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EXECUTIVE SUMMARY 

The quantification of water movement in the unsaturated zone is an 
objective of the Hanford Site Performance Assessment Program, sponsored by 
the U.S. Department of Energy. This program is being conducted by the 
Pacific Northwest Laboratory (PNL) and West i nghouse Hanford Company. To 
accomplish this objective, PNL has undertaken a study to evaluate methods for 
measuring and predicting unsaturated hydraulic conductivities. This report 
details some recent field measurements and compares predicted and measured 
values of hydraulic conductivities for three locations at the Hanford Site. 

Measurements from small (6-cm-dia.) "point" and large (2-m by 2-m) 
"plot" areas utilized infiltration and drainage techniques to obtain in situ 
data for field-saturated and unsaturated hydraulic conductivity. The Guelph 
permeameter was used for point sampling, and the unsteady drainage-flux 
method was used on plots for field-saturated and unsaturated hydraulic con- 
ductivi ty measurements. Steady-state techniques were used to measure unsatu- 
rated hydraulic conductivities in small columns in the laboratory for one of 
the three soils tested to provide a comparison with data obtained from the 
field. 

The sandy soil at the Buried Waste Test Facility near the 300 North 
Area buri a1 grounds yielded hydraul ic conductivity values that ranged over 
five orders of magnitude (6 x 10-3 to 9 x 10-8 cmls) . These values represent 
a water content range from field saturation to "field capacity" (i .e., well 
drained), corresponding to values of 0.303 and 0.096 cm31cm3, respectively. 
The laboratory and field measurements agree within a factor of five for the 
range of measured values. A power function relationship describes the field- 
measured hydraulic conductivity data fairly well for typical water contents 
observed in the field. 

The Grass site is approximately 3 km southwest of the Buried Waste Test 
Facility. The soil profile at the Grass site is layered, with loamy sand 
overlying sand. Hydraulic head data indicate that lateral spreading of water 

in the upper layers of soil occurred during the drainage phase of the experi- 
ment at this site. Calculations of hydraulic conductivity by the unsteady 

drai nage-f 1 ux method assume one-dimensi onal (vertical) f 1 ow. Therefore, data 



from the unsteady drainage-flux experiment at this site were not used to 
cal cul ate unsaturated hydraul ic conductivities. The experiment was repeated 
with modifications to ensure one-dimensional (vertical) water movement, and 
these data are being evaluated. 

The McGee Ranch is approximately 37 km northwest of the Buried Waste 
Test Faci 1 i ty. The unsteady drai nage-f 1 ux method was used to calculate 
hydraulic conductivity for the fine (loam and silt loam) soil that occurs at 
this site. The unsaturated hydraulic conductivities at the McGee Ranch range 
from approximately 9 x 10-4 to 8 x 10-7 cmls over a water content range of 
0.40 to 0.16 cm31cm3, i.e., from field saturation to 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-half 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, measurements of 
water-retention characteristics are necessary to determine a parameter value 
used in one of the models. Additional soil types would need to be analyzed 
to determine if a single value of the parameter can be used that will enable 
adequate 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 measurements, unsaturated hydraul ic conductivities 
could be adequately estimated without actual field measurements. This infor- 
mation could then be used in the evaluation of potential remediation or dis- 
posal sites or for characterizing larger areas for recharge estimation. 

No single method for measuring or calculating unsaturated hydraul ic con- 
ductivities is appropriate for all Hanford Site soils. Ideally, several 
methods should be used to take advantage of the strengths of each method, 
considering the data needs and resources avai 1 able. 
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1.0 INTRODUCTION 

Various disposal systems have been reviewed for the long-term disposal 
and isolation of hazardous wastes. At the Hanford Site, one concern is that 
water draining through the unsaturated sediments may carry contaminants to 
the water table. A fundamental property of the unsaturated sediments that 
controls the rate at which water transports contaminants is the hydraulic 
conductivity (U.S. Department of Energy 1987, Appendix M) . For this reason, 
the Hanford Site Performance Assessment (HSPA) program is evaluating various 
procedures for measuring and predicting hydraul ic conductivities of soi 1s at 
the Hanford Site. Although this report uses the term "soils", the methods 
outlined can be applied to most of the near-surface unsaturated sediments 
found on the Hanford Site. Note that this report considers the simple case 
where water is the only wetting fluid. Whenever multiphase flow and 
physicochemical interactions are significant, these methods must be modified. 

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 
unsaturated hydraulic conductivities of soils from three locations on the 
Hanford Site. Objectives of this study were not only to measure and predict 
unsaturated hydraul ic conductivities by various methods, but a1 so to compare 
the methods and, if possible, determine which technique(s) provides the most 
re1 i abl e results. 

For each measurement technique used, water flow was measured and the 
hydraulic conductivity calculated from the appropriate form of Darcy's Law. 
The technique used in this study for making measurements in the laboratory is 
a modification of the steady-state flux method of Klute and Dirksen (1986). 
The modification involved controlling the flux of water into the soil columns 
with equipment described by Wierenga et a1 . (1986). The techniques used for 
making measurements at the field sites included the unsteady drainage-flux 
method (Green, Ahuja, and Chong 1986) and the Guelph permeameter method 
(Reynolds and El rick 1985) . The steady-state f 1 ux and unsteady drainage-f 1 ux 
methods have traditional ly been the most accurate techniques. Both tech- 

niques are relatively time consuming. Consequently, they may be impractical 

for making the large number of measurements needed to characterize areas 



(Ni el sen, Biggar, and Erh 1973) . The Guel ph permeameter was used in addition 

to the other methods because of its speed, low-water-use requirements, and 

portability. 

Methods of predicting unsaturated hydraulic conductivity rely on 

description of the water retention curve (WRC) rather than measurements of 

water flow. Mualem (1986) and van Genuchten (1978) describe many of these 

methods. A WRC relates the volumetric water content to the soil water poten- 
ti a1 . The WRC can be determined in the 1 aboratory or in the field. Field 

measurements o f  water retention require more effort than laboratory 

measurements, especial ly for relatively dry conditions. An alternative to 

measuring water retention characteristics is to predict them from soil tex- 

tural and structural properties. This can be done in a variety of ways, 

including multSpie regression techniques that relate water contents at 

specified soi 1 -water pressures to texture and bulk density (e.g., Hal 1 et a1 . 
1977; Gupta and Larson 1979). 

In this study, prediction of water retention characteristics is based on 

an empirical model 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 numerous test and observation wells 

(i .e., the Westinghouse Hanford Company grain-size data base). 

This report provides hydraulic conductivity data for three test loca- 

tions at the Hanford Site (see Figure 1.1) : l) the Buried Waste Test Facil- 

ity (BWTF) , described by Phil 1 ips et a1 . (1979) ; 2) the Grass site, described 
by Gee and Ki rkham (1984) ; and 3) the McGee Ranch, described by Last et a1 . 
(1987). The methods used for measurements, predictions, and data interpreta- 

tions of unsaturated hydraulic conductivity are presented in the sections 

that follow. Physical property data from the three test locations are 

provided in the appendixes. 
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2.0 METHODS 

Various methods have been developed for measuring the hydraulic con- 
ductivity of soils in the laboratory and field (Klute and Dirksen 1986). 

t Field measurements are general ly considered to be more representative of 
actual soil properties and conditions than laboratory measurements, but 
require more effort. Good agreement between field and laboratory data is 
often difficult to obtain because the natural soil heterogeneity of in situ 
soi 1 s is usual ly not represented in 1 aboratory samples . Val id correlations 
are also made difficult by problems encountered in field studies, such as 
incomplete saturation, hysteresis effects, and preferential flow. 

Methods that predict hydraulic conductivity based on particle-size dis- 
tribution and bulk density data are generally easier to use than field or 
laboratory methods, but yield results with more uncertainties than those 
determined experimentally. These methods are usually based on simplifying 
assumptions and typically require a considerable amount of field or labora- 
tory data for initial parameter estimation, and in order to make defensible 
predictions. 

A problem affecting all methods is the attainment of a high degree of 
accuracy. In addition, no technique is completely reliable or adequately 
deals with all problems of measurement scale, spatial variability, and sample 
representativeness for all conditions. Consequently, the approach used in 
this study wi 1 1  be to compare the results of several techniques, and to use 
the results of the steady-state flux and unsteady drainage-flux methods as 
standards of relative accuracy. 

To understand how various measurement techniques work, it is important 
to understand the processes controlling water flow in soil. Water moves in 

, 
an unsaturated soil as liquid and vapor. Under isothermal conditions, water 
generally moves from regions of higher to lower potential energy. This . - 
potential energy, H, can be expressed as 

A 



where h p  = pressure potential 
hS = solute  potential 
hm = matric potential 
h Z  = gravitational potential .  

Pressure potential represents external forces,  such as water ponded on the 
surface of a f i e l d  plot during the in f i l t r a t ion  phase of an unsteady drain- 
age-flux method experiment. Solute potential represents the a t t r ac t ive  
forces of water t o  higher solute concentration or  osmotic forces. Matric 
potential represents the capillary and adsorptive forces which a t t r a c t  and 
bind water t o  the so i l  matrix. Gravitational potential i s  the energy associ- 
ated with the location of water in the Earth's gravitational f i e l d ,  measured 
with respect t o  some reference point such as the so i l  surface. In most 
cases, pressure and solute  potential are  considered negligible. Conse- 
quently, the to t a l  potent ial ,  in the context of t h i s  report ,  i s  the sum of 

the matric potent ial ,  h(cm) , and the gravitational potential (or ver t ical  
distance from the so i l  surface) ,  z(cm). The sum of matric and gravitational 
potenti a1 s ,  when expressed on an equivalent height-of -water basis ,  i s  known 
as the hydraulic head. The to ta l  hydraulic head, as used in t h i s  report ,  
consists of the matric head and the gravitational head. 

The f lux (q) of water through so i l  i s  proportional t o  the hydraulic head 
gradient (dH/dz) . For saturated s o i l s ,  the flux can be determined with the 
Darcy flow equation 

where KS i s  the saturated hydraulic conductivity ( i .e . ,  the proportionality 
factor) .  For unsaturated s o i l s ,  the hydraul i c  conductivity i s  nonl inearly 
re1 ated t o  the matric head or water content. Equation (2.2) i s  usual ly 
modified t o  be 



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

where t i s  time and z i s  depth. This combination i s  commonly known as the 
Richards equation (Richards 1931) . 

2.1. STEADY-STATE FLUX CONTROL 

Laboratory determi nations of hydraul i c  conductivities by the steady- 
s t a t e  flux control method were made using the general method described by 
Kl ute and Dirksen (1986). The method was modified by control 1 ing the flux of 
water into the so i l  columns with equipment described by Wierenga e t  a l .  
(1986). An acryl ic  cylinder of known volume was packed with so i l  t o  a pre- 
scribed bulk density. The lower end of the cylinder was covered with a por- 
ous s ta in less  s teel  plate  (bubbling pressure = 245 cm H20) within an acryl ic  
end cap. The end cap had a f i t t i n g  t o  a1 low connection t o  a vacuum chamber. 
Rubber O-ring seals  within the cap ensured an a i r t igh t  seal between the 
cyl inder and the cap. The upper end of the cylinder was covered by an 
acryl ic  cap with a f i t t i n g  tha t  allowed connection t o  a syringe pump and 
solution reservoir.  The top end cap was f i t t e d  loosely on the cylinder, so 
tha t  the a i r  above the so i l  was a t  atmospheric pressure. The acryl ic  cylin- 
der had two tensiometer ports,  a t  5 cm and 25 cm above the s ta in less  s teel  
plate.  

