saturated depth (y) for that time by the trapezoidal rule. The values of y
are noted in the figures for all saturated-depth profiles shown. A comparison
of profile shapes indicates significant differences between the rising
saturated-depth profile (fill conditions) and the falling saturated-depth .
profile (drain conditions) for the same y. The profiles are steeper near the
drain when filling than when draining. .The difference is greater for higher
infiltration rates. Profile plots are shown in Figure 11 for steady-state
discharge at slopes of 2 and 10 percent (a = 0.02 and 0.10) when y equaled
approximately 12 in. Steady-state profiles are very similar to the profiles
for draining. Similar plots for the hydraulic head above the drain profiles
are shown in Figures 12-16. All profiles shown in Figures 7-16 were taken
from the 6-hr rainfall experiments, except for the fine sand profiles in the

short model at 2-percent slope, which were taken from the 24-hour rainfall
experiment.

DRAINAGE RATE AND SATURATED DEPTH

The variations in average saturated depth and drainage rate with time are
shown in Figures 17-22. Again, these figures represent 6-hr rainfall experi-
ments with the exception noted above. In some cases, the entire thickness of
the drainage layer approached saturation prior to the end of rainfall. As a
result, the curve of average depth versus time for a few cases approaches a
plateau near the point of maximum average depth.

The same ; and drainage rate data are presented in Figures 23 and 24.
Here the drainage rate is plotted as a function of y for the same point in
time throughout both the filling and draining portion of each experiment. The
resulting curves show hysteresis in the filling and draining cycles for the
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time for 6-hr rainfall test using both sands in long model
at l0-percent slope.
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coarse sand. Similar hysteresis cccurred with the fine sand. The dats fev
the £illing cyele wers nat plotted because they crossed ower the limes for
higher slope. For the same y, the drainage rate during filling is greater
than during draining. This is consistent with the profiles in FPigures 7=-16,
which show steeper hydraulic gradiemts near the drain for filling conditions.
The curves also show that drainage continues after y has essentially reached
zero. This is presumed to be drainage of capillary water, commonly called
delayed yield. An estimate of this capillary water volume when y had just
drained to O in. based an an amalysis of the experimental data is about

0.1 in. (cubie inches per sguara inch) fer the fine sand sud 0.3 ia. for the
coarse sand.

DRAINABLE POROSITY

The ¥ and drainage rate data presented in Figures 17-22 were used to com=
pute drainable porosity at various heights within the model. The volume of
drainage water collacted while the average saturatad depth fell from y, tQ
¥, was divided by the total volume contained in the model between ¥, and yz.
Tﬁis number was_used as an estimate of the drainable porosity withidi the
region between y, and y,. The results are shiown in Table 4, It is apparent
that the drain;hic porogitics in Table 4 (ranging from 0.0l to 0.20) are less
than those cited in Sectiom 3 (ranging from 0.21 to 0.28). The latter values
were maximum values based on soil moisture and porosity measurements taken
after_all experiments were concluded. The values in Table 4, particularly for
high y values, are low due to delayed yield and capillary effects resulting
from the high drainage rate. Nevertheless, significant reductions in drain-
abla porosity appeared to exist with increasing height above the clay liner.

A closer examination of these data using regression analysis resulted in the
following predictive equation for drainable porosity (DP) at a point located a
vertical distance y (in inches) above the clay liner:

'DP = DPC (0.959 - 0.0327 ¥) (14)

where DPC = drainable porosity constant. Values for DPC are listed in Table 5
for eight experimental cases. Based on an examination of the data, a lower
1imit for DP was set for this study at 0.0271 DPC. It is assumed that the
presence and vertical distribution of entrapped air were primarily responsible
for the change in drainable porosity with height, although no measurements of
entrapped air were obtained. '

Table 6 shows the time for y to fall from onme level to another. As
expected, the time for y to fall from 18 to 12 in. was significantly less than
from 12 to 6 in. because of the larger discharge rates at larger y values.
However, the smaller drainable porosities at larger y values also contributed
to the shorter drain times. -For the coarse sand experiments, the times for vy
to fall from 12 to 2 in. ranged from 0.5 to 1.4 days for the 25.4-ft-long
model and from 1.1 to 4.0 days for the 52.4-ft-long model. The fine sand
experiments experienced much longer drain times and therefore were not
monitored long enough for y to reach 2 in. In all experiments, y drained from
18 to 12 in. in less than about 1l day.
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TABLR 3. VALUEZS FOR DRAINABLE POROSITY CORSTANT, DPC

Drain

Type of Slope Length
Sand (Z) (fe) DPC
Fine 2 25,4 0.1861
Fine 10 25,4 0,147
Fine 2 32,4 0.153
Fine 10 52.4 0.148
Coarsa 2 25,4 0.215
Coarse 10 25.4 0.196
Coarse 2 52.4 0 ..220
Coarse 10 52.4 0.200
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TABLE 6. DRAINAGE TDMES®

; Time to Drain from §1 to }2 (hrs)

Drain 91 = 184 §1 = 12 ;1 -6
Type of Slope Length = - =
Sand () (£t) ¥, - 12 g - 8 V3 72

Fine 2 23.4 It.0 | - -
Fine 5 5.4 10.5 16.5 -
Fine 10 25.4 8.0 13.8 -
Fine 2 52.4 24,4 >50 -
Fine 5 52.4 21.6 >37 -
Fine 10 52.4 16.2 - -
Coarse 2 25.4 7.0 12.1 ‘ 20.6
Coérse 5 25.4 4.3 9.2 10.9

Coarsa_ 10 25.4 - 5.0 6.2

Coarse 5 52.4 8.7 21.5 27.0

Coarse 10 52.4 - 12.0 13.9

* Drainage times in this table were taken from 6-hr rainfall experiments,
except for the fine sand, 2-percent slope, 25.4~ft drain length case which
was taken from a 24-hr rainfall experiment. Dashes indicate that data
were not available. -

** Values for Y, and Y, expressed in inches.

I Coarse 2 © 524 19.0 36.5  60.5




SECTION 6
VERIFICATION OF THK HELP MODEL

Comparisons between the HELP model predictions and the actual messure-
ments are made in this section to assess the accuracy of the HELP lateral
drainage equation. All parameters required to compute the drainage rate by
the HELP equation except the hydraulic conductivity were measured for each
drainage test. Hydraulic conductivity measured in a permsameter in the soils
laboratory differed significantly from hydraulic conductivity calculated from
data on drainage rates and depth of saturation measured in the large-scale .
physical models. This is thought to be due to differences in placement, com-
paction, and preparation of the gand drainage media, and due to entrapment of
air in the sand. As described in the documentation report for the HELP model
(1), the lateral drainage equation was developed to approximate numerical
solutions of the Boussinesq equation for one-dimensional, unsteady, unconfined
flow through porous media (5). Therefore, the actual hydraulic conductivity
for the drainage tests was estimated by adjusting its value while solving the
Boussinesq equation until the results matched the measured drainage rates and
saturated depths. The hydraulic conductivity estimates are summarized in
Appendix A. Determining the hydraulic conductivity in this manner provided
the best estimate obtainable for each test since the Boussinesq solution is
the commonly accepted representation of the actual drainage process. Com~-
parisons were made for both steady-state drainage during rainfall and unsteady
drainage following cessation of rainfall.

Comparisons between the Boussinesq solution predictions and the actual
measurements are made in the Appendix B to determine how well the most com-
monly used theoretical representation of the lateral drainage process per-
forms. The numerical solution of the Boussinesq equation used in this study
was developed by Skaggs (5). In addition, the Boussinesq solution predictioms
are compared with the HELP model predictions in Appendix C. These comparisons
are very important because they define the limits of modeling and demonstrate
how well the HELP equation represents the Boussinesq solutioum.

COMPARISONS BY HYDRAULIC CONDUCTIVITY

First, the results of the steady-state cases are described. The rainfall
rate was adjusted until the average head on the liner (which is also the aver~
age depth of saturation, y) reached a_steady-state height of approximately
12 in. Using this measured value of y and the corresponding measured value of
the steady-state drainage rate, the hydraulic conductivity was computed
explicitly using the HELP drainage equation (Equation 1) with the slope and
drainage length employed in the drainage test. To compute the hydraulic con-
ductivity using the Boussinesq solution, a series of numerical Boussinesq runs
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were mada changiag the hydtamlic conductivity umtil the computed steady-stats
§>h:v1n' the msasured steady-state drainage rats matched the measured valuas.

