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ABSTRACT

Unsaturated hydraulic conductivity was measured using four different

methods. Tension permeameters were used to measure unsaturated hydraulic

conductivity in the field, using a single disc method, which depends on the

measurements of sorptivity, steady state flow rate, initial and final water content

(White and Perroux, 1987, 1989). Also, a double disc method was used which utilizes

Wooding's (1968) equation for two different disc radii at the same tension for steady

state flow rates. Undisturbed and disturbed soil cores were used to measure

unsaturated hydraulic conductivity in the lab, using water retention curves with van

Genuchten's equations. There were no significant differences in the mean of

hydraulic conductivity between single and double disc methods in all the tensions used

(0, 5, 10 and 15 cm). There were significant differences between the field methods

and undisturbed soil cores in zero cm tension, and disturbed soil cores in 10 and 15

cm tension.

The effect of land preparation on the unsaturated hydraulic conductivity was

studied using the double disc method. Tilling has significant effects on the

unsaturated hydraulic conductivity at all tensions used.

The spatial variation of unsaturated hydraulic conductivity and steady state

flow in different tensions using the double disc method was studied. We found

exponential variogram models for unsaturated hydraulic conductivity at 5, 10 and 15

cm tensions and a random model for zero cm tension. Also, exponential models were

best fitted for steady state flow corresponding to pores radii of 0.03 - 0.015 cm, 0.015
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- 0.010 cm and steady state flow at 10 cm tension. A Michaelis-Menton model was

used for steady state flow at 5 cm and 15 cm tension.

Disc permeameters were also used to add 5 cm depth of water, bromide and

dye solution at 0, 5, 10 and 15 cm tensions with three replicates. A comparison was

made between field data and simulated model under the same boundary and initial

conditions as in the field. Results showed that the water and bromide move deeper

than the prediction of the simulated model in all tensions used. The differences were

larger between simulated model and field data for both water and bromide

concentrations in the lower tension and smaller in the higher tension as a result of

elimination of some preferential flow paths.

An equation was developed for cumulative infiltration valid for both small

and large time. The parameters calculated using the developed equation closely

matched the measured infiltration, and fit better than a three term series similar to

the Philip equation for one-dimensional flow.
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CHAPTER 1

INTRODUCTION

Knowledge of hydraulic conductivity and matric potential as functions of soil

moisture content are the fundamental relationships for quantitative analysis of water

flow in soils. Calculations of water and solute movement require hydraulic

parameters as inputs. A common limitation is that parameters are measured under

laboratory conditions ignoring the difference between these parameters in the field

and laboratory. In addition, most analyses assume that the water and solute move

through homogeneous soil even though transport in the soil often takes place along

preferred pathways. Soils are variable over spatial dimensions and, in structured

soils, preferred pathways consist of root pores, worm channels, and drying cracks.

The importance of preferential flow in such macropores has been recently recognized

in contaminant hydrology. The rapid transport of pesticides to groundwater can be

explained by preferential flow.

Because the sensitivity of soil hydraulic properties to soil structure and

difficulties in obtaining representative undisturbed samples, in situ methods are

potentially more accurate. Unfortunately, they are also more time consuming and

hard to perform. In recent years new methods and devices have been developed

(White and Perroux, 1989; White and Sully, 1988; Smettem and Clothier, 1989) to

measure soil hydraulic properties in situ.
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The objectives of this study are to:

1. Compare and evaluate different in situ and laboratory methods to

calculate and measure unsaturated hydraulic conductivity.

2. Study and compare the effects of land preparation on unsaturated

hydraulic conductivity measured at the surface.

3. Study the spatial variation of unsaturated hydraulic conductivity and

macropore flow at different tensions.

4. Study the effect of preferential flow of water and chemical movement in

the soil profile and compare predicted model and field data.
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CHAPTER 2

LOCATION, DESIGN AND METHODS

Experimental Location and Soil Series 

The study has been conducted in Field No. F117 at the Maricopa Agricultural

Center (Fig. 2.1) located three miles east of Maricopa and three miles north of the

Casa Grande Maricopa Highway in Pinal County, Arizona. The farm is 770 hectares

in size. The dominant soils at the farm are the Casa Grande, Trix and Shontik. The

Casa Grande (fine-loamy, mixed, hyperthermic Natric Natrargids) is a deep, well

drained slowly permeable soil formed in old alluvium and has a sandy loam or sandy

clay loam surface horizon from the 0-30 cm depth. Trix (fine-loamy, mixed,

calcareous, hyperthermie Type Torrifluvents) is a deep, well drained very slowly

permeable soil whose upper horizons are formed in fine textured, recently deposited

alluvium and has a clay loam or sandy clay loam surface horizon of 0-30 cm. Shontik

(fine-loamy, mixed, hyperthermie Natric Camborthids) is a deep, well drained and

moderately to moderately rapid permeable soil found in sand alluvium and has a

sandy loam surface horizon 0-30 cm deep (Post et al., 1988).

Three plots and a long transect were chosen in Field 117 (see Figure 2.2).

Two of the plots were 2 x 3 m and the third one was 1.75 x 2 m. The transect was

70 m long and 0.50 m wide. The field was plowed and rotatilled to make the soil

surface soil smooth, except the third plot which was undisturbed.
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Experimental Design

1. Experimental design for comparing different disc permeameter methods

and for collecting soil core samples.

One of the two 3 x 2 m plots was divided into twelve equal 0.75 x 0.67 m

subplots as shown in Figure 2.3. We used four tensions to measure unsaturated

hydraulic conductivity (0, 5, 10, and 15 cm) with three replications. Within each

subplot two disc radii were used, 23.6 and 10.4 cm which are referred to as "large"

and "small" discs, respectively. Also, three surface core samples of 5.3 cm radius

were taken from the plot at the indicated locations. The soil surface was smoothed

carefully before the measurements.

2. Experimental design for comparing land preparation effect.

The small plot (1.75 x 2 m) was divided into two parts. One part was

smoothed using a shovel the other part was left undisturbed (see Figure 2.4). Each

part was further divided into three smaller plots. Within the smallest unit, hydraulic

conductivity at four tensions (0, 5, 10, and 15 cm) was measured at the same spot

using both small and large disc permeameters, with three replicates for every

measurement. Altogether, there were two treatments (disturbed and undisturbed),

four tensions (0, 5, 10 and 15 cm), three replicates, and two sizes of permeameters.
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Figure 2.4. Field experimental design for measuring K unsaturated using multiple
disc methods on disturbed soil vs. undisturbed soil.
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3. Experimental design for spatial variation.

In this part we chose a transect 70 m long and 0.5 m wide, taking

measurements every meter with both disc permeameters for the four tensions at the

same spot for the large disc adjacent to small disc.

4. Experimental design for solute and water movement.

The remaining 3 x 2 m plot was divided into twelve 0.75 x 0.67 m subplots

(Figure 2.5). A five centimeter depth of a dye solution (2186 cm3 solution added for

disc permeameter with diameter of 23.6 cm) including a bromide tracer was added

to the center of each small plot using the large disc permeameter at 4 different

tensions (0, 5, 10, and 15 cm) and with three replicates for each tension. The tension

replicates were within the same column in the plot to reduce spatial variation of the

soil. FD and C Blue #1 dye (Seltzer Chemicals, Inc., Carlsbad, CA 92008-3861) at

a concentration of 0.3 g/1 was used. After the 5 cm solution infiltrated, samples were

taken below the center of the disc, using a small soil coring device (Oakfield probe).

Soil samples were taken in 2.5 cm increments to measure water content and bromide

concentration, eight to nine samples were taken depending on the wetting front.

Unsaturated Measurements with Disc
Permeameters for Single Tension at One Spot

The construction of disc permeameters has been described in detail in

Perroux and White (1988) and Lien (1989). Two sizes of disc permeameters were

used. They are very similar except one has a diameter of 20 cm, and a steel
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retention ring of 23.6 cm, and the other a diameter of 9 cm and steel ring of 10.4 cm

(Figs. 2.6 and 2.7).