The syringe pump was adjusted t o  pulse a small volume of water a t  regu- 
l a r  intervals  t o  establish steady-state flow conditions through the so i l  col- 
umn. The pulse volume was minimized and pulse frequency maximized t o  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 distance between tensiometers (20 cm) . To establ i sh unsaturated condi - 
tions within the column, vacuum was applied to the vacuum chamber and the 

7 
bottom of the column. The syringe pump was adjusted to reduce the flux of 
water into the top of the column, so that the fluxes entering and exiting the 
cylinder were equal. This steady-state condition was determined by moni- k 

toring the tensiometers with a TENSIMETER pressure transducer (Soi 1 Measure- 
ment Systems, 1906 South Espina, Las Cruces, NM 88001). When the readings of . 
both tensiometers were equal, steady hydraulic flow and a uniform volumetric 
water content were assumed to exist (i .e., unit gradient conditions). For 
these unit gradient conditions, Equation (2.3) reduces to q = -K(8) and the 
conductivity is equal to the input flux. The water content associated with 
the input flux (i .e., hydraulic conductivity) was determined by weighing the 
entire soil column. The reference weight for the soil column was the weight 
at approximately 100% saturation. As a datum check at the end of each 
experiment, the soil was removed from the column and oven dried to calculate 
a gravimetric water content. Applying higher suctions to the bottom of the 
column and reducing the input flux appropriately a1 lowed measurement of 
unsaturated hydraulic conductivities over the range of 0 to -196 cm of matric 
head. 

This method was only used for determining unsaturated hydraulic con- 
ductivities of L-soil (97% sand, 2% silt, 1% clay), which is the laboratory 
designation for soil collected from the BWTF site in 1978 (Phillips et al. 
1979; Cass, Campbell, and Jones 1981). Two repetitions with L-soi 1 were 
conducted at each of two bulk densities, 1.6 and 1.7 g/cm3. We assumed that 
these 1 aboratory samples are texturally equivalent to samples subsequently 
collected from this site. 

2.2 UNSTEADY DRAINAGE-FLUX 

The unsteady drai nage-f 1 ux method is based on Darci an analysis of trans- 
ient in situ soil-water content and hydraulic head profiles during vertical 
drainage from field 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 maximum depth of interest. The soi 1 surface was then covered with clear 
plastic and a thin (approximately 3-cm-thick) layer of soil to prevent evapo- 
ration and to minimize thermal effects. Isothermal conditions were assumed 
to exist in the profile during drainage. Water contents and hydraulic heads 
were then monitored as the water in the profile redistributed and drained. 

Ponding was facilitated by using existing caisson walls (e.g., at the 
BWTF site), using planking installed in narrow trenches around which soil was 
thoroughly compacted (e.g., at the Grass site), or by berming soil around the 
plot (e.g., at the McGee Ranch site). Water was supplied from an observation 
well via an electric pump at the BWTF site, and by hauling water by truck to 
the other two sites. Water contents were monitored with a model 503DR Hydro- 
probe (Campbell Pacific Nuclear Corp., 2830 Howe Rd., Martinez, CA 94553) 
inserted into steel or aluminum access tubes installed vertically in each 
plot. Matric heads were measured with tensiometers and a TENSIMETER pressure 
transducer. 

Tensiometer and neutron probe readings were taken every 10 to 15 min 
during the initial drainage and redistribution phase of each experiment, and 
less frequently as time passed. The tensiometers were placed at 15- to 
30-cm-depth increments, down to 180 cm at the BWTF and Grass sites and to 
120 cm at the McGee Ranch site. All tensiometer measurements were referenced 
to the soil surface. Neutron probe readings were taken at depths correspond- 
ing to tensiometer placement, with the exception of the BWTF southeast cais- 
son study, where no tensiometers were installed. Tensiometers were not 
installed in the southeast caisson because the caisson was not large enough 
to place them far enough away from the neutron access tube so that probe 
readings would not be affected by the water in the tensiometers. Volumetric 
water content was determined from neutron probe count readings by field cali- 
brations at each site. 

The unsteady drainage-flux method was first used for field measurements 
by Richards, Gardner, and Ogata (1956). Further developments in the method 

were made by Nielsen et. a1 (1964); Rose, Stern, and Drummond (1965); and 



Watson (1966). The actual computations of hydraulic conductivity used in 

this study are based on the time-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 (2.5) can be integrated ' b  

with respect to z, from the soil surface (z = 0) to the maximum depth of 

interest (z = -L), by the following equation 

Because there is no flow across the plastic-covered soil surface, the second 

term on the right-hand side of Equation (2.6) effectively becomes zero. Sub- 

stituting (h + z) for H and rearranging Equation (2.6) yields 

The values on the right-hand side of Equation (2.7) are evaluated to deter- 

mine K(0) at selected times for each depth of measurement. 

Using a time-averaging approach, the integral, ae/at dz, of Equa- l 
tion (2.7) can be estimated by trapezoidal approximation for each depth 

interval, as described by Green, Ahuja, and Chong (1986). The water content 

from the surface (z = 0) to the first depth of measurement is taken as that 

measured at the first depth. For example, for data points at 30-cm-depth 

intervals and at depth, zl, 

where Bi is the soil-water content measured at the it h  point in the profile, 
measured from the top of the profile, and n is the number of data points down 

to depth, zl. The total head gradients are then approximated by 



where all variables have been defined previously. Alternatively, head gra- 
dients can be determined by curve-fitting techniques as outlined by Green, 
Ahuja, and Chong (1986). Fluxes are calculated at each depth and measurement 
time to be equal to the volume change in water stored between measurement 
depths during a given time interval, as determined from the previously 
described trapezoidal integration procedure. Time-averaged gradients and 
water contents are then calculated, and hydraulic conductivity values corres- 
ponding to the time-averaged water content are determined by dividing the 
calculated fluxes by the time-averaged gradients. 

Using an instantaneous profile approach, volumetric water content is 
plotted versus time for each depth of measurement, and curves are fit to 
these data. The slopes of these curves (-aelat) are then measured at selec- 
ted times and multiplied by their respective depth increments to obtain the 
per-layer rate of water content change. The flux through the bottom of each 
layer is then calculated by accumulating the water content increments of a1 1 
layers overlying that depth [i .e., q = (a8/Ot)/dz]. Matric head values are 
plotted versus time, and the depth of each tensiometer 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 values. 

The time-averaging and instantaneous profile procedures should yield 
similar results, especially with data from soi 1 profiles that are relatively 
uniform by depth. Differences between the results obtained by the two pro- 
cedures are caused by the different approximations of the differential and 
integral quantities. 

Black, Gardner, and Thurtel 1 (1969) studied drainage 1 osses from lysime- 
ters and noted that the "unit gradient" condition was often valid. Davidson 
et al. (1969) rewrote Equation (2.5) in unit gradient form such that 



Using Equation (2.7) t o  estimate hydraul i c  conducti,vi t i e s  requires knowledge 
of the r a t e  of change in water content and the hydraulic head gradient. The 
unit gradient method modifies t h i s  data requirement by assuming tha t  the head 

gradient i s  uniformly equal t o  1. This condition ar i ses  when the water con- 
ten t  i s  nearly uniform with depth, and resu l t s  in BhIBz RJ 0 and BHIBz w 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 t 

two ways. F i r s t ,  i f  so i l  hydraulic properties are known, the solution 
describes the water content prof i le  between the so i l  surface and the advanc- 
ing drainage front .  Second, i f  water content i s  measured during drainage, 
the solution can be used t o  estimate so i l  hydraulic properties. Both appli- 
cations are  limited by the val idi ty  of the unit gradient assumption. 

Sisson (1987) extended the concept of a unit gradient t o  a "fixed gradi- 
ent",  where BHIBz may not be identical t o  1 ,  b u t  i s  a function of depth, and 
i s  invariant with time. Scaling theory i s  incorporated into the assumption 
of a fixed gradient t o  define new water content and space variables. The 
fixed gradient thereby becomes a unit  gradient, when written in terms of the 
scaled variables. This extension a1 lows the fixed-gradient problem t o  be 
solved using unit  gradient solutions. 

The fixed gradient analyses used in t h i s  study assume a power function 
re1 ationship between hydraulic conductivity and water content. This re1 a- 

tionship i s  the Watson (1967) model 

where K f S  i s  the field-saturated hydraulic conductivity, Om i s  the maximum 
water content obtained during ponding, and P i s  an unknown parameter. When 
the ponding phase of an unsteady drainage-flux method experiment has ended, 

the f inal  r a t e  of in f i l t r a t ion  i s  used t o  estimate Kfs, and Om i s  approxi- 
mated by averaging the water contents a t  each depth t o  the deepest depth of 
in te res t .  Multiple regression i s  then performed on log ( z l t )  versus log 6 t o  
determine the slopes and intercepts of least-squares f i t s  of s t ra ight  l ines  

t o  the data. The depth, z ,  i s  measured from the so i l  surface, and the time, 



t, i s  t h e  t ime a t  which neutron probe measurements are  taken a f t e r  ponded 
water disappears from t h e  sur face o f  t h e  p l o t .  These slopes and i n t e r c e p t s  

are then used t o  sca le  t h e  data and t o  determine t h e  p parameter i n  t h e  

Watson (1967) model. 

2.3 GUELPH PERMEAMETER 

The Guelph permeameter method (Reynolds and E l r i c k  1985) measures t h e  

steady- state r a t e  o f  water i n t a k e  from a c y l i n d r i c a l  auger ho le  i n  which a 

constant depth o f  water i s  maintained. The a i r - i n l e t  tube o f  t h e  Guelph 

permeameter i s  used t o  e s t a b l i s h  and main ta in  a constant  head l e v e l ,  H, w h i l e  

t h e  corresponding discharge r a t e ,  Q, i s  measured as t h e  r a t e  o f  discharge 

from t h e  permeameter water rese rvo i r .  Th is  method simultaneously measures i n  

s i t u  f i e l d - s a t u r a t e d  hyd rau l i c  conduc t i v i t y ,  Kfs, and m a t r i c  f l u x  p o t e n t i a l ,  

i n  t h e  unsaturated zone. The Guelph permeameter used i n  t h i s  study was 

obtained from S o i l  Moisture Equipment Corp., P.O. Box 30025, Santa Barbara, 

CA 93105. 

The m a t r i c  f l u x  p o t e n t i a l  i s  def ined by Gardner (1958) as 

where K(h) i s  t h e  hydraul i c  conduct iv i  t y- mat r i c  head re1 a t ionsh ip .  Calcu- 

l a t i o n s  us ing  t h e  Guelph permeameter method assume t h e  exponent ia l  K(h) 

re1  a t  i onshi p o f  Gardner (1958) 

K = Kfs exp (ah); h i  J h 0 (2.13) 

where a i s  t h e  s lope o f  t h e  curve ln (K)  versus h, and h i  i s  t h e  i n i t i a l  

m a t r i c  head i n  t h e  s o i l .  S u b s t i t u t i n g  Equation (2.13) i n t o  (2.12) and i n t e -  

g r a t i n g  produces 



which simplifies t o  

f o r  many s o i l s  a t  "f ie ld  capacity" or  d r i e r  conditions (Scotter,  Clothier,  
and Harper 1982). Field capacity i s  not a quantitatively defined water con- 
ten t .  However, i t  can be qual i ta t ively defined as the water content of a < 

re la t ively uniform, deep so i l  tha t  has drained fo r  2 t o  3 days a f t e r  thorough 
wetting. This i s  generally considered t o  be a water content reached under 
conditions of no evaporation or water uptake by plants. 