A cosparisom of these values is shown in Table 7. Overall, the computed
bydranlic comductivity using the NELP equation exceeded that using the
Boussinesq solution by an averags of 44 percant, Consequently, the HELF model
underestimates the drainags rate by 30 percent as predicted by the Boussinesq
solution under steady-state conditiona. For fine sand, computed values of
hydraulic conductivity by the HELP equation excesded the measured values uaing
perneansters by an average of 31 percent; for coarse sand, the average com=
puted value was 10 percent of the measured value. :

TABLE 7. COMPARISON OF COMPUTED HYDRAULIC CONDUCTIVITIES FOR
STEARY-STATE DRAINAGE '

Hydraulic Conductivity

Type of Slope Langth hi:::l . Kaw Kpuw &t
Sand X) (£t) (in./hr) (cm/sec) (cm/sec) (cm/sec)
Fine 2 25.4 0.034 0.008 0.006 0.004
Fine 10 25.4 0.054 0.006 0.004 0.004
Fine 10 52.4 0.025 0.006 0.004 0.005
Coarse 2 - 25.4 0.071 0.021 0.015 0.220
Coarse 2 52.6  0.033  0.030 0.021 0.220
Coarse 10 ©25.4 0.169 0.025 0.015 0.220
Coarse 10 52.4 0.105 0.027 0.021 0.220

* Computed hydraulic conductivity using the HELP equation.
** Computed hydraulic conductivity using the numerical Boussinesq solution.
t Hydraulic conductivity measured in laboratory permeameters.

For unsteady drainage following cessation of rainfall, hydraulic con-

- ductivity was computed explicitly using the HELP drainage equation for

instantaneous measured values of y and drainage rate. To compute hydraulic
conductivity using the Boussinesq solution, the following steps were followed:
(a) Unsteady drainage from the physical model was simulated using the numer-
ical Boussinesq_solution with an estimated hydraulic conductivity; (b) at a
given value of y, a correction factor was computed by dividing the measured
drainage rate by the simulated drainage rate; and (c) the estimated hydraulic
conductivity was multiplied by the correction factor to obtain the final com-
puted hydraulic conductivity for the given value of ¥. Successive estimatas
used in the Boussinesq solution showed that the correction factor adjusted the
initial guess to within 5 percent of the best estimate of the hydraulic
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conduetivity. Bydraelic comductivities wers computed by thess twve metheds at
various velues of y for each experimental case.

Overall, the computsd hydrawlic conduetivity using the HELP equation
excesdsd that using the Boussinesq solutiom by an average of 13 percent.
Cansequently, the HELP equation underestimates the drainage rate by 11 percent
as predicted by the Bousainesq solution under unsteady conditions, These
results wers determined using a paired-sample t test to determine whathar the
differences in hydraulic conductivity values between the two methods were sta-
tistically different frow zero. Table 8 summarizas these results. The test
using all data from all experimental cases concluded that the two methods did
producs hydraulic conductivity values that were statistically different.
$imilarly, tha two methods produced statistically different hydraulic conduc=
tivities using the data for only coarse sand or only fine sand; for omly short
model or only long modal; and for only 2-percent slope or lO-percent slope.
However, when the test was conducted for individual experimental cases, the
test concluded that in five out of aight cases, the twe methods produced
hydraulic conductivity values that wers not statistically different. The five
cases ware: coarse sand in both physical models at 2-percent slope, coarse
sand in the long model at 10-percent slope, and fine sand in both models at
10-percent slope.

For both steady and unsteady drainage, the hydraulic conductivity com—-
puted by the HELP model was shown to exceed that computed by the more rigorous
Boussinesq solution. Consequently, the HELP model might be expected to under-
estimate the drainage rate from a drainage system where porous media proper-
ties wera accurately known. However, in field applications, the magnitude of
this underestimation would probably be much less than the uncertainties in the
in-place porous media properties. This difficulty was highlighted in this
study by the large differences between laboratory measurements using permeame-
ters and apparent in-place hydraulic conductivities. Also, the difference
between the two solution methods was much less for the unsteady case——the case
which generally occurs in field systems.

The computed hydraulic conductivity of the sand during steady-state
drainage by the Boussinesq solution was about 61 percent of the value during
unsteady drainage. Consequently, if the hydraulic conductivity for unsteady
drainage was used in the HELP model for all types of drainage conditioms, the
lateral drainage rate would be underestimated by 11 percent during unsteady
drainage and overestimated by 14 percent during steady-state drainage.

EFFECTS OF ENTRAPPED AIR

In analyzing the computed hydraulic conductivity values, it was apparent
that hydraulic conductivity decreased with increasing y. Table 4 shows that
the drainable porosity also decreased with increasing y. Lower drainable
porosity could have resulted by two mechanisms: greater air entrapment or
greater compaction. Compaction was 97 percent of maximum throughout the sand
layer; therefore, air entrapment must have caused the decrease in drainable
porosity. Lower drainable porosity results in lower cross-sectional area
contributing to drainage; consequently, the hydraulic conductivity decreases.
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To determine whether varisbility in the estimates of the Aydraulic com-
ductivity was a functiom of other variables im additiom te average saturated
depth, a searies of unequal three-wiy snsalysis of variance (ANOVA) tests was
rua om the both sets of estimates. This procsdure permits analysis of experi-
ments that have three variables called trestmants, which produce variance in
the measured variable. ANOVA alsc permits determination of interaction
between variables. The variance and the number of duplicates of treatments
did not have to be equal in the procedure. The analyses were performed using
the Statpro softwars by Pentonm Software Inc. (6), The test variables include
type of sand, average saturated depth, slope, drainage length, rainfall
duration and rainfall intensity. No effeets of rainfall duration and
intensity could be discerned by inspection; therefore, the initial ANOVAs were
run using depth, slope and length as the variables for data sets containing
hydraulic conductivity estimates for ome type of sand. Thess ANOVAs indicated
that the hydraulic conduetivity estimates by HELP varied only as a function of
average saturated depth for coarse sand and of average saturatad depth and
slope for fine sand, Running ANOVAs om the estimates gemerated by the
Boussinesq solution, the estimates varied significantly with depth and slope
for both sands,

No physical reasons are apparent for the variability of the hydraulic
conductivity as a function of slope. Therefore, the variability arises from
inaccuracies in the manners in which the effects of slope are modeled by the
Boussinesq equation and the HELP equation. This difference is presented in
greater detail later in this section and in Appendices B and C.

A regression analysis was conducted to investigate the relatfonship
between hydraulic conductivity and y. Hydraulic conductivity, K, was fitted
to a power function of y such that -

K=aj° (15)

where values of the regression coefficients a and b are listed in Table 9 for
10 of the experimental cases. This equation applies only to y values ranging
from 2.5 to 30 in. in these drainage tests. In Equation 15, the units for K
are centimeters per second and the units for y are inches. The relationship
between drainable porosity and height above the liner is presented in

Section 5.

COMPARISON OF DRAINAGE RATES

To further test the accuracy of the HELP lateral drainage equation, the
relationship between drainage rate and y as predicted by the HELP drainage
equation was compared to measured results for unsteady drainage following ces-
sation of rainfall. The comparisons are shown in Figures 25 and 26. Measured
results are represented by the shaded area which defines the range of all mea-
sured data for the given sand, slope and drainage length. Three computed
curves are also plotted. One curve represents the HELP drainage equation
using the hydraulic conductivity measured in the laboratory permeameters. A
second curve represents the HELP drainage equation using the mean of hydraulic
conductivity estimates obtained from the Boussinesq solution for all unsteady
drainage tests performed with the given sand, slope and length. The third
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TABLE $. RECRESSION COZFYICIINTS FOR NYDRAULIC CONDUCTIVITY AS A POWER

FURCTION OF ye

Drain
Typea of Slopa Length
_Sand (%) (fr) a b
Fine 2 5.4 0.0951 -0.8650
¥ine 10 25.4 0.0248 -0,6166
Fine 2 52.4 0.0677 -0.7252
Fins 19 52.4 0.0048 0,0964
Coarsae 2 25,4 0.1297 ~0.6934
Coarse 5 25.4 0.0675 -0.4359
Coarse 10 23.4 0.0477 -0.2892
Coarse 2 52.4 0.1057 -0.5383
Coarse 5 52.4 0.0313 -0.2444
Coarse 10 52,4 0.0395 ~0.1896

* The regression equation is K= a ;b where K = hfdraulic conductivity in
centimeters per second, y = average depth of saturation or head on the
liner in inches, and a,b = regression coefficients.

curve also represents the HELP equation but uses Equation 15 for hydraulic
conductivity. The curves based on laboratory measurements of hydraulic con-
ductivity resulted in poor fits except for the few cases where the measured
hydraulic conductivity was close to the computed values. This again high-
lights the difficulty in estimating in~place hydraulic conductivity from
laboratory measurements, The curves based on a mean value of hydraulic con-
ductivity fit reasonably well within a relatively narrow band representing the
y region for which the mean hydraulic conductivity was computed. Outside this
band, the predicted curves tended to deviate, especially for the short model.
The curve based on Equation 15 generally fit well for y values less than 15 to
20 in, for the fine sand and less than 12 to 15 in. for the coarse sand.