Following is the field procedure to operate disc permeameter which is nearly

identical to that of Lien (1989):

1. Prepare a smooth, level area about 30 x 30 cm wide for the large or 15

x 15 cm for the small disc penneameter.

2. Place a steel ring (0.2 cm thick, 23.6 cm I.D. for the large and 0.2 cm

thick, 10.4 cm I.D. for the small disc) on the center of the prepared area by pressing

it into the soil. The soil surface should be level so the steel ring touches the surface

throughout.

3. Press soil sample cans for initial moisture content into the soil on opposite

sides of the steel ring, with each can about 10 to 15 cm outside the ring.

4. Fill the inside area of the steel ring with moist sand contact material, and

level it to the top edge of the ring using a ruler as a straight edge. Remove any

excessive sand material.

5. Remove the disc permeameter from the water storage bucket. Gently

blow air into the air inlet tube of the tension tower and clamp it shut while it is

bubbling to eliminate water inside the air inlet tube. The provided tension is equal

to the distance between the membrane and the air bubble entry points into the

reservoir (which is 1.5 cm in the big disc and 6.0 cm in the small disc) minus the

height of water above the bottom of each of the air inlet tubes (four inlet tubes).
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Figure 2.6. The small disc permeameter used for unsaturated water flow.
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Figure 2.7. The large disc permeameter used for unsaturated water flow.
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6. Place the disc permeameter back in the storage bucket and fill the

reservoir tube with water, using a suction pump to remove air from the reservoir

tube.

7. Read and record the initial water height in the water reservoir tube on a

data sheet. Enter the predetermined depth marks to be read on data sheet.

8. Unclamp the air inlet tube of the bubble tower. Gently place the disc

permeameter on the center of the sand covered ring.

9. Start the stopwatch as soon as the bubbles start to form in the bubble

tower. Press the "split" button to record the time readings whenever the bottom of

the meniscus reaches the subsequent predetermined depth mark. Press the "stop"

button when the meniscus reaches the last depth mark or at least when one hour

reading has been taken.

10. Wash away the sand material attached to the bottom of the membrane

and return to water bucket.

11. Use a spatula to remove sand material from the ring and collect the top

0 - 0.4 cm depth soil sample for final moisture content determination.

12. Recall and record the time reading stored in the stopwatch on the data

sheet. Use a shovel to remove the two soil sample cans from the soil for initial

moisture content and bulk density determination.
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Unsaturated Measurements with Disc
Permeameters for Multiple Tensions at the Same Spot

Follow steps 1, 2, 4, 5, and 6 as before. Then,

1. Unclamp the air inlet tube for the biggest tension (which was 15 cm in our

case) of the tension tower. Gently place the disc permeameter on the center of sand

cap.

2. Start the stopwatch when the bubbles start to slow down. Press the "split"

button to record the time readings whenever the meniscus reaches the subsequent

predetermined depth mark until you reach a steady state flow, i.e. when the time

interval between two subsequent predetermined depth marks become equal. Use

another stopwatch to take 7 - 8 readings for steady state flow.

3. Unclamp the air inlet tube for the second highest tension (which was 10

cm in our case) of the tension tower. Start the stopwatch when the bubbles slow

down (which happens very fast compared to the first time). Press the "split" button

to record the time reading until you reach the steady state flow. Use the same watch

as before and take 7 - 8 readings for steady state flow.

4. Follow the same step (3) for tension 5 and tension 0 and record the

steady state flow with time.

5. Recall and record the time for steady state readings stored in the

stopwatch on the data sheet for each tension separately.
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Bulk Densitv_(Dk) 

The length (L), diameter (2r), and weight of oven dried undisturbed cores

were measured and calculated from the ratio of mass (m) to volume of soil core as

Db = ml(cr2L)

Soil Moisture Characteristics 

Moisture retention values at saturation, 5, 10, 15, 30, 60, 100, 200, 300, 1000

and 15000 cm were determined for undisturbed and disturbed soil cores using a

hanging water column for low tensions (5, 10, 15, and 30 cm), a Tempe cell for 60,

100, 200 and 300 cm and pressure plate for the two highest pressures. For the

pressure plates, soil cores were placed on the plate and soaked overnight in a pan

containing a 0.05 M CaC12 solution prior to applying each pressure. Gravimetric

moisture content was determined after each pressure applied using subsamples of the

soil core.

Bromide Analysis 

A 10 g air-dried sample was mixed with 20 ml distilled water to produce a

1:2 soil to water ratio. The sample was placed in 50 ml centrifuge tube and shaken

for 30 minutes in a reciprocating shaker, then centrifuged at 3000 rpm for 20 min and

filtered through filter paper, the extract collected, and the bromide determined on

an Alpkem continuous flow spectrophotometer.
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Measurement of Saturated and Unsaturated Hydraulic
Conductivity for Disturbed and Undisturbed Soil Cores 

Saturated hydraulic conductivity was measured using a constant head (Klute

and Dirksen, 1986) for six undisturbed samples and three disturbed samples. The

same soil cores were used to measure unsaturated hydraulic conductivity (using water

retention curve). A hanging water column was used for low tensions of 5, 10, 15 and

30 cm; a Tempe cell for tensions of 60, 100, 200 and 300 cm; and a pressure chamber

for higher tensions of 1, 15 bar. The hydraulic parameters of a and n with 0 at

different tensions have been calculated and fitted using van Genuchten's equations

(1980).
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CHAPTER 3

CALCULATION OF UNSATURATED HYDRAULIC
CONDUCTIVITY AND DISCUSSION

Previous Studies

Measurements of saturated and unsaturated hydraulic conductivity in situ are

very important for modeling solute movement, in addition to optimization of

agricultural practices such as irrigation, drainage and runoff control. Many

researchers have compared the field and laboratory determinations of hydraulic

conductivity.

Dane (1980) compared four different procedures. The first procedure

consisted of in situ measurements of water content and pressure head profiles

following irrigation. The second procedure consisted of a model that used water

retention curves and saturated K values determined on undisturbed core samples.

The third method was a variation of the second in that water retention data were

used as measured in situ. The fourth method used in situ measured water content

data only. The four methods resulted in K(0) relations that were in fairly good

agreement.

Field et al. (1984) compared field and laboratory-measured and predicted

hydraulic properties for a soil with macropores. The model of van Genuchten (1980)

was successful in predicting unsaturated conductivities within the scatter of in situ

values when field-measured moisture retention data were used and the mean in situ
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saturated conductivity was employed as a matching point. Correspondence between

predicted and in situ conductivities was poorer when using laboratory retention data,

reflecting difficulties in obtaining representative undisturbed core samples.

Recently a new method was developed (White and Perroux, 1988; White et

al., 1989; Smettem and Clothier, 1989) to measured soil hydraulic properties in situ.

Perroux and White (1988) described the use of disc permeameters. They modified

the sorptivity instrument of Clothier and White (1981), for the measurement of

hydraulic properties of field soils containing macropores and preferential flow paths.

White et al. (1989) described a method for determination of hydraulic properties

based on Wooding's (1968) three-dimensional flow from a shallow circular pond or

disc surface. Data obtained from each infiltration measurement at any supply water

potential can be analyzed in terms of the sorptivity for short time and in the term of

steady-state flow, for large times. With knowledge of soil moisture content, and bulk

density, the hydraulic conductivity and macroscopic capillary length can be calculated.

Smettem and Clothier (1989) introduced a new way for measuring

unsaturated sorptivity and hydraulic conductivity using multiple disc permeameters.

The proportions of flow contributed by hydraulic conductivity and sorptivity change

with radius. These parameters may be obtained by measuring steady state flow for

large times using disc of different radii. The advantage of this method is that only

long-time, quasi-steady discharges are needed to obtain Ko and S.. The advantage

of the disc permeameter method is that it is simple, efficient, accurate, fast, and

requires a small amount of water.
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Lien (1989) measured steady state flow at two tensions for the same disc

permeameter radius, and he calculated macroscopic capillary length and hydraulic

conductivity. His results were consistent to that measured using sorptivity and steady

state flow. The approach is somewhat similar to that of Yitayew and Watson (1986)

who measured wetting surfaces for multiple flow rates of point sources.

