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EXEQUTI VE SUMWARY

The quantification of water novenent in the unsaturated zone is an
obj ective of the Hanford Site Perfornmance Assessnent Program sponsored by
the US Departnent of Energy. This programis being conducted by the
Pacific Northwest Laboratory (PN) and Vst inghouse Hanford Conpany. To
acconpl i sh this objective, PNL has undertaken a study to eval uate methods for
neasuring and predicting unsaturated hydraulic conductivities. This report
details sone recent field neasurements and conpares predicted and neasured
val ues of hydraulic conductivities for three locations at the Hanford Ste.

Measurenents fromsnmal | (6-cmdia.) "point" and large(2-m by 2-m)
"plot" areas utilized infiltration and drai nage techniques to obtain in situ
data for field-saturated and unsaturated hydraulic conductivity. The Quel ph
perneaneter was used for point sanpling, and the unsteady drainage-flux
nethod was used on plots for field-saturated and unsaturated hydraulic con-
ductivity neasurenments. Steady-state techniques were used to measure unsat u-
rated hydraulic conductivities in small colums in the |aboratory for one of

the three soils tested to provide a conparison wth data obtained fromthe
field.

The sandy soil at the Buried WWste Test Facility near the 300 North
Area buri a1 grounds yiel ded hydraul ic conductivity val ues that ranged over
five orders of magnitude (6 x 10-3 to 9 x 10-8 cm/s). These val ues represent
a water content range fromfield saturationto "field capacity" (i .e., well
drained), corresponding to values of 0.303 and 0.096 cm3/cm3, respectively.
The |aboratory and field measurenents agree within a factor of five for the
range of neasured values. A power function relationship describes the field-
neasured hydraulic conductivity data fairly well for typical water contents
observed in the field.

The Grass site is approximately 3 kmsout hwest of the Buried Wste Test
Facility. The soil profile at the Gass siteis layered, with |oany sand
overlying sand. Hydraulic head data indicate that |ateral spreading of water
in the upper layers of soil occurred during the drainage phase of the experi-
nent at this site. Calculations of hydraulic conductivity by the unsteady
drai nage-f1ux nethod assume one-dimensional (vertical) flow Therefore, data



fromthe unsteady drainage-flux experinment at this site were not used to

cal cul ate unsaturated hydraul ic conductivities. The experiment was repeated
w th modifications to ensure one-dinensional (vertical) water movenent, and
these data are being eval uat ed.

The McCee Ranch is approxi mately 37 kmnorthwest of the Buried Waste
Test Faci 1ity. The unsteady drai nage-f1ux nethod was used to cal cul ate
hydraul i ¢ conductivity for the fine(loam and silt loan) soil that occurs at
this site. The unsaturated hydraulic conductivities at the MGee Ranch range
from approximately 9 x 10-4 to 8 x 10-7 cm/s over a water content range of
0.40 t0 0.16 cm3/cm3, i.e., fromfield saturationto field capacity.

Measured unsaturated hydraulic conductivities and those predicted from
particle-size distribution and bulk density data agree within one-half to one
and one-hal f orders of magnitude, depending on soil type. To use a particle-
size distribution to estimate water retention characteristics and, subse-
quently, to predict unsaturated hydraulic conductivities, nmeasurenents of
wat er-retention characteristics are necessary to determne a paraneter val ue
used in one of the nodels. Additional soil types would need to be anal yzed
to determne if a single value of the parameter can be used that wll enable
adequat e prediction of hydraulic conductivities for the soil types of inter-
est on the Hanford Site. If the predictive techniques can be refined and
correlated with field nmeasurenents, unsaturated hydraul ic conductivities
coul d be adequately estinated without actual field measurenents. This infor-
mation could then be used in the eval uation of potential renediation or dis-
posal sites or for characterizing |arger areas for recharge estination.

No single nethod for neasuring or calcul ating unsaturated hydraul ic con-
ductivities is appropriate for all Hanford Site soils. Ideally, severa
net hods shoul d be used to take advantage of the strengths of each nethod,
consi dering the data needs and resources avai 1abl e.
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10 [ NTRCDUCTI ON

Various disposal systens have been reviewed for the |ong-termdisposal
and isolation of hazardous wastes. A the Hanford Site, one concern is that
water draining through the unsaturated sedinents may carry contamnants to
the water table. A fundamental property of the unsaturated sedinents that
controls the rate at which water transports contamnants is the hydraulic
conductivity(US Department of Energy 1987, Appendix M). For this reason,
the Hanford Site Performance Assessnent (HSPA) programis eval uating various
procedures for measuring and predicting hydraul ic conductivities of soi 1s at
the Hanford Ste. Athough this report uses the term"soils", the methods
outlined can be applied to most of the near-surface unsaturated sedinents
found on the Hanford Site. MNote that this report considers the sinple case
where water is the only wetting fluid. Whenever nultiphase fl ow and
physi cochem cal interactions are significant, these nethods nust be nodified.

The purpose of this report is to present the results of one research
project that used three techniques to measure and one technique to predict
unsat urated hydraulic conductivities of soils fromthree |ocations on the
Hainford Ste. (bjectives of this study were not only to measure and predi ct
unsaturated hydraul ic conductivities by various nethods, but also to conpare
the methods and, if possible, determne which technique(s) provides the nost
reliabl e results.

For each measurenent technique used, water flowwas neasured and the
hydraul i ¢ conductivity cal cul ated fromthe appropriate formof Darcy's Law
The technique used in this study for making neasurements in the |aboratory is
a nodification of the steady-state flux nethod of K ute and Dirksen (1936).
The nodification involved controlling the flux of water into the soil col ums
with equi prent described by Werenga et al.(1986).  The techniques used for
maki ng neasurenents at the field sites included the unsteady drainage-fl ux
nethod (G een, Ahuja, and Chong 1986) and the Quel ph perneaneter nethod
(Reynolds and Hrick 1985) . The steady-state f1ux and unsteady drai nage-f1ux
net hods have traditional |y been the most accurate techniques. Both tech-
niques are relatively tinme consumng. Consequently, they may be inpractica
for making the | arge nunber of neasurenents needed to characterize areas



(N e sen, Biggar, and Erh 1973). The Quel ph pernmeameter was used in addition
to the other nethods because of its speed, |ow water-use requirenents, and
portability.

Met hods of predicting unsaturated hydraulic conductivity rely on
description of the water retention curve (WRC) rather than nmeasurenents of
water flow Mialem(1986) and van Genuchten (1978) describe many of these
nmethods. A WRC relates the volunetric water content to the soil water poten-
ti al. The WRC can be determined in the laboratory or in the field. Field
measurenents of water retention require nore effort than laboratory
measurenents, especial ly for relatively dry conditions. An alternativeto
measuring water retention characteristics is to predict themfromsoil tex-
tural and structural properties. This can be done in a variety of ways,
including multipie regression techniques that relate water contents at
specified soi 1-water pressures to texture and bulk density (e.g., Hal 1 et al.
1977, Gupta and Larson 1979).

In this study, prediction of water retention characteristics is based on
an enpirical nodel by Arya and Paris (1981) which also uses particle-size
distribution and bulk density data. This type of analysis is potentially
attractive for use at the Hanford Site because particle-size distribution
data have already been collected from nunerous test and observation wells
(I .e., the Westinghouse Hanford Conpany grain-size data base).

This report provides hydraulic conductivity data for three test |oca-
tions at the Hanford Site (see Figure 1.1) - |) the Buried Waste Test Facil-
ity (BWIF) , described by Phil Tips et al. (1979) ; 2) the Grass site, described
by Gee and Kirkham(1984) ; and 3) the McGee Ranch, described by Last et al.
(1987).  The methods used for neasurenents, predictions, and data interpreta-
tions of unsaturated hydraulic conductivity are presented in the sections
that follow  Physical property data fromthe three test |ocations are
provided in the appendi xes.
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2.0  METHODS

Various nethods have been devel oped for neasuring the hydraulic con-
ductivity of soils in the [aboratory and field (Klute and Dirksen 1986).
Field neasurements are general |y considered to be nore representative of
actual soil properties and conditions than |aboratory measurenents, but
require nore effort. Good agreement between field and |aboratory data is
often difficult to obtain because the natural soil heterogeneity of in situ
soi 1s is usual Iy not represented in laboratory sanples. Valid correlations
are also made difficult by problens encountered in field studies, such as
i nconpl ete saturation, hysteresis effects, and preferential flow

Met hods that predict hydraulic conductivity based on particle-size dis-
tribution and bulk density data are generally easier to use than field or
| aboratory methods, but yield results with nore uncertainties than those
determ ned experimentally. These nethods are usually based on sinplifying
assunptions and typically require a considerabl e amount of field or |abora-

tory data for initial parameter estimtion, and in order to make defensible
predi ctions.

A problemaffecting all methods is the attainnent of a high degree of
accuracy. In addition, no technique is conpletely reliable or adequately
deals with all problens of measurenment scale, spatial variability, and sanple
representativeness for all conditions. Consequently, the approach used in
this study w11 be to conpare the results of several techniques, and to use

the results of the steady-state flux and unsteady drainage-flux nethods as
standards of relative accuracy.

To understand how various measurenent techniques work, it is inportant
to understand the processes controlling water flowin soil. Water moves in
an unsaturated soil as liquid and vapor. Under isothermal conditions, water
general Iy moves fromregions of higher to |ower potential energy. This
potential energy, H, can be expressed as

H=hp+hs+hp+hz (2.1)
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= pressure potential

hs = solute potential
hm = matric potential
hz = gravitational potential.

Pressure potential represents external forces, such as water ponded on the
surface of a field plot during the infiltration phase of an unsteady drain-
age-flux method experiment. Solute potential represents the attractive
forces of water to higher solute concentration or osmotic forces. Matric
potential represents the capillary and adsorptive forces which attract and
bind water to the soil matrix. Gravitational potential is the energy associ-
ated with the location of water in the Earth's gravitational field, measured
with respect to some reference point such as the soil surface. In most
cases, pressure and solute potential are considered negligible. Conse-
quently, the total potential, in the context of this report, is the am of
the matric potential, h(cm), and the gravitational potential (or vertical
distance from the soil surface), z(cm). The am of matric and gravitational
potentials, when expressed on an equivalent height-of -water basis, is knowmn
as the hydraulic head. The total hydraulic head, as used in this report,
consists of the matric head and the gravitational head.

The flux (q) of water through soil is proportional to the hydraulic head
gradient (dH/dz). For saturated soils, the flux can be determined with the
Darcy flow equation

q = -Ks %ﬂ- (2.2)

where Ks is the saturated hydraulic conductivity (i.e., the proportionality
factor). For unsaturated soils, the hydraulic conductivity is nonlinearly
related to the matric head or water content. Equation (2.2) is usually
modified to be

q = ko) & (2.3)

2.2



where K i s defined as the flux of water per unit gradient of hydraulic head
and 6 is the volumetric water content or volume of water per unit bul k volume
of soil. To describe transient, vertical flow, Equation (2.3) must be com-
bined with the equation of continuity

(2.4)

|
o
"
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where t is time and z is depth. This combination i s commonly knom as the
Richards equation (Richards 1931).

o
+o

-2 [K(e)g—g] (2.5)

2.1. SIEADY-SIATE FLUX CONTROL

Laboratory determinations of hydraul ic conductivities by the steady-
state flux control method were mede using the general method described by
Kl ute and Dirksen (1986). The method was modified by control 1ing the flux of
water into the soil columns with equipment described by Wierenga et al.
(1986). An acrylic cylinder of koamn volume wes packed with soil to a pre-
scribed bulk density. The lower end of the cylinder was covered with a por-
ous stainless steel plate (bubbling pressure = 245 en H20) within an acrylic
end cap. The end cap had a fitting to allow connection to a vacuum chamber.
Rubber O-ring seals within the cap ensured an airtight seal between the
cyl inder and the cap. The upper end of the cylinder was covered by an
acrylic cap with a fitting that alowed connection to a syringe pump and
solution reservoir. The top end cap was fitted loosely on the cylinder, so
that the air above the soil wes at atmospheric pressure. The acrylic cylin-

der had two tensiometer ports, at 5 en and 25 en above the stainless steel
plate.