. -  
Steady-state recharge depends on K f S  and #rn. The steady-state recharge 

r a t e ,  Q ,  i s  given by 

where the f i r s t ,  second, and th i rd  terms on the right-hand s ide  of the equa- 
tion represent the pressure, gravity,  and cap i l l a r i ty  components, respec- 
t ive ly .  Equation (2.16) i s  an approximate analytical solution based on 
saturated-unsaturated flow theory (Reynolds and El rick 1985), where H i s  the 
head level in the well, a i s  the well radius, and C i s  the shape of the satu- 
rated so i l  "bulb" surrounding the well hole. The value of C i s  primarily a 
function of H/a in saturated s o i l s ,  b u t  a lso depends on so i l  s t ruc ture ,  tex- 
tu re ,  and i n i t i a l  matric head in unsaturated so i l s .  Values of C were 
obtained from standard C-curves in the operating instructions fo r  the Guelph 
permeameter. These standard curves were developed from numerical simulations 
of steady, saturated-unsaturated flow around we1 1 s in coarse sand, Guel ph 

loam, and unstructured clay. 

The field-saturated hydraul i c  conductivity and matric flux potential in 

t h i s  study were calculated from steady-state recharge ra tes  by a simultaneous 
equation approach, referred t o  as the Richards analysis (GP-R) by Reynolds, 
Elrick, and Clothier (1985) using Equation (2.16). The GP-R analysis 
requires two o r  more constant head level discharge measurements. Therefore, 



when steady-state flow is reached at one head level, the air-inlet tube is 
simply raised to a different height, and the steady-state recharge at that 
head level is measured. 

* 2.4 PREDICTIVE TECHNIQUES 

The RETC.F77 computer program (van Genuchten 1985) was used to fit a 
)1 mathematical function to the measured and predicted water retention data, and 

to predict unsaturated hydraulic conductivities. This program uses non- 
. linear, least-squares curve fitting to fit a soil WRC of the form 

where Or = residual soil water content 
B s  = saturated soil water content 
h = matric head 

a, m, and n = curve-fitting parameters. 

Mualem (1976) developed a general model to predict the hydraul ic conductivity 
from the soil WRC. This model has the form 

where 

Se = (9 - Br)l(BS - Or), and t. is a parameter. 

b Assuming that m = 1 - l/n, van Genuchten (1978) derived a closed-form solu- 
. - tion to Equation (2.17). This solution is 



or in terms of matric head 

where Kr (or re1 ative hydraul ic conductivity) is the hydraul ic conductivity 
divided by the saturated hydraulic conductivity. 

One method for predicting the WRC is the physicoempirical model by Arya 
and Paris (1981) . This is essential ly a capi 11 ary pore model that first 
translates the particle-size distribution into a pore-size distribution. 
Cumulative pore volumes, corresponding to increasing pore radii, are divided 
by the sample bulk volume to give volumetric water content. The pore radii 
are converted to equivalent matric head values by using the equation of 
capi 11  ari ty 

hi = 27 cosa / pwgri 

where hi = soil matric head corresponding to the ith pore increment 
7 = surface tension of water 
a = contact angle of water with soil particles 
pw = density of water 
g = gravitational acceleration 
ri = radius of the ith pore. 

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

To compute the pore volumes and radii, the particle-size distribution is 
divided into segments. The solid mass in each segment is assumed to form a 
matrix with a bulk density equal to that of a natural structure sample. For 
a unit of sample mass, an equivalent pore volume is computed from 



and the corresponding pore radius from 

where V V ~  = pore volume 
Wi = solid mass 
pp = particle density 
e = void ratio 
ri = mean pore radius 
Ri = mean particle radius 
ni = number of particles 
a = an empirical constant. 

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

During the auguring of some of the well holes used for the Guelph perme- 
ameter measurements, known volumes of soi 1 were removed from each auger hole 
at the depth at which permeameter measurements were taken. These samples 
were sealed in plastic bags to maintain original water content and then oven 
dried in the laboratory for soil bulk density measurements. A brass cylinder 
sampler was also used to collect bulk density samples from the Grass site and 
McGee Ranch unsteady drai nage-f 1 ux experiment plots. 

Bulk density samples were also used for determining particle-size dis- 
tribution by a sieve analysis and hydrometer method (Gee and Bauder 1986). 
These particle-size distribution and bulk density data were then used to 
predict water retention characteristics by using the model of Arya and Paris 
(1981). Predicted water retention characteristics were then fit with the 
RETC.F77 computer program, and hydraulic conductivities were calculated with 

a the program using Mualem's (1976) hydraulic conductivity model. In general, 
this and other models work best when the predicted hydraulic conductivity 
values are scaled to one or more measured values. The most common approach 

b is to scale the predicted values using the measured saturated hydraulic 

conductivity as a matching point between curves. 



3.0 SITE DESCRIPTIONS 

Three l o c a t i o n s  a t  t h e  Hanford S i t e  were se lec ted  f o r  unsaturated 

hydraul  i c  conduct i  v i  t y  measurements : t h e  BWTF, Grass, and McGee Ranch s i t e s .  

The l o c a t i o n s  o f  these s i t e s  a re  shown i n  F igure  1.1. These s i t e s  represent  

t h r e e  d i s t i n c t  s o i l  p r o f i l e s  as shown i n  F igure  3.1. 

The BWTF and Grass s i t e s  are  research s i t e s  f rom which da ta  are  being 

co l  l e c t e d  f o r  va l  i d a t i o n  s tud ies  o f  t h e  UNSAT-H unsaturated f l o w  code (Fayer, 

Gee, and Jones 1986). S o i l  f rom t h e  McGee Ranch s i t e  i s  c u r r e n t l y  be ing  

t e s t e d  as t h e  sur face cover  f o r  t h e  Hanford S i t e  P r o t e c t i v e  B a r r i e r s  (Kirkham 

and Gee 1987). The i n f l u e n c e  o f  t e x t u r e ,  b u l k  dens i ty ,  and l a y e r i n g  on t h e  

h y d r a u l i c  p r o p e r t i e s  o f  s o i l s  from these t h r e e  l o c a t i o n s  i s  o f  i n t e r e s t  f o r  

b a r r i e r  system design and development, as w e l l  as f o r  model v a l i d a t i o n .  

3.1 BURIED WASTE TEST FACILITY 

The BWTF i s  l oca ted  adjacent  t o  t h e  300 Nor th  Area b u r i a l  grounds (see 

F igure  1.1). The f a c i  1  i t y  cons i s t s  ' o f  an a r ray  o f  seven corrugated,  

BWTF Grass Site McGee Ranch 
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FIGURE 3.1. S o i l  P r o f i l e s  a t  t h e  F i e l d  S i t e s  



galvanized-steel caissons of two different diameters, bolted together in the 
arrangement shown in Figure 3.2, and two weighing lysimeters (not shown). 

All seven caissons are 7.6 m long. 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 uniform material, consisting of approximately 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 T 

out. This facility was originally designed for field water balance and 
radionuclide transport studies. Construction and originhl instrumentation . 
specifications are described by Phi 1 1  ips et a1 . (1979). 

Samples of L-soil were collected in 1978 during the construction of the 
BWTF. During the summer of 1986, laboratory measurements of hydraulic con- 
ductivity were made on these samples using the steady-state flux control 
method, described in Section 2.1. 

\ 
Access Port 0.6 m 4 

A = North Caisson 

B = Southeast Caisson 

FIGURE 3.2. Layout of the Buried Waste Test Faci 1 ity Caissons 



Two unsteady drainage-flux method s tudies  were conducted a t  t he  BWTF in 
October 1986. These s tudies  were in t he  large  north caisson and t h e  small 
southeast caisson (A and B, respectively,  in Figure 3.2).  The upper 20 and 
10 cm of f i  11 materi a1 were removed from caissons A and B, respect ively ,  t o  
expose t h e  tops of t h e  caissons. These exposed ends of t he  caissons acted as 
enclosures f o r  ponding water during i n f i  1 t r a t i on .  In t he  southeast caisson,  

an addit ional  60 cm of so i l  was excavated t o  remove a previously emplaced 
p l a s t i c  1 iner .  The removed soi 1 was packed back i n to  t he  caisson a f t e r  
removing t h e  l i ne r .  

Guelph permeameter measurements were taken i n  t he  area around t he  ca i s-  
sons in September and October 1986, and within t he  north caisson in July  
1987. 

3.2 GRASS SITE 

The Grass s i t e  i s  located approximately 3 km southwest of t he  BWTF. I t  
i s  s i tua ted  in a broad, shallow topographic depression approximately 900 m 
wide and several hundred meters long in a northeast-southwest d i rect ion.  
Ongoing water balance and t ranspira t ion s tudies  a r e  being conducted a t  t h i s  
1 ocation (Gee and Ki rkham 1984). 

The s o i l  a t  t he  Grass s i t e  i s  3.5 m th ick and i s  well drained. The 
upper-most 0.6 m of t he  so i l  p ro f i l e  contains approximately 74% sand, 21% 
s i l t ,  and 5% clay,  and i s  c l a s s i f i ed  as  a sandy loam t o  loamy sand [border- 
l i n e ,  but previously c l a s s i f i ed  as a loamy sand by Gee and Kirkham (1984)l. 
From 0.6 t o  3.5 m,  t h e  so i l  consis ts  of approximately 91% sand, 6% s i l t ,  and 
3% c lay ,  and i s  c l a s s i f i ed  as  a sand. A gravel layer  t h a t  l i e s  below the  
3.5-m depth i s  estimated t o  be several meters th ick ,  based on excavations a t  
adjacent s i t e s .  

This s i t e  i s  instrumented with 25 neutron-probe access tubes arrayed in 
a 5 by 5 gr id  with a 6-m spacing between tubes. The unsteady drainage-flux 
experiment conducted a t  t h i s  s i t e  in July 1987 was a repeat  of a previous 

study (Gee and Kirkham 1984), using t he  same p lo t  (2 m by 2 m) and neutron- 
probe access tube (No. 25). The 1984 study was repeated i n  an attempt t o  



investigate a wider range of water content and t o  measure hydraulic head tha t  
was not measured successfully in the f i r s t  study. 

Guelph permeameter measurements were made a t  depths of 20- and 60-cm fo r  
various locations around the grid of neutron-probe access tubes in September 
and October 1986. Additional measurements were made in July and August 1987, 

both around and within the unsteady drainage-fl ux experiment plot .  

3 . 3  McGEE RANCH 

The McGee Ranch i s  approximately 37 km northwest of the BWTF. This 
s i t e  has been characterized for  near-surface so i l  texture and other physical 
properties (Last e t  a l .  1987). The so i l  texture a t  t h i s  s i t e  ranges from 
s i l t  loam t o  sandy loam. The average part ic le- size dis t r ibut ion of so i l  sam- 
ples collected from the McGee Ranch during t h i s  study i s  36% sand, 49% s i l t ,  
and 15% clay, which c l a s s i f i e s  the so i l  as a loam. The ground surface a t  the 
McGee Ranch slopes 3% t o  5% t o  the south. 