Calculation of Hydraulic Properties
Using Disc Permeameters

Sorptivity (S)

Sorptivity is a measure of water uptake by the soil without gravitational

effects (Philip, 1969). It is calculated from the cumulative infiltration for short times

by

/ = Stin	 (3.1)

where I is cumulative infiltration (cm) at time t (sec). S is sorptivity (cm sec-m) and

equal to the slope of the cumulative infiltration versus the square root of time for

small times.

Philip (1969) mentioned that during the early stage of infiltration a multiple-

dimensional flow system behaves as though one-dimensional and is dominated by

capillarity. To estimate the time range of convergence of infiltration rate series

solutions for one-dimensional flow, Philip (1969) introduced a gravitational

characteristic time



	

t	 - 	S
gr" [K0 - Kn

where Ko is the hydraulic conductivity at supply potential, Ki, is the hydraulic

conductivity at initial soil water potential, and tgrav represents the order of magnitude

of time at which the effect of the gravity on flow equals that of capillarity.

In two-and three-dimensional infiltration flows, the geometry of the system

soon overrides the initial one-dimensional character of the capillarity-driven flow.

Philip designated a geometrical characteristic time tg,..m which gives the order of

magnitude of this time, where

2

	tg 	= [ r (64 ° S- On)wm 1

where 0„ is the moisture content at supply potential, and 0. is the initial moisture

content. The r is a characteristic length of the source of water.

Philip (1986) mentioned that in such time-dependent flows, X c (which is the

macropore capillary length) is associated with a capillary or sorptive-time scale t,

which emerges from the scaled flow equation

A01
t= '
' AK

(3.4)

To infer whether the geometry, capillarity, or gravity dominates time-dependent,

multidimensional flows, we need to consider the ratio tgeonft„ When this ratio is

greater than 1, t, < tr.., and capillarity will influence flow before the geometry of the

]
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(3.2)

(3.3)
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system is apparent. For tgeo,„ < t, and t, < tgra„, flow will move from being capillarity

driven to being influenced by the dimensionality of the system before gravity becomes

apparent.

Talsma (1969) found the effect of gravity negligible for time less than 0.02

tgray' Smettem and Clothier (1989) mentioned that there is small change in flow rate

between 5 min and 2 h for disc permeameter measurements. In our case, the time

from 0 to 150 sec was used to calculate sorptivity for each stage by plotting

cumulative infiltration versus the square root of time. All the data from time zero

has been used for the calculations.

Hydraulic Conductivity (K)

At large times, the steady state flow rate q,„ (cm3/s) is determined by both

gravity and capillarity as seen in Wooding's (1968) equation

q. = nr2K0 + 4rK0lc (3.5)

where r is the radius of disc permeameter or sand cap. The Ko is the hydraulic

conductivity corresponding to the supply potential and the X, is the macropore

capillary length. The first term on the right of equation 3.5 represents the

contribution of gravity to the total flow from the surface disc and the second term

represents the contribution of capillarity to the flow.

White and Sully (1987) showed that X, is a function of the sorptivity and the

hydraulic conductivity.



l o = b.51 ,1[(e0 - 0.)K0]

where 00 is the moisture content at supply potential, On is the initial moisture content,

So is the sorptivity at the supply potential and b is a dimensionless constant with

values between 1/2 and 7714. The b depends only on initial and supply potential (X n ,

) .) and the shape of the soil-water diffusivity (D = K d4r/d0). They suggested that

b = 0.55 is a reasonable approximation for most situations, a value confirmed by

Warrick and Broadbridge (1991) for several hydraulic functions. The larger the X„

the higher the contribution of capillarity to the flow transport process.

Equations 3.5 and 3.6 can be considered together to give:

q. = Tcr 2K0 + 4rbSo2/(e0 - On )

The corresponding steady state flow rate per unit area is:

q./7cr2 = K. + 4bS02/[nr(00 - O n )]

or by considering b = 0.55 is

2nr

The value of q.hrr2 for large time can be found by plotting the cumulative infiltration

versus time. S is calculated as a slope of cumulative infiltration versus the square

root of time (Figure 3.1) and the slope of the linear plot at large times is the steady

state flow rate q oebrr2 (Figs. 3.2, 3.3, 3.4, and 3.5). Therefore, for each field

38

(3.6)

q.
- Ko + 2.2,5°2 l[nr(00 - en )]

(3.7)

(3.8)

(3.9)



39

03
1

N.	
,

'	 Tr
I

el
,	 .	 i

(D	 LL) cv	 T"'

6 6 6 6 6 6 6

(wo) I



40



41



Lo
oi

0

42



cl.,	 L'q
,—

(w 0) I

1
T

II
r L

L()
csi

0
0	 ,..,
0	 =

0cf)	 'FAz
a.)

Ec.)
0	 =
0	 a.)

a)
— L()	 ci—n4-..—,

3
C=
a)

0	 c4-E1
0	 c4

- 0	 >-,
C \ I ct

U
G/2

"C)
a.)6.

0 a =c.)
0	 ct

- Ln 0	 a)
T''' E	 E

--P	 99
V
E.

0	 a)
_ 0	 toI.0	 cz
T

vi
>
=
0..-

I-.
CD	 .--,4-,

tr...
-O

11)	 n—n=

0
0

43



44

measurement, once the steady state flow rate, sorptivity, initial and final soil moisture

content and the area of source were determined, the hydraulic conductivity can be

found by

Ko = q./.7tr 2 - 2.25'/[1tr(0 0 - O n )]
	 (3.10)

Equation 3.7 has been used for calculating the hydraulic conductivity using the single

disc method and to calculate unsaturated hydraulic conductivity at different tensions

(0, 5, 10 and 15 cm).

The second method to measure hydraulic conductivity is the multiple disc

method which depends on solving Wooding's (1968) equation 3.5 for two different

disc radii at the same tension and solving for the two unknowns X, and Ko. Rewriting

Wooding's equation gives

4) ,
Q. = K0 (1 + _..f)

77-1-

(3.11)

where Q . . Ci c° is the steady state flow rate (cm/s). The only measurement we
77T

2

need is the steady state flow for the same tension for different disc radius, in order

to solve for l c
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(3.12)  

where Q oe l and Q.2 are the steady state flow rate for large and small discs,

respectively, r 1 and r2 are the radius of large and small disc, respectively. Then

substitute X, in equation 3.8 and solve for K„

Steady state flow for large time was measured using different radii (small disc

sand cap radius 5.2 cm and large disc sand cap radius 11.6 cm) side by side for four

tensions (0, 5, 10 and 15 cm) with three replicates (Fig. 2.3).

Calculation of Hydraulic Properties
Using Disturbed and Undisturbed Soil Cores

The soil water retention curve was used to calculate unsaturated hydraulic

conductivity at 5, 10 and 15 cm. The closed forms of van Genuchten's equations

(1980) used for that purpose are:

s - e - er - [1 + 0 + wow-or
es - es

(3.13)

K = K3 S 112 [1 -(1 - S lim )m i2

	
(3.14)

Where Os and O r are saturated and residual water content, Ks is saturated hydraulic

conductivity, K is unsaturated hydraulic conductivity, h is absolute value of pressure
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head, a and m are empirical parameters describing the shape of the soil water

retention curve.

A program written by DaSilva (1990) was used to find the best fitting

hydraulic permeameters a and m. The fitted parameters used for each tension and

replicate to calculate unsaturated hydraulic conductivity using equations 3.13 and 3.14,

as well as the output of these parameters and the fitted data, are shown in Appendix

A.