The syringe pinp was adjusted to pulse a small volume of water at regu-
lar intervals to establish steady-state flow conditions through the soil col-
umn.  The pulse volume was minimized and pulse frequency maximized to the



extent possible. The starting point was a flux equal to the saturated hydra-
ulic conductivity, with a unit gradient or hydraulic head difference equal to
the di stance between tensioneters (20 cm . To establ ish unsaturated condi -
tions within the col um, vacuumwas applied to the vacuum chanber and the
bottomof the colum. The syringe punp was adj usted to reduce the flux of
water into the top of the colum, so that the fluxes entering and exiting the
cylinder were equal. This steady-state condition was determned by moni-
toring the tensioneters with a TENSI METER pressure transducer (Soi 1 Measure-
nent Systens, 1906 South Espina, Las Oruces, NM 88001). Wen the readings of
both tensiometers were equal, steady hydraulic flowand a uniformvol umetric
wat er content were assumed to exist (i .e., unit gradient conditions). For
these unit gradient conditions, Equation(23) reduces to g = -K(4) and the
conductivity is equal to the input flux. The water content associated wth
the input flux(i .e., hydraulic conductivity) was determned by weighing the
entire soil colum. The reference weight for the soil colum was the wei ght
at approxi mately 100% saturation. As a datumcheck at the end of each
experiment, the soil was renmoved fromthe colum and oven dried to calculate
a gravinetric water content. Applying higher suctions to the bottomof the
colum and reducing the input flux appropriately allowed neasurenent of

unsat urated hydraulic conductivities over the range of 0 to -196 cmof matric
head.

This method was only used for determning unsaturated hydraulic con-
ductivities of L-soil (97% sand, 2bsilt, 1%clay), which is the [aboratory
designation for soil collected fromthe BAIF site in 1978 (Phillips et a.
1979; Cass, Canpbell, and Jones 1981). Two repetitions with L-soi 1 were
conducted at each of two bulk densities, 1.6 and 1.7 g/cm3. W& assumed that

these laboratory sanples are textural |y equival ent to sanpl es subsequently
col lected fromthis site.

2.2 UNSTEADY DRAI NAGE-FLUX

The unsteady drai nage-flux nethod is based on Darci an anal ysis of trans-
ient in situ soil-water content and hydraulic head profiles during vertical
drainage fromfield plots. The method, as used in this study, consisted of



ponding water on the surface of a plot until the profile was wetted beyond
the maxi mumdepth of interest. The soi 1 surface was then covered with clear
plastic and a thin (approximately 3-cmthick) |ayer of soil to prevent evapo-
ration and to mnimze thernal effects. [Isothermal conditions were assuned
to exist inthe profile during drainage. \ater contents and hydraulic heads
were then nonitored as the water in the profile redistributed and drained.

Ponding was facilitated by using existing caisson walls (e.g., at the
BWF site), using planking installed in narrowtrenches around which soil was
t horoughl y conpacted (e.g., at the Gass site), or by bermng soil around the
plot (e.g., at the MCee Ranch site). \éter was supplied froman observation
well via an electric punp at the BNF site, and by hauling water by truck to
the other two sites. \Mter contents were monitored wth a nodel 503DR Hydro-
probe (Canpbel |  Pacific Nuclear Corp., 2830 Howe Rl, Mrtinez, CA 94553)
inserted into steel or al umnumaccess tubes installed vertically in each
plot. Matric heads were neasured with tensioneters and a TENSI METER pressure
t ransducer .

Tensi onet er and neutron probe readings were taken every 10 to 15 mn
during the initial drainage and redistribution phase of each experinent, and
| ess frequently as time passed. The tensionmeters were placed at 15- to
30-cmdepth increments, down to 180 cmat the BMF and Grass sites and to
120 cm at the MGee Ranch site. Al tensionmeter neasurenents were referenced
to the soil surface. Neutron probe readings were taken at depths correspond-
ing to tensioneter placenent, with the exception of the BATF sout heast cais-
son study, where no tensionmeters were installed. Tensioneters were not
installed in the southeast caisson because the cai sson was not |arge enough
to place themfar enough away fromthe neutron access tube so that probe
readi ngs woul d not be affected by the water in the tensioneters. \Volunetric
water content was determned fromneutron probe count readings by field cali-
brations at each site.

The unsteady drainage-flux nmethod was first used for field neasurements
by Richards, Gardner, and Qyata(1956).  Further devel opnents in the nethod
were made by Nelsen et. a1(1964); Rose, Stern, and Drummond (1965); and



Wt son (1966).  The actual conputations of hydraulic conductivity used in
this study are based on the tinme-averaging method used by Rose, Stern, and
Drummond (1965), and the instantaneous profile method (after Watson 1966)

To obtain the value of K at depth, L, Equation (25 can be integrated
with respect to z, fromthe soil surface (z = 0) to the maxi mum depth of
interest (z = -L), by the following equation

dH

K 5;] 220 (2.6)

-L 98 _  OH
Al (KRR I
Because there is no flow across the plastic-covered soil surface, the second
termon the right-hand side of Equation (2.6) effectively becomes zero. Sub-
stituting (h +2z) for Hand rearranging Equation (2.6) vyields

L3 g,

K(e) = .O_Bhﬁ— (2.7)
5z * 1

The val ues on the right-hand side of Equation (2.7) are evaluated to deter-
mne K(8) at selected tinmes for each depth of measurement.

Using a tine-averaging approach, the integral, | 88/8t dz, of Equa-
tion (2.7) can be estimated by trapezoidal approximtion for each depth
interval, as described by Green, Ahuja, and Chong (1986).  The water content
fromthe surface (z = 0) tothe first depth of measurement is taken as that

nmeasured at the first depth. For exanple, for data points at 30-cmdepth
interval s and at depth, Zq,

n-1
/ozlae/at dz = 3061 + T 30(8; + 6i+1)/2 (2.8)
i=1

where @43 is the soil-water content neasured at the ith point in the profile,
neasured fromthe top of the profile, and n is the number of data points down
to depth, z;. The total head gradients are then approximated by

ra



9H/9z = [h(depthz+1,t) - h(depthz,t)/(depthz+] - depthz)] - 1 (2.9)

where all variables have been defined previously. Aternatively, head gra-
dients can be determned by curve-fitting techniques as outlined by G een,
Ahuja, and Chong (1986). Fluxes are cal culated at each depth and neasurenent
tinme to be equal to the vol ume change in water stored between neasurenent
depths during a given tine interval, as determned fromthe previously
described trapezoidal integration procedure. Tine-averaged gradients and
water contents are then cal cul ated, and hydraulic conductivity val ues corres-
ponding to the tine-averaged water content are determned by dividing the
calcul ated fluxes by the time-averaged gradients.

Using an instantaneous profile approach, volunetric water content is
plotted versus tine for each depth of measurement, and curves are fit to
these data. The slopes of these curves (-84/8t) are then neasured at sel ec-
ted times and multiplied by their respective depth increnents to obtain the
per-layer rate of water content change. The flux through the bottomof each
| ayer is then cal cul ated by accumulating the water content increments of all
| ayers overlying that depthfi .e., q = (88/8t)/dz]. Matric head val ues are
plotted versus tinme, and the depth of each tensioneter is added to each
matric head value to obtain total hydraulic head profiles. Then, the hyd-
raulic conductivity is calculated by dividing the flux values by their cor-
responding hydraul ic head gradient val ues.

The tine-averagi ng and instantaneous profile procedures should yield
simlar results, especially wth data fromsoi 1 profiles that are relatively
uniformby depth. Differences between the results obtained by the two pro-
cedures are caused by the different approxinations of the differential and
integral quantities.

Bl ack, Gardner, and Thurtel 1(1969) studied drai nage 10sses from lysime-
ters and noted that the "unit gradient" condition was often valid. Davidson
et a. (1969) rewote Equation(25 in unit gradient formsuch that

oalc»

+lD
n
IQ’

> [-K(0)] (2.10)
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Using Equation (2.7) to estimate hydraul ic conductivities requires knowledge
of the rate of change in water content and the hydraulic head gradient. The
unit gradient method modifies this data requirement by assuming that the head
gradient is uniformly equal to 1. This condition arises when the water con-
tent is nearly uniform with depth, and results in 8h/3z s 0 and 8H/dz ~ 1.

Sisson, Ferguson, and van Genuchten (1980) solved Equation (2.10) by
using a solution scheme proposed by Lax (1972). This solution can be used in
two ways. First, if soil hydraulic properties are known, the solution
describes the water content profile between the soil surface and the advanc-
ing drainage front. Second, if water content is measured during drainage,
the solution can be used to estimate soil hydraulic properties. Both appli-
cations are limited by the validity of the unit gradient assumption.

Sisson (1987) extended the concept of a unit gradient to a "fixed gradi-
ent”, where 8H/8z mey not be identical to 1, but is a function of depth, and
I's invariant with time. Scaling theory is incorporated into the assumption
of a fixed gradient to define mav water content and space variables. The
fixed gradient thereby becomes a unit gradient, when written in terms of the
scaled variables. This extension allows the fixed-gradient problem to be
solved using unit gradient solutions.

The fixed gradient analyses used in this study assume a power function
relationship between hydraulic conductivity and water content. This rela-
tionship is the Watson (1967) modd

K = Kes (6/6m)%/P (2.11)

where Kfs is the field-saturated hydraulic conductivity, 6y is the madmum
water content obtained during ponding, and g is an uknoawn parameter. W
the ponding phase of an unsteady drainage-flux method experiment has ended,
the final rate of infiltration is used to estimate Kfs, ad 6y i S approxi-
mated by averaging the water contents at each depth to the deepest depth of
interest. Multiple regression is then performed on log (z/t) versus log 6 to
determine the slopes and intercepts of least-squares fits of straight lines
to the data. The depth, z, i s measured from the soil surface, and the time,



t, is the time at which neutron probe measurements are taken after ponded
water disappears from the surface of the plot. These slopes and intercepts
are then used to scale the data and to determine the p parameter in the
Watson (1967) model.

2.3 GUELPH PERMEAMETER

The Guelph permeameter method (Reynolds and Elrick 1985) measures the
steady-state rate of water intake from a cylindrical auger hole in which a
constant depth of water is maintained. The air-inlet tube of the Guelph
permeameter is used to establish and maintain a constant head level, H, while
the corresponding discharge rate, Q, is measured as the rate of discharge
from the permeameter water reservoir. This method simultaneously measures in
situ field-saturated hydraulic conductivity, Kfg, and matric flux potential,
¢m., in the unsaturated zone. The Guelph permeameter used in this study was
obtained from Soil Moisture Equipment Corp., PO. Box 30025, Santa Barbara,
CA 93105.

The matric flux potential is defined by Gardner (1958) as
" /2 K(h)dh; - < h <0 (2.12)

where K(h) is the hydraulic conductivity-matric head relationship. Calcu-
lations using the Guelph permeameter method assume the exponential K(h)
relationship of Gardner (1958)

K = Kfs exp (ah); hj <h <0 (2.13)
where a is the slope of the curve 1n(K) versus h, and hi is the initial

matric head in the soil. Substituting Equation (2.13) into (2.12) and inte-
grating produces

K
b = -Z—S [1 - exp (ahi)] (2.14)



which simplifies to

a = Kfs/¢m (2.15)

for may soils at "field capacity" or drier conditions (Scotter, Clothier,
and Harper 1982). Field capacity is not a quantitatively defined water con-
tent. However, it can be qualitatively defined as the water content of a
relatively uniform, deep soil that has drained for 2 to 3 days after thorough
wetting. This is generally considered to be a water content reached under
conditions of no evaporation or water uptake by plants.

Steady-state recharge depends on Kfs and ¢m. The steady-state recharge
rate, Q, is given by

21|'H2 2 2xH

Q=5 Keg * maKeg + 0 4y (2.16)

where the first, second, and third terms on the right-hand side of the equa-
tion represent the pressure, gravity, and capillarity components, respec-
tively. Equation (2.16) is an approximate analytical solution based on
saturated-unsaturated flow theory (Reynolds and Hrick 1985), where H is the
head level in the well, a is the well radius, and C is the shape of the satu-
rated soil "bulb" surrounding the well hole. The value of C is primarily a
function of H/a in saturated soils, but also depends on soil structure, tex-
ture, and initial matric head in unsaturated soils. Values of C were
obtained from standard C-curves in the operating instructions for the Guelph
permeameter. These standard curves were developed from numerical simulations
of steady, saturated-unsaturated flow around wells in coarse sand, Gud ph
loam, and unstructured clay.

The field-saturated hydraul ic conductivity and matric flux potential in
this study were calculated from steady-state recharge rates by a simultaneous
equation approach, referred to as the Richards analysis (GP-R) by Reynolds,
Elrick, and Clothier (1985) using Equation (2.16). The GP-R analysis
requires two or more constant head level discharge measurements. Therefore,



when steady-state flowis reached at one head | evel, the air-inlet tubeis

sinply raised to a different height, and the steady-state recharge at that
head |evel is measured.