These also represent the y ranges for which Equation 15 and Table 9 were
derived. Nome of the predicted curves fit well at y values close to zero due
to the measured capillary water drainage which the HELP equation does not
model,




hd " . .

*juadaad g1 pue gz 3o sadors
je syapom jeoisiyd yjoq uy pues suyj 103 suofIdfpaad uojienbs aBewuyeap JTIH 03 .
paawdwod 1aul] ¥4l daoqe peIy !Wmirsar *sA [rwyurea Supmoiyoj 93vx a3wujevap pIanseay ‘Gz andyy

S:pPut) VR TIVEIRY (Sayaut) QVIH ﬂu<zu><
L, S . Wt i S Y W O T A T St W W
 on-
- M
3 g
Ly: Z =
> 24018 %01 2
- 1adom swons U0 R
=1 Y~ \\0 ~
ﬁ . moocnﬁ / ﬂ
S hy-no P
. C ¥ o o
-2 ’ "wl -
1s1{nesy PoIIIPe.Y
o~
2 2 ©
put) OV J9VHIAY (S3yaui) 3H JIVY3IAY
) | 3 / [ 43 =c<" Nﬂ 8 0
=N
g ;
= £
M 24018 %2 2
= 100w 1wons 17 &

(udB)
(wdb)

$hi-ne

) wooy o

o) -
1mynsoy peydTpe.y

=N

-2




pue ¢ jo Badoys 1w syspow (wIrsdyd Y30q uj pues 281v0d 103 Suorldfpaad uorienbs dTAH
01 peledwos ivuj] IYI Iaoge peay sfeisaw -sa TTejugexr 3ugmorioy ajea adeupwip painsesy ‘92

5

(S8youty Gym 39vy wuc
ol i | i} b 1
T Y
X wey o
T
wiesy pesarpesy

J40TH w0
TG0N RO

SHiesy - ewiey 1o shuey

. " Aocduwuc g g

=

thi-xe

A woy o

L 4K 4
Wjneey perzipey

24078 92
TISON ONOY

- W
Bl E N BN B e

-

1

|62

3ivy Nlvea

(wdf)

3ivy NIvag

(wdf

L4

" .

*au’daad gf

(SBYaUT)  QVIH JIVIIAV

il 9 % S Y

hi-ne

X woy o

P R4
1|neey prratpey

34079 %01
TRAON LUOHS

-2°

(SBUUL)  QVIH IIVHIAY
'l i | b

- 4

hs=ne

» wey o

nEY -
my[nsey peydrpe.y

24018 %2
300N s1voNHe

-~

~

| ¢2°

G2 *

san8ya

31vy NIvad

(udfy

31vy¥ NIvag

(wdby

63




SIMULATIONS BY HELP MODIL

FPigures 27-30 show how well the drainage equation in the RELP model pre-
dicted drainage rates versus tims throughout anm entire rainfall experiment.
9imilar comparisons for average depth of saturation (sverage head on linexr)
versus time are also shown in thess figures., The predicted curves were com-
puted using both drainable poroeity and hydraulic comductivity as functiomns of

y (Equations 14 and 15). The volume of drainage is not necessarily equal for
both the predicted and actual curves because evaporative loasses had to be
estimated in the prediction, Similarly, since evaporative and runeff losses
are time dependent, the rate of change in depth and drainmage rate during the
experiment may be affacted by the estimation of these losses. Nevertheless,
the figures should demonstrate the overall performance of the simulations.

The peak drainage rate and depth of saturation wers generally overpre-
dicted for the drainage tssts performed at a slope of 10 percent while the
predictions for tests conducted with a slope of 2 percent agreed well with the
measured results. The HELP equation appears to underpredict the drainage rate
for a given depth of saturation in the models at 10-percent slope. This
increases the storages requirement and consequently the peak average depth
since water that has not been drained is still stored in the sand and contrib-
utes to the head. The overpredicted peak depth produces a peak drainage rate
that is also overpredicted. The prediction disagrees with the measured
results most significantly during the period the sand layer is filling with
water. However, an experimental factor may have also contributed to the dis-
crepancy. As mentioned earlier, the fine sand layer approached complete satu-
ration in portions of the model at peak discharge. Consequently, the head
profile was forced to shift, becoming steeper near the drain, which produces
drainage rates in excess of those expected from a thicker .sand layer with more
available storage capacity. The HELP simulation was conducted without a limi-
tation on the depth of saturation and thus produced lower drainage rates at
the larger values of y,.

A detailed evaluation of the HELP drainage equation based on these com-
parisons is complicated by the estimates of hydraulic conductivity and drain-
able porosity that were involved. Changes in these valuss would have produced
different results. Lower values of hydraulic conductivity would have produced
smaller drainage rates and larger values of y. Lower values of drainable
porosity would have produced larger drainage rates and larger values of y.
Figures 31 and 32 represent predicted curves where mean values for hydraulic
conductivity and drainable porosity were used instead of functions of y. Sig-
nificant changes in these predicted curves can be observed.

ANALYSIS OF DRAINAGE EQUATION

Finally, an analysis was conducted to determine how well the drainage
equation in the HELP model accounts for the effects of drainage length (L),
slope (a), average depth of saturation (), and al in the estimation of the
drainage rate. The measured drainage rates used in this analysis were aver-
ages of the drainage rate measured during various unsteady drainage tests
having the same sand, slope, drainage length and average depth of saturation
but having different rainfall durations and intensities. These tests are
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Figure 31. Measured drainage rate and average saturated depth vs.

time compared to HELP prediction for fine sand in the
long model at 10-percent slope using mean values for
hydraulic conductivity and drainable porosity.

69




DRAIN RATE  (gpm)

8. 1-HR RALS AT 0. 58 IN /MR

[

— PREDICTED
g ACTUAL

18

12+

AVERAGE DEPTH  (inchas)

- - |
0 s io is R 2 0
TIME (hours)

Figure 32.
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Measured drainage rate and average saturated depth vs.
time compared to HELP pradiction for coarse sand in the
short model at 10-percent slope using mean values for
hydraulic conductivity and drainable porosity.
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trested as duplicates in this snalysis. VFirst, the effect of drainage length
was isolated by using Equation 1 to compute the ratioc of drainage rate for the
long wedel (Q,) to drainage rats for the short model (G ) given the same
drainage medi& and constant values for ¢ sad y. This ritio was multiplied by
the measured Q_ to predict Q . The difference between messured and predicted
Q, was aaaum-d’tu be due to d combination of experimental error and simplify-
1%3 assumptions used in the derivation of the HELP drainage equatiom,

Table 10 summarizas these comparisons, and Pigure 33 plots the predicted Q
versus measured Q,, A regression analysis was conducted using the data in
Table 10 and Figu¥e 33 to find the slope of the best-fit line which also
passed through the origin, The regression analyses performed to evaluate the
HELP equation are summarized in,Table 11. The resulting slope was 0.82 with a
coeffiaient of determination (r®) of 0.99. The 95-percent confidencs interval
for the slope did not include the value of 1.00. Tha slope should equal 1.00
and the {ntercept should equal 0.0 1f the predicted and actual results are
identical and the predictive method is accurate. Therefors, Q, as measured in
the unsteady drainags tests and as predicted by the HELP oquat&on based on a
meagsured Q_  are statistically different. The HELP lateral drainags equation
overestimafes the decrease in drainage rate rasulting from an increase in

length given the same sand, slope, and y.

The effect of slope was similarly isolated by using Equation ! to compute
the ratio of drainage rate for the 10-percent slope (Q10 ) to the drainage
rate for the 2-percent slope (Q,,) given the same sand and constant values for
L and y. This ratio was multipiied by the measured Q2 to predict Q1 7
Table 12 summarizes these comparisons, and Figure 34 piots the predicged Q 02
versus measured QIOZ' A regression analysis was conducted using the data in
Table 12 and Figure™34 to find the slope of the best-fit line which also
passed through the origin. The resulting slope was 1.30 with r“ = 0.98. The
95-percent confidence interval for the slope of this line did not include the
value of 1.00., Therefore, Q10 as measured in the laboratory and as predicted
by the HELP equation based on § measured Q,, are statistically different. The
HELP lateral drainage equation overestimat&S the increase in drainage rate
resulting from an increase in slope.