Results and Discussion

Table 3.1 shows the sorptivity volumetric water content, steady state flow, and

unsaturated hydraulic conductivity using both the single disc (Eq. 3.7) and the double

disc (Eqs. 3.11 and 3.12) methods with four tensions used (0, 5, 10 and 15 cm).

Table 3.2 shows the hydraulic conductivity at different tensions using four methods,

single and double disc permeameters (in situ measurement), disturbed soil cores, and

undisturbed soil cores (laboratory measurement). The value of hydraulic conductivity

increases with decreasing tension for all four methods. The lowest value (0.93 cm/h)

is at the 15 cm tension in disturbed cores and the highest value of 5.63 cm/h at zero

tension for an undisturbed soil core.

An analysis of variance (ANOVA) was applied to compare unsaturated

hydraulic conductivity measured using different methods at four different water

tensions (0, 5, 10 and 15 cm). The hypothesis for the analysis is no significant
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Table 3.1. Showing the sorptivity (cm s' .5), steady state flow (cm s -1 ) and hydraulic
conductivity (cm s -I) using both single disc method and double disc
method and the % of error.

Code* 0dry °wet S St. Flow K.Mult K.Single % Err-

B151 1.80 27.38 .0230 .0006 1.003 .0005 .0005 -14.0

B152 1.67 27.83 .0230 .0006 1.392 .0005 .0005 - 9.6

B153 1.73 27.05 .0230 .0006 1.089 .0005 .0004 -14.1

B101 1.86 28.31 .0514 .0013 7.440 .0007 .0007 - 1.1

B102 1.76 28.94 .0434 .0012 7.443 .0006 .0007 13.8

B103 2.18 28.97 .0474 .0013 7.203 .0007 .0008 8.7

B51 2.18 30.43 .0618 .0016 9.236 .0008 .0008 - 3.4

B52 2.06 29.84 .0619 .0016 9.388 .0008 .0008 - 2.0

B53 2.38 30.43 .0645 .0016 10.629 .0008 .0007 - 1.9

B01 2.06 32.37 .0920 .0024 15.558 .0009 .0011 16.9

B02 2.18 32.82 .0826 .0024 15.863 .0009 .0011 19.1

B03 2.12 32.60 .0831 .0026 14.001 .0010 .0012 16.1

S151 1.80 27.13 .0242 .0007 .0003

S152 1.67 26.30 .0270 .0007 .0003

S153 1.73 26.87 .0262 .0006 .0003

S101 1.86 28.58 .0511 .0021 .0007

S102 1.76 29.69 .0469 .0018 .0007

S103 2.18 29.18 .0505 .0020 .0007

S51 2.18 30.61 .0594 .0025 .0009

S52 2.06 30.18 .0648 .0026 .0008

S53 2.38 30.15 .0612 .0027 .0009

SO1 2.06 32.22 .0842 .0043 .0011

SO2 2.18 31.87 .0849 .0044 .0011
S03 2.12 32.50 .0862 .0045 .0012

*13 is the big disc permeameter followed by tension used (0, 5, 10 or 15 cm), and the
last number is the replicate (1, 2, or 3).

" % of error in K measured using single disc method and double disc method.
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Table 3.2. Results for different methods for measuring K (cm/h), single and double
disc, disturbed and undisturbed soil cores.

K(cm/h)

CODE S Single Multiple Disturbed Undisturbed

B151 1.65 1.88 0.93 1.70
B152 1.65 1.81 1.45 1.71
B153 1.61 1.83 1.27 1.61
B101 2.60 2.63 1.32 2.41
B102 2.67 2.30 2.01 2.58
B103 2.87 2.62 1.76 2.16
B51 2.71 2.80 2.31 3.43
B52 2.80 2.85 2.76 4.12
B53 2.66 2.71 2.45 3.01
B01 3.87 3.21 3.23 5.39
B02 3.99 3.23 3.88 5.63
B03 4.38 3.67 3.66 5.15

`B is the big disc permeameter followed by tension used (0, 5, 10 or 15 cm), and the
last number is the replicate (1, 2, or 3).
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Table 3.3a. One way ANOVA of unsaturated hydraulic conductivity (cm/h) for four
methods at zero cm tension.

Source
	

SS	 df	 MS	 F

Methods	 7.39	 3	 2.46	 31.86***
Error	 0.62	 8	 0.077

Total
	

8.01	 11

*** highly significant difference at 99.9% confidence level.

Table 3.3b. Student-Newman-Keults Test of unsaturated hydraulic conductivity
(cm/h) for four methods at zero cm tension.

Factor: Methods
Error mean square = 0.077
Degrees of freedom = 8
Significance level = .01
LSD .01 = 0.76

Rank Trt # Mean n Non-significant
rangest

1 2 3.37 3 a
2 3 3.59 3 a
3 1 4.08 3 a
4 4 5.39 3 b

# 1-single disc method, 2-double disc method, 3-disturbed soil core method and 4-
undisturbed soil core.

t Treatments followed by the same letter are not significantly different at P < 0.01.
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difference of unsaturated hydraulic conductivity among the four methods. If the

methods variation is significantly larger than the experimental error, then the

differences between the methods is said to be real and significant based on a

complete randomized design (Gomez and Gomez, 1984, esp. p. 7-20).

Results from the analysis of variance (Table 3.3a) for hydraulic conductivity

at zero tension show significant differences between the methods used at the 99.9%

confidence level. Meanwhile, in Table 3.3b, the Student-Newman-Keults Test shows

that there are no significant differences between the mean of unsaturated hydraulic

conductivity measured using single disc, double disc and disturbed soil core methods

at the 99% confidence level, and there is significant differences between the

undisturbed soil core method for measuring unsaturated hydraulic conductivity and

other methods at 99% confidence level.

Table 3.4a show the results of analysis of variance for 5 cm tension hydraulic

conductivity using four different methods. There are significant differences between

the methods used to measure unsaturated hydraulic conductivity at the 95%

confidence level. A comparison of the mean of unsaturated hydraulic conductivity

by the different methods using a Student-Neuman-Keults Test (Table 3.4b) shows

that there are no significant differences at the 99% confidence level between methods

used.

The analysis of variance using different methods for measuring unsaturated

hydraulic conductivity at 10 cm tension (Table 3.5a) shows that there are significant
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Table 3.4a. One way ANOVA of unsaturated hydraulic conductivity (cm/h) for four
methods at 5 cm tension.

Source
	

SS	 df	 MS	 F

Methods	 1.81	 3	 0.06	 6.77*
Error	 0.71	 8	 0.09

Total
	

2.53	 11

* highly significant difference at 95% confidence level.

Table 3.4b. Student-Newman-Keults Test of unsaturated hydraulic conductivity
(cm/h) for four methods at 5 cm tension.

Factor: Methods
Error mean square = 0.09
Degrees of freedom = 8
Significance level = .01
LSD .01 = 0.82

Rank Trt # Mean n Non-significant
rangest

1 3 2.48 3 a
2 1 2.72 3 a
3 2 2.79 3 a
4 4 3.52 3 a

# 1-single disc method, 2-double disc method, 3-disturbed soil core method and 4-
undisturbed soil core.

t Treatments followed by the same letter are not significantly different at P < 0.01.
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Table 3.5a. One way ANOVA of unsaturated hydraulic conductivity (cm/h) for four
methods at 10 cm tension.

Source
	 SS	 df	 MS	 F

Methods	 1.78	 3	 0.59	 10.52**
Error	 0.45	 8	 0.056

Total
	

2.23	 11

** highly significant difference at 99% confidence level.

Table 3.5b. Student-Newman-Keults Test of unsaturated hydraulic conductivity
(cm/h) for four methods at 10 cm tension.