An unsteady drainage-flux experiment was conducted a t  t h i s  s i t e  in July 
1987. The location of the 2-m by 2-m study plot was between the north-south 
McGee Ranch road and a borrow p i t  from which f ine  so i l s  were taken f o r  the 
Field Lysimeter Test Faci 1 i t y .  Several thin (4-cm) cal iche 1 ayers were 
encountered during ins ta l la t ion  of tensiometers a t  depths of approximately 
35, 80, and 100 cm. 

Guelph permeameter measurements were taken in July and August 1987, a t  
various locations around the borrow p i t  a t  the McGee Ranch and within the 
unsteady drainage-flux experiment plot a t  t h i s  s i t e .  



4.0 RESULTS AND DISCUSSION 

The following sections describe the results of the methods used at each 
site. Collected data are reported in tabular and graphic form in the follow- 
ing sections, and in tabular form in the appendixes. 

4.1 BURIED WASTE TEST FACILITY 

Laboratory measurements of unsaturated hydraul ic conductivity were made 
on L-soil collected from the BWTF using the steady-state flux control method. 
Two unsteady drainage-flux method experiments were conducted in the southeast 
and north caissons (see Figure 3.2). Guel ph permeameter measurements were 
made in the area immediately surrounding the BWTF site and within the north 
caisson. Soil samples were collected from the permeameter auger holes and 
were used for particle-size analysis and subsequent water retention char- 
acteristic predictions using the Arya and Paris (1981) model. Predicted 
water retention curves (WRCs) were then used to predict hydraulic conductivi- 

ties with the RETC. F77 computer program, using Mualem's (1976) predictive 
conductivity model. 

4.1.1 Steady-State Flux Control Method 

Hydraul ic conductivity data from two rep1 ications and two bul k densities 
for L-soil are displayed on Figure 4.1. The actual 8, h, and K values are 
listed in Appendix A, Table A.1. 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 samples and 
approximately six weeks to collect six to seven data points. Obtaining data 
points for the lower water contents (achieved with a low flux rate) took the 
majority of the six-week period, because the time necessary to achieve 
steady-state flow was 1 onger (because of the low flux rates) . 
4.1.2 Unsteadv Drainaae-Flux Method 

Water content data for the southeast caisson drainage study are plotted 
on Figure 4.2 and 1 isted in Appendix A, Table A.2. Because there was no 

collection of matric head data during this experiment, we assumed that a unit 
gradient condition existed. Hydraulic conductivities were then calculated 
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using the instantaneous profile method (Watson 1966) and the Lax solution 

method (Si sson , Ferguson , and van Genuchten 1980) . 

Water Content (cm3/cm3) 

Hydraulic conductivities determined using the instantaneous profile 

method are plotted on Figure 4.3 and are listed in Appendix A, Table A.3. 

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. We 
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FIGURE 4.2. Water Content Profiles Observed During the Unsteady 
Drainage-Flux Experiment in the Southeast Caisson 

believe th is  difference resulted from the upper 60 cm of soil being dis- 
turbed (to remove a previously emplaced plastic 1 iner) and repacked just 
prior t o  beginning the experiment. The effect of th i s  disturbance was t o  

create a zone with a lower bulk density than a t  the lower depths ( i  .e., a 
1 ayeri ng effect) . 
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t h e  Lax Solution (Si sson, Ferguson, van Genuchten 1980) 
f o r  t h e  Watson (1967) K(9) Relationship 

Also p lo t ted  on Figure 4.3 a r e  t h e  laboratory data  from Figure 4.1. The 
f i e l d  data  from the upper three depths in  the caisson agree w i t h  the 
1 aboratory data  f a i r l y  we1 1 ,  suggesting s imi la r  bulk densi ty  and packing 
cha rac t e r i s t i c s  between t h e  L-soil in t he  laboratory and t h e  upper t h r ee  
depths in  t h e  caisson.  Between water contents of approximately 0.12 and 
0.25 cm3/cm3, hydraulic conduct ivi t ies  from t h e  lower depths a r e  higher than 



the laboratory values by as much as a factor of five. For water contents 
between 0.10 and 0.12 cm3/cm3, the f i el d-measured conductivities match the 
laboratory conductivities more closely. 

There are several possible explanations for the differences between the 
laboratory and the field conductivities. As mentioned previously, the 
variation in packing density expected for field conditions (compared to the 
re1 ative uniformity of packing within a 1 aboratory column) 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 laboratory- 
measured 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 preliminary analysis of the new cali- 
bration curve indicates that water contents will not change by much more than 
0.01 cm3/cm3, and that calculated conductivities will not change by more than 
about 5%. A third possibility is that, early in the experiment, a sig- 
nificant amount of entrapped air may have been present (the caisson side 
ports were sealed and the bottom was partially sealed). The entrapped air 
would have affected the hydraulic head gradients. Unfortunately, we have no 
measure of hydraulic head gradients during the experiment and have re1 ied on 
the assumption of a unit gradient. 

Complete saturation of a soil profile is very difficult, if not impos- 
sible, to obtain in a field experiment. All pores are not interconnected or 

open, and air may become trapped in some of the open pore spaces, effectively 
preventing water from filling them. If an unlimited water supply were avail- 
able, and water could be ponded on the plot or the plot irrigated for an 
extended period of time, much of the entrapped air would dissolve. Unfor- 
tunately, such conditions are not possible for most field studies of this 
type. Therefore, curves fit to field-measured water retention data from 
most unsteady drai nage-f 1 ux method experiments do not represent true desorp- 
tion curves, but are actually intermediate scanning curves representing the 
effects of hysteresis (the nonuniqueness of the water content-matric head 
relationship). In a typical laboratory setup, columns of soil are saturated 
from the bottom, or under a vacuum, so that air is driven out the top of the 



col umn as the soi 1 becomes saturated. Therefore, 1 aboratory WRCs general ly 
represent t rue  desorption curves. These differences are part  of the reason 
why laboratory and field-measured retention and hydraulic conductivity data 
typically are not i n  complete agreement. 

The second method for  analyzing the southeast caisson data i s  based on 
the Lax solution (Sisson, Ferguson, and van Genuchten 1980). Mu1 t i p l e  
regression of log (z / t )  , which equals log (dK/d0) , versus log 8 by the method % 

of dummy variables,  was performed t o  determine the slopes and intercepts of 
these l ines fo r  parameter estimation in the Watson (1967) model. The depth, 
z(cm), i s  measured from the soi l  surface, and the time, t (days) ,  i s  measured 
from when water f i r s t  disappeared from the soi 1 surface ( i  .e., time zero). 

The l ines shown on Figure 4.4 are least-squares f i t s  t o  data from each 
depth. Eleven regression l ines are portrayed on t h i s  figure (one fo r  each 
depth), but some of them fa1 1 on top of each other. Although the sand in the 
caisson i s  re1 at ively uniform with respect t o  part ic le- size dis tr ibut ion,  the 
regression l ines representing data from the upper three depths are separated 
from the other regression lines.  I t  i s  apparent tha t  the disturbed so i l  was 
packed t o  a lower bulk density than the r e s t  of the caisson s o i l ,  and tha t  
the hydraulic properties of the upper 70 cm were thus al tered,  as indicated 
by the separation between regression l ines.  This same conclusion was reached 
a f t e r  reviewing the instantaneous profi le  calculations and i s  consistent with 

data from 1 ayered soi 1 profi les  (Sisson 1987). 

In Figure 4.5, the water content from each depth was adjusted by the 
amount, (6/Om) x 10 Bk/BO, and replotted as a single curve with the average 
intercept of the curves shown on Figure 4.4. The Om value i s  the maximum 
water content reached a t  each depth. The regression coeff icients ,  Bk and Bo, 
are the intercepts and slopes, respectively, of least-squares f i t s  of 
s t ra ight  l ines t o  data from each depth. Adjusting or  scaling the data as 
shown on Figure 4.5 shows tha t  a large portion of the variance observed in 
measured K(0) values can be removed by adjusting or scaling specif ic  water 
contents by a fixed amount tha t  depends on spatial  position [see Sisson 
(1987) fo r  fixed gradient model detai ls] .  Scaling of the water content data 
in t h i s  way also enables out l ie rs  in the data s e t  t o  be readily ident if ied.  



Water Content (cm3/cm3) 

FIGURE 4.4.  Depth (z)/Time (t) Versus Water Content from the  Unsteady 
Drainage-Flux Experiment i n  the  Southeast Caisson. 
Curves represent Lax so l  u t i on  (Si sson, Ferguson, 
van Genuchten 1980) t o  Watson (1967) K(6) r e l a t i onsh ip ,  
w i t h  i nd i v i dua l  curves f i t t e d  t o  data from each depth. 

The i n f i l t r a t i o n  r a t e  a t  t he  end o f  the  2-h ponding per iod  was 

0.0063 cm/s. This value was used as an est imate o f  KfS. The volumetr ic  

water content o f  a l l  depths was averaged t o  obta in  an est imate o f  OS = 0.262 

cm3Icm3. Subs t i t u t i ng  these OS and KfS values i n t o  t he  Watson (1967) equa- 

t i o n  resu l ted  i n  the  f o l l ow ing  K(6) re la t ionsh ip :  
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FIGURE 4.5. Depth (z)/Time ( t )  Versus Scaled Water Content from the  
Unsteady Drainage-Flux Experiment in the Southeast 
Caisson. Curve shown'has the same slope and the 
average intercept of the curves shown in Figure 4.4. 

where 8.59 i s  the slope of the log (z / t )  versus log 8 regression l ine ,  plus 
1, a f t e r  scaling the data. Taking the derivative of the  Watson (1967) 

equation re su l t s  in the following equation: 



where 1//3-1 i s  t he  slope of t he  regression l ine .  Therefore, 1 must be added 
t o  t he  slope before subs t i tu t ing  back in to  t he  or iginal  equation f o r  1/P. 
The so l id  l i n e  shown on Figure 4.3 shows t he  K(0) re la t ionship  (Watson 1967) 
determined from t h i s  analysis .  

The unsteady drainage-flux method was a l so  used t o  determine hydraulic 
conduct ivi t ies  in t he  north caisson a t  the  BWTF s i t e .  Water content p rof i l es  
f o r  several times during t he  north caisson drainage study a re  plot ted on Fig- 
ure 4.6 and l i s t e d  in Appendix A, Table A.4. The maximum water content 
during ponding was approximately 0.30 cm3/cm3 f o r  a l l  depths, o r  75% sa tur-  
ation f o r  a t o t a l  porosity calculated t o  be 0.397 assuming bulk and p a r t i c l e  
dens i t i es  of 1.7 and 2.82 g/cm3, respectively.  These dens i t i es  were deter-  
mined from laboratory analysis  of L-soil. This maximum value of water 
content i s  approximately 25% higher than the  maximum value f o r  t he  southeast  
caisson data  f o r  depths below 60 cm. The f a c t  t h a t  both experiments resul ted 
in a water content s i gn i f i c an t l y  l e s s  than t h e  t o t a l  porosity suggests t ha t  
entrapped a i r  was present. The presence of entrapped a i r  would prevent t he  
attainment of complete sa turat ion (Klute 1986). The di f ference i n  maximum 
water content between the  two caissons may r e f l e c t  t he  f a c t  t h a t  not a1 1 of 
the  north caisson surface was ponded. The e l e c t r i c  pump t h a t  supplied water 
f o r  ponding on t he  surface of t he  caissons did not have a high enough flow 

r a t e  t o  pond water over the e n t i r e  surface of t he  north caisson. Therefore, 
water was only ponded on a wedge-shaped section of the north caisson,  
representing approximately one-third of i t s  t o t a l  area. By not ponding 
water over t he  e n t i r e  caisson surface ,  a i r  could escape more ea s i l y  from the  
north caisson than from the  southeast caisson. I f  t h i s  were t r u e ,  t h i s  
mechanism may be par t ly  responsible f o r  the  higher average water content 
(0.305 cm3/cm3) in t h e  north caisson,  than in t he  southeast  caisson 
(0.262 cm3/cm3) . 