2.4 PRED CTI VE TEGHN QUES

The RETC.F77 conputer program(van Genuchten 1985) was used to fit a
mat hematical function to the measured and predicted water retention data, and
to predict unsaturated hydraulic conductivities. This program uses non-
linear, |east-squares curve fitting tofit asoil WRC of the form

1 m
9=9+e-9)[——] (2.17)
r ( S r 1+ (ah)n
where 6y = residual soil water content
6s = saturated soil water content
h = matric head
a, m and n = curve-fitting paranmeters.

Mial em(1976) devel oped a general nodel to predict the hydraul ic conductivity
fromthe soil WRC This nodel has the form

K=K S [F(5.)/f(1)1° (2.18)
wher e
£(S.) = /Se# ds. (2.19)
e 0 h(S') e *

Se = (6 - 6r)/(6s - 6r), and 2 is a paraneter.
Assumng that m=1 - 1/n, van Genuchten(1978) derived a cl osed-formsolu-

tion to Equation (2 17). This solution is

1 2
K.(5,) = S/2 [1 - (1 - st/™ “‘] (2.20)



or in terns of matric head

{1-(mh)“'1 [1 + (mh)"]‘"‘}2
{[1 + (ah)]"}‘“’2

where Ky (Or relative hydraul ic conductivity) is the hydraul ic conductivity
divided by the saturated hydraulic conductivity.

K(h) =

(2.21)

One nmethod for predicting the WRC is the physicoenpirical nodel by Arya
and Paris(1981) . This is essential ly a capi 11ary pore nodel that first
translates the particle-sizedistribution into a pore-size distribution.
Qurmul ati ve pore vol umes, corresponding to increasing pore radii, are divided
by the sanple bulk volunme to give volumetric water content. The pore radii

are converted to equivalent matric head val ues by using the equation of
capi 1larity

hi = 24 cosa / pwgri (2.22)
where hi =soil matric head corresponding to the jth pore increnent
7 = surface tension of water
a = contact angle of water with soil particles
pw = density of water

g = gravitational acceleration
ri = radius of the jth pore

In this study, the surface tension was taken as that of pure water at 25°C
(71.97 dynes/cm), and the contact angle was assuned to be zero.

To conpute the pore volumes and radii, the particle-size distribution is
divided into segnents. The solid mass in each segment is assuned to forma
matrix with a bulk density equal to that of a natural structure sanple. For
a unit of sanple mass, an equival ent pore volume is conputed from

Vvi = (Wi/pple; i =1,2,...,n (2.23)



and the corresponding pore radius from

ri = Rj [4en1(1'a)/6]1/2 (2.24)
where Vvi = pore vol une

Wi = solid nass
pp = particle density

e =voidratio

ri = nean pore radius

Rj = nean particle radius

ni = nunber of particles

a =an enpirical constant.

The formul ation for the pore radius assumes spherical particles and cylin-
dri cal pores.

During the auguring of sone of the well holes used for the Quel ph perme-
aneter measurenents, known vol unes of soi 1 were renoved fromeach auger hole
at the depth at which permeaneter neasurenents were taken. These sanpl es
were sealed in plastic bags to maintain original water content and then oven
dried in the laboratory for soil bulk density neasurenents. A brass cylinder
sanpl er was al so used to col | ect bulk density sanples fromthe Gass site and
McGee Ranch unsteady drai nage-f1ux experinent plots.

Bul'k density sanples were al so used for determning particle-size dis-
tribution by a sieve analysis and hydrometer nethod (Gee and Bauder 1986)
These particle-sizedistribution and bulk density data were then used to
predict water retention characteristics by using the nodel of Arya and Paris
(1981). Predicted water retention characteristics were then fit with the
RETC.F77 conputer program and hydraulic conductivities were calculated with
the programusing Mial em s (1976) hydraulic conductivity nodel. In general
this and other nodel s work best when the predicted hydraulic conductivity
val ues are scaled to one or nore neasured val ues. The nost common approach
Is to scale the predicted val ues using the measured saturated hydraulic
conductivity as a matching point between curves.



3.0 SITE DESCRIPTIONS

Three locations at the Hanford Site were selected for unsaturated
hydraulic conductivity measurements: the BWIF, Grass, and McGee Ranch sites.
The locations of these sites are shown in Figure 1.1. These sites represent
three distinct soil profiles as shown in Figure 3.1.

The BWIF and Grass sites are research sites from which data are being
collected for validation studies of the UNSAT-H unsaturated flow code (Fayer,
Gee, and Jones 1986). Soil from the McGee Ranch site is currently being
tested as the surface cover for the Hanford Site Protective Barriers (Kirkham
and Gee 1987). The influence of texture, bulk density, and layering on the
hydraulic properties of soils from these three locations is of interest for
barrier system design and development, as well as for model validation.

3.1 BURIED WASTE TEST FACILITY

The BWIF is located adjacent to the 300 North Area burial grounds (see
Figure 1.1). The facility consists'of an array of seven corrugated,

BWTF Grass Site McGee Ranch
0
30 —-——‘;/-.
60 I "
é 80 - Loam
2 120 . s
o ]
150 |~ ) .l
180 . . 8 . "l

FIGURE 3.1. Soil Profiles at the Field Sites
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gal vani zed-steel caissons of two different diameters, bolted together in the
arrangement shown in Figure 3.2, and two weighing lysineters (not shown)

All seven caissons are 7.6 mlong. The three large caissons are 2.7-m dia.
and the four small caissons are 0.6-m dia. These caissons are filled with a
relatively uniformmaterial, consisting of approximtely 97% sand, 2% silt,
and 1% clay (L-soi 1). This soi 1 consists of the same material that was exca-
vated for the facility, but with particles greater than 1.27-cm dia. screened
out. This facility was originally designed for field water balance and
radionuclide transport studies. Construction and originhl instrumentation
specifications are described by Phi1lips et al. (1979).

Sampl es of L-soil were collected in 1978 during the construction of the
BATF. During the sunmer of 1986, [aboratory measurements of hydraulic con-
ductivity were made on these sanples using the steady-state flux contro
met hod, described in Section 21

8.1m

2.7m

\
Access Port I’ 0.6 m-l

FIGRE 32  Layout of the Buried Waste Test Faci 1ity Caissons

North Caisson
Southeast Caisson

o >
Il



T™wo unsteady drainage-flux method studies were conducted at the BWITF in
October 1986. These studies were in the large north caisson and the small
southeast caisson (A and B, respectively, in Figure 3.2). The upper 20 and
10 en of fi1l material were removed from caissons A and B, respectively, to
expose the tops of the caissons. These exposed ends of the caissons acted as
enclosures for ponding water during infiltration. In the southeast caisson,
an additional 60 en of soil was excavated to remove a previously emplaced
plastic liner. The removed soil was packed back into the caisson after
removing the liner.

Guelph permeameter measurements were taken in the area around the cais-
sons in September and October 1986, and within the north caisson in July
1987.

3.2 RASS JTE

The Grass site is located approximately 3 km southwest of the BWTF. |t
Is situated in a broad, shallow topographic depression approximately 900 m
wide and several hundred meters long in a northeast-southwest direction.
Ongoing water balance and transpiration studies are being conducted at this
Tocation (Gee and Kirkham 1984).

The soil at the Grass site is 3.5 mthick and is well drained. The
upper-most 0.6 m of the soil profile contains approximately 74%sand, 21%
silt, and 5%clay, and is classified as a sandy loam to loamy sand [border-
line, but previously classified as a loamy sand by Gee and Kirkham (1984)].
Fom 0.6 to 3.5 m, the soil consists of approximately 91%sand, 6%silt, and
3%clay, and is classified as a sand. A gravel layer that lies below the
35-m depth is estimated to be several meters thick, based on excavations at
adjacent sites.

This site is instrumented with 25 neutron-probe access tubes arrayed in
a5 by 5grid with a 6 spacing between tubes. The unsteady drainage-flux
experiment conducted at this site in July 1987 was a repeat of a previous
study (Gee and Kirkham 1984), using the same plot (2 m by 2 m and neutron-
probe access tube (No. 25). The 1984 study was repeated in an attempt to



investigate a wider range of water content and to measure hydraulic head that |
was not measured successfully in the first study. |

Guelph permeameter measurements were mede at depths of 20- and 60-cm for |
various locations around the grid of neutron-probe access tubes in September |
and October 1986. Additional measurements were mede in July and August 1987,
both around and within the unsteady drainage-fl i experiment plot.

3.3 McGEE RANCH \

The MdGee Ranch i s approximately 37 km northwest of the BWTF. This |
site has been characterized for near-surface soil texture and other physical
properties (Last et al. 1987). The soil texture at this site ranges from
silt loam to sandy loam. The average particle-size distribution of soil sam-
ples collected from the MdGe Ranch during this study is 36%sand, 49%silt,

and 15%clay, which classifies the soil as a loam. The ground surface at the
MdGe Ranch slopes 3% to 5%to the south.

An unsteady drainage-flux experiment was conducted at this site in July
1987. The location of the 2m by 2m study plot was between the north-south
MdGe Ranch road and a borrow pit from which fine soils were taken for the
Field Lysimeter Test Facility. Several thin (<l-cm) caliche layers were
encountered during installation of tensiometers at depths of approximately
35, 80, and 100 an

Guelph permeameter measurements were taken in July and August 1987, at
various locations around the borrow pit at the MdGee Ranch and within the
unsteady drainage-flux experiment plot at this site.



40 RESULTS A\D DI SQUSSI ON

The fol | owi ng sections describe the results of the nethods used at each
site. (ollected data are reported in tabular and graphic formin the fol | ow
ing sections, and in tabular formin the appendi xes.

4.1 BUR ED WASTE TEST FAQ LITY

Laboratory measurenents of unsaturated hydraul ic conductivity were nmade
on L-soil collected fromthe BMF using the steady-state flux control method.
Two unsteady drainage-flux method experinents were conducted in the southeast
and north caissons (see Figure 32. Quel ph perneanmeter neasurenments were
nmade in the area inmediately surrounding the BATF site and within the north
caisson. Soil sanples were collected fromthe permeaneter auger hol es and
were used for particle-size analysis and subsequent water retention char-
acteristic predictions using the Arya and Paris (1981) nodel. Predicted
water retention curves (WRCs) were then used to predict hydraulic conductivi-
ties wth the RETC F77 conputer program using Mualem's (1976) predictive
conductivity nodel.

411 Steady-State Flux Control Mt hod

Hydraul ic conductivity data fromtwo replications and two bul k densities
for L-soil are displayed on Figure 41 The actual 8, h, and K val ues are
listed in Appendix A Table AL The bulk density variation had little
discernible effect on the measured hydraulic conductivity values. Each
replicated test required one week to pack and saturate the sanples and
approxi matel y six weeks to collect six to seven data points. Cbtaining data
points for the |ower water contents (achieved wth a lowflux rate) took the
majority of the six-week period, because the time necessary to achieve
steady-state fl owwas 1onger (because of the lowflux rates).

4,12 \lhsteady Drainage-Fl ux Method

Vter content data for the southeast caisson drainage study are plotted
on Figure 42 and Tlisted in Appendix A Table A2  Because there was no
col lection of matric head data during this experiment, we assuned that a unit
gradient condition existed. Hydraulic conductivities were then cal cul ated

4.1
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FIGURE 41 Measurenents of Unsaturated Hydraulic Conductivity
of L-Soil by the Steady-State Flux Control Method

using the instantaneous profile method (\atson 1966) and the Lax solution
method (S sson, Ferguson, and van Genuchten 1980) .

Hydraulic conductivities determned using the instantaneous profile
method are plotted on Figure 43 and are listed in Appendix A Table A3
The hydraulic conductivity data for soil depths below 90 cm are grouped rela-
tively close together. The hydraulic conductivity data for the three depths
above 90 cm however, show more variance with respect to water content. W
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FIGURE 4.2. Water Content Profiles Observed During the Unsteady
Drainage-Flux Experiment in the Southeast Caisson

believe this difference resulted from the upper 60 en of soil being dis-
turbed (to remove a previously emplaced plastic liner) and repacked just
prior to beginning the experiment. The effect of this disturbance wes to
create a zone with a lower bulk density than at the lower depths (i.e., a
layering effect).
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for the Watson (1967) K(6) Relationship

Also plotted on Figure 4.3 are the laboratory data from Figure 4.1. The
field data from the upper three depths in the caisson agree with the
laboratory data fairly well, suggesting similar bulk density and packing
characteristics between the L-soil in the laboratory and the upper three
depths in the caisson. Between water contents of approximately 0.12 and
0.25 cm3/cm3, hydraulic conductivities from the lower depths are higher than

4.4



the | aboratory values by as much as a factor of five. For water contents
between 0.10 and 0.12 cm3/cm3, the fid d-neasured conductivities match the
| aboratory conductivities nore closely.