Factor: Methods
Error mean square = 0.056
Degrees of freedom = 8
Significance level = .01
LSD .01 = 0.65

Rank	 Trt #	 Mean	 n	 Non-significant
rangest

1 3 1.69 3 a
2 4 2.38 3 b
3 2 2.51 3 b
4 1 2.71 3 b

# 1-single disc method, 2-double disc method, 3-disturbed soil core method and 4-
undisturbed soil core.

t Treatments followed by the same letter are not significantly different at P < 0.01.
Analysis of variance for unsaturated hydraulic conductivity for 15 cm tension
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differences between the methods used at the 99% confidence level. On the other

hand, the Student-Newman-Keults Test (Table 3.5b) shows that there are significant

differences at the 99% confidence level only between the disturbed core results and

the other three methods.

Analysis of variance for unsaturated hydraulic conductivity for 15 cm tension

(Table 3.6a) shows that there are significant differences between methods used at the

99% confidence level. The Student-Newman-Keults Test (Table 3.6b) shows that

there are no significant differences at the 99% confidence level between the methods

except for the disturbed soil core method.

We concluded that there is no significant difference between the means of

measured hydraulic conductivity in all the tensions using single and double disc

methods. Apparently, the undisturbed soil core more closely represents soil

conditions in situ than the disturbed soil core for measuring unsaturated hydraulic

conductivity under laboratory conditions as evidenced by Table 3.2.

Operationally, the double disc method is much faster and easier to measure

hydraulic conductivity in situ than the single disc method. This is because we do not

need small time measurements for finding the sorptivity which is a function of water

content in soil and critical in measuring wet or moist soil. Also, we do not need to

take soil water content in the beginning and at the end of the measurement for

steady-state methods.
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Table 3.6a. One way ANOVA of unsaturated hydraulic conductivity (cm/h) for four
methods at 15 cm tension.

Source	 SS	 df	 MS	 F

Methods	 0.63	 3	 0.211	 11.31***
Error	 0.15	 8	 0.018

Total	 8.01	 11

*** highly significant difference at 99.9% confidence level.

Table 3.6b. Student-Newman-Keults Test of unsaturated hydraulic conductivity
(cm/h) for four methods at 15 cm tension.

Factor: Methods
Error mean square = 0.019
Degrees of freedom = 8
Significance level = .01
LSD .01 = 0.37

Rank	 Trt #	 Mean	 n	 Non-significant
rangest

1 3 1.22 3 a
2 1 1.64 3 b
3 4 1.67 3 b
4 2 1.84 3 b

# 1-single disc method, 2-double disc method, 3-disturbed soil core method and 4-
undisturbed soil core.

t Treatments followed by the same letter are not significantly different at P < 0.01.



55

CHAP 1 ER 4

LAND PREPARATION EFFECT ON
HYDRAULIC CONDUCTIVITY

Pivetz and Steenhuis (1989) found that the dye solution in no-till plots moved

preferentially through the earthworm burrows of the upper layer which was not

disturbed by plowing. Roth et al. (1990) refers to preferential flow as the rapid

transport of water and solutes through some small portion of soil volume.

Mechanisms which contribute to flow could include movement through structure voids

and instable flow of the invading fluid.

I studied the effect of land preparation on the hydraulic conductivity at

different tensions using the double disc method to measure the hydraulic conductivity.

Table 4.1 shows the steady state flow and unsaturated hydraulic conductivity in two

different plots -- one was disturbed and the other undisturbed (Fig. 2.3). We found

that the hydraulic conductivity in disturbed soil was higher than the undisturbed soil

for all the tensions (0, 5, 10, and 15 cm), thus disturbance increases the hydraulic

conductivity on the soil surface. Comparing the average decrease in hydraulic

conductivity for the three replicates at the four tensions, we find that the greatest

decrease was for the 15 cm tension, followed by the 10, 5 and finally 0 cm tensions.

That means that disturbing the soil had a larger effect on the hydraulic conductivity

at the highest tension then that at the lower tension. In other words, disturbance

increased the macropores generally but its increase is much higher in smaller

macropores than in bigger macropores.
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Table 4.1. Comparing K between disturbed and undisturbed soil.

Undisturbed Disturbed

Code'

Steady
Flow
(cm/s)

K
(cm/h)

Steady
Flow
(cm/s)

K
(cm/h) Dec. K%

Av.
Dec.K

B151 .0004 1.433 .0009 3.024 52.613 43.731
B152 .0005 1.622 .0008 2.602 37.235
B153 .0005 1.789 .0009 3.049 41.347
B101 .0005 1.808 .0011 3.755 51.848 41.940
B102 .0006 2.093 .0010 3.672 43.004
B103 .0007 2.467 .0107 3.574 30.967
B51 .0009 3.028 .0015 4.807 37.006 31.345
B52 .0010 3.108 .0014 4.474 30.540
B53 .0010 3.094 .0014 4.209 26.488
B01 .0014 4.151 .0020 5.845 28.985 25.657
B02 .0015 4.058 .0019 5.393 24.760
B03 .0015 4.038 .0018 5.260 23.226
S151 .0005 .0010
S152 .0005 .0008
S153 .0005 .0010
S101 .0006 .0011
S102 .0007 .0011
S103 .0008 .0012
S51 .0009 .0017
S52 .0011 .0015
S53 .0011 .0016
SO1 .0016 .0024
SO2 .0019 .0024
S03 .0019 .0023

`13 is the big disc permeameter and S is the small disc permeameter followed by the
tension used (0, 5, 10 or 15), and the last number is the replicate (1, 2 or 3).
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An analysis of variance was applied to compare the effects of land

preparation on the hydraulic conductivity at different tensions. Complete randomized

design has been used to compare hydraulic conductivity at each tension on disturbed

and undisturbed soil. The hypothesis for the analysis is no significant difference in

hydraulic conductivity between disturbed and undisturbed soil.

Results from the analysis of variance (Tables 4.2, 4.3, 4.4 and 4.5) showed

significant differences between hydraulic conductivity at different tensions in disturbed

and undisturbed soil at the 99% confidence level. We concluded that disturbing the

soil increased the hydraulic conductivity at all the tensions.
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Table 4.2a. One way ANOVA of unsaturated hydraulic conductivity (cm/h) for
disturbed and undisturbed soil at zero tension.

Source SS df MS F

Main Effects
K 3.00 1 3.00 62.38**

Error 0.19 4 0.05

Total 3.19 5

**highly significant difference at 99% confidence level.

Table 4.2b. Student-Newman-Keults Test of unsaturated hydraulic conductivity
(cm/h) for disturbed and undisturbed soil at zero tension.

Factor: K
Error Mean square = 0.05
Degrees of freedom = 4
Significance level = .01
LSD .01 = 0.82

Non-
significant

Rank Treatment # Mean n ranges t

1 1 4.08 3 a
2 2 5.50 3 b

# 1 - undisturbed soil, 2 - disturbed soil.

t Treatments followed by the same letter are not different at p < 0.01.
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Table 4.3a. One way ANOVA of unsaturated hydraulic conductivity (cm/h) for
disturbed and undisturbed soil at five cm tension.

Source SS df MS F

Main Effects
K 3.02 1 3.02 65.56**

Error 0.18 4 0.05

Total 3.21 5

**highly significant difference at 99% confidence level.

Table 4.3b. Student-Newman-Keults Test of unsaturated hydraulic conductivity
(cm/h) for disturbed and undisturbed soil at five cm tension.

Factor: K
Error mean square = 0.05
Degrees of freedom = 4
Significance level = .01
LSD .01 = 0.81

Non-
significant

Rank Treatment # Mean n ranges t

1 1 3.08 3 a
2 2 4.50 3 b

# 1 - undisturbed soil, 2 - disturbed soil.

t Treatments followed by the same letter are not different at p < 0.01.
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Table 4.4a. One way ANOVA of unsaturated hydraulic conductivity (cm/h) for
disturbed and undisturbed soil at ten cm tension.

Source SS df MS F

Main Effects
K 3.56 1 3.56 60.36**

Error 0.24 4 0.06

Total 3.79 5

**highly significant difference at 99% confidence level.

Table 4.4b. Student-Newman-Keults Test of unsaturated hydraulic conductivity
(cm/h) for disturbed and undisturbed soil at ten cm tension.