Another observation based on Figure 4.6 i s  t he  rap id i ty  w i t h  which the  
p r o f i l e  drained. More than half  of a l l  t he  water t h a t  eventually drained, 
drained during t he  f i r s t  hour. From t h i s  observation, we conclude t h a t  
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FIGURE 4.6. Water Content Profiles Observed During the Unsteady Drainage- 
Flux Experiment in the North Caisson 

during the early drainage phase, many measurements are needed to clearly 
delineate the shape of the dO/dt curve. Also, the rapid rate of drainage 

creates a problem, in that a finite amount of time is needed to obtain a 

water content measurement at each depth, and the total time necessary to scan 

all depths is significant. To simplify calculations, the recorded time of 

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



re t rospec t ,  especia l ly  f o r  the  ear ly  drainage times, i t  may have been more 
appropriate t o  correct  f o r  the  in te rva l s  of time needed t o  lower t he  neutron 
probe and t o  obtain readings a t  each depth. 

The matric head data in Appendix A, Table A.5 were used t o  ca lcu la te  
hydraulic head values f o r  the  BWTF north caisson experiment. These head 
values were used t o  construct  t he  head prof i l es  shown on Figure 4.7. 

a Although the  head prof i l es  indicate  uni t  gradient  conditions throughout most 
of t he  drainage phase of the  experiment, there  a re  times when t he  gradient  

- - near t he  surface i s  l e s s  than unity. Therefore, hydraulic conductivity ca l -  

cula t ions  using t he  north caisson data were made with t he  actual gradient  
- .  measurements ( i  .e . ,  a uni t  gradient  was not assumed). Hydraul i c conduc- 

t i v i t i e s  were calculated by the  instantaneous p r o f i l e  method f o r  each 
measurement time and a re  l i s t e d  in Appendix A, Table A.6. 

Figure 4.8 contains a p lo t  of hydraulic conductivity versus water 
content f o r  a l l  depths of t he  BWTF north caisson,  and a plot  of t he  labora- 
tory  data from Figure 4.1. The r e su l t s  a r e  s imi la r  t o  t he  r e su l t s  from the  
southeast caisson with respect  t o  t h e i r  general re la t ionship  t o  water 
content. In f a c t ,  t he  data indicate  t h a t  the  north caisson,  l i k e  t he  south- 
ea s t  caisson,  has hydraulic conductivit ies t h a t  a r e  higher than t he  labora- 
tory  data a t  water contents exceeding 0.12 cm3Icm3. Higher conduct ivi t ies  a t  
lower water content in the  caissons suggest t h a t  flow through macropores may 
have had a much grea te r  e f f ec t  on water content changes in t he  caissons than 
in the  laboratory columns a t  water contents exceeding 0.12 cm31cm3. I f  t h i s  
were t r u e ,  i t  i s  probably t he  r e su l t  of differences in packing density 
between t he  caissons and t he  laboratory columns. 

Analysis of t he  north caisson data by t he  Lax solution method (Sisson, 
Ferguson, and van Genuchten 1980) and fixed gradient  analysis  (Sisson 1987) 

r. resul ted in t he  following K(8) re la t ionship  f o r  t he  Watson (1967) model : 

The value of 0.025 cmls represents t he  i n f i l t r a t i o n  r a t e  a t  t he  end of the  
1.5-h ponding period. The water content value of 0.305 cm3Icm3 i s  t he  
average of t he  water content values f o r  a l l  depths a t  t he  end of t he  
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. FIGURE 4.7. Hydraulic Head Profiles Observed During the Unsteady 
Drainage-Flux Experiment in the North Caisson 

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 uniformity of the profile. The solid 

1 ine on Figure 4.8 resulted from substituting values of 8 into Equation (4.3) 
and plotting the resulting K(6) values. 

The Kfs of 0.025 cm/s from the north caisson is four times larger than 
r)  

the KfS of 0.0063 cm/s at the southeast caisson. The potential for three- 

dimensional flow resulting from not ponding water over the entire surface of 
4 

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 could 

also be a result of the higher degree of saturation. 
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FIGURE 4.8. Hydraulic Conductivity as a Function of Water Content from 
the Unsteady Drainage-Fl ux Experiment in the North Caisson, 
from Repacked Columns in the Laboratory, and from the Lax 
Solution for the Watson K(8) Relationship 

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 measured as a function of time; 

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 

Watson (1967) model could probably be obtained by the Guelph permeameter or 

other methods. 



The Watson (1967) model curves show higher hydraulic conductivities than 
are indicated by laboratory data and lower conductivities than are indicated 
by most of the field data for the southeast and north caissons at water 
contents between 0.10 and 0.30 cm3Icm3. At lower water contents, the curves 
show higher conductivities than are indicated by measured data. Overall, 4 

this Watson (1967) model K(8) re1 ationship provides a fairly good description 
of the measured data from the BWTF site. 

6 

4.1.3 Guelph Permeameter Method 

The Guelph permeameter method measures KfS rather than the actual satu- 
rated conductivity, KS. Field-saturated hydraulic conductivities are gene- 
ral ly lower than actual saturated conductivities, because the presence of 
entrapped air reduces the pore space available for flow as previously 
described. Studies by Stephens et a1 . (1983) and Stephens, Lambert, and 
Watson (1984) suggest that reasonably accurate estimates of KS can usually be 
obtained by simply doubling the KfS measurement obtained from the Guelph 
permeameter method. The arithmetic mean value of KfS for 15 sets of measure- 
ments by the Guelph permeameter at the BWTF site is 0.0045 cmls. The arith- 
metic mean of the four laboratory measurements of Ks (Appendix A, Table A.l) 
is 0.0084 cmls. Hence, for the BWTF soi 1 ,  the Stephens et a1 . (1983) and 
Stephens, Lambert , and Watson (1984) approximations appear to be val id. 

Table 4.1 shows the results of the Guelph permeameter analyses from 15 
sets of measurements taken around the BWTF site and within the north caisson 
at the BWTF site. Plotted on Figure 4.9 is the exponential K(h) relationship 
determined from the average of these 15 measurements. This relationship is 

K = 0.0045 exp [O .0573 (h)] (4 4) 

where 0.0045 is the field-saturated hydraul ic conductivity (cmls) , 0.0573 is 
the slope of the lognormal K versus h line, and h is the matric head. 
Included on Figure 4.9 are the laboratory and field measurements of unsatu- 
rated hydraul ic conductivity (see Appendix A) . Examination of Figure 4.9 
raises the question of whether or not the exponential K(h) relationship 
assumed in the Guelph permeameter analysis adequately describes the K(h) 



TABLE 4.1. Resul ts  from t h e  Guelph Permeameter f o r  t h e  Bur ied 
Bur ied Waste Test F a c i l i t y  

Locat i on 

Outside Caissons, 
30-cm depth 

Average 

Wi th in  North Caisson 

Average 

Overa l l  Average 

A = 30-cm depth. 
B = 60-cm depth. 

re1 a t i onsh ip  o f  t h i s  so i  1. Th is  exponential  re1 a t i onsh ip  matches t h e  1 abora- 

t o r y  data w i t h i n  approximately 1 order  o f  magnitude over  t h e  range o f  m a t r i c  

heads shown. The f i e l d  data show more o f  a s t r a i g h t - 1  i n e  K(h) r e l a t i o n s h i p  

than t h e  l abo ra to ry  data, b u t  t h e  slope o f  t h e  l i n e  constructed from t h e  

Guelph permeameter data does n o t  match t h e  t rend  o f  t h e  f i e l d  data  from t h e  

unsteady dra inage- f lux  method experiment. 

4.1.4 P red ic t i ons  

F igure  4.10 shows field-measured water r e t e n t i o n  data  from t h e  unsteady 

dra inage- f lux  experiment i n  t h e  no r th  caisson. The s o l i d  l i n e  was f i t  t o  t h e  

data by t h e  RETC.F77 computer program w i t h  t h e  Mualem-based (1976) r e s t r i c -  

t i o n ,  m = 1- l /n .  Also shown on Figure 4.10 are  RETC.F77 curve f i t s  t o  water 
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FIGURE 4.9. Hydraulic Conductivity as a Function of Matric Head from 
the Unsteady Drai nage-Fl ux Experiment in the North 
Caisson, from Repacked Columns in the Laboratory, and 
the K(h) Relationship Determined from the Average of 
15 Sets of Guelph Permeameter Measurements at the Buried 
Waste Test Facility 

retenti on values predicted by the Arya and Paris (1981) model. These water 

retention predictions are based on a composite particle-size distribution of 

samples BWTF-18A and -18B collected within the north caisson at depths of 

30 and 60 cm, respectively. A bulk density of 1.7 g/cm3 and a particle 

density of 2.82 g/cm3 were used in the model to calculate a saturated volu- 

metric water content of 0.397 cm3/cm3. The dashed line is a curve fitted to 



FIGURE 4.10. Water Retention Curves Fit t o  Data from the Unsteady 
Drainage-Flux Experiment in the North Caisson and to 
Water Retention Characteristics Predicted by the 
Arya-Pari s (AP) (1981) Model . Predicted values were 
generated from a composite parti cl e-size distribution 
of Samples 18A and 18B with the AP model "a" = 1.38 
and 1.18 

b water retention predictions with the "a" term in the Arya and Paris (1981) 

model set a t  1.38. This value was the best-fit value of the "a" parameter 

determined by Arya and Paris (1981) for the range of soils in their study. 



The dashed-dotted line is a curve fitted to water retention predictions with 

the "a" term set at 1.18. This value of "a" was determined 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 4.11. Also shown on Fig- 
ure 4.11 is the hydraulic conductivity curve based on field-measured water 

Water Content ( c d I c m 3 )  

FIGURE 4.11. Hydraulic Conductivity as a Function of Water Content 
from the Unsteady Drainage-Flux Experiment in the 
North Caisson and Predicted Curves Based on the Arya- 
Paris (AP) (1981) Model Results Shown in Figure 4.10 



retention data with the KS value fixed at 0.0154 cm/s and the Os value 
internally fitted by the program at 0.309 cm3/cm3. This KS value is two 
times the arithmetic mean of nine Guelph KfS measurements within the north 
caisson (see Appendix B, Table B.l). The "Q." parameter used in the Mualem 
(1976) model was fixed at 0.5, which was the best-fit value of the parameter 
determined by Mualem (1976) in an analysis of several soils. The restric- 

9 
tions of m = 1-l/n and Q. = 0.5 were imposed on all of the curves fit to 
measured data. The fit to the measured hydraulic conductivity data can be 

- .  improved by a1 lowing the RETC.F77 program to fit values for m and Q. and/or by 
simultaneously fitting water retention and hydraulic conductivity data. As 
shown on Figure 4.11, the measured data could apparently be fit better by 
fixing Ks at a higher value or by allowing the program to fit a Ks value. 