There are several possible explanations for the differences between the
| aboratory and the field conductivities. As nentioned previously, the
variation in packing density expected for field conditions(conpared to the
relative uniformty of packing within a 1aboratory col um) could have
contributed to the differences. Figure 4.1, however, indicates that a bulk
density variation of 0.1 g/cm3 had no discernible effect on the |aboratory-
neasured conductivity values. Another explanation is that the neutron probe
was not adequately calibrated for the caissons. The neutron probe that was
used is undergoing recalibration, but a prelimnary analysis of the newcali-
bration curve indicates that water contents wll not change by mich nmore than
0.01 cm3/cm3, and that cal culated conductivities will not change by nore than
about 5% Athird possibility is that, early in the experinent, a sig-
nificant anount of entrapped air nay have been present (the caisson side
ports were sealed and the bottomwas partially sealed). The entrapped air
woul d have affected the hydraulic head gradients. Unfortunately, we have no
neasure of hydraulic head gradients during the experiment and have relied on
the assunption of a unit gradient.

Conpl ete saturation of a soil profileis very difficult, if not inpos-
sible, toobtainin afield experinent. Al pores are not interconnected or
open, and air may becone trapped in sone of the open pore spaces, effectively
preventing water fromfilling them If an unlimted water supply were avail-
able, and water could be ponded on the plot or the plot irrigated for an
extended period of tine, much of the entrapped air woul d dissolve. Unfor-
tunately, such conditions are not possible for nost field studies of this
type. Therefore, curves fit to field-measured water retention data from
nost unsteady drai nage-fiux nethod experinents do not represent true desorp-
tion curves, but are actually internediate scanning curves representing the
effects of hysteresis(the nonuniqueness of the water content-matric head
relationship). In atypical l|aboratory setup, colums of soil are saturated
fromthe bottom or under a vacuum so that air is driven out the top of the



column as the soi1 becomes saturated. Therefore, 1aboratory WRCs general |y
represent true desorption curves. These differences are part of the reason
why laboratory and field-measured retention and hydraulic conductivity data
typically are not in complete agreement.

The second method for analyzing the southeast caisson data is based mn
the Lax solution (Sisson, Ferguson, and van Genuchten 1980). Multiple
regression of log (z/t), which equals log (dK/dg), versus log 8 by the method
of dmmy variables, was performed to determine the slopes and intercepts of
these lines for parameter estimation in the Wason (1967) model. The depth,
z(em), is measured from the soil surface, ad the time, t(days), is measured
from when water first disappeared from the soil1 surface (i.e., time zero).

The lines shown on Figure 4.4 are least-squares fits to data from each
depth. Eleven regression lines are portrayed on this figure (one for each
depth), but some of them fall on top of each other. Although the sand in the
caisson is relatively uniform with respect to particle-size distribution, the
regression lines representing data from the upper three depths are separated
from the other regression lines. It is apparent that the disturbed soil was
packed to a lower bulk density than the rest of the caisson soil, and that
the hydraulic properties of the upper 70 en were thus altered, as indicated
by the separation between regression lines. This same conclusion was reached
after reviewing the instantaneous profile calculations and i s consistent with
data from layered soil profiles (Sisson 1987).

In Figure 4.5, the water content from each depth was adjusted by the
amount, (6/6m) x 1OBk/B°, and replotted as a single curve with the average
intercept of the curves shown on Figure 44. The 6p value is the madmum
water content reached at each depth. The regression coefficients, Bk and Bg,
are the intercepts and slopes, respectively, of least-squares fits of
straight lines to data from each depth. Adjusting or scaling the data as
shown on Figure 4.5 shows that a large portion of the variance observed in
measured K(@) values can be removed by adjusting or scaling specific water
contents by a fixed amount that depends on spatial position [see Sisson
(1987) for fixed gradient modd details]. Scaling of the water content data
in this way also enables outliers in the data set to be readily identified.
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The infiltration rate at the end of the 2-h ponding period was

0.0063 cm/s.

This value was used as an estimate of Kfs. The volumetric

water content of all depths was averaged to obtain an estimate of g = 0.262
cm3/cm3.  Substituting these s and Kfs values into the Watson (1967) equa-
tion resulted in the following K(8) relationship:

4.7
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K(6) = 0.0063 (8/0.262)8°° (4.1)

where 8.59 is the slope of the log (z/t) versus log 6 regression line, plus
1, after scaling the data. Taking the derivative of the Wason (1967)
equation results in the following equation:



dK/do = Kfs/po_ (9/9,“)1/”'l (4.2)

where 1/8-1 is the slope of the regression line. Therefore, 1 must be added
to the slope before substituting back into the original equation for 1/8.
The solid line shown on Figure 4.3 shows the K(6) relationship (Watson 1967)
determined from this analysis.

The unsteady drainage-flux method was also used to determine hydraulic
conductivities in the north caisson at the BWTF site. Water content profiles
for several times during the north caisson drainage study are plotted on Fig-
ure 4.6 and listed in Appendix A, Table A4. The maimum water content
during ponding was approximately 0.30 cm3/cm3 for all depths, or 75%satur-
ation for a total porosity calculated to be 0.397 assuming bulk and particle
densities of 1.7 and 2.82 g/cm3, respectively. These densities were deter-
mined from laboratory analysis of L-soil. This maimun value of water
content is approximately 25% higher than the maimum value for the southeast
caisson data for depths below 60 an  The fact that both experiments resulted
in a water content significantly less than the total porosity suggests that
entrapped air was present. The presence of entrapped air would prevent the
attainment of complete saturation (Klute 1986). The difference in maimum
water content between the two caissons mey reflect the fact that not all of
the north caisson surface was ponded. The electric pip that supplied water
for ponding on the surface of the caissons did not have a high enough flow
rate to pond water over the entire surface of the north caisson. Therefore,
water was only ponded on a wedge-shaped section of the north caisson,
representing approximately one-third of its total area. By not ponding
water over the entire caisson surface, air could escape more easily from the
north caisson than from the southeast caisson. If this were true, this
mechanism mey be partly responsible for the higher average water content
(0.305 cm3/cm3) in the north caisson, than in the southeast caisson
(0.262 cm3/cm3).

Another observation based on Figure 4.6 is the rapidity with which the
profile drained. More than half of all the water that eventually drained,
drained during the first hour. Fom this observation, we conclude that
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during the early drainage phase, many neasurements are needed to clearly
Al'so, the rapid rate of drainage
creates a problem in that a finite anount of time is needed to obtain a
water content measurement at each depth, and the total time necessary to scan
all depths is significant.

measurement was taken as the time at the beginning of the first reading. In

delineate the shape of the dé/dt curve.

4.10

To sinplify calculations, the recorded time of



retrospect, especially for the early drainage times, it mey have been more
appropriate to correct for the intervals of time needed to lower the neutron
probe and to obtain readings at each depth.

The matric head data in Appendix A, Table A5 were used to calculate
hydraulic head values for the BWTF north caisson experiment. These head
values were used to construct the head profiles shown on Figure 4.7.
Although the head profiles indicate unit gradient conditions throughout most
of the drainage phase of the experiment, there are times when the gradient
near the surface is less than unity. Therefore, hydraulic conductivity cal-
culations using the north caisson data were made with the actual gradient
measurements (i.e., a unit gradient was not assumed). Hydraul ic conduc-
tivities were calculated by the instantaneous profile method for each
measurement time and are listed in Appendix A, Table A6.

Figure 4.8 contains a plot of hydraulic conductivity versus water
content for all depths of the BWTF north caisson, and a plot of the labora-
tory data from Figure 4.1. The results are similar to the results from the
southeast caisson with respect to their general relationship to water
content. In fact, the data indicate that the north caisson, like the south-
east caisson, has hydraulic conductivities that are higher than the labora-
tory data at water contents exceeding 0.12 cm3/cm3. Higher conductivities at
lower water content in the caissons suggest that flow through macropores mey
have had a much greater effect on water content changes in the caissons than
in the laboratory columns at water contents exceeding 0.12 cm3/cm3. If this
were true, it is probably the result of differences in packing density
between the caissons and the laboratory columns,

Analysis of the north caisson data by the Lax solution method (Sisson,
Ferguson, and van Genuchten 1980) and fixed gradient analysis (Sisson 1987)
resulted in the following K(8) relationship for the Watson (1967) modd :

K(6) = 0.025 (6/0.305)8-08

(4.3)
The value of 0.025 cm/s represents the infiltration rate at the end of the
1.5-h ponding period. The water content value of 0.305 cm3/cm3 is the
average of the water content values for all depths at the end of the
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infiltration and start of drainage. The slope of the log (z/t) versus log 6
regression line was 7.08. Scaling the data had very little effect on
regression parameters because of the uniformty of the profile. The solid

Tine on Figure 4.8 resulted fromsubstituting values of @ into Equation (4.3
and plotting the resulting K(g) val ues.

The Kfs of 0.025 cm/s fromthe north caisson is four times larger than
the Kfs of 0.0063 cm/s at the southeast caisson. The potential for three-
dinensional flow resulting fromnot ponding water over the entire surface of
the caisson could explain the higher Kfs value obtained in the north caisson.
Once the profile is wetted and ponding has ceased however, flow is essen-
tially vertical in both caissons. The higher Kfs in the north caisson coul d
al so be a result of the higher degree of saturation
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The rate of infiltration of the ponded water after approximately 2 h of
ponding may not be truly representative of the field-saturated hydraulic
conductivity. The infiltration rate was not neasured as a function of ting;
consequently, the actual steady-state infiltration rate normally ascribed to
Kfs may not have been reached. Better estimates of the Kfs value used in the
Wt son (1967) nodel could probably be obtained by the Guel ph perneaneter or
ot her met hods.



The Watson (1967) nodel curves show hi gher hydraul i c conductivities than
are indicated by |laboratory data and | ower conductivities than are indicated
by nmost of the field data for the southeast and north cai ssons at water
contents between 0.10 and 0.30 cm3/cm3. A |ower water contents, the curves
show hi gher conductivities than are indicated by measured data. COverall,

this Watson (1967) nodel K(@) relationship provides a fairly good description
of the measured data fromthe BATF site.

4.1.3 Qel ph Perneaneter Method

The Quel ph perneanmeter method measures Kfs rather than the actual satu-
rated conductivity, Ks. Field-saturated hydraulic conductivities are gene-
ral |y lower than actual saturated conductivities, because the presence of
entrapped air reduces the pore space available for flowas previously
described. Studies by Stephens et al.(1983) and Stephens, Lambert, and
Vet son (1984) suggest that reasonably accurate estinmates of Ks can usually be
obtained by sinply doubling the Kfs measurenent obtained fromthe Quel ph
perneaneter nethod. The arithnetic nean val ue of Kfg for 15 sets of neasure-
nents by the Quel ph permeaneter at the BAIF site is 0.0045 cm/s. The arith-
netic nean of the four laboratory neasurenents of Ks(Appendix A, Table Al)
is 0.0084 cm/s. Hence, for the BNTF soi 1, the Stephens et al.(1983) and
St ephens, Lanbert, and VMtson (1984) approxinations appear to be va id.

Table 4.1 shows the results of the Quel ph permeaneter anal yses from 15
sets of measurenents taken around the BATF site and within the north caisson
at the BATF site. Potted on Figure 49 is the exponential K(h) relationship
determned fromthe average of these 15 neasurenments. This relationship is

K =0.0045 exp [0.0573 (] (4.4)

where 0.0045 is the field-saturated hydraul ic conductivity (cm/s), 0.0573 is
the slope of the lognormal K versus h line, and h is the matric head.
Included on Figure 49 are the laboratory and field neasurenents of unsatu-
rated hydraul ic conductivity (see Appendix A . Examnation of Figure 49
rai ses the question of whether or not the exponential K(h) relationship
assumed in the Quel ph permeaneter anal ysis adequately describes the K(h)



TABLE 4.1. Results from the Guelph Permeameter for the Buried
Buried Waste Test Facility

Location Kfs, cm/s ém, cm2/s a
Outside Caissons,
30-cm depth
1 0.0006 0.0063 0.0952
2 0.0010 0.0860 0.0116
3 0.0051 0.0367 0.1390
4 0.0031 0.0297 0.1044
5 0.0058 0.0925 0.0627
7 0.0026 0.1140 0.0228
B 0.0029 0.0122 0.2377
13 0.0005 0.0326 0.0153
14 0.0002 0.0727 0.0028
Average 0.0024 0.0536 0.0448
Within North Caisson
15A 0.0051 0.2286 0.0223
178 0.0008 0.1340 0.0060
18A 0.0159 0.0547 0.2907
18B 0.0065 0.0785 0.0828
19A 0.0108 0.1119 0.0965
198 0.0069 0.0892 0.0774
Average 0.0077 0.1162 0.0663
Overall Average 0.0045 0.0786 0.0573
A = 30-cm depth.
B = 60-cm depth.

relationship of this soil. This exponential relationship matches the labora-
tory data within approximately 1 order of magnitude over the range of matric
heads shown. The field data show more of a straight-1line K(h) relationship
than the laboratory data, but the slope of the line constructed from the
Guelph permeameter data does not match the trend of the field data from the
unsteady drainage-flux method experiment.