Factor: K
Error mean square = 0.059
Degrees of freedom = 4
Significance level = .01
LSD .01 = 0.91

Non-
significant

Rank Treatment # Mean n ranges t

1 1 2.12 3 a
2 2 3.66 3 b

# 1 - undisturbed soil, 2 - disturbed soil.

t Treatments followed by the same letter are not different at p < 0.01.
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Table 4.5a. One way ANOVA of unsaturated hydraulic conductivity (cm/h) for
disturbed and undisturbed soil at fifteen cm tension.

Source SS df MS F

Main Effects
K 2.43 1 2.43 50.76**

Error 0.19 4 0.05

Total 2.63 5

**highly significant difference at 99% confidence level.

Table 4.5b. Student-Newman-Keults Test of unsaturated hydraulic conductivity
(cm/h) for disturbed and undisturbed soil at fifteen cm tension.

Factor: K
Error mean square = 0.048
Degrees of freedom = 4
Significance level = .01
LSD .01 = 0.82

Non-
significant

Rank Treatment # Mean n ranges t

1 1 1.62 3 a
2 2 2.89 3 b

# 1 - undisturbed soil, 2 - disturbed soil.

t Treatments followed by the same letter are not different at p < 0.01.
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CHAPTER 5

SPATIAL VARIATION AND VARIOGRAM
MODELING FOR HYDRAULIC PROPERTIES

The most basic tool of geostatistics is the variogram function which expresses

the spatial correlation of adjoining samples. This spatial correlation is the structured

aspect of regionalized variables and, hence, also of the underlying random process.

Also, variograms provide other useful information such as the range of influence of

the sample.

Let us consider a random function which has realization Z(x 1), Z(x2), Z(x)

at locations x1 , x2, ..., x. defined as points in two dimensional space. The variogram

is defined (Journel and Huijbregts, 1978) as

y(h) =	 Var [Z(x + h) - Z(x)]
	

(5.1)

Where Var is the variance, Z(x) is the random function at x, and Z(x + h) is the

random function at x + h, with h the distance apart. The graph of y(h) against h

distance is called variogram, with an unbiased estimator y*(h) of

1	 Ny *(h) - 	  E
2N(h)

	[z(x + h) - Z(x)r (5.2)

where y*(h) is the sample variogram. The variogram has no general formula to

describe its shape, but there are several acceptable mathematical models. Common

models are linear, spherical, exponential, gaussian, and Michaelis-Menton.

The spherical model is defined by
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y (h) Co	
{(32)() (- )M3

0 < h < a

y(h) = Co + C,	 h > a

The exponential model is

y(h) = Co + C (1 -	 h > 0

The linear model without a sill is

y(h) = Co + rh,	 h > 0	 (5.5)

The linear model with a sill is

(5.3)

(5.4)

y(h) = Co + C 1111
a)

= C + C,
o

0 < h < a

h > a

(5.6)

The gaussian model is

y(h) = Co + C [1 - e (' )2]	 for h > 0
	 (5.7)

The Michaelis-Menton model is

y(h) = Co + C	 / (1 + —11 )1	 (5.8)
a	 a

In the above equations "a" is the range and is related to the limit of spatial

dependence of the property. "C." is the nugget, and corresponds to the random

variability and the value of y(h) as h approaches zero. The "C. + C" is the sill which
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represents the total variability and maximum attained by the variogram. In 5.5, "r"

is the slope and the linear model has no maximum.

Fitting a theoretical variogram model is often quite simple, as long as the

experimental data is well behaved. Usually, visual fits are satisfactory under these

conditions. Unfortunately, some experimental data do not closely resemble any of

the theoretical models.

Cross-validation is a technique used to evaluate the adequacy of the

variogram model for experimental data. A model that minimizes the estimation

errors of Z is desirable. For the most usual approach, the method consists of

deleting the measured value Z i and finding an estimate Z: by kriging using the rest

of the measured values. Desirable results for cross-validation of actual and estimated

values include (Samper-Calvete, 1986; Russo and Jury, 1987):

(1) The mean error (ME) should be close to zero where

ME =	 (Z: - Zi )
n

(5.9)

where n is the number of measured locations.

(2) The mean square error (MSE) should be a minimum

1	 nMSE = ) E (z: - Zi) 2
n	 .1

(5.10)

(3) The average kriging variance (AKV) should be a minimum and equal to

the expected MSE.



NLL = M ln(27r) + E ln(a) +	 [ 7 1E /.22

i. 1	 1. 1

(5.14)
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AKV =	 CT;c

t,n]

(4) The reduced mean error (RME) should be close to zero

RME = () En (z: zi )nj	 crK,

(5.11)

(5.12)

(5) The variance of errors (VIE) should approximately equal to average

kriging variance (AKV).

1	 "VE	
] 

E [(z: - zi) - (z: - zi)]2
n

(5.13)

where (z!	 _ zo is the average error between measured value and estimate value.

(6) The correlation coefficient between kriged and measured values should

be close to one.

(7) The negative log likelihood (NLL) should be a minimum (Samper and

Newman, 1989a).

where M is the number of observations, l i the difference between the observed and

kriged (Z: - Z i) values at the point i, and cr i the kriging standard deviation at point

1.
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The seven criteria above are all desirable, but can be contradictory. An over

reliance on a single criteria can be misleading. As an example, if Z i . is taken as the

mean value, the ME will be 0. This would be excellent with respect to (5.9) but

would not be optimal for the remaining criteria.

Spatial Variation for Hydraulic Conductivity

Unsaturated hydraulic conductivity at 0, 5 cm, 10 cm, and 15 cm tensions

were determined along the transect using the double disc method. The result of

hydraulic conductivity at different tensions (70 points) is shown in Appendix B. The

average semi-variance y*(h) by interval was calculated according to Eq. 5.2 based on

70 data points using a program GAM2D.BAS (personal communication, A. W.

Warrick). The sample variograms are plots of y*(h) vs. h. The variogram model was

fitted using a program VARCALLBAS (personal communication, R. Zhang) based

on minimizing the sum of square error (SS) with pair weighting, that is,

SS = w. [y(hi) - y*(hi)r
	

(5.15)

where the weight wi depends on pairs with a class of sample variogram, y*(h i) is the

sample variogram and y(h 1) value of variogram model at distance h i. The variogram

model was from the output of the program and based on combining (5.15) with the

above criteria. Specifically, consideration was made that

(1) Sum of square error (SS) should be minimized.

(2) Slope of linear regression between sample and modeled

variograms should be close to one.
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(3) Intercept should be close to zero.

The exponential models were the best fitting models for hydraulic

conductivity at 5 cm, 10 cm, and 15 cm tension. Zero tension hydraulic conductivity

appeared random.

Cross-validation was used to adjust parameters of the models. Maximum

likelihood method was used to estimate values at each sampled location by kriging

with the chosen model and the neighboring sample values. The estimates were

compared to the original values in order to test if the hypothetical variogram model

will accurately reproduce the spatial variability of sample observations.

A program CR.BAS (personal communication, Dr. A.W. Warrick) was used

for cross-validation to adjust parameters of the variogram models. The results of the

original variogram model parameters and adjusted parameters are shown in Table

5.1 and Figures 5.1, 5.2, and 5.3 for unsaturated K at tension 15 cm, 5 cm and 10 cm,

respectively. The fitted and adjusted models have been plotted beyond half of

transect in the figures.

Spatial Variation for Steady State Flow
at Different Tensions 

Steady state flow for large disc perrneameters at different tensions (0, 5, 10

and 15 cm) has been calculated and is shown in Appendix B. These eliminated pore

radii (cm) larger than



68

Table 5.1.	 Fitted models and adjusted exponential models parameters using
cross validation for 70 points. (Unsaturated hydraulic conductivity
at 5, 10, and 15 cm tension).