- Similarly, Equation 1 was used to compute the ratio of drainage rate for
y = 12 in. (Q,,n) to drainage rate for vy = 6 in. (Q.,) given the same sand and
constant valués for L and a. .In the calculation of this ratio it was assumed
that the hydraulic conductivity at y = 12 in. was equal to 0.732 times the
hydraulic conductivity at y = 6 in. based on Equation 15. This ratio was
multiplied by the measured Q_, to predict Q 2"; Table 13 summarizes these
comparisons, and Figure 35 plots the predicéed'Q on Versus measured Q...

TE‘ slope of the best-fit line passing throughltﬁe origin was 1.02 wiég

.t = 0,99. The 95-percent confidence interval for the slope of this line

included the value 1.00, Therefore, Q gn as measured in the laboratory and as
predicted by the HELP equation based oii"a measured Q.. are not statistically
different. _The HELP lateral drainage equation accounts for the effect of
changes in y very well.

In the HELP lateral drainage equation (Equation 1) the slope (a) and
drainage length (L) occur as a product several times. This product physically
represents the head above the drain contributed by the slope of the liner.
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TABLE 10. EFPECT OF LENGTE IN THE WELP DRAIMAGE EQUATION® '
} % /9 Measured  Messured Predtctedaw I
Type of 3 Slope  from HELP Q q
Sand (in.) (%) Equation (nﬁ) (&) (gpmi)
Fine 6 2 a.737 0.030 0.028 0.022 I
8 2 0.689 0.044 0.030 0.030
s 0,868 0.043 0.040 0.037 I
10 1.005 0.058 0.061 0.0%8
12 2 0.626 0.056 0.039 0.035
0.802 0.058 0.051 0.047 l
10 0.956 °  0.072 0.070 0.069
14 2 0.604 0.067 0.045 0.040 l
5 0.775 0.068 0.057 0.053 ’
10 0.933 0.082 0.081 0.077 l
Coarse 6 2 0.737 0.056 0.052 0.041
0.909 0.098 0.094 0.089 I
10 1.033 0.164 0.166 0.169
8 2 0.689 0.070 0.067 0.048
5 0.868 . 0.123 0.116 0.107 I 1
10 1.005 0.183 0.204 0.184 |
12 2 0.626 0.119 0.106 0.074 l
0.802 0.177 0.168 0.142
10 0.956 0.2644 0.287 0.233 l
14 2 0.604 0.151 0.139 0.091
0.775 0.218 0.210 0.169
10 0.933 0.264 0.334 0.246 I
* Q, = Drainage rate from long model. l
Qs = Drainage rate from short model.
** Predicted Q = .(QL/QS from HELP Equation) x (Measured Q). l

-
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TABLE 11. REGREGSION ANALYSES SUMMARY FOR EVALUATION
OF THE HKLP LATERAL DRAINAGE EQUATION

95% Canfidence Limits
Qp/Qy* 3,79, Naa 2

Data Set Intercept r

Effect of length, 0.749 to -0.0070 to

constant a 0.819 0.890 0.0125 22 0.987
1.086 to -0,0269 to

Effect of slope 1,302 1,519 0.0511 15 0.979
0.866 to -0.0207 tao

Effect of y 1.023 1.193 0.0279 10 0.989
Effect of al, 1.115 to -(.0099 ta

constant L 1.196 1.276 0.0130 15 G.996

* QP = Drainage rate predicted by HELP equatiom.
Q, = Drainage rate measured in drainage test.
R NA = Number of values in data set.

Therefore, the effect of aL was similarly isolated by using Equation 1 to com-
pute the ratio of drainage rate for an alL value of about 30.5 in. (Q n) to
drainage rate for an alL value of about 15.3 in. (Q w) s given the ha - sand
and constant valuyes of L and ¥. This ratio was mniéialicd by the measured

Q « to predict Q3 gne Table l4 summarizes these comparisons and Figure 36
pigtg the predicted 83 5 versus measured Q30 gne A regression analysis was
conducted using the dagé in Table 14 and Figiré 36 to find the slope of the
best-fit lige which also passed through the origin. The resulting slope wasa
1.20 with r“ = 0.996. The 95-percent confidence interval for the slope did
not include the value of 1.00. Thereforas, Q « as measured in the labora-
tory and as predicted by the HELP equation b%gai on a measured Q n are sta-
tistically different. The HELP lateral drainage equation overcsiiﬁgtes the
increase in drainage rate resulting from an increase in slope.

Earlier, the effect of length was isolated from the effects of slope,
type of slope, type of sand, and y, but it was not isolated from the effect of
aL. To isolate the effects of length from the effect of alL, the ratio of
drainage rate for the long model (Q,) to the drainage rate for the short model
(Q.) given the same sand and constant values of y and ol was computed using
Equation 1. This ratio was multiplied by the measured Q to predict Q,.

Table 15 summarizes these comparisons and Figure 37 plotg the predicte& QL
versus measured Q . A regression analysis was conducted using the data in
Table 15 and Figugc 37 to find the slope of the best-fit line wgich also
passed through the origin. The resulting slope was 0.71 with r” = 0.99. The
95-percent confidence interval for the slope did not include the value of
1.00. Therefore, Q as measured in the laboratory and as predicted by the
HELP equation based on a measured Q_ are statistically different. The HELP
lateral drainage equation overestimites the decrease in drainage rate
resulting from an increase in length given the same sand, aL, and y.
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TABLE 12. EFFECT OF SLOPE IN THE RELP DRAINAGE EQUATION®

j QIOZ/QZI Mia;u:' j Mt;aurtd Pregictnd**
Typs of L y from HELP 2z 102 102
Sand (in.) (in.) Equation (gpm) (gpm) (gpm)
Fina 308.4 6 3,187 0.030 0.050 0.096
8 2.804 0.044 0.058 0.123
12 2.300 0.056 ¢.072 0.129
14 2.128 0.067 0.082 0.143
629.4 8 4.090 0.030 0.061 0.123
12 3.512 0.039 0.070 0.137
14 3.287 6.045 0.081 0.148
Coarse 305.4 6 3.187 0.056 0.164 0.178
8 2,804 0.070 0.183 0.196
12 2.300 0.119 0.244 0.274
14 2.128 » 0.151 0;264 0.321
629.4 6 4,464 0.052 0.166 0.232
8 4.090 0.067 0.204 0.274
12 3.512 0.106 0.287 0.372
14 3.287 0.139 0.334 0.457

* Q = Drainage rate from 2-percent slope.
Qloz = Drainage rate from 10-percent slope.

*%* Predicted Qloz - (QIOZ/QZZ from HELP Equation) x (Measured sz).
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TABLE 13. EYPECT OF AVERAGE DEPTR OF SATURATION IN THE HEL®
DRATSAGE EQUATION®

leﬁ/an Measured Measurad Pradicted#*¥
Type of L Slope from HELP Qg Qg Q) gn
Sand (in.) (%) Equation (gpm} (gpm) (gpm)
- Fine 305.4 2 2.357 0.030 0,056 0.071
5 1918 0,032 0.058 0.062
10 1.698 0.030 0.072 0.085
629.4 2 1.998 0.025  0.039 0.050
Coarse 305.4 2 2.357 0.036 0.119 0.132
5 1.918 0.098 0.177 0.188
10 1.698 0.164 0.244 0.279
629.4 2 1.998 0.052 0.106 0.104
5 1.695 0.094 0.168 0.160
10 1.574 0.166  0.287 0.261

* Q6" = Drainage rate from 2 = 6§ in,
le" = Drainage rats from y = 12 ia.

** Predicted Q on -(QL2"/Q6" from HELP equation) x (Measured Qgn) -
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TABLE 14. EY¥PECT OF ol IN THE HELP DRAINAGE BQUATIONS

Q30.5"1Q13.3" Measursd Measursd Predicted¥

Type of L ; from HELP Us.3¢  Qag,5v Q30,5+
Sand (in.) (in.) Equation {gpm) (gpm) (gpm)
Pine 30,4 6 1.815 0.032  0.050 0.058
8 1.736 0.043 0,088 0.075
12 1.609 0.058  0.072 0.093
14 1.557 0.068 0,082 0.106
629.4 8 1.736 0.034  0.039 0.039
12 1.609 0.043  0.050 0.069
14 1.557 ©0.049  0.056 0.076
Coarse  305.4 6 1.815 0.098  0.164 0.178
8 1.736 0.123  0.183 0.213
12 1.609 0177 0.244 0.284
14 1.557  0.218 . 0.264 0.339
629.4 6 . 1.815 0.060  0.091 0.109
8 1.736 0.076  0.113 0.132
12 1.609 0.117  0.163 0.188

14 1.557 0.152 0.205 0.237

* Q30 g = Drainage rate for aL = 30.5 in.
Q15'3" = Drainage rate for alL = 15.3 im.