414 Predictions

Figure 4.10 shows field-measured water retention data from the unsteady
drainage-flux experiment in the north caisson. The solid line was fit to the
data by the RETC.F77 computer program with the Mualem-based (1976) restric-
tion, m = 1-1/n. Also shown on Figure 4.10 are RETC.F77 curve fits to water
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retention values predicted by the Arya and Paris (1981) nodel. These water
retention predictions are based on a conposite particle-size distribution of
sanpl es BWIF- 18A and - 18B col lected within the north caisson at depths of

30 and 60 cm respectively. A bulk density of 17 g/cm3 and a particle
density of 282 g/cm3 were used in the model to calculate a saturated vol u-
metric water content of 0.397 ecm3/cm3. The dashed line is a curve fitted to
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The dashed-dotted line is a curve fitted to water retention predictions wth

the "a" termset at 118  This value of "a" was determned by visual fit to
the measured data.

Hydraul ic conductivities calculated by the instantaneous profile method
for the north caisson data are shown on Figure 411  A'so shown on Fig-
ure 411 is the hydraulic conductivity curve based on field-masured water
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retention data with the kg value fixed at 0.0154 cm/s and the 85 val ue
internally fitted by the programat 0.309 cm3/cm3. This Ks value is two
tines the arithmetic nean of nine Qiel ph Kfs measurements within the north
cai sson (see Appendix B, Table BIl).  The "¢" paraneter used in the Mial em
(1976) nodel was fixed at 0.5, which was the best-fit value of the paraneter
determned by Mialem(1976) in an analysis of several soils. The restric-
tions of m=1-1/n and 2 = 0.5 were inposed on al of the curves fit to
measured data. The fit to the measured hydraulic conductivity data can be
inproved by allow ng the RETC.F77 programto fit values for mand 2 and/or hy
simul taneously fitting water retention and hydraulic conductivity data. As
shown on Figure 4.11, the neasured data could apparently be fit better by
fixing Ks at a higher value or by allowing the programto fit a Ks val ue.

The dashed line on Figure 4.11 represents hydraul i c conductivities
calculated fromthe water retention values predicted by the Arya and Paris
(1981) nodel, with a = 1.38 and Kfs and 6s fixed at 0.0154 cm/s and 0. 397
cm3/cm3, respectively. The calcul ated 6¢ val ue of 0.397 was fixed to
correspond with the Ks value of 0.0154 cm/s in the curve-fitting process.

The dashed-dotted 1ine represents hydraul ic conductivities calculated by the
sane nethod with a = 1.18.  Predicted and neasured conductivities differ from
one another by an order of magnitude or less at water contents exceeding 0.10
cm3/cm3. A Tower water contents, however, differences between measured and
predicted val ues are mich greater.

Changing the "a" termin the Arya and Paris (1981) nodel from1.38 to
1.18 lowered the predicted matric head values by a factor of 2 to 6 between
wat er contents of 0.40 and 0.025 cm3/cm3. Differences between predicted
matric head values at |ower and higher water contents were relatively small
and al most negligible at saturation and at water contents |ess than approxi-
mately 0.025 cm3/cm3. Changing the "a" paraneter had very little effect on
the predicted hydraulic conductivities shown on Figure 4.11.  The general

shapes of the water retention and hydraulic conductivity curves in Figure
4.11 are very simlar.

The hydraul i c conductivities based on the Arya and Paris (1981) nodel
wat er retention predictions agree nore closely with the |aboratory data than
the field data fromthe north caisson(see Figure 48. The calculations of
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pore vol umes associ ated wth each soil-particlegrain-size fraction in the
Arya and Paris nodel assume that particles in each size fraction are packed
in a discrete domain and that, when all domains are considered, the resulting
assenbl age has a bulk density equal to that measured for a natural -structure
sanple. The nodel al so assunes that the total pore space cal culated fromthe
particle and bulk densities is available for filling and is filled at satura-
tion. Therefore, predicted hydraulic conductivities are likely to agree nore
closely with the laboratory data than with the field data. This is a result
of the uniform packing of the |aboratory colums to the bulk density used for
predicting water retention values and the thorough saturation of the [abora-
tory col ums. The RETC F77 conputer programcurve-fitting results are shown
in Table 42  See Section 22 for paraneter descriptions.

4.2 (RASS SI TE

A unsteady drainage-flux experiment was conducted at the Grass site.
Quel ph perneanmet er neasurenents were nade around the neutron probe access
well grid at the site, and within the unsteady drainage-flux experiment plot.

TABLE 42 Qurve-Fitting Results fromthe RETC.F77 Conputer Program
Based on Data fromthe Buried Waste Test Facility

Par anet er s(a)
Dat a Set Or _bs _a m_ n 1 Ks
BWF-North Cai sson
Mt er Retention
Dat a 0.09 0.307 0.0931 R 3.6956 0.5* 0.0154*

AP-Predi cted Wt er

Retention from

Sanpl es 18A and

18B(a = 139 0.0095 0.397* 0.0531 R 2.2719 0.5* 0.0154*

AP-Predi cted VMt er

Retention from

Sanpl es 18A and

18B(a = 118 0.0106 0.397* 0.0972 R  2.5554 0.5* 0.0154*

(@ See Section 22 for garamater definitions.
= Arya and Paris (1981 ) nodel
R = Mial em(1976) based restriction, m= 1-1/n
* = Val ue was fixed
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Soi 1 samples, collected from the auger holes used for permeameter measure-
ments, were used for particle-size analysis.

4.2.1 Unsteady Drainage-Fl ux Method

At the Grass site, water content and matric head were measured as
functions of depth and time. These data are in Appendix A, Tables A7 and
A.8, respectively. Figure 4.12 shows the water content profiles as a
function of time. The maimun water content reached at the 15-cm depth was
0.218 cm3/cm3. The maimum water content reached at the 180-cm depth was
0.142 cm3/cm3. These water content values are much less than the total
porosity of each soil layer (approximately 0.5 for the upper layer and 0.4
for the lower layer). The tensiometer data listed in Appendix A, Table A.8
indicate near-saturated flow conditions at the madimum water content shown.
These results suggest that entrapped air is preventing complete saturation,
at least for the upper soil layer. The lower soil layer, which is coarser
textured than the upper layer, could not be wetted to complete saturation,
because the maximum flux through the upper soil layer is not sufficient to
maintain saturation in the lower layer.

During infiltration, the wetting front essentially stops at the coarse-
grained layer until the matric head increases (to nearly zero), at which time
the larger pores in the coarser-textured zone begin to fill with water.
Lateral flow will occur until this matric potential is reached. Hence,
differences between the maimum water content reached in the upper and lower
soi1 layers at the Grass site can be attributed to the effect of the soil
layering.

According to H1lel (1980), the advance of a wetting front across a
boundary from a fine-grained to a coarse-grained horizon mey not be even and
sudden "breakthrough flows" mey occur in specific locations, where fingerlike
intrusions take place. This unstable flow phenomenon has been the subject of
numerous studies (e.g., Raats 1973; Philip 1975; Parlange and Hill 1976;
Starr, Parlange, and Frink 1986). Preferential flow along the tensiometers
installed at the Grass site would be somewhat analogous to the "breakthrough
flows" described by Hillel (1980). The resulting effect could be saturated
conditions immediately surrounding the tensiometer cups when the rest of the
profile was actually unsaturated. For such conditions, the tensiometers
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woul d not accurately measure matric heads in the plot profile, at |east
during early drainage measurenents.

Figure 4.13 shows the field-measured water retention data for the
Grass site. Because of entrapped or encapsulated air, conplete saturation
of the profile was not attained.
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Figure 4.14 shows total head plotted against depth for various times
during drainage at the Grass site. Note that hydraulic head values in the
upper 60 en decreased much more rapidly than in the lower part of the soil
profile. This observation suggests that water moved out of the upper soil
layer by some process other than drainage (e.g., evaporation, transpira-
tion, or lateral flow). Because the plot was covered and the vegetation
surrounding the plot was dormant, lateral flow is the 1ikely cause of the
hydraulic head changes. Tensiometers in the upper soil layer,
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approxi mtely 12 mfromthe test plot at the Gass site, indicated dry
condi tions exceeding the range of tensiometer measurement (<-800 cm prior
to running the experiment. These adjacent tensioneters were not close
enough to detect lateral flowout of the study plot, but matric head
gradients between the plot and the surrounding dry soil may have been
great enough for water to be drawn laterally out of the upper soil |ayer.

An inportant assunption of the unsteady drainage-flux method is that
lateral flowin or out of the test plot profile is negligible. This
assunption is usually justified by ponding water over a |arge enough area
for a sufficiently long period of time, so that a buffer zone is created
which mnimzes the lateral flow conponent within the test plot during
drainage. This assunption is reasonable for the BWF drainage
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experiments, where caisson walls physical ly restricted any lateral move-
ment of water out of the test plot profile. However, this assumption
does not appear to be justified for the drainage experiment at the Grass
site. Therefore, the instantaneous profile method was not used to calcu-
late hydraul ic conductivities from these data.

The Lax solution method (Sisson, Ferguson, and van Genuchten 1980) is
based an a unit gradient assumption. FHaom Figure 4.14, it is obvious that
unit gradient conditions do not exist across the entire profile, although
they do appear to exist below the 60-com depth. The fixed gradient analy-
sis (Sisson 1987) assumes that the hydraulic head gradient mgy vary by
depth, but is invariant with time. However, Figure 4.14 shows that the
gradient varies with time above the 60-an depth. Therefore, neither the
Lax solution nor the fixed gradient analysis was used with the Grass Site
data. Efforts are in progress to repeat this experiment, with modif-
ications to eliminate lateral movement within the upper 60 en of the
profile.

4.2.2 Gudph Permeameter Method

Results for the Gueph permeameter analyses from measurements at the
Grass site are shown in Table 4.3. The men Kfs value of 0.0092 cm/s for

TABLE 4.3. Results from the Guelph Permeameter for the Grass Site

Locatian Kfg, cm/s ém, cm2/s a
20-cm depth
2 0.0002 0.0030 0.0667
3 0.0006 0.0032 0.1875
5 0.0008 0.0084 0.0952
6A 0.0009 0.0010 0.9000
JA 0.0014 0.0047 0.2979
9A 0.0025 0.0050 0.5000
102 0.0007 0.0096 0.0729
Average 0.0010 0.0050 0.2000
60-cm depth
6B 0.0019 0.2130 0.0089
7B 0.0084 0.1320 0.0636
9B 0.0037 0.0197 0.1878
10B 0.0228 0.0312 0.7308
Average 0.0092 0.0990 0.0929
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the lower soil layer is approximately O times larger than the nean val ue
of 0.001 cm/s for the upper layer. This difference supports the conten-
tion that the upper soil layer restricts water infiltrationto the |ower
layer by limting the flux, such that the |ower [ayer cannot be conpletely
saturated during an infiltration experinent.

423 Predictions

Particle-size distribution data fromthe Gass site(see Appendix B,
Table B2 wll be used in the Arya and Paris (1981) and Mial em(1976)
nodel s to predict hydraulic conductivities after repeating the unsteady
drai nage-flux experinent at that site. This second set of data wll then
be available to further assess the predictive capabilities of these nodel s
in layered soil profiles.

4.3 McGEE RANCH

A unsteady drainage-flux experiment was conducted at the MGee
Ranch.  Quel ph perneanet er neasurenents were taken around the borrow pit
at the site, and within the unsteady drainage-flux test plot. Soil
sanpl es, collected fromthe auger holes used for Quel ph perneaneter neas-
urenents, were used for particle-size analysis and WRC prediction by the
Arya and Paris(1981) nodel. These predictions were then used in the
Mial em(1976) nodel to predict hydraul ic conductivities.