The dashed line on Figure 4.11 represents hydraulic conductivities 
calculated from the water retention values predicted by the Arya and Paris 
(1981) model, with a = 1.38 and KfS and OS fixed at 0.0154 cmls and 0.397 
cm3/cm3, respectively. The calculated Os value of 0.397 was fixed to 
correspond with the KS value of 0.0154 cm/s in the curve-fitting process. 
The dashed-dotted 1 ine represents hydraul ic conductivities calculated by the 
same method with a = 1.18. Predicted and measured conductivities differ from 
one another by an order of magnitude or less at water contents exceeding 0.10 
cm31cm3. At 1 ower water contents, however, differences between measured and 
predicted values are much greater. 

Changing the "a" term in the Arya and Paris (1981) model from 1.38 to 
1.18 lowered the predicted matric head values by a factor of 2 to 6 between 
water contents of 0.40 and 0.025 cm3/cm3. Differences between predicted 
matric head values at lower and higher water contents were relatively small 
and almost negligible at saturation and at water contents less than approxi- 
mately 0.025 cm3/cm3. Changing the "a" parameter had very little effect on 

I. 

the predicted hydraulic conductivities shown on Figure 4.11. The general 
, .  shapes of the water retention and hydraulic conductivity curves in Figure 
t 4.11 are very similar. 

The hydraulic conductivities based on the Arya and Paris (1981) model 
water retention predictions agree more closely with the laboratory data than 
the field data from the north caisson (see Figure 4.8). The calculations of 



pore volumes associated with each soil-particle grain-size fraction in the 

Arya and Paris model assume that particles in each size fraction are packed 
in a discrete domain and that, when all domains are considered, the resulting 
assemblage has a bulk density equal to that measured for a natural-structure 

t 
sample. The model also assumes that the total pore space calculated from the 
particle and bulk densities is available for filling and is filled at satura- 
tion. Therefore, predicted hydraulic conductivities are likely to agree more c 

closely with the laboratory data than with the field data. This is a result 
of the uniform packing of the laboratory columns to the bulk density used for . - 

predicting water retention values and the thorough saturation of the labora- 
tory col umns. The RETC. F77 computer program curve-f i tti ng results are shown 
in Table 4.2. See Section 2.2 for parameter descriptions. 

4.2 GRASS SITE 

An unsteady drainage-flux experiment was conducted at the Grass site. 
Guelph permeameter measurements were made around the neutron probe access 
well grid at the site, and within the unsteady drainage-flux experiment plot. 

TABLE 4.2. Curve-Fitting Results from the RETC.F77 Computer Program 
Based on Data from the Buried Waste Test Facility 

Parameters (a) 
Data Set Or & a  - m n - 1 Ks 

BWTF-North Caisson 
Water Retenti on 
Data 0.09 0.307 0.0931 R 3.6956 0.5" 0.0154* 

AP-Predicted Water 
Retenti on from 
Samples 18A and 
18B (a = 1.38) 0.0095 0.397* 0.0531 R 2.2719 0.5* 0.0154~ 

AP-Predicted Water 
Retention from 
Samples 18A and 
18B (a = 1.18) 0.0106 0.397* 0.0972 R 2.5554 0.5* 0.0154* 

(a) See Section 2.2 for arameter definitions. 
AP = Arya and Paris (1981 ! model 
R = Mualem (1976) based restriction, m = 1-l/n 
* = Value was fixed 



Soi 1 samples, col lected from the  auger holes used f o r  permeameter measure- 
ments, were used f o r  par t i c le- s ize  analysis .  

4.2.1 Unsteady Drainage-Fl ux Method 

A t  t he  Grass s i t e ,  water content and matric head were measured as 
functions of depth and time. These data a re  in Appendix A, Tables A.7 and 
A.8, respectively.  Figure 4.12 shows the  water content p rof i l es  as a 
function of time. The maximum water content reached a t  the  15-cm depth was 
0.218 cm3Icm3. The maximum water content reached a t  the  180-cm depth was 
0.142 cm3Icm3. These water content values a re  much l e s s  than the  t o t a l  
porosity of each so i l  layer (approximately 0.5 f o r  the  upper layer  and 0.4 
fo r  the  lower l ayer ) .  The tensiometer data l i s t e d  in Appendix A, Table A.8 
indicate  near-saturated flow conditions a t  the  maximum water content shown. 
These r e su l t s  suggest t h a t  entrapped a i r  i s  preventing complete sa tu ra t ion ,  
a t  l e a s t  f o r  t he  upper soi 1 1 ayer. The lower soi 1 l ayer ,  which i s  coarser 
textured than the  upper layer ,  could not be wetted t o  complete sa tu ra t ion ,  
because t he  maximum f lux through the  upper so i l  layer  i s  not su f f i c i en t  t o  
maintain sa turat ion in the  lower layer.  

During i n f i  1 t r a t i o n ,  t he  wetting f ront  e s sen t i a l l y  stops a t  the  coarse- 
grained layer  un t i l  the  matric head increases ( t o  nearly ze ro) ,  a t  which time 
the  larger  pores in the  coarser- textured zone begin t o  f i l l  with water. 
Lateral flow will  occur unt i l  t h i s  matric potential  i s  reached. Hence, 
differences between t he  maximum water content reached in t he  upper and lower 
soi 1 layers  a t  the  Grass s i t e  can be a t t r ibu ted  t o  t he  e f f ec t  of t he  soi 1 
1 ayeri ng . 

According t o  Hi 1 l e l  (1980) , the  advance of a wetting f ron t  across a 
boundary from a fine-grained t o  a coarse-grained horizon may not be even and 
sudden "breakthrough flows" may occur in spec i f ic  locat ions ,  where f inger l ike  
in t rus ions  take place. This unstable flow phenomenon has been t he  subject  of 
numerous s tud ies  (e.g.,  Raats 1973; Phil ip 1975; Parlange and Hill 1976; 
S t a r r ,  Parlange, and Frink 1986). Preferential  flow along the tensiometers 
i n s t a l l ed  a t  the  Grass s i t e  would be somewhat analogous t o  the  "breakthrough 

flows" described by Hi1 l e l  (1980). The resul t ing e f f ec t  could be sa turated 
conditions immediately surrounding the  tensiometer cups when the  rest of the  
p ro f i l e  was ac tua l ly  unsaturated. For such condit ions,  t he  tensiometers 
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FIGURE 4.12. Water Content Profiles Observed During the Unsteady 
Drainage-Flux Experiment at the Grass Site 

would not accurately measure matric heads in the plot profile, at least 

during early drainage measurements. 

Figure 4.13 shows the field-measured water retention data for the 

Grass site. Because of entrapped or encapsulated air, complete saturation 

o f  the profile was not attained. 
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FIGURE 4.13. Water Retention Data from the Unsteady Drainage- 
Flux Experiment a t  the Grass S i t e  

Figure 4.14 shows to ta l  head plotted against depth fo r  various times 

p 
during drainage a t  the Grass s i t e .  Note that  hydraulic head values in the 
upper 60 cm decreased much more rapidly than in the lower part  of the soi 1 

b - profi le .  This observation suggests that  water moved out of the upper so i l  
, 1 ayer by some process other than drainage (e.g., evaporation, transpira- 

t i  on, or 1 ateral  f 1 ow). Because the plot was covered and the vegetation 

surrounding the plot was dormant, la teral  flow i s  the 1 i kely cause of the 

hydraulic head changes. Tensiometers in the upper so i l  layer,  
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FIGURE 4.14. Hydraulic Head Profiles Observed During the Unsteady 
Drainage-Flux Experiment at the Grass Site 

approximately 12 m from the test plot at the Grass site, indicated dry 

conditions exceeding the range of tensiometer measurement (c-800 cm) prior 

to running the experiment. These adjacent tensiometers were not close 

enough to detect lateral flow out 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 layer. 

An important assumption of the unsteady drainage-flux method is that 

lateral flow in or out of the test plot profile is negligible. This 

assumption is usually justified by ponding water over a large enough area 

for a sufficiently long period of time, so that a buffer zone is created 

which minimizes the lateral flow component within the test plot during 

drainage. This assumption is reasonable for the BWTF drainage 



experiments, where caisson walls physical ly res t r ic ted  any la te ra l  move- 
ment of water out of the t e s t  plot profi le .  However, t h i s  assumption 
does not appear t o  be jus t i f ied  fo r  the drainage experiment a t  the Grass 

s i t e .  Therefore, the instantaneous profi le  method was not used t o  calcu- 

1 a t e  hydraul i c  conductivities from these data. 

The Lax solution method (Sisson, Ferguson, and van Genuchten 1980) i s  

based on a unit gradient assumption. From Figure 4.14, i t  i s  obvious tha t  

unit gradient conditions do not ex is t  across the en t i r e  prof i le ,  although 

they do appear t o  ex is t  below the 60-cm depth. The fixed gradient analy- 

s i s  (Sisson 1987) assumes tha t  the hydraulic head gradient may vary by 

depth, b u t  i s  invariant with time. However, Figure 4.14 shows tha t  the 

gradient varies with time above the 60-cm depth. Therefore, neither the 

Lax solution nor the fixed gradient analysis was used with the Grass S i t e  

data. Efforts are in progress t o  repeat t h i s  experiment, with modif- 

ications t o  eliminate la teral  movement within the upper 60 cm of the 

profi le .  

4.2.2 Guelph Permeameter Method 

Results fo r  the Guelph permeameter analyses from measurements a t  the 

Grass s i t e  are  shown in Table 4.3. The mean K f s  value of 0.0092 cm/s for  

TABLE 4.3. Results from the Guelph Permeameter fo r  the Grass S i t e  

Locat i on 

20-cm depth 

Average 

60-cm depth 

Average 



the lower soil layer is approximately 9 times larger than the mean value 
of 0.001 cm/s for the upper layer. This difference supports the conten- 
tion that the upper soil layer restricts water infiltration to the lower 
layer by limiting the flux, such that the lower layer cannot be completely 
saturated during an infiltration experiment. 

4.2.3 Predictions 

Particle-size distribution data from the Grass site (see Appendix B, 
Table B.2) will be used in the Arya and Paris (1981) and Mualem (1976) 
models to predict hydraulic conductivities after repeating the unsteady 
drainage-flux experiment at that site. This second set of data will then 
be available to further assess the predictive capabilities of these models 
in layered soil profiles. 

4.3 McGEE RANCH 

An unsteady drainage-flux experiment was conducted at the McGee 
Ranch. Guelph permeameter measurements were taken around the borrow pit 
at the site, and within the unsteady drainage-flux test plot. Soil 
samples, collected from the auger holes used for Guelph permeameter meas- 
urements, were used for particle-size analysis and WRC prediction by the 
Arya and Paris (1981) model. These predictions were then used in the 
Mual em (1976) model to predict hydraul ic conductivities. 