**% Predicted Q30 sn = (Q30 5../le gn from HELP Equation) x (Measured Q5 3u).
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TABLE 1S. EFFECT OF LIBCTE IN THE BELP DRATKAGE EQUATION GIVEN
CONSTANT olL*

QL/Qs Mwasured Mesasured Predicted®*

. . B % -

Type of ak y | From HELP Qs QL QL
. Sand ({n.)  (dn.) Equation (gpw) (gpm) (gpm)
Fine 15.3 6 0.485 0,032 0.029 0.016
Fine 15.3 8 0.485 0.043 0.034 0.021
Fine 15,3 12 0.485 0.038 0.043 0.028
Fine 15.3 14 0.485 0.068 0.049 0.033
Fine 10.5 8 0.485 0.058 0.039 0.028
Fine 30.5 12 0.485 0.072 0.050 0.035
Fine 0.5 14 0.485 0.082  0.0% 0,040
Coarse 15.3 6 0.485 0.098 0.060 0.048
Coarse 15.3 8 0.485 0.123 0.076 0.060
Coarse 15.3 12 0.485 0.177 0.117 0.086
Coarse 15.3 14 0.485 0.218 0.152 0.106
Coarse 10.5 6 0.485 0.164 0.091 0.080
Coarse 30.5 8 0.485 0.183 0.113 0.089
Coarse 30.5 12 0.485 0.24% 0.163 0.118
Coarse 30.5 14 0.485 0.264 0.205 0.128

* Q, = Drainage rate from long model.
Qs = Drainage rate from short model.

** Pradicted QL - (QL/Qs from HELP equation) x (Measured Qs)'
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SECTION 7
SUMMARY AND CONCLUSIONS

Drainage tests were performed on two large-scale physical models of land-
fill limer/drain systems to examine the effects that the length, slope and
kydraulie comductivity of the drain layer and the depth of saturation abovs
the Iiner have om the subsurface lateral drainage rate. The models have dif-
ferent lengths, 25.4 ft and 32.4 ft, and adjustable slope ranging from 2 to 10
percent. The models wers filled with a 3-ft sand drain layer overlying a l-ft
clay liner. A 2-in. layer of gravel was placed under the liner to collect
sespage from the clay liner. Drainage from two different sands was examined
in both models.

Several drainage tests were runm on each configuration of the models by
applying water as rainfall to the surface of the sand layer and then measuring
the water table along the length of the models and the lateral drainage volume
as a function of time. Lateral drainage and water table profiles were mea-
sured during periods of increasing, decreasing, and steady-state drainage
rates. In total, more than 60 tests were performed.

The hydraulic conductivity of the sand was measured in the laboratory
permeameters, but its value was apparently quite different and varied in the
drainage tests. The hydraulic conductivity of the sand at various depths of
saturation was estimated for each test using the Bougsinesq solution of
Darcy's law for unsteady, unconfined flow through porous media and the HELP
lateral drainage equation. These hydraulic conductivity values were compared
to determine the agreement between the HELP model and the Boussinesq solution.
For steady-state drainage the HELP model estimates of the hydraulic conduc-
tivity were 44 percent greater than the Boussinesq solution estimates. This
result means that the HELP model underestimated the steady-gtate lateral
drainage rate predicted by the Boussinesq solution by 30 percent. The HELP
estimates were 31 percent greater than the laboratory measurements for the
fine sand and 90 percent less than the laboratory measurements for the coarse
sand. For unsteady drainage the HELP model estimates were only 13 percent
greater than the Boussinesq solution estimates, which would underpredict the
lateral drainage rate by 1l percent. The underprediction of the cumulative
lateral drainage volume would be expected to be very small since the removal
rate of water from the drain layer by all other means is much smaller than the
lateral drainage rate. Consequently, the effect of differences in the pre-—
dicted and actual drainage times is small.

The differences between the laboratory measurement of the hydraulic con-
ductivity and either of the two estimates were much larger than the differ-
ences between the estimates. In addition, the hydraulic conductivity varied
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a8 8 funetion of the depth of satwration, apysrently dus to entrapment of air
in the sand. Similarly, the drainsble porosity varied as s function of depth
of saturation due to the air. These phenomena make it very difficult to medel
the lateral drainage process and produce good agreement betwsen the predicted
and actual results for drainage rate and depth of saturation as a function of
time.

An analysis was performed to determire how well the lateral drainage
equation in the HELP model accounts for the effects of drainage length, slope
of the liner, average depth of saturation and head abave the drain contributed
by the liner (al) in the estimation of the drainage rate. The dralnage equa-
tion overestimates the decrease in drainage rate by an increase in length
given the same sand, slope, depth of saturation and head above the drainm.
Similarly, the equation overestimated the increase in drainage rate resulting
from am increase in slope and head abova the drain. The effects of depth of
saturation predicted by the equdtion agresd very well with the actual results.

The following conclusiona and recommendations are mada. Lateral drainage
. in landfill liner/drain systems is quite variable, probably due to air entrap-
ment. The hydraulic conductivity measurement made in the laboratory is quite
different than the in-place value. Consequently, the estimation of the lat-
eral drainage rate is prone to considerable error despite having a good equa-
tion or solution method for the estimation. Nevertheless, the prediction of
the cumulative volume of lateral drainage is likely to be quite good since the
depth of saturation will be overpredicted if the drainage rate is underpre-
dicted and vice versa, thereby adjusting the drainage rate. However, the pre-
dicted depth of saturation will be quite different from the measured value.

The lateral drainage equation in the HELP model performs very well for
tests on models at 2-percent slope but overpredicted drainage and depths at
10-percent slope. The model overestimates the effect of drainage length in
reducing the drainage rate and also overestimates the effects of slope and
head above the drain in increasing the drainage rate. Therefore, additional
refinement in the equation should be performed to make the equation valid over
a wider range of slopes and drainage lengths. Nevertheless, the HELP equation
does provide a good estimation of the lateral drainage volume.

Evaluation of the effects of drainage length, slope of the liner, depth
of saturation and head above the drain on the drainage rate predicted by the
Boussinesq solution should be performed to determine whethar the effects
observed with the HELP drainage equation are unique. Similarly, an additional
data set of drainage results should be collected to determine whether the
effects are unique to this data set. Additional data should be collected for
longer drainage lengths and greater slopes and from actual landfill/liner
systems.
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APPENDIX A
HYDRAULIC CONDUCTIVITY ESTIMATES

The analysis performed in Section 6 of this report required estimates of
the hydraulie conductivity of the drainage mediea. These astimates were
§snsrated using the numerical Boussinesq solution and the HELF model lateral
drainage equation. Estimates wers generatsad for most of the drainage tests
ineluding steady~-state drainage, unsteady drainage following rainfall, and
unsteady drainage from presaturated sand, The hydraulic conductivity values
ware estimated at several depths for the unsteady drainage tests, Values for
steady-state drainage, unsteady drainage following rainfall, and unsteady
drainage from presaturated sand are given, respectively, in Tables A-1, A=-2,

TABLE A-1. HYDRAULIC CONDUCTIVITY ESTIMATES FOR STEADY-STATE

DRAINAGE
Model Average Drain Bydraulic Conductivity
Type Length Slope ‘Depth Rate _ (dn./hr)
of Sand (in.) (%) (in.) (in./hr) Boussinesq HELP
Fine 305.4 1.8 | 12,6 0.0336 0.0061 0.0084
Fine 305.4 10.4 13.2 0.0543 0.0037 0.0055
Fine 629.4 10.3 12.7 0.0249 0.0041 0.0058
Coarse 305.4 1.9 11.4 0.0708 0.015 0.021
Coarse 305.4 10.0 - 11.3 0.1688 0.015 0.025
Coarse 629.4 2.3 11.3 0.0330 '0.021 0.030
Coarse 629.4 9.9 11.8 0.1050 0.021 0.027
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TABLE A-21, HYDRAULIC CONDUCTIVITY ESTIMATES FOR UNSTEADY
DRAINAGK FOLLOWING RAINFALL