4.3.1 \lhsteady Drainage-Fl ux Method

The water content data for the unsteady drainage-flux experinent at
the MGee Ranch are listed in Appendix A, Table A.9. The water content
profiles on Figure 4.15 showthat water content decreased uniformy wth
depth during drainage. Data fromthe 120-cmdepth were not anal yzed,
because steady-state flow had not been reached at that depth, and tine
constraints and water availability limted additional infiltration. After
approxi mately 15 days of drainage, matric head val ues had reached -323 to
-340 cmfor all depths under consideration(see Appendix A Table AlQ.
Figure 4.16 shows total head versus depth for various tines during
drainage at this site. The nean head gradient is equal to 0.83.  If
lateral flowwere appreciable at the MGee Ranch site, it would not be as
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FIGRE 4.15. \Water Content Profiles Chserved During the Unsteady
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apparent in the total head data of Figure 4.16 as it was on Figure 4.14,
because of the relative uniformty of the soil profile.

Fiel d-neasured water retention data for the MCGee Ranch site are
listed in Appendix A Tables A9 and AIQ These data are plotted on Fig-
ure 4.17.  Hydraulic conductivities were cal culated by a tine-averaging
approach (Rose, Stern, and Drunmond 1965), using actual head gradients
rather than an assuned unit gradient. These data are |isted in Appen-
dix A, Table A.11, and are plotted on Figure 418  The cl ose groupi ng of
the data on Figure 4.18 indicate that the upper 1 mof soil at this site
IS relatively uniformwth respect to hydraul ic conductivity.
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Figure 4.16 indicates that unit gradient conditions did not exist at
the McGee Ranch site during the unsteady drainage-flux experiment. Based
on Figure 4.16 it appears as though the gradients are relatively constant
in time. Therefore, the Lax solution (Sisson, Ferguson, and van Genuchten
1980) and fixed gradient analysis were used to determine the parameters in
the Watson (1967) model for the McGee Ranch data. Scaling of the water
content data had very little effect on the regression parameters, because
of the uniformity of the profile. The resulting Watson (1967) model
relationship determined from this analysis is

K = 0.0017 (6/0.399)8-23 (4.5)
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where 0.0017 cm/s is the rate of fall of the level of ponded water an the
surface of the test plot. The average water content for all depths at
time zero wes 0.399 cm3/cm3, and the slope of the log (z/t) versus log 6

line is 7.53. This K(8) relationship is doamn as the solid line in
Figure 4.18.

4.3.2 Gudph Permeameter Mehod

Results of analysis of the Gudph permeameter data from around the
borrow pit ad within the unsteady drainage-flux plot at the MdGee Ranch
are dom in Table 4.4. Figure 419 shows the field-measured K(h) data
from the MdGe Ranch unsteady drainage-flux experiment. The solid line m
Figure 4.19 represents the average K(h) relationship determined from
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anal ysi s of nine Guel ph permeameter measurenents shown in Table 44 The
arithmetic nmean value of Kfs, based on analysis of the 9 Guel ph
permeanet er neasurements, is 0.0009 em/s. The Kfg val ues cal cul ated from
Guel ph permeameter data for sanples 9A and 9B, which were neasured within
the unsteady drainage-flux study plot, are 0.0005 and 0.0007 cm/s, respec-
tively. The K(h) relationships determned fromthese data are also
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TABLE 4.4. Results fromthe Quel ph Perneameter for the MCGee Ranch

Locat i on Kfs, cm/s ém, cm2/s a

20-cm dept h

1A 0.0007 0.0034 0.2059

2A 0.0002 0.0111 0.0180

3A 0.0006 0.0044 0.1364

9A 0.0005 0.0042 0.1190

10A 0.0011 0.0060 0.1833

Aver age 0. 0006 0. 0058 0. 1034
60- cm dept h

1B 0.0024 0.0176 0.1364

3B 0.0004 0.0165 0.0242

4B 0.0015 0.0052 0.2885

9B 0.0007 0.0167 0.0419

Aver age 0. 0013 0. 0140 0. 0929

Queral | Average 0. 0009 0. 0095 0. 0947

plotted on Figure 4.19 as the dashed and dashed-dotted 1ines, representing
sanpl es 9A and 9B, respectively. The slope of the line determned from
anal ysi s of Quel ph perneaneter results of sanple 9B comes closest to
matching the trend of the neasured hydraul ic conductivity values. There
Is less than an order of magnitude difference between val ues that fall on
this Tine and the neasured values at matric heads of about -60 cm This
difference increases to alnost 3 orders of magnitude at a matric head of
-300 cm  This rel ationship suggests that the cal cul ation of the slope of
the line comparing lognormal Kto h that was used in the assumed exponen-
tial K(h) relationship, nay not be appropriate for the soils in this study
[see Equation (2.15)]. However, this failure of the k(h) |ine based on
anal ysis of Quel ph perneaneter data, to fit the neasured K(h) data nay be

a result of natural soil heterogeneity within the plot and across the
MGee Ranch site.

The Quel ph permeaneter neasures hydraul ic conductivity in the vicin-
ity of the auger hole. The neutron probe and tensioneters neasure water
contents and natric heads over a larger volume of soil such that the nea-
surements and subsequent hydraulic conductivity cal cul ations represent
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measurements, from the 20-cm (9A), and 60-cm (9B)

depths, within the unsteady drainage-flux experiment
field plot

more of the natural heterogeneity. Consequently, differences in hydraulic
conductivity obtained by the Guelph permeameter and unsteady drainage-flux
methods likely result from spatial variability and scale differences
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between the two nethods. Differences may also result fromdifferent
approxi mations of differential and integral quantities in the two methods.

4.3.3 Predictions

Figure 420 shows field-neasured water retention data fromthe MGee
Ranch. The solid line represents a | east-squares fit to the data using
the RETC.F77 conputer program The dashed 1ine curve is fit'to predicted
water retention val ues based on the particle-size distribution conposited
from sanpl es MCG-9A and -9B(listed in Appendix B, Table B3.  These sam
ples were collected fromthe 20- and 60-cmdepths within the unsteady
drainage-flux study plot at the MGee Ranch. The neasured bulk density of
1.54 g/cm3 and particle density of 2.77 g/cm3 were used with the "a" par-
aneter in the Arya and Paris(1981) nodel set at 1.38 to calculate pre-
dicted water retention values. The dashed-dotted line on Figure 420 is
fit to predicted water retention val ues based on the same particle-size
distribution, with the same bulk and particle densities, but with a =
1.10.  This value was determned by visual fit of a curve to the measured
data. Wth a = 1.10, the predicted water retention values agree with the
measured data within a factor of 3 of matric head val ues, between wat er
contents of approximately 0.10 to 0.40 cm3/cm3.

Figure 4.21 shows fiel d-neasured hydraul ic conductivity data fromthe
unst eady drainage-flux experinent at the MCee Ranch. The solid curve was
fit to field-measured water retention data using the RETC F77 conputer
programw th Mial em s(1976) predictive conductivity nmodel. The Kg val ue
was fixed at 0.0012 cm/s, which is 2 tines the average Kfs val ue for
sanpl es MCG-9A and -9B, as determned by analysis of the Quel ph permea-
neter data. The curve does not fit the measured data very well. As
nentioned previously, a muich closer fit to the neasured data can be
obtained with RETC.F77 if mand ¢ are fitted independently and/or if a
simul taneous fit to retention and hydraul ic conductivity data is made.

The fit coul d probably also be inproved if nore data for the drier portion
of the range of soil noisture conditions were available. The RETC.F77
programfit the @y value at 0.0 cm3/cm3. This value would be difficult,

i f not inpossible, to reach under field conditions.
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Water Retention Curves Fit to Data from the Unsteady
Drainage-Flux Experiment at the McGee Ranch and to
Water Retention Characteristics Predicted by the
Arya-Paris (AP) (1981) Model. Predicted values were
generated from a composite particle-size distribution

o.f Samples 9A and 9B with the AP model "a" = 1.38 and
1.10

line shown on Figure 4.21 corresponds to the dashed line
which is based on Arya and Paris (1981) model predictions
The dashed-dotted line on Figure 4.21 corresponds to the

dashed-dotted line on Figure 4.20 with a = 1.10. Both of these Tlines
match measured hydraulic conductivity data within a factor of five up to a
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from the Unsteady Drainage-Flux Experiment at the
McGee Ranch and Predicted Curves Based on the Arya-
Paris (AP) (1981) Model Results Shown in Figure 4.20

water content of approximately 0.40 cm3/cm3. The value of a = 1.10 gives
a much better fit to measured water retention and hydraulic conductivity
data than a = 1.38. These curves were generated by fixing the Kg value at
0.0012 cm/s as was done with the curve fit to measured data. The fg value
for these curves was fixed at a water content value of 0.444 cm3/cm3
(determined from the particle and bulk densities), but the fg value for
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the curve fit to measured data was fitted by the program at a water
content value of 0.392 cm3/cm3. Therefore, differences between measured
and predicted conductivities at water contents above 0.392 cm3/cm3 do not
necessarily reflect on the predictive ability of the Arya and Paris (1981)

model. Table 4.5 shows the RETC.F77 curve-fitting results for MoGee Ranch
data.

In the sense that the "a" parameter is empirically determined, the
Arya and Paris (1981) modd is not truly predictive. However, Arya and
Paris used an iterative procedure to determine a best-fit "a" (1.38) that
minimized the sum of the absolute value of the log of the measured matric
head values minus the log of the calculated matric head values for a range
of soils. They then used this value for predicting water retention values

TABLE 4.5. Curve-Fitting Results from the RETC.F77 Computer Program
Based on Data from the MdGe Ranch

, Parameters(a)
Data Set Or fs a m N T Ke
MoGee Ranch Water
Retention Data 0.000 0.409 0.0058 R 23563 0.5* 0.0012*

Simultaneous Fit
to MdGee Ranch

Water Retention
and Conductivity

Data 0.019 0409 0.0059 R 24299 1.897 0.0006

AP-Predicted

Water Retention

Based on Samples

MCG-9A and -9B

(a = 1.38) 0.000 0.444* 0.0024 R 15420 0.5 0.0012*

AP-Predicted
Water Retention
Based on Samples
MCG-9A and -9B

(a = 1.65) 0.000 0.444* 00110 R 17619 0.5* 0.0012*

(a) See Section 2.2 for garameter definitions.
Arya and Paris (1981) modd

Mudem (1976) based restriction, m = 1-1/n
Value was fixed

R
*
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for other soils in their study. They did not use water retention predic-
tions for estimating hydraulic conductivities, however. For the soils
studied here, the best-fit "a" value differs fromthe value of 138 deter-
mned by Arya and Paris. This observation raises the question of whether a
single value of "a" would be appropriate for predicting water retention
characteristics and subsequent!y predicting hydraul ic conductivity for all

Hanford Site soils. The question can be answered only by anal yzing addi-
tional Hanford Site soils.

Differences between measured and predicted water retention val ues coul d
be real, thereby suggesting limtations in the Arya and Paris (1981) nodel,
or they could result fromerrors in the particle-size analysis or bul k
density neasurements. According to Arya and Paris, uncertainties of «5% in
the particle-size analysis and tQl g/em3 in the bulk density are not
uncormon (e.g., (oel ho 1974; Keisling 1974; A exander 1980). Also, an
iterative procedure, such as that used by Arya and Paris, could be used to
calibrate the nodel to optimze the fit of predicted values to neasured data
for the soils in this study. This should help reduce the differences
bet ween neasured and predicted hydraulic conductivities. Qher possible
expl anations for the variations between neasured and predicted conductivities
are differences in the field- and |aboratory-tested soil nmaterials, within-

plot variability, and the initial parameter estimates used in the curve-
fitting process.



5.0 CONCLUSI ONS AND RECOWMENDATI ONS

The nost inportant conclusion, based on the results of this study, is
that no single nethod or neasurenent technique should be used for generating
unsaturated hydraulic conductivity data for the Hanford Ste. Each nethod
used in this study produced results sufficiently different fromthe other
net hods, that to rely solely on one nethod woul d be unwi se. The nost appro-
priate nethod ultinately depends on the specific job or application.
| deal 'y, nore than one nethod shoul d be used to take advantage of the
strengths of each nethod, considering the data needs and resources avail able.