4.3.1 Unsteady Drainage-Flux Method 

The water content data for the unsteady drainage-flux experiment at 
the McGee Ranch are listed in Appendix A, Table A.9. The water content 
profiles on Figure 4.15 show that water content decreased uniformly with 
depth during drainage. Data from the 120-cm depth were not analyzed, 
because steady-state flow had not been reached at that depth, and time 
constraints and water availability limited additional infiltration. After 
approximately 15 days of drainage, matric head values had reached -323 to 
-340 cm for a1 1 depths under consideration (see Appendix A, Table A.lO). 
Figure 4.16 shows total head versus depth for various times during 
drainage at this site. The mean head gradient is equal to 0.83. If 
lateral flow were appreciable at the McGee Ranch site, it would not be as 
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FIGURE 4.15. Water Content Profiles Observed During the Unsteady 
Drainage-Flux Experiment at the McGee Ranch 

apparent in the total head data of Figure 4.16 as it was on Figure 4.14, 
because of the relative uniformity of the soil profile. 

Field-measured water retention data for the McGee Ranch site are 
listed in Appendix A, Tables A.9 and A.lO. These data are plotted on Fig- 
ure 4.17. Hydraulic conductivities were calculated by a time-averaging 
approach (Rose, Stern, and Drummond 1965), using actual head gradients 
rather than an assumed unit gradient. These data are listed in Appen- 
dix A ,  Table A.11, and are plotted on Figure 4.18. The close grouping of 
the data on Figure 4.18 indicate that the upper 1 m of soil at this site 
is re1 atively uniform with respect to hydraul ic conductivity. 
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FIGURE 4.16. Hydraul ic  Head P r o f i l e s  Observed During the  Unsteady 
Drainage-Flux Exper iment 'at  the  McGee Ranch 

Figure 4.16 ind ica tes  t h a t  u n i t  g rad ient  cond i t ions d i d  no t  e x i s t  a t  

the McGee Ranch s i t e  dur ing the  unsteady drainage- f lux experiment. Based 

on F igure 4.16 i t  appears as though the  gradients are  r e l a t i v e l y  constant 

i n  t ime. Therefore, t he  Lax so l u t i on  (Sisson, Ferguson, and van Genuchten 

1980) and f i x e d  grad ient  ana lys is  were used t o  determine t he  parameters i n  

t he  Watson (1967) model f o r  the  McGee Ranch data. Scal ing o f  t he  water 

content data had very l i t t l e  e f f e c t  on t he  regression parameters, because 

o f  t he  un i f o rm i t y  o f  the  p r o f i l e .  The r e s u l t i n g  Watson (1967) model 

re1 a t ionsh ip  determined from t h i s  ana lys is  i s  
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FIGURE 4.17. Water Retention Data from the Unsteady Drainage- 
Flux Experiment a t  the McGee Ranch 

where 0.0017 cmls i s  the rate of fa l l  of the level of ponded water on the 
surface of the t e s t  plot. The average water content for a l l  depths a t  
time zero was 0.399 cm31cm3, and the slope of the log (z l t )  versus log 8 

l ine i s  7.53. This K(B) relationship i s  shown as the solid line in 
Figure 4.18. 

4.3.2 Guelph Permeameter Method 

Results of analysis of the Guelph permeameter data from around the 
borrow p i t  and within the unsteady drainage-flux plot a t  the McGee Ranch 

are shown in Table 4.4. Figure 4.19 shows the field-measured K(h) data 
from the McGee Ranch unsteady drainage-flux experiment. The solid line on 
Figure 4.19 represents the average K ( h )  re1 ationship determined from 
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FIGURE 4.18. Hydraulic Conductivity as a Function of Water Content 
from the Unsteady Drai nage-Fl ux Experiment at the 
McGee Ranch 

analysis of nine Guelph permeameter measurements shown in Table 4.4. The 
arithmetic mean value of Kfs, based on analysis of the 9 Guelph 

permeameter measurements, i s 0.0009 cmls. The .KfS val ues calculated from 
Guelph permeameter data for samples 9 A  and 9B, which were measured within 
the. unsteady drainage-flux study plot, are 0.0005 and 0.0007 cmls, respec- 

tively. The K(h) relationships determined from these data are also 



TABLE 4.4. Results from the Guelph Permeameter for the McGee Ranch 

Location Kfq, cmls #m, cm21s a 

20-cm depth 

Average 0.0006 0.0058 0.1034 

60-cm depth 

Average 0.0013 0.0140 0.0929 

Overall Average 0.0009 0.0095 0.0947 

plotted on Figure 4.19 as the dashed and dashed-dotted 1 ines, representing 
samples 9A and 9B, respectively. The slope of the line determined from 
analysis of Guelph permeameter results of sample 9B comes closest to 
matching the trend of the measured hydraul ic conductivity values. There 
is less than an order of magnitude difference between values that fall on 
this 1 ine and the measured values at matric heads of about -60 cm. This 
difference increases to almost 3 orders of magnitude at a matric head of 
-300 cm. This relationship suggests that the calculation of the slope of 

the line comparing lognormal K to h that was used in the assumed exponen- 
tial K(h) relationship, may not be appropriate for the soils in this study 
[see Equation (2.15)]. However, this failure of the K(h) line based on 
analysis of Guelph permeameter data, to fit the measured K(h) data may be 
a result of natural soil heterogeneity within the plot and across the 
McGee Ranch site. 

The Guel ph permeameter measures hydraul ic conductivity in the vicin- 
ity of the auger hole. The neutron probe and tensiometers measure water 
contents and matric heads over a larger volume of soil such that the mea- 
surements and subsequent hydraulic conductivity calculations represent 
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FIGURE 4.19. Hydrau l ic  Conduc t i v i t y  as a  Funct ion o f  M a t r i c  Head f rom 
t h e  Unstead Drainage-Flux Experiment a t  t h e  McGee Ranch 
and t h e  K(h 3 Rela t ionsh ips  Determined from t h e  Average 
o f  9 Sets o f  Guelph Permeameter Measurements a t  t h e  
McGee Ranch. Guelph 9 A  and 9B represent  2  se ts  o f  
measurements, from t h e  20-cm (9A), and 60-cm (9B) 
depths, w i t h i n  t h e  unsteady dra inage- f  1 ux experiment 
f i e l d  p l o t  

L 

more o f  t h e  n a t u r a l  heterogenei ty .  Consequently, d i f f e rences  i n  h y d r a u l i c  

c o n d u c t i v i t y  obta ined by t h e  Guelph permeameter and unsteady d ra inage- f lux  

methods l i k e l y  r e s u l t  f rom s p a t i a l  v a r i a b i l i t y  and sca le  d i f f e r e n c e s  



between the two methods. Differences may also result from different 
approximations of differential and integral quantities in the two methods. 

4.3.3 Predictions 

Figure 4.20 shows field-measured water retention data from the McGee 
Ranch. The solid line represents a least-squares fit to the data using 
the RETC.F77 computer program. The dashed 1 ine curve is fit 'to predicted 
water retention values based on the particle-size distribution composited 
from samples MCG-9A and -9B (listed in Appendix B, Table B.3). These sam- 
ples were collected from the 20- and 60-cm depths within the unsteady 
drainage-flux study plot at the McGee Ranch. The measured bulk density of 
1.54 g/cm3 and particle density of 2.77 g/cm3 were used with the "a" par- 
ameter in the Arya and Paris (1981) model set at 1.38 to calculate pre- 
dicted water retention values. The dashed-dotted line on Figure 4.20 is 
fit to predicted water retention values based on the same particle-size 
distribution, with the same bulk and particle densities, but with a = 

1.10. This value was determined by visual fit of a curve to the measured 
data. With a = 1.10, the predicted water retention values agree with the 
measured data within a factor of 3 of matric head values, between water 
contents of approximately 0.10 to 0.40 cm3/cm3. 

Figure 4.21 shows field-measured hydraul ic conductivity data from the 
unsteady drainage-flux experiment at the McGee Ranch. The solid curve was 
fit to f ield-measured water retention data using the RETC. F77 computer 
program with Mual em's (1976) predictive conductivity model. The Ks value 
was fixed at 0.0012 cm/s, which is 2 times the average KfS value for 
samples MCG-9A and -9B, as determined by analysis of the Guelph permea- 
meter data. The curve does not fit the measured data very well. As 
mentioned previously, a much closer fit to the measured data can be 
obtained with RETC.F77 if m and Q. are fitted independently and/or if a 
simultaneous fit to retention and hydraul ic conductivity data is made. 
The fit could probably also be improved if more data for the drier portion 
of the range of soil moisture conditions were available. The RETC.F77 

program fit the Or value at 0.0 cm3/cm3. This value would be difficult, 

if not impossible, to reach under field conditions. 



FIGURE 4.20. Water Retention Curves F i t  t o  Data from the  Unsteady 
Drainage-Flux Experiment a t  the  McGee Ranch and t o  
Water Retention Character is t ics  Predicted by the  
Arya-Paris (AP) (1981) Model. Predicted values were 
generated from a composite pa r t i c l e - s i ze  d i s t r i b u t i o n  
o.f Samples 9A and 9B w i t h  the AP model "a" = 1.38 and 
1.10 

The dashed l i n e  shown on Figure 4.21 corresponds t o  the dashed l i n e  

on Figure 4.20, which i s  based on Arya and Par is (1981) model p red ic t ions  

w i t h  a = 1.38. The dashed-dotted l i n e  on Figure 4.21 corresponds t o  the  

dashed-dotted 1 i n e  on Figure 4.20 w i t h  a = 1.10. Both o f  these 1 ines 

match measured hydrau l ic  conduc t i v i t y  data w i t h i n  a f a c t o r  o f  f i v e  up t o  a 
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FIGURE 4.21. Hydraul ic  Conduct iv i ty  as a Function o f  Water Content 
from the  Unsteady Drainage-Flux Experiment a t  the  
McGee Ranch and Predicted Curves Based on t he  Arya- 
Par is  (AP) (1981) Model Results Shown i n  Figure 4.20 
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water content o f  approximately 0.40 cm3/cm3. The value o f  a = 1.10 gives 

a much b e t t e r  f i t  t o  measured water r e t en t i on  and hydrau l i c  conduc t i v i t y  
# data than a = 1.38. These curves were generated by f i x i n g  t h e  KS value a t  

0.0012 cm/s as was done w i t h  the  curve f i t  t o  measured data. The Os value 

f o r  these curves was f i xed  a t  a water content value o f  0.444 cm3/cm3 

(determined from the  p a r t i c l e  and bu lk  dens i t i es ) ,  bu t  the  BS value f o r  



t he  curve f i t  t o  measured data was f i t t e d  by t he  program a t  a water 

content value of 0.392 cm3/cm3. Therefore, differences between measured 

and predicted conduct ivi t ies  a t  water contents above 0.392 cm3/cm3 do not 

necessari ly r e f l e c t  on t he  predic t ive  a b i l i t y  of t he  Arya and Par is  (1981) 

model. Table 4.5 shows t he  RETC.F77 curve- f i t t ing r e s u l t s  f o r  McGee Ranch 

data.  