Fitted Models Parameters

Tension Co C Range Mean VAR ME MSE NLL

15 0.357 0.365 30.98 1.93 0.51 0.007 0.42 136.48

10 0.458 0.861 6.60 3.29 1.13 0.006 0.78 179.28
5 0.482 0.910 6.14 3.91 1.21 0.005 0.87 186.93

Adjusted Models Parameters

Tension Co C Range Mean VAR ME MSE NLL

15 0.27 0.47 26 1.93 0.51 0.006 0.42 136.54
10 0.25 1.10 7 3.29 1.13 0.002 0.79 180.31
5 0.25 1.10 4.2 3.91 1.21 0.000 0.86 185.76
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r = -2c cos(a)/pgh.t.-. , -0.15/h (5.16)

where u is the surface tension of water (g/sec2), a is the contact angle between the

water and the pore wall (assumed zero), p is the density of water (g/cm3), g is

acceleration due to gravity (cm/sec 2) and h (cm) is the water supply potential

provided by the disc permeameter. When we use 5 cm tension for steady state flow,

we eliminated any pore radius bigger than 0.03 cm and the water flow will be in

pores of radius equal or smaller than 0.03 cm. For 10 cm and 15 cm tension the

water flow in pore radius is equal or smaller than 0.015 cm and 0.010 cm,

respectively.

The same method was used for measuring and fitting variogram models for

hydraulic conductivity. Table 5.2 and Figures 5.4, 5.5 and 5.6 show the variogram

model with original adjusted parameter. Michaelis-Menton models were the best

fitting models for 10 cm and 15 cm tension (< 0.015 and < 0.010 cm pore radius)

steady state flow. An exponential model was the best fitting model for 5 cm tension

(< 0.030 cm pore radius) steady state flow.

Spatial Variation for Steady State Flow
at Different Pore Radii

Steady state flow calculated for different pore radius (0.010 - 0.015, 0.015 -

0.030, and > 0.030) by subtracting the steady state flow of smaller tensions from the

bigger one (0, 5 cm, 10 cm, and 15 cm tension). Subtracting the steady state flow
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Table 5.2. Fitted models and adjusted models parameters using cross validation for
70 point values of hydraulic conductivity. (Steady state flow at pores
radius > 0.010, > 0.015, and > 0.030 cm.)

Fitted Models Parameters

Pore
radii Model Co C Range Mean VAR ME MSE NLL

>0.010 M-M 0.264 0.358 20.86 2.28 0.41 0.006 0.345 122.46
>0.015 M-M 0.244 0.807 4.3 3.59 0.82 0.004 0.570 157.43
>0.030 exp 0.575 1.537 4.3 6.23 1.89 0.004 1.290 213.93

Adjusted Models Parameters

Pore
radii Model Co C Range Mean VAR ME MSE NLL

>0.010 M-M 0.24 0.358 22.5 2.28 0.41 0.005 0.345 122.47
>0.015 M-M 0.20 0.807 5.5 3.59 0.82 0.004 0.571 157.52
>0.030 exp 0.25 1.950 5.5 6.23 1.89 0.000 1.280 213.54
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rate at 10 cm tension from 15 cm tension gives us the steady state flow rate at pore

radius 0.010 - 0.015 cm (Appendix B).

The same method is used to calculate variogram models. Exponential models

were the best fitting models for both steady state flow rate at pore radius 0.015 -

0.030 cm and 0.010 - 0.015 cm, respectively. Table 5.3 and Figures 5.7 and 5.8 show

the variogram models with original parameters and adjusted parameter. The steady

state flow rate at the other pore radius (> 0.030 cm) was random.



78

Table 5.3. Fitted and adjusted exponential models parameters using cross
validation for point values of hydraulic conductivity. (Steady state flow
at pores radius 0.010-0.015 and 0.015-0.030 cm.)

Fitted Model Parameters

Pore
radii	 C.	 C	 Range Mean VAR	 ME	 MSE	 NLL

0.010-
0.015 	0.077	 0.084	 4.3	 1.31	 0.15	 0.001	 0.12	 49.76

0.015-
0.030	 0.343	 0.161	 4.3	 2.65	 0.49	 0.004	 0.52	 150.90

Adjusted Model Parameters

Pore
radii	 C.	 C	 Range Mean VAR	 ME	 MSE	 NLL

0.010-

	

0.015	 0.051	 0.116	 4	 1.31	 0.15	 0.001	 0.118	 49.18

0.15-

	

0.030	 0.143	 0.360	 3.5	 2.65	 0.49	 0.001	 0.510	 149.92
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CHAP'1ER 6

WATER AND BROMIDE MOVEMENT

Solute and water movement in porous media is of crucial importance in a

variety of fields relevant to groundwater contamination. Increasing food demand, in

particular, has resulted in greater use of fertilizer and pesticides which become

potential environmental hazards. Although soil water flow is usually described by the

Richards' equation and solute transport described by a convection dispersion

equation, these models and equations are unable to predict all spatial and temporal

variations of water and solute concentration in the soil and groundwater. For

example, these models do not explicitly consider flow through cracks and wormholes.

A number of studies have demonstrated that water and solute may flow in large

pores. Ehlers (1975) studied water flow in single worm holes, Bouma et al. (1977,

1978, and 1979) described the geometry and spatial distribution of large pores and

also estimated the hydraulic conductivity from this information.

Beven and Germann (1982) showed the importance of large openings

(macropores) on water flow in soils. The presence of macropores may lead to spatial

concentrations of water flow through unsaturated soil that will not be described well

by a Darcy approach to flow through porous media. Germann and Beven (1981)

investigated the macropore system of two large, undisturbed soil samples. The

volumes of macropores were 0.01 and 0.045 of the sample volumes, respectively.

When the samples were drained from fully saturated to the point where it may be
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assumed that there was no more water in the macropore system, the hydraulic

conductivity decreased by factors of 18 and 4.3, respectively. Included was a one-

dimensional model of bulk flow in combined micropore and macropore system on the

infiltration.

Recently, a new expression has become popular (cf., Roth et al., 1990) called

preferential flow. It refers to the rapid transport of water and solutes through some

small portion of the soil volume which is receiving input over its entire inlet

boundary. The mechanisms which contribute to preferential flow could include

movement through structural voids, unstable flow of the invading fluid, or lateral

convergence of water into channels by partial surface clogging or subsurface lateral

flow. Bowman and Rice (1986) indicated that significant preferential flow can occur

even in a soil which exhibits little structure. Also, they found that the rate of

downward water movement, as measured by the tracers, was more than 60% greater

than predicted in the absence of preferential flow. They mentioned that simple water

balance models may overestimate arrival times of surface-applied water and

chemicals to groundwater.

Steenhuis and Parlange (1988) presented a model for preferential flow on

hillslopes. The conceptual framework of their model depended on dividing the flow

paths into groups of pores with about equal sizes but with different pore velocities

in each pore group. The pore size groupings were established by introducing a

piecewise linear conductivity function (which was introduced by Steenhuis et al.,

1988).
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Andreini and Steenhuis (1990) studied the effect of preferential flows on

solute movement and the effects of tillage practices on these preferential flows.

Spatial variations in the solute flow were observed. In both tilled and untilled soils,

preferential flows were established with much of the soil well below saturation.

Steenhuis et al. (1990) presented a numerical model for preferential solute movement

in structured soils using the same idea of pore grouping and a piecewise linear

approximation of the hydraulic conductivity as a function of water content as he used

in 1988.

Mathematical Models 

Two partial differential equations were used to describe water movement and

bromide transport in the soil surface. These are following the conventional approach

without consideration of preferential flow.

Governing Equation for Water Movement

The partial differential equation used to describe one-dimensional water

movement is Richards' equation

ah	 a
C (h) — = — [K(h)(—ah -1)]at	 az	 az

(6-1)
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where h is the matric potential, z is the distance downward, t is the time, K(h) is the

hydraulic conductivity as a function of the matric potential, and C(h) is the specific

water capacity (C(h) = dO/dh where 0 is the volumetric water content).