The | aboratory steady-state flux control nethod provided accurate hydra-
ulic conductivity measurenents for repacked col ums of L-soil fromthe Buried
Waste Test Faci 1ity. These neasurenents agreed with field neasurements
within one order of magnitude. sing repacked col ums nay not yield results
that are truly representative of natural conditions at other sites because of
the disturbed nature of the sanples. Therefore, using this method wth
undi st urbed core sanpl es would be preferable, and tests should be initiated
using this method wth undisturbed sanples fromthe other field sites. This
nethod is tine consumng. It has an advantage, however, over other methods
in that sanples can be conpletely saturated so that true desorption curves,
rather than internediate scanning curves, can be neasured.

The unsteady drainage-fl ux method provided relati vely accurate hydraulic
conductivity neasurenents at two of the three field sites. A the third site
(Qass site), atextural transition(i .e., layering) resulted in |ateral
flow, so that the one-dimensional (vertical) flow assunption used to cal cu-
|ate hydraulic conductivity was not valid. This experinent is being repeated
w th nodifications to ensure one-dinensional flow

A power function relationship, using parameters estimted by the Lax
(1972) sol ution(S sson, Ferguson, and van Genuchten 1980), provided reason-
abl e descriptions of the neasured hydraul ic conductivity data fromthe BATF
and McGee Ranch sites. Scaling of water content data with a fixed gradient
nodel (Sisson 1987) appears to be useful as a data reduction techni que and
for describing some layered soil profiles. The RETC.F77 conputer program
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(van Cenuchten 1985) provides accurate descriptions of neasured data,
especial |y when no restrictions are inposed on the curve-fitting paraneters.

The Quel ph permeareter method provides rapid, relatively accurate,
field-saturated hydraulic conductivity data. Because of the portability of
the apparatus, Towwater requirements, and speed wth which neasurenments can
be made, this method should be useful for spatial variability studies. The
adequacy of the method for describing the K(h) relationships of soils tested
in this study, however, remains questionable. The failure of the K(h) rela-
tionship determned from Quel ph perneameter anal yses to agree with other nea-
sured data may be a result of natural soil heterogeneity and scale dif-
ferences between nethods.

The predictions of hydraulic conductivity based on particle-sizedistri-
bution and bulk density data were within one-half to one and one-half orders
of magnitude of neasured val ues, depending on soil type. This agreement nay
or nay not be considered adequate, depending on the nature of the information
needs, but the technique could be useful as a first approxination of hydrau-

lic conductivity and woul d al | ow use of the Westinghouse Hanford Conpany
grain-size data base.

The differences in hydraulic conductivities neasured by the various
techniques in this study illustrate several unresolved problens. One of
these is howto reconcile |aboratory and field data that have different Ks
and 6s values; this is often attenpted by scaling data or by using matching
factors. Wth hysteresis effects resulting frominconplete saturation
because of entrapped a r, fid d-nmeasured water retention curves w 11 have
different shapes than those measured in the |aboratory regardl ess of natching
factors. Consequently, it is not realistic to expect conplete agreenent
between laboratory and fid d data.

Field data are general |y considered to be more representative of natura
conditions and, thus, are preferable to laboratory data. Onh a large scale,
it becones inpractical totry to characterize the variability of soil
hydraulic properties wth the detailed anal yses used in this study. There-
fore, geostatistical approaches should be eval uated as a neans of using a
smal | set of data to characterize |arge areas.

5.2



6.0 REFERENCES

Alexander, E B. 1980. "Bulk Densities of California Soils in Relation to
Other Soil Properties.” Soil Sci. Soc. An J. 44:689-692.

Arya, L. M, and J. F. Paris. 1981. "A Physicoempirical Model to Predict
the Soil Moisture Characteristic from Particle-Size Distribution and Bulk
Density Data." Soil Sci. Soc. Am. J. 45:1023-1030.

Black, T. A, W R. Gardner, and G. W. Thurtell. 1969. "The Prediction of
Evaporation, Drainage, and Soil Water Storage for a Bare Soil." Soil Sci.
Soc. Am. Proc. 33:655-660.

Cass, A, G S Campbell, and T. L Jones. 1981. Hydraulic and Thermal
Properties of Soil Samples from the Buried Waste Test Facility. PNL-4015,
Pacific Northwest Laboratory, Richland, Washington.

Coelho, M. A, 1974. Spatial Variability of Water Related Soil Physical
Properties. Ph.D. Thesis, University of Arizona. University Microfilms,
Ann Arbor, Michigan (Diss. Abstr. 75-11061).

Davidson, J. M. L. R. Stone, D. R Nielsen, and M\ E LaRue. 1969. "Field

Measurement and Use of Soil-Water Properties." Water Resour. Res.
5:1312-1321.

Fayer, M. J.,, G W Gee, and T. L. Jones. 1986. UNSAT-H Version 1.0:
Unsaturated Flow Code Documentation and Applications for the Hanford Site.
PNL-5899, Pacific Northwest Laboratory, Richland, Washington.

Gardner, W. R, 1958. "Some Steady-State Solutions of the Unsaturated
Moisture Flow Equation with Application to Evaporation from a Water Table."
Soil Sci. 85(4) -228-232.

Gee, G. W, and J. W Bauder. 1986. "Particle-Size Analysis." In Methods
of Soil Analysis, Part 1. 2nd ed. Editor A. Klute, pp. 383-411. American
Society of Agronomy, Madison, Wisconsin.

Gee, G. W, and R R. Kirkham. 1984. Arid Site Water Balance: Evapotrans-
piration Modeling and Measurements. PNL-5177, Pacific Northwest
Laboratory, Richland, Washington.

Green, R. E, L. R Ahuja, and S. K Chong. 1986. "Hydraulic Conductivity,
Diffusivi ty, and Sorptivity of Unsaturated Soils: Field Methods." In
Methods of Soil Analysis, Part 1. 2nd ed. Editor A Klute, pp. 771-798.
American Society of Agronomy, Madison, Wisconsin.

Gupta, S. C., and W. E Larson. 1979. "Estimating Soil-Water Retention
Characterlstics from Particle-Size Distribution, Organic Matter Percent,
and Bulk Density." Water Resour. Res. 15:1633-1635.




Hall, D G M, M J. Reeve, A J. Thomasson, and V. F Wight. 1977. \ater
Retention, Porosity, and Density of Field Soils. Tech. Monograph No. 9,
Rothanst ed Experinent Station, Harpenden, England.

Hillel, D. 1980. Fundanental s of Soil Physics. Academc Press, New York.

Keisling, T C 1974 Precision wth Wich Selected Physical Properties of
Simlar Soils can be Estinated. Ph.D. Thesis, Cklahona State University.,
University Mcrofilns, An Arbor, Mchigan. (Dss. Abstr. 758812).

Kirkham, R R, and G W Gee. 1987. Field Lysineter Test Facility for
Protective Barriers: Experinental Pan.  PNL-6351, Pacific Norfhwest
Laboratory, R chland, V@shi ngton.

Klute, A 1986. "Water Retention: Laboratory Methods." In Methods of Soil

Analysis, Part |. 2nd ed Editor A Kute, pp. 635-662. Anmerican
Soci ety of Agronony, Madison, Wsconsi n.

Klute, A, and C Dirksen. 1986. "Hydraulic Conductivity and Diffusivity:
Laboratory Methods." In Methods of Soil Analysis, Part |. 2nd ed.

Editor A Kute, pp. 687-734.  Anrerican Soci ety of Agronony, Madison,
Wsconsi n.

Last, G V, M A dennon, M A Young, and G W Gee, 1987. Protective
Barrier Materials Analysis: Fine Soil Site Characterization.
Pacific Northwest Laboratory, R chiand, Véshi ngton

Lax, P D. 1972. "The Formation and Decay of Shock Véves." Am_Mth
Monthly 79:227-241.

Mialem Y 1976. "A New Mdel for Predicting the Hydraulic Conductivity of
Unsaturated Porous Media. " Water Resour. Res. 12(3):513-522.

Mialem Y 1986. "Hydraulic Conductivity of Unsaturated Soils: Prediction
and Formulas." In Methods of Soil Analysis, Part |. 2nd ed Editor
A Kute, pp. 799-823. Anerican Soclefy of Agronony, Madi son, Wsconsin.

Nelsen, D R, J. W Biggar, and K T. Eh. 1973. "Spatial Variability of
Fi el d-Measured Soil-\ter Properties.”" Hlgardia 42:215-259.

Nelsen, D R, J. M Davidson, J. W Biggar, and R. J. M1ler. 1964,
"Wt er Movement Through Panoche Qay Loam Soil." Hlgardia 35:491-506.

Parlange, J. -Y., and D E HII. 1976. "Theoretical Analysis of Vétting
Front Instabi ity in Soils." Soi 1 SCi . 122:236-239.

Philip, J. R 1975, "Stability Analysis of Infiltration." Soil Sci. Soc.
Amer. Proc. 39:1042-1049.

6.2



Phillips, S. J.,, A C. Campbell, M. D. Campbell, G. W Gee, H H Hoober, and
K. 0. Schwartzmiller. 1979. A Field Test Facility for Monitoring Water/
Radionuclide Transport Through Partially Saturated Geologic Media: Desiqn,
Construction, and Preliminary Description. PNL-3226, Pacific Northwest
Laboratory, Richland, Washington.

Raats, P. A. C. 1973. "Unstable Wetting Fronts in Uniform and Nonuniform
Soils." Soil Sci. Soc. Amer. Proc. 37:681-685.

Reynolds, W. D, and D. E Elrick. 1985. "In-Situ Measurement of Field-
Saturated Hydraulic Conductivity, Sorptivity and the a-Parameter Using the
Guelph Permeameter. " Soil Sci. 140:292-302.

Reynolds, W. D, D. E Elrick, and B. E. Clothier. 1985. "The Constant Head
Well Permeameter: Effect of Unsaturated Flow. " Soil Sci. 139(2):172-180.

Richards, L. A 1931. "Capillary Conduction of Liquids in Porous Mediums."
Physics 1:318-333.

Richards, L. A, W R. Gardner, and G. Ogata. 1956. "Physical Processes
Determining Water Loss from Soil." Soil Sci. Soc. Am. Proc. 20:310-314.

Rose, C. W, W. R. Stern, and J. E Drummond. 1965. "Determination of
Hydraulic Conductivity as a Function of Depth and Water Content for Soil in
Situ." Aust. J. Soil Res. 3:1-9.

Scotter, D. R, B. E Clothier, and E R. Harper. 1982. "Measuring
Saturated Hydraulic Conductivity and Sorptivity Using Twin Rings."
Aust. J. Soil Res. 20(4):295-304.

Sisson, J. B. 1987. "Drainage from Layered Field Soils: Fixed Gradient
Models. " Water Resour. Res. 23(11) :2071-2075.

Sisson, J. B, A H Ferguson, and M. Th. van Genuchten. 1980. "Simple
Method for Predicting Drainage from Field Plots." Soil Sci. Soc. Am. J.
44:1147-1152.

Starr, J. L, J. -Y. Parlange, and C. R. Frink. 1986. "Water and Chloride
Movement Through a Field Soil." Soil Sci. Soc. Am. J. 50:1384-1390.

Stephens, D. B., S. Tyler, K Lambert, and S. Yates. 1983. "Field Experi-
ments to Determine Saturated Hydraulic Conductivity in the Vadose Zone."
In Role of the Unsaturated Zone in Radioactive and Hazardous Waste

Disposal. Editor J. W. Mercer. Ann Arbor Science, Ann Arbor, Michigan,
pp. 113-126.

Stephens, D. B., K Lambert, and D. Watson. 1984. "Influence of Entrapped
Air on Field Determinations of Hvdraulic Properties in the Vadose Zone."
Proc. Conf. Characterization and Monitoring in the Vadose Zone. National
Water Well Association, Worthington, pp. 57-76.

6.3



US. Department of Energy. 1987. Final Environmental Impact Statement,
Disposal of Hanford Defense High-Level, Transuranic and Tank Wastes,

Hanford Site, Richland, Washington. DOE/EIS-0113F (Vol. 3), US. Depart-
ment of Energy, Washington, D.C.

van Genuchten, M. Th. 1978. Calculating the Unsaturated Hydraulic Conduc-
tivity with a New Closed-Form Analytical Model. Report 78-WR-08, Depart-
ment of Civil Engineering, Princeton, New Jersey, pp. 63.

van Genuchten, M. Th. 1985. Program to Analyze Observed Soil Water Tension
and Hydraulic Conductivity Data. US. Salinity Laboratory Special Report,
Riverside, California.

Watson, K. K. 1966. "An Instantaneous Profile Method for Determining the
Hydraulic Conductivity of Unsaturated Porous Materials.” Water Resour.
Res. 1:577-586.