Model Rainfall Hydraulic Conduetivity
Type Length Slope Duration Depth (in./hr) KI
of Sand (in.) (¢9)] (hrx) (in.) Boussinesq HELP
Tine 305.4 1.8 1 9 0.0138 0.0147
Fins 305.4 1.8 1 8 0.0151 0.0158 I
Pine 305.4 1.8 1 7 0.0173 0.0180
Pine 305.4 1.9 2 19 0.0048 0.0063 l
Fine 305.4 1.8 2 17 0.0111 0.0107
Pine 305.4 1.8 2 10 0,0200 0.0211
Fine 305.4 1.8 2 10 0,0172 0.0180 I
Pine 305.4 1.8 6 17 0.0116 0.0117
Fine 305.4 1.8 6 9 0.0182 0.0188
Fine 305.4 1.8 24 19 0.0064 0.0063 l
Fine 305.4 1.8 24 15 0.0078 0.0080
Fine 305.4 1.8 24 5 0.0212 0.0218
Fine 305.4 1.8 24 4 0.0251 0.0262 I
Fine 305.4 4.9 6 17 0.0061 0.0069
Fine 305.4 4.9 6 7 ~ 0.0106 0.0122 l
Fine 305.4 10.4 1 6 0.0083 0.0096
Fine 305.4 10.4 1 5 0.0092 0.0109 l
Fine 305.4 10.4 2 17 0.0061 0.0059
Fine 305.4 10.4 2 11 0.0067 0.0066
Fine 305.4 10.4 6 16 0.0060 0.0058 I
Fine 305.4 10.4 6 8 0.0079 0.0082
Fine 305.4 10.4 24 15 0.0039 0.0038 l
Fine 305.4 10.4 24 12 0.0044 0.0043
Fine 629.4 2.1 1 8 0.0164 0.0165 I
Fine 629.4 2.1 1 7 0.0179 0.0184
Fine 629.4 2.1 2 20 0.0070 0.0108
Fine 629.4 2.1 2 16 0.0086 0.0104
Fine 629.4 2.1 2 10 0.0132 0.0135
Pine 629.4 2.1 6 20 © 0.0084 0.0099 I
Fine 629.4 2.1 6 10 0.0134 . 0.0136
(Continued) il l
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l TABLE A-2. (CONTINUZD)
Model Rainfall Rydraulic Comductivity
Type Length Slops Duration Depth (in. /hr)
I\, of Sand (in,) (%) (hr) (im,) Boussinesq HEL
Fine 629,4 2.1 24 19 Q.0081 Q.0092
l Fine 629.4 2,1 24 9 0.0128 0,0132
£
Fine 629.4 5.0 6 18 0.00%0 0.0075
I Fine 629.4 3.0 6 9 0.0073 0.0107
- Fine 629.4 10.3 1 13 0.00%4 0.0062
Fine 629.4 10.3 1 11 0.0082 0.0089
I Fine 629.4 10.3 2 17 0.0061 0.005%8
Fine 629.4 10.3 2 14 0.005%7 0.0055
l Fine 629.4 10.13 ) 16 0.0068 0,0061
Fine 629.4 10.3 6 11 0.0064 0.0063
I-' Fine 629.4 10.3 24 17 0.0065 0.0058
Fine 629.4 10.3 24 13 0.0062 0.0058
Coarse 305.4 1.9 2 15 0.0228 - 0.0228
I Coarse 305.4 1.9 2 10 0.0276 0.0274
Coarse 305.4 1.9 2 4 0.0720 0.0748
I Coarse 305.4 1.9 -6 15 0.0225 0.0227
Coarse 305.4 ‘1.9 6 11 0.0279 0.0274
Coarse 305.4 1.9 6 6 0.0418 0.0431
I Coarse 305.4 1.9 24 8 0.0317 0.0319
Coarse 305.4 1.9 24 8 0.0316 0.0315
Coarse 305.4 1.9 24 5 0.0508 0.0527
l Coarse 305.4 1.9 24 4 0.0734 0.0745
. Coarse 305.4 5.4 2 9 0.0309 0.0306
I Coarse - 305.4% 5.4 02 5 0.0383 0.0409
Coarse 305.4 5.4 6 9 0.0253 0.0251
) Coarse 305.4 5.4 6 4 0.0394 0.0418
I Coarse 305.4 10.0 2 6 0.0348 0.0370
Coarse 305.4 10.0 2 2 0.0472 0.0790
I Coarse 305.4 10.0 6 7 0.0300  0.0334
Coarse 305.4 10.0 6 2 0.0456 . 0.0747
l (Continued)
l‘ 89




TABLE A-2. (CONCLUDED)

.3

Model Rainfall Hydraulic Conduetivity
Type Length Slope Duratiom Depth (in./he)
of Sand (in.) (%) (hr) (in.) Boussinesq
Coarse 305.4 10.0 24 3 0.0301 0.0424
Coarse 3085.4 10.0 24 1 0.0431 0.0814
Coarse 629.4 2.3 2 16 0.0292 0.0288
Coarss 629.4 2,3 2 11 0.0301 0.0294
Coarse 629.4 2.3 2 s - 0.0500 0,0508
Coarse 629.4 2.3 6 11 ‘ 0,0277 0.0276
Coarsas 629.4 2.3 ) 3 0.0692 0.0761
Coarss 629,4 2.3 24 8 0.035%4 0.03%0
Coarse 629,4 2,3 24 b 0.0553 0.0582
Coarse 629.4 5.2 2 11 0.0213 0.0294
Coarse 629.4 5.2 2 4 0.0281 0.0463
Coarse 629.4 5.2 6 10 0.0159 © 0.0284
Coarse © 629.4 5.2 6 S 0.0164 0.0349
Coarse - 629.4 9.9 2 9 0.0278 0.0290
Coarse 629.4 . 9,9 2 7 0.0267 0.0309
Coarse 629.4 9.; 6 9 0.0282 0.0300
Coarse 629.4 - 9.9 6 4 0.0362 0.0449
Coarse 629.4 9.9 24 6 0.0248 0.0325
Coarse 629.4 9.9 24 3 0.0313 0.0527
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TABLE A-3. HYDRAULIC CONDUCTIVITY ESTIMATES FOR UNSTEADY
DRAINRACE PROM PRESATURATID SAND

7 Model Rydraalic Conductivity

Type Length Slope Depth (in,/hr)
of Sand (in.) (2) (in.) Boussinesq HELP
Fine 305.4 1.8 14 0.0150 0.0156
Fine 305.4 1.8 12 0.0111 0.0110
Tine 305.4 1.8 10 a.0188 0.0191
Fine 305.4 ! 1.8 9 0.0147 0.0148
Fine 629,4 2.1 24 0.0079 0.0116
Fine 629.4 2.1 10 ¢.0155 g.0161
Fine 629.4 2.1 6 ¢.0201 0.0201
Fing 629.4 2,1 4 0.0238 0.0245
Coarse 308.4 10.0 10 0.0243 0.0244
Coarse 305.4 10,0 5 0.0319 0.0434
Coarse 629.4 2.3 13 0.0260 0.0257
Coarse 629.4 2.3 7 0.0446 0.0454
Coarse 629.4 2.3 6 0.0456 0.0451
Coarse 629.4 2.3 3 0.0621 0.0647
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APPENDIX B

COMPARISONS BETWEER BOUSSIHESQ'SOLUTIOﬁ
AND BELF LATERAL DRAINAGE EQUATION

The HELF latersl drainage equation was developed from numarical solutions
of the Boussinesq equation for saturated unconfined lateral flow through
porous media under unsteady drainage conditions. Consequently, the two
methads should predict the same drainage rate under the same unsteady drainage
conditions when the same values are used for the design parameters. This
appendix compares predictions by the two methods using actual test data to
determine how well the BELP equation represents the Boussinesq solutiom.

In Section 6 hydraulic conductivities predicted by the two mathods were
briefly compared. Since the drainage rate computation is directly propor-
tional to the hydraulic conductivity value in both methods, the estimates of
hydraulic conductivity using measured values of drainage rate, depth of satu-
ration, drainage length, slope and infiltration rate can be directly compared
to determine the agreement between the methods. Comparisons are made in this
appendix for steady-state drainage, unsteady drainage following rainfall and
unsteady drainage from presaturated sand using the hydraulic conductivity
values presented in Appendix A. Comparisons are also made to determine the
effects of slope, drainage length, type of sand and depth of saturation on the
agreement between the two equatious.