In t h e  sense t h a t  t he  "a" parameter i s  empirically determined, t h e  

Arya and Par is  (1981) model i s  not t r u l y  predic t ive .  However, Arya and 

Par is  used an i t e r a t i v e  procedure t o  determine a b e s t - f i t  "a" (1.38) t h a t  

minimized t he  sum of t h e  absolute value of t he  log of the  measured matric 

head values minus t he  log of t he  calculated matric head values f o r  a range 

of s o i l s .  They then used t h i s  value f o r  predicting water re tent ion values 

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

Parameters (a) 
Data Set  8rL a - m n 1 Ks 

McGee Ranch Water 
Retention Data 0.000 0.409 0.0058 R 2.3563 0.5* 0.0012* 

Simultaneous F i t  
t o  McGee Ranch 
Water Retention 
and Conductivity 
Data 0.019 0.409 0.0059 R 2.4299 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 1.5420 0.5* 0.0012* 

AP-Predicted 
Water Retention 
Based on Samples 
MCG-9A and -9B 
(a  = 1.65) 0.000 0.444" 0.0110 R 1.7619 0.5* 0.0012* 

(a)  See Section 2.2 f o r  arameter def in i t ions .  
AP = Arya and Par is  (1981 ! model 

R = Mualem (1976) based r e s t r i c t i o n ,  m = 1 - l / n  
* = Value was f ixed 



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-fi t "a" value differs from the value of 1.38 deter- 
mined 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 subsequently predicting hydraul ic conductivity for a1 1 

t Hanford Site soils. The question can be answered only by analyzing addi- 
tional Hanford Site soils. 

. Differences between measured and predicted water retention values could 
be real, thereby suggesting 1 imitations in the Arya and Paris (1981) model, 

- .  or they could result from errors in the particle-size analysis or bulk 
density measurements. According to Arya and Paris, uncertainties of t5% in 
the particle-size analysis and tO.l g/cm3 in the bulk density are not 
uncommon (e.g., Coel ho 1974; Keisl ing 1974; Alexander 1980). A1 so, an 
iterative procedure, such as that used by Arya and Paris, could be used to 
calibrate the model to optimize the fit of predicted values to measured data 
for the soils in this study. This should help reduce the differences 
between measured and predicted hydraulic conductivities. Other possible 
explanations for the variations between measured and predicted conductivities 
are differences in the field- and laboratory-tested soil materials, within- 
plot variability, and the initial parameter estimates used in the curve- 
fitting process. 



5.0 CONCLUSIONS AND RECOMMENDATIONS 

The most important conclusion, based on the results of this study, is 
that no single method or measurement technique should be used for generating 
unsaturated hydraulic conductivity data for the Hanford Site. Each method 
used in this study produced results sufficiently different from the other 
methods, that to rely solely on one method would be unwise. The most appro- 
priate method ultimately depends on the specific job or application. 
Ideally, more than one method should be used to take advantage of the 
strengths of each method, considering the data needs and resources available. 

The laboratory steady-state flux control method provided accurate hydra- 
ulic conductivity measurements for repacked columns of L-soil from the Buried 
Waste Test Faci 1 i ty. These measurements agreed with field measurements 
within one order of magnitude. Using repacked columns may not yield results 
that are truly representative of natural conditions at other sites because of 
the disturbed nature of the samples. Therefore, using this method with 
undisturbed core samples would be preferable, and tests should be initiated 
using this method with undisturbed samples from the other field sites. This 
method is time consuming. It has an advantage, however, over other methods 
in that samples can be completely saturated so that true desorption curves, 
rather than intermediate scanning curves, can be measured. 

The unsteady drainage-fl ux method provided re1 ati vely accurate hydraulic 
conductivity measurements at two of the three field sites. At the third site 
(Grass site) , a textural transition (i .e., 1 ayering) resulted in lateral 
flow, so that the one-dimensional (vertical) flow assumption used to calcu- 
late hydraulic conductivity was not valid. This experiment is being repeated 
with modifications to ensure one-dimensional flow. 

A power function relationship, using parameters estimated by the Lax 
(1972) solution (Sisson, Ferguson, and van Genuchten 1980), provided reason- 
able descriptions of the measured hydraul ic conductivity data from the BWTF 
and McGee Ranch sites. Scaling of water content data with a fixed gradient 
model (Sisson 1987) appears to be useful as a data reduction technique and 
for describing some layered soil profiles. The RETC.F77 computer program 



(van Genuchten 1985) provides accurate descriptions of measured data, 
especially when no restrictions are imposed on the curve-fitting parameters. 

The Guelph permeameter method provides rapid, re1 atively accurate, 
field-saturated hydraulic conductivity data. Because of the portability of 
the apparatus, 1 ow water requirements, and speed with which measurements 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 determined from Guelph permeameter analyses to agree with other mea- 
sured data may be a result of natural soil heterogeneity and scale dif- 
ferences between methods. 

The predictions of hydraulic conductivity based on particle-size distri- 
bution and bulk density data were within one-half to one and one-half orders 
of magnitude of measured values, depending on soil type. This agreement may 
or may not be considered adequate, depending on the nature of the information 
needs, but the technique could be useful as a first approximation of hydrau- 
lic conductivity and would allow use of the Westinghouse Hanford Company 
grain-size data base. 

The differences in hydraulic conductivities measured by the various 
techniques in this study illustrate several unresolved problems. One of 
these is how to reconcile laboratory and field data that have different KS 
and OS values; this is often attempted by scaling data or by using matching 
factors. With hysteresis effects resulting from incomplete saturation 
because of entrapped ai r, f i el d-measured water retention curves wi 11 have 
different shapes than those measured in the laboratory regardless of matching 
factors. Consequently, it is not realistic to expect complete agreement 
between 1 aboratory and f i el d data. 

Field data are generally considered to be more representative of natural 

conditions and, thus, are preferable to laboratory data. On a large scale, 
it becomes impractical to try to characterize the variability of soil 
hydraulic properties with the detailed analyses used in this study. There- 
fore, geostatistical approaches should be evaluated as a means of using a 
small set of data to characterize large areas. 
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APPENDIX A 

WATER RETENTION AND HYDRAULIC CONDUCTIVITY DATA 

TABLE A.1. Steady-State Flux Control Method Results for L-Soil 

Col umn El pb = 1.6 g/cm3 
8, cm3/cm3 h ,  cm K, cm/s 

0.435 M 0 7.62E-3 

0.308 18 1.74E-3 

0.233 2 1 7.89E-4 

0.173 2 9 1.01E-4 

0.129 4 7 1.32E-5 

0.100 83 1.09E-6 

0.086 140 7.70E-8 

Column E, pb = 1.7 g/cm3 
8, cm3/cm3 h, cm K, cm/s 
0.400 w 0 7.12E-3 

0.307 20 2.57E-3 

0.227 23 5.15E-4 

0.189 3 5 1.72E-4 

0.145 52 2.15E-5 

0.125 7 2 5.32E-6 

0.100 130 3.36E-7 
0.091 175 1.08E-7 

0.083 215 5.40E-8 

8 = volumetric water content 
h = matric head 
K = hydraulic conductivity 

pb = bulk density. 

Column F, pb = 1.6 g/crn3 

0, cm3/cm3 h, cm K, cm/s 

0.422 w 0 9.78E-3 

0.310 18 3.16E-3 

0.250 22 9.90E-4 

0.177 2 9 1.01E-4 

0.138 4 7 1.36E-5 

0.110 8 4 1.59E-6 

Column F, pb = 1.7 g/cm3 

0, cm3/cm3 h, cm K, cm/s 

0.386 w 0 8.91E-3 

0.297 20 2.52E-3 

0.229 23 5.07E-4 

0.186 3 5 1.68E-4 

0.155 42 4.23E-5 

0.124 76 4.98E-6 

0.100 125 3.47E-7 
0.092 170 1.12E-7 

0.086 200 5.58E-8 



TABLE A.2. Water Content Data from BWTF Southeast Caisson 

Time, s 

8. 88E+88 
4.84 E+82 
1.88E+83 
1.68E.83 

2.28E+83 
2.88E+83 
3.48E+83 
4.38E+83 

7.88E.83 
8.88E.83 
1.43E+84 
1.79E+04 
2.22E+84 
2.65E.84 
8.16E.84 
1.07E+85 
1.96E.85 

3.67E+85 
7.11E+85 

1.85E+86 

Water Content, cm3/ca3, a t  Depth, cm 

98 185 128 135 158 - - - - -  
8.248 8.256 8.248 8.243 8.246 

8.238 8.247 8.242 8.238 0.243 

8.225 8.231 8.232 8.231 8.229 

8.212 8.219 8.218 8.218 8.224 

8.281 8.215 8.289 8.286 8.216 
8.189 8.281 8.281 8.283 8.284 
0.187 8.193 8.192 8.194 8.197 
8.182 8.186 8.188 8.185 8.191 

8.167 8.172 8.176 8.176 8.175 
8.163 8.168 8.167 8.165 8.168 

8.158 8.153 8.163 8.154 8.166 
8.147 8.151 8.147 8.151 8.151 
8.142 8.141 8.142 8.143 8.146 
8.148 8.148 8.143 8.139 8.143 

8.121 8.123 8.128 8.122 8.121 
8.118 8.118 8.119 8.118 8.128 
8.118 8.115 8.111 8.112 8.113 
8.187 8.111 8.189 8.111 8.112 
8.186 8.187 8.188 8.186 8.189 

8.182 8.182 8.184 8.184 8.183 

TABLE A.3. Hyd rau l i c  Conduc t i v i t y  Data from t h e  BWTF Southeast Caisson 

Hydraulic Conduct iv i ty,  cm/s, a t  Depth, cm 

Time, s 

4.84E+82 
1.88E+83 
1.68E.83 
2.28E.83 
2.88E+83 
3.48E.83 
4.38E+83 
7.08E.83 
8.88E+83 

1.43E.84 

1.79E+84 
2.22E+84 

2.65E+84 

8.16E+84 

1.87E+85 
1.96E+85 
3.67E.85 

7. l lE+85 

1.85E+86 



TABLE A.4. Water Content Data from t h e  BWTF North Caisson 

Time, s 

0.00E+00 
4.80E+02 
8.40E+02 
1 .38 E+03 
2.04E+03 
2.88E+03 
4.68E+03 
6.48E+03 
8.28E+03 
1.43E+04 
2.03 E+04 
2.75E+04 
8.93 E+04 
1.88E+05 
2.75E+05 
6.23 E+05 
1.15E+06 

Water Content, cm3/cm3, a t  Depth, cm 

45 60 90 120 150 180 210 ------- 
0.312 0.323 0.297 0.302 0.307 0.300 0.295 
0.216 0.223 0.298 0.302 0.303 0.298 0.296 
0.195 0.196 0.222 0.252 0.293 0.297 0.295 
0.177 0.180 0.199 0.202 0.218 0.251 0.290 
0.164 0.167 0.188 0.189 0.195 0.209 0.222 
0.155 0.161 0.179 0.179 0.182 0.191 0.201 
0.142 0.147 0.163 0.168 0.172 0.179 0.187 
0.138 0.137 0.156 0.159 0.162 0.169 0.176 
0.132 0.136 0.149 0.152 0.152 0.164 0.170 
0.124 0.127 0.138 0.141 0.147 0.151 0.159 
0.120 0.123 0.133 0.137 0.138 0.148 0.153 
0.110 0.119 0.128 0.129 0.131 0.139 0.146 
0.105 0.106 0.116 0.116 0.117 0.124 0.126 
0.101 0.102 0.111 0.110 0.113 0.117 0.122 
0.100 0.101 0.110 0.113 0.106 0.113 0.118 
0.096 0.099 0.107 0.105 0.107 0.109 0.113 
0.096 0.093 0.104 0.106 0.105 0.106 0.111 

TABLE A.5. M a t r i c  Head Data f o r  t h e  BWTF North Caisson 

M a t r i c  Head, cm, a t  Depth, cm 

Time, s - 15 - 30 4 5 - 6 0 - 9 0 - - 120 150 180 


