Watson, K. K. 1967. "The Measurement of the Hydraulic Conductivity of
Unsaturated Porous Materials Utilizing a Zone of Entrapped Air." Soil Sci.
Soc. Am. Proc. 32:716-720.

Wierenga, P. J., L. W Gelhar, C. S. Simmons, G. W. Gee, and T. J. Nicholson.
1986. Validation of Stochastic Flow and Transport Models for Unsaturated
Soils: A Comprehensive Field Study. NUREG/CR-4622, US. Nuclear
Regulatory Commission, Washington D.C.




APPENDIX A

WATER RETENTION AND HYDRAULIC CONDUCTIVITY DATA




VATER RETENTI OGN AND HYDRAULI C GONDUCTI VI TY DATA

APPEND X A

TABLE AL Steady-State Flux Control
@ um E, pp = 16 g/cm3
8, cm3/cm3 h, cm K, cm/s
0.435 s 0 7.62E-3
0. 308 18 1.74E-3
0.233 21 7.89E-4
0.173 29 1.01E-4
0.129 47 1.32E-5
0. 100 83 1.09E-6
0. 086 140 7.70E-8
Qlum E pp = 17 g/cmd
8, cm3/cm3 h, cm K, cm/s
0.400 s 0 7.12E-3
0. 307 20 2.57E-3
0.227 23 5.15E-4
0.189 35 1.72E-4
0.145 52 2.15E-5
0.125 72 5.32E-6
0. 100 130 3.36E-7
0.091 175 1.08E-7
0.083 215 5.40E-8
8 = volunetric water content
h = matric head
K = hydraulic conductivity
pb = bulk density.

Method Results for L-Soil
Qlum F, pp = 16 g/cm3

0, cm3/cm3 h, cm K, cm/s
0.422 s 0 9.78E-3
0.310 18 3.16E-3
0.250 22 9.90E-4
0.177 29 1.01E-4
0.138 47 1.36E-5
0.110 84 1.59E-6

Glum F, pp = 17 g/cm3

0, cm3/cm3 h, cm K cm/s
0. 386 s 0 8.91E-3
0.297 20 2.52E-3
0.229 23 5.07E-4
0. 186 35 1.68E-4
0. 155 42 4,23E-5
0.124 76 4,98E-6
0. 100 125 3.47E-7
0.092 170 1.12€-7
0. 086 200 5.58E-8



Time, s

TABLE A.2.

Water Content Data from BWIF Southeast Caisson

Water Content, cm3/cm3, at Depth, cm

45

80 75 98 185 128 135 158 188 210 248
8.00E+00  6.361 ©.383 8.272 8248 8256 8248 8243 8246  B.257 ©.258  8.250
484E+82  8.302 8.383 8.257 8238 8247 8242 8238 0243  8.255 0.260  0.248
1.08E-03  ©.276  ©.291 ©.25¢ 8225 8231 8232 8231 8229  0.247 ©0.258  ©.245
1.68E+03 0.252 8.272 0.240 8.212 8.219 8.218 8.218 8.224 0.238 ©.245 0.238
2.28E+63 6.241 6.266 8.234 8281 8215 8289 8286  8.216  8.223 8.238  9.233
2.88E+93 0.228 0.245 0.223 8.189 8.281 8.281 8.283 8.284 6.217 0.232 6.226
3.48E+03 0.219 9.231 8.215 0.187 8.193 8.192 8.194 8.197 0.207 6.227 6.216
4.38E.63 6.216 8.223 8.211 8182 818 8188 8185  9.191 6.202 B.213 ©.208
7.08E+83 0.190 0.204 6.199 8.167 8.172 8.176 8.176 8.175 @.183 @.196 @.186
8.88E.83 ©.178 6.194 ©6.186 8163 8168 8167 8165 8168 6.176 ©.1868  8.179
1.43E-64 ©.183 ©6.178 6.174 8158 8153 8163 8154 8.166 0.166 ©.171  ©.184
1.79E+64  ©.168 6.166 6.169 8147 8.151 8147 8151 8151  ©.155  ©.188  ©.158
2.22E+94 6.151 2.185 ©.158 8.142 8.141 8.142 8.143 8.146 £.152 @.1569 @.151
2.85E-84 ©0.148 ©.162 6.166 8148 8148 8143 8139 8143  0.147 0.155  0.149
8.16E+64  6.132 6.141 6.134 8121 8123 8128 8122 8121  6.127 €.138  ©.129
1.07E-65 ©.129 ©€.135 ©€.133 @.118 £.118 8119 8118 8128  ©.124 ©0.131  ©.122
1.96E+85 6.121 2.131 6.125 8.118 8.115 8.111 8.112 8.113 @.119 6.123 @.116
3.67E+85 6.118 6.128 8.121 8187 8111 8189 8111 8112  8.114 €.118  6.111
7.11E.85 @.116 #.123 8.116 8186 8187 8.188 818 8189  @.111  @.112 8.105
1.05E-668 ©.114 ©.121 ©.113 8182 8182 8184 8184 8183  ©.167 6.111  ©.186

TABLE A.3. Hydraulic Conductivity Data from the BNTF Southeast Caisson
Hydraulic Conductivity, cm/s, at Depth, cm

Time, s 45 88 75 98 185 120 135 150 180 218 249

4.84E+B2 7.40E-64 1.10E-83 1. 40E-03 1.76E-63 2.14E-83 2.47E-93 2.74E-83 2.98E-83 3.41E-83 3.72E-83 3.94E-03
1.08E+03 7.81E-84 1.19E-83 1.51E-03 1.83E-83 2.16E-83 2.48E-83 2.75E-83 3.80E-83 3.5BE-83 3.89E-83 4.20E-03
1.68E+83 6.61E-84 1.03E-83 1.32E-83 1.57E-63 1.83E-3 2.09E-83 2.33E-83 2.56E-63 3.02E-83 3.42E-83 3.75E-83
2.28E+83 5.34E-04 B8.42E-04 1.69E-@3 1.29E-03 1.50E-63 1.71E-83 1.91E-63 2.11E-83 2.51E-B3 2.88E-93 3.21E-63
2.88E+@3 4.33E-04 6.89E-04 9.B1E-04 1.87E-83 1.24E-83 1.41E-93 1.5BE-03 1.74E-83 2.B9E-83 2.43E-83 2.74E-03
3.48E+03 3.55E-84 5.69E-04 7.49E-@4 8.87E-04 1.63E-83 1.17E-83 1.31E-83 1.45E-03 1.75E-83 2.86E-83 2.35E-03
4.3BE+B3 2.71E-84 4.38E-B4 G5.81E-B4 6.90E-04 7.99E-84 9.12E-04 1.92E-83 1.14E-83 1.38E-83 1.B4E-B3 1.89E-03
7.88E+83 1.44E-04 2.35E-04 3.17E-B4 3.80E-64 4.41E-@4 5.05E-04 5.70E-84 6.36E-04 7.80E-B4 9 .40E-84 1.11E-03
8.88E+@3 1.04E-84 1.71E-B4 2.31E-@84 2.79E-04 3.24E-84 3.73E-B4 4.21E-84 4.71E-84 5.80E-@4 7.03E-B4 8.32E-04
1.43E+04 5.16E-85 B.44E-05 1.18E-B4 1.42E-84 1.66E-04 1.92E-04 2.18E-84 2.44E-94 3.02E-04 3.68E-B4 4.38E-04
1.79E+04 3.66E-85 6.60E-85 8.20E-85 1.02E-@4 1.20E-84 1.30E-64 1.5BE-84 1.77E-84 2.19E-84 2.67E-84 3.19E-g4
2.22E+B4 2.83E-05 4.29E-95 5.97E-85 7.42E-05 B8.75E-05 1.B1E-04 1.16E-p4 1.30E-94 1.61E-B4 1.96E-84 2.34E-04
2.65E+B4 1.99E-B5 3.26E-85 4.65E-85 5.60E-85 6.74E-@5 7.82E-06 B8.92E-65 1.00E-94 1.24E-@4 1.51E-84 1.8PE-04
8.16E+B4 3.44E-86 5.57E-06 B.@6E-86 1.5E-85 1.27E-85 1.49E-86 1.71E-66 1.93E-06 2.38E-85 2.87E-B5 3.38E-05
1.67E+05 2.23E-86 3.61E-B6 5.28E-96 G6.97E-06 B.46E-96 9.95E-86 1.14E-85 1.29E-@5 1.59E-85 1.91E-85 2.24E-65
1.96E+85 B.64E-B7 1.39E-06 2.08E-06 2.82E-86 3.46E-86 4.69E-06 4.71E-06 5.32E-86 6.54E-86 7.79E-06 9.09E-06
3.67E+85 3.22E-87 b5.16E-87 7.91E-67 1.10E-86 1.37E-86 1.62E-86 1.87E-86 2.12E-06 2.66E-86 3.B7E-86 3.55E-06
7.11E+85 1.14E-67 1.81E-97 2.86E-67 4.12E-67 5.17E-@7 6.17E-67 7.12E-87 B.06E-07 9.83E-67 1.1G6E-86 1.32E-06
1.65E+06 6.11E-08 9.73E-88 1.57E-87 2.30E-87 2.90E-87 3.47E-07 4.01E-07 4.54E-07 5.52E-67 6.45E-87 7.35E-07
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TABLE A4.

Water Content Data from the BWTF North Caisson

Water Content,

cm3/cm3, at Depth, am

Time, s 30 45 60 90 120 150 180 210 240
0.00E+00 0.319 0.312 0.323 0.297 0.302 0.307 0.300 0.295 0.292
4 .80E+02 0.185 0.216 0.223 0.298 0.302 0.303 0.298 0.296 0.291
8.40E+02 0.171 0.195 0.196 0.222 0.252 0.293 0.297 0.295 0.289
138 E+03 0.152 0.177 0.180 0.199 0.202 0.218 0.251 0.290 0.290
2.04E+03 0.142 0.164 0.167 0.188 0.189 0.195 0.209 0.222 0.264
2.88E+03 0.138 0.155 0.161 0.179 0.179 0.182 0.191 0.201 0.219
4.68E+03 0.129 0.142 0.147 0.163 0.168 0.172 0.179 0.187 0.200
6.48e+03 0.124 0.138 0.137 0.156 0.159 0.162 0.169 0.176 0.190
8.28E+03 0.120 0.132 0.136 0.149 0.152 0.152 0.164 0.170 0.186
1.43E+404 0.111 0.124 0.127 0.138 0.141 0.147 0.151 0.159 0.173
203 E+04 0.110 0.120 0.123 0.133 0.137 0.138 0.148 0.153 0.162
2.75E+04 0.103 0.110 0.119 0.128 0.129 0.131 0.139 0.146 0.161
8.93 E+04 0.098 0.105 0.106 0.116 0.116 0.117 0.124 0.126 0.138
1.88e+05 0.093 0.101 0.102 0.111 0.110 0.113 0.117 0.122 0.128
2.75E+05 0.090 0.100 0.101 0.110 0.113 0.106 0.113 0.118 0.124
6.23 E+05 0.088 0.096 0.099 0.107 0.105 0.107 0.109 0.113 0.120
1.15E+06 0.090 0.096 0.093 0.104 0.106 0.105 0.106 0.111 0.115
TABLE A5. Matric Head Data for the BWNTF North Caisson
Matric Head, ¢m, at Depth, an

Time, s 15 30 45 60 90 120 150 180
0.00E+00 7 1 2 8 12 8 10 8
4.80E+02 -19 -12 -13 -12 -12 -9 -2 -2
8.40E+02 -20 -14 -13 -14 -13 -12 -7
1.38E+03 -20 -15 -13 -12 -13 -13 -14 -15
2.04E+03 =21 -17 -15 -14 -14 -13 -14 -14
2.88E+03 -22 =16 -14 -14 -12 -9 -15 -14
4.68E+03 =25 =20 -15 -15 -14 -13 -15 -14
6.48E+03 -26 -19 -16 -15 -12 -10 -14 -13
8.28E+03 -26 -21 -17 -16 -14 -13 -16 -14
1.43E+04 -36 -24 -22 -20 -17 -17 -20 -18
2.03E+04 -34 -27 -24 -22 -20 -17 -24 -19
2.75E+04 -41 -23 -20 -19 -18 -15 -21 -18
8.93E+04 -44  -34 -30 -28 -24 =23 -28 -24
1.88E+05 -48 -37 -31 -33 -29 =26 -34 -29
2.75E+05 -42 =32 -26 -28 -26 -24 -32 -26
6.23E+05 -42 =35 -32 -34 =31 -26 -35 -30
1.15E+06 -41 -32 -24 =27 -33 -28 -38 =33



















