Steady-state drainage differs from unsteady drainage since recharge
alters the profile of the depth of saturation as a function of distance from
the drain. Consequently, the drainage rate at a given average depth of satu-
ration is greater for steady-state drainage than for unsteady drainage when
the profile is falling, and is less than when the profile is rising. In
actual drainage tests the amount of difference is confounded by the difference
in air entrapment between the two modes of drainage. Comparisons between pre-
dicted hydraulic conductivity values for steady-state and unsteady drainage by
the numerical solution of the Boussinesq equation and the HELP lateral drain-
age equation are summarized in Table B-1 where the ratio of hydraulic conduc-
tivity values is presented. The ratio of hydraulic conductivity estimates for
steady-state drainage to those for unsteady drainage was 0.614 using the Bous-
sinesq solution and 0.831 using the HELP equation. Therefore, using a con-
stant hydraulic conductivity value for all types of drainage would produce
greater error with the Boussinesq solution than with the HELP equation. These
© two regressions are presented in Figure B-l. A ratio of 1.000 and an inter-
cept of 0.0000 indicate that the data are identical. In all of the regres-
sions presented in this appendix, the intercept was not significantly
different from zero. Therefore, the regressions were run using an intercept
of 0.0000 to determine the ratios, K1/K2, presented in Tables B-l and B-2.
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TABLE B~1. NYDRAULIC CONDUCTIVITY REGRESSION ANALYSIS SUMMARY

95% Confidence Limits 7
Data Set K1/x2 Xi/K2 Intercept N r

Steady-state 1,152 to -0,0036 to
drainsge testgh® 1.416 1,680 0.0039 7 0.992
All unsteady 1.052 to -0,0023 to
drainage testsgh* 1.134 1.217 0.0023 93 0.959
Unateady drainsge 1.059 to ~-0.0026 to
following rainfall#® 1.152 1,246 0,0026 79 0.955
Unsteady drainage 0.927 ta -3.0035 to
with presaturation## 1,049 1.171 0.0038 14 0.991
Estimates from 0.285 to -~0.0076 to
Boussinesq solutiont 0.614 0.942 0.0071 6 0.960
Estimates from 0.406 to -0.0100 to
HELP equation? 0.831 1.255 0.0093 6 0.964
* N = Number of values in data set.
** K1 = Hydraulic conductivity value using HELP equation.
K2 = Hydraulic conductivity value using Boussinesq solutionm.
tKl= Hydraulic conductivity value for steady-state drainage.

K2 = Hydraulic conductivity value for unsteady drainage.

The 95-percent confidence limits for the ratio and the intercept are also
presented in Tables B-l and B-2 to show the significance of the results.

The ratio of the HELP estimate (KH) to the Boussinesq estimate (KB) for
steady-state drainage is statistically different at 95-percent percent con-
fidence from the ratio for unsteady drainage. The ratio for steady-state
drainage was 1.416 while it was 1.134 for unsteady drainage. The regressions
are shown in Figure B-2. The difference in the ratios for unsteady drainage
following rainfall and from presaturated sands as shown in Figure B-3 was not
significant at 95-percent confidence, but the ratio for presaturation was
smaller and not significantly different from 1.000. The HELP hydraulic
conductivity values are significantly greater than the values estimated by the

‘Boussinesq solution. As presented in Section 6, this means that the lateral

drainage rate is underestimated by the HELP model in comparison to the
Boussinesq model by an average of 29 percent for steady-state drainage and
12 percent for unsteady drainage.

Six parameters were examined in the laboratory drainage tests: type of
sand, slope, depth of saturation, drainage length, rainfall duration and

93



‘worInyes bsourssnog [wayisunu syl puw uojienba JFH
3y3 £q pejomyise se slwujwip Lpwejsun 1o0j seniea o3 aSeujiwap
aje3s-Apwels 103 ssuf®#a K1jAfIonpuod uzzmuva:. Jo suostievdmop °y-g IanByy

(995/W3) W AQVILSNN

2e0° Zi R 019" 800" 0
| N ] | . 0
’ %
[ 800°
]

" =
OSIAINISSNOY '.A
(Fp)

> 3
° —
/ T.@—Q. m
.:.m: . =
o a o m
~
- o
20 J

a
5 DSINISSNOE ©
d13H o
260"




4 TARLE Be2., HYDRAULIC CONDUCTIVITY REGRESSION ANALYSIS
l FOR UNSTEADY DRAINAGE FOLLOWING RAINFALL
I 957 Confidence Limits 2
¢ Data Set KH/KB#* KH/XB Intsrcept Nh# r
l 0,99 to -0.0056 to
' Fine Sand 1,053 1.112 0.0079 42 0,993
' 0.930 to «0.0082 to
l Coarse Sand 1.162 1.395 0.0096 37 0,953
1.018 to -0.0045 to
Short Model 1.157 1,295 0.0036 43 . 0,950
l 1.023 to -0,0025 to
Long Model 1,148 1,266 0,0037 36 0.964
1.011 to ~0.0007 to
I 2% Slope 1,033 1,055 0.0007 39 0.999
52 Slope 1.216 1.632 0.0112 12 0.940
I 1.235 to -0.0063 to
102 Slope 1.427 1.619 0.0026 28 0.957
' Average Depth 0.946 to -0,.0087 to
of 0" to 7" 1.195 : 1.443 0.0113 27 0.951
Average Depth 0.935 to =0.0018 to
l ‘of 8" to 14" 1.039 1.143 0.0024 31 0.984
Average Depth 0.937 to -0.0007 to
of 15" to 20" 1.022 1.106 0.0013 21 0.991
I y =0" o 7" 0.995 to -0.0025 to
2% Slope 1.044 1,092 0.0023 11 0.999
y = 0" to 7" 1.016 to ~0.0164 to
l 10Z Slope 1.503 1.989 0.0146 13 0.964
, y = 8" to 14" o 0,964 to ~0.0008 to
2% Slope 1.003 1.042 0.0010 16 0.999
I y = 8" to 14" 0.855 to ~0.0039 to
10% Slope 1.136 1.416 0.0039 11 0.957
I y = 15" to 20" 0.903 to -0.0013 to
2% Slope 1.024 1.145 0.0022 12 0.992
y = 15" to 20" 0.664 to ~-0.0016 to
l 10Z Slope 0.935 1.206 0.0016 6 0.999
‘ * KH = Hydraulic conductivity value using HELP equation.
l KB = Hydraulic conductivity value using Boussinesq solution.
** N = Number of values in data set.
I 95
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rainfall intansity. Imspection of the data indicatad that rainfall duration
snd intensity had ne effect on the drainage rate for a given sand, slope,
length and saturated depth as depicted by the hydraulic conductivity esti-
mates. This wvas verified by performing an unequal two-vay analysis af
varisace (ANOVA) using slope as the Blocks and either rainfall duration or
intensity as the treatments., Blocks ars the different lavels of a variahle
that produced variance in the measured result. The levels of slope for the
blocks were 2, 5 and 10 percent. Treatments are the different levels of the
second variable that produce variance (6). Slope was selected for the blocks
since it showed the greatest effects on the ratios of drainage rates presented
in Section 6 and the ratios of hydraulic conductivity values as shown in
Table B=-2,

The effacts of the remaining four parameters on the ratio of the hydrau-
l1ic conductivity estimstes wers emamined by two methods., The first method was
linear regression of the HELP-generated and Boussinesq-ganerated estimatas of
hydraulic conductivity. This method does not examine interaction effecta and
can yield erronecus results due to interactions and cross-correlations,
Thersfore, unequal two- and three-way ANOVAs on the 79 ratics of the hydraulie
.conductivity estimates for unsteady drainage following rainfall were used as
the second method because of their ability to account for interactions between
variables,

The results of the linear regression analyses for type of sand, drainage
length, slope, average depth of saturation and average depth of saturation at
a given slope are presented in Table B-2. The ratio for estimates generated
with data from drainage tests using fine sand was 1.053, while it was 1.162
for estimates for coarse sand. The regressions are shown in Figure B-4. How-
ever, the confidence interval for the coarse sand ratio was large and included
the confidence limits for the fine sand ratio so the type of sand did not sig-
nificancly affect the ratio. However, since the size of the confidence inter-
vals differed by a factor of 3, the type of sand may have an interaction with
at least one of the other variables. The ratios for short model estimates and
long model estimates are very similar as shown in Figure B-5 and therefore the
drainage length does not significantly affect the estimates. The ratio of
KH/KB increased significantly with increasing slope as shown in Figure B-6,
indicating that the HELP model underestimates the effects of slope in increas-
ing the drainage rate as predicted by the Boussinesq solution. The effect of
depth of saturation is shown in Figure B-7 where the hydraulic conductivity
estimates were divided into three groups based om ‘the depth of saturation for
which the estimate was generated. These ratios were not significantly differ-
ent because the confidence interval for the ratio at depths of saturation
ranging from 0 to 7 inches was much larger than the others. As with the type
of sand, an interaction may be occurring with another variable.

The interaction of slope and depth of saturation was examined by perform-
ing separate regressions for the effect of depth of saturation using estimates
of hydraulic conductivity for drainage tests at 2-percent and 10-percent
slopes. Figures B-8 and B-9 show the regressions for 2-percent and 10-percent
slopes, respectively. At 2-percent slope the ratios did not differ at the
three ranges of depth of saturation. At l0-percent slope KH/KB decreased sig-
nificantly with increasing depth of saturation. Consequently, the HELP
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equation mderastimsted lateral drainage at smell depthe and large slopes
compared to the Bowssinesg sclutiom dut agreed well at depths above 14 in,

Additiomal comparisoms of the effects of design parameters and their
interactions on KB/KB wers made using umequal three-way ANOVA. Use of ANOVA
on the 7% ratios for unstesdy drainaga following rainfall indicated that the
nain effects of slope, depth of saturation and drainage length and the
interactive effects of slope with drainage lemgth and slope with depth (listed
in their order of importancs) were all significant st 35«-percent confidence.
Using ANOVA on tha 42 racivs frem the tests on fine sand, only the effect of
slope was significant at ¥S~percent confidence. PFor the 37 values from tests
on coarse sand, the interactive effect of slope with drainage length and the
main ¢ffect of slopa ware sigaificanc at 95-percent confidencs.

Results of ANOVAs om the data sets divided by type of sand indicates that
interaction occurred hetweed the type of sand and the other effects such as
depth of saturation, drainage length, and slope with depth, since thesa vari~
ables were not significant upon dividing the data sets, Therefors, am addi-
tional unequal thres-way ANOVA was performed examining the effects of type of
sand, slope and drainage length using all 79 ratigs for unsteady drainage
following rainfall. Depth of saturation was replaced by type of sand in the
analysis since depth of saturation was not significant in either of the two
ANOVAs performed on data for one type of sand. The results indicate that the
interactive effect of slope with drainage length and the main effects of
slope, type of sand and drainage length (listed in the order of importance)
are significant at 95-percent confidence.

In conclusion, the HELP equation underpredicts the lateral drainage rate
in comparison to the numerical solution of the Boussinesq equation by about
12 percent for unsteady drainage and by about 29 percent for steady-state

. drainage. The actual underprediction is a function of slope, product of the

slope and drainage length, type of sand, and drainage length. The two models
treat these effects in significantly different ways but, nevertheless, fre-
quently produce similar drainage rates. Under the worst conditions, the
drainage rate was underpredicted by 50 percent and overpredicted by 50 percent
during unsteady drainage. Under steady-state conditions, drainage was under-
predicted by a range of 13 to 40 percent.
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APPENDIX C

COMPARISONS BETWEEN LABORATORY MEASUREMENTS
AND NUMERICAL BOUSSINESQ SOLUTIONS

The HELP lateral drainage equation was developed to approximate mumerical
solutions of the ome—~dimensional Boussinesq equation for unsteady, unconfined,
saturated flow through porous media. Appendix B and parts of Sectiom 6 of
this report present comparisons between the HELP equation and the Boussinesq
solution te evaluate the validity of the HELP equation. Therefore, it is
necessary to compare the Boussinesq solutions to the laberatory measuraments.
This forms a basis for judging the significance of the differences betwaen the
HELP equatiom predictions and the laboratory measurements, and batween the
HELP equation and tha Boussinesq solution. Thia appendix presents the com-
parisons and discusses briefly how well the Boussinasq solution predicts the
drainage results. In addition, the performance of the HELP equation is com-
pared to the Boussinesq solution results to present the significance of the
differences between the HELP predictions and the laboratory measurements.

Figures C-l1 and C-2 show the range of measured drainage rates as a func-
tion of average head above the liner (average depth of saturation). Three
predictions by the numerical Boussinesq solution using three hydraulic conduc-—
tivity conditions are shown for eath test condition. The first curve is based
on the hydraulic conductivity measured in the laboratory permeameters. The
second curve was obtained by using an average of the various hydraulic conduc-
tivity values estimated for the test condition by attempts to calibrate the
Boussinesq solution. For the third curve, the hydraulic conductivity was
entered as a power function of the average depth of saturation. This equation
was developed by performing a curve fit of the hydraulic conductivity values
obtained by calibration. These power functions are presented in Section 6.
These figures are analogous to Figures 25 and 26 in Section 6, where the

predictions were obtained using the HELP model instead of the Boussinesg
solution.

The predictions using the laboratory-measured hydraulic conductivity
value differ greatly from the actual results in all but one of the eight test
conditions. Predictions based on the mean hydraulic conductivity values cali-
brated for the test conditions performed better and generally showed agreement
over a narrow range of average depths. Better agreement was obtained using
the function for hydraulic conductivity,; but the relationship did not fall
within the range of observations throughout the entire range of average satu-
rated depth despite all of the attempts to calibrate the Boussinesq solutiom.

Comparing the results shown in Figures C-l and C-2 with Figures 25 and 26
shows that the results obtained using the HELP equation with the same
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bydraulie conductivity valuse produced results thst were slightly better,
though perhape mot significantly, tham the Bovesineeq solution. This resul:
is surprising since the hydraulic conductivity values wers calibrated for the
Boussinesq sclutiom and not the HELP equatiom. Conasquently, it is apparent
that the HELP model performe as well as the Beuseinesq solution. Ia additiom,
the differences between the two methods are much smaller than the differences
between the predicted and actual results, amd in some cases are smaller than
the range in the actual results.

Figures C=3 throwgh C~6 show the msasured drainage rate and the predicted
drainage rate as a function of time using the Boussinesq solution with the
pover funaction of depth of saturation used for the hydraulic conductivity
value, Figures C-3 through C-6 alsc show the meassred average depth of
saturation and the predicted depth as a function of time. Thess figures are
analogous to Figures 22 through 30 in Section 6 where the predicted values
Wwere obtained using the HELP equation. The results shown in these figures
vary greatly; some show good agreement, some show PooY agreemant, and soms
show good agreement only after infiltrationm ceages. The sams is true for both
the drainage rate and the average depth of saturation, 1In general, the
results wers very comparable to the results obtained uaing the HELP model but
were significantly better for test conditions having 10-percent slope. The
HELP model yielded better results for test conditions having 2-percent slope.
The HELP equation predicted smaller drainage rates for a given average depth
of saturationm.

Figures C-7 through C-10 show the measured and predicted head above the
drain as a function of the distance from the drain under conditions when the
average head is increasing and decreasing, respectively, labeled f£ill and
drain. The figures also show the head contributed by the sloped liner. The
predicted results were obtained from the numerical Boussinesq solution. Simi-
lar head profiles are not predicted by the HELP model and therefore no compar-
isons can be made for the HELP model. 1In general, the Boussinesq solution
predicts a more level profile with a steeper gradient near the drain under
conditions of decreasing heads. Under conditions of increasing heads the
Boussinesq solution still tends to predict steeper gradients near the drain,
but elsewhere the profile tends to be nearly parallel to the clay liner; the
actual profiles varied greatly.

To summarize, the Boussinesq solution after calibration still produces
results significantly different from those measured in the drainage tests.
The results obtained with the HELP model were generally as good or better than
the Boussinesq solution. The HELP equation performed better on tests con-
ducted with 2-percent slope and the Boussinesq solution performed somewhat
better on tests conducted at l0-percent slope. The differences between
predictions by the two methods for a given set of conditions were small in
comparison to the range of actual results. Similarly, the differences between
the predictions and the actual results were much larger than the differences

: b

between the HELP equation and the Boussinesq equation.
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Figure C-7. Measured head profiles for unsteady drainage during 24-hr
rainfall test at 2-percent slope and during 6-hr rainfall
test at lO-percent slope compared to numerical Boussinesq
solutions for fine sand in short model.
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Figure C-8. Measured head profiles for unsteady drainage during 6~hr
rainfall test compared to numerical Boussinesq solutions
for fine sand in long model at slopes of 2 and 10 percent.
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Figure C-9. Measured head profiles for unsteady drainage during 6-hr rain-
fall test compared to numerical Boussinesq solutions for
coarse sand in short model at slopes of 2 and 10 percent.
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Figure C-10. Measured head profiles for unsteady drainage during 6-hr

rainfall test compared to numerical Boussinesq solutions

for coarse sand in long model at slopes of 2 and 10 percent.

117

L e b
detse T diangur?