The initial condition for water used to simulate and predict water movement

with depth for a finite soil length (L) 15 cm is

h (z ,t) = h (z) for t = 0 and 0 < z < L
	 (6-2)

A constant potential is used for the upper boundary condition for water with choice

of ho = 0, -5, -10, and -15 cm representing the actual tension of the disc permeameter

at the upper boundary:

h (0 ,t) = h0 	(6-3)

The boundary condition which is imposed at the lower boundary (at L = z = 15 cm)

was also a constant potential:

h(L,t) = h i 	
(6-4)

h(15 ,t) = -50000cm.

Governing Equation for Bromide Transport

Movement of bromide in this model is described by the convection-dispersion

equation.
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a	 acl (Oc + pS) = --[OD(— - qC)]
at	 äz 	az (6-5)

- ae C - P pS + y 8

where C is the concentration of the bromide in the liquid phase, S is the

concentration of the bromide in the solid phase, D is the dispersion coefficient, 0 is

the volumetric water content, q is the flux of water, p is the soil bulk density, a is the

first-order degradation rate constant in the liquid phase, p is the first-order

degradation rate constant in the solid phase, and y is the zero-order rate constant in

the liquid phase.

If the concentration of the chemical adsorbed on the solid phase is assumed

to be directly proportional to the concentration in the liquid phase, then

S = kC
	

(6-6)

where k is the partition coefficient. Incorporating this relationship into equation (6.5)

yields

a	 ac—a (eRc) = -- [OD(— - qC)] - (ae + E3 pk)C + yeat	 az	 az

where R = 1 + pk/0 is the retardation factor for the chemical in the soil. The

concentration of a chemical in the liquid phase at any location and time is

determined by solving equation (6-7) coupled with equation (6-1) for water

movement. Initial condition for the bromide used is

(6-7)
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C(z,t) = C(z,0) for t = 0 and 0 < z L
	 (6-8)

where L = 15 cm. The upper boundary condition was a constant for chemical

imposed at the soil surfaces:

az 
+ q(0,t)C = q(0,t)Cs	 q(0,t) » 0	 (6-9)

with the concentration of inflowing solution Cs. The lower boundary condition at z

= L = 15 cm is taken at zero concentration:

C(L,t) = CL = 0	 (6-10)

Numerical Solution for Mathematical Models

Governing partial differential equations for water and bromide are solved for

one-dimension numerically using finite difference techniques. The program

developed by Nofziger et al. (1989) is described below.

Solution of Richards' Equation

An implicit finite difference scheme with explicit linearization described by

Haverkamp et al. (1977) was used. In this scheme, the partial differential equation

takes the form
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c(i,j) h(i,j+1)-h(i,j) _ 1 
[K(i+11z,j){

h( i+1,j+1)-h(i,j+1) 

At	 Az	 Az
(6-11)

- K(i-112,j){h(i 'i +1) -h(i- 1 	1) 	1} 1
Az

where h(i,j) = h(iAz,jAt),

C(i,j) = C(h(i,j)),

K(i+1/2,j) = [K(h(i,j)) + K(h(i+1,j))]/2,

K(i-1/2,j) = [K(h(i-1,j)) + K(h(i,j))]/2,

At and Az are the mesh sizes in time and depth, respectively. The indices i and j

take on values of 0, 1, 2, .... The finite difference equation (6-11) is used for all

interior mesh points in depth (i = 1, 2, 3, ...) for the soil system. Special forms of this

equation are used to represent mesh points on the boundaries of the soil.

The upper boundary condition with constant potential ho at Z = 0 equation

(6-3) will translate to the h(0,j) = ho for all j. Therefore, h(0,j) is known for each

time step. Equation (6-11) point i = 1 then becomes

C(1,j)
h(1 'j+1)-h(1,j) _ 1 [K(3/2,j){12(2,j+1)-h(1,j+1) 	}

At	 Az	 Az

- K(1/2, j)
{h(1,j+1)-ho 	1 11

Az

The lower boundary condition with constant potential hL at z = L, equation

(6-4) becomes h(I,j) = hL for all j(IAZ = L). Therefore, h(I,j) is known for each time

step. Equation (6-11) at mesh point i = I - 1 then becomes

(6-12)
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C(I-1,j)
h(I-1,j+1)-h(I-1,j) _	 ,	

Az	
}

1	
h -h(I -1,1+1)

	

K(I-112,j)  -	 1At	 Az	 (6- 13)

- K(I-312,j){h(I-1,j+1)-h(I-2,j) 	ill
Az

Solution of Convection-Dispersion Equation

The numerical solution to equation (6-7) is based on that of van Genuchten

(1978) who derived a correction for numerical dispersion. The finite difference

equation was (Nofziger et al., 1989)

{eRC} (i,j + 1)-{ORC}(i,j) _
At

+ 2-{2-[0 1) -(-a-g - q
2 az

C)1 - (a6 + p pk)C + yO}(i,j+1)
az

+-- qC7)1 - (a() + 13 pk)C + ye}(i,j)
2 az	 az

(6-14)

where
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fORCRi,j) = 8(iAzjAt) R(iAz,jAt) C(iAz,j+1)

D - = D - q2At/(602R),

D+ = D + q2At/602R),

Ii[OD+('26Ci) j } (i,j) =
{C(i +1, j)[0(i ,j) D+ (i ,j) + 8(i+1 , j) D + (i +1, j)]

- C(i,j)[0(i-1,j) D* (i -1,j) + 28(i,j) D+(i,j) + 0(i +1,j) D+(i+1,j)]

+ C(i+1,j)[0(i,j) D+(i,j + 8(i+1,j) D+(i+1,j)}}1(2Az 2),

{}(ii) = {C(i+1,j) [q(i,j) + 2q(i+1,j)]

+ C(i,j) [q(i+1,j) - q(i-1,j)] - C(i-1,j) [2q(i-1,j) + q(i,j) ] }/(6z),

{(a0 + ppk)C(i,j)} = {C(i+1,j) [(a0 + ppk)(i,j) + (a0 + ppk)(i+1,j)]

+ C(i,j) [(a0 + ppk)(i-1,j) + 6(aO + /3pk)(i,j) + (a0 + ppk)(i+1,j)]

+ C(i-1,j) [(a0 + ppk)(i,j) + (a0 + f3pk)(i-1,j)] 1112,

and At and Az are mesh sizes in time and depth, respectively. Equation (6-14) is

used for interior mesh points in depth (i = 1, 2, 3, ...) for the soil system. Values of

0(i,j) and q(i,j) are obtained from the solution to the water flow equation. Special

forms of the convection-dispersion equation are used on the boundaries of the soil.

Constant concentration of inflowing solution used in the upper boundary,

equation (6.9), the concentration of inflowing solution C, is known but the

concentration at z = 0 in the soil must be found. That is C(0,j) must be determined

for each time step, the equation (6.14) for i = 0 can be written as:
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[{ORC)(0,j+1) - {ORC}(0,j)]Az/(2At) = {j(0,j+1)

- j(0.5,j+1) - Az(a0 + 6pk)(0,j+1)C(0,j+1)/2 	
(6.15)

+ Azy 0(0, j+ 1)/2)/2 + {j(0, j) - j(0.5,j)

- A z( a 6 + 0 pk) (0, j)C(0, j)/2 + A zy 6 (0, j)/2))/2

where

j(0,j) = 1(0,j)C„

j(0.5,j) = [{010}(0,j) + {0D}(1,j)] [C(0,j)-C(1,j)]/(2Az)

+ [2q(0,j)C(0,j)+q(1,j)C(0,j)+q(0,j)C(1,j)+2q(1,j)C(1,j)]/6,

and

{a0413pk}(0,j)C(0,j) = [3{a0+f3pk}(0,j)C(0,j)+{a0+f3pk}(1,j)C(0,j)

+ {a0+/3pk}(0,j)C(1,j)+{a0+13pk}(1,j)C(1,j)]/6

constant concentration at soil depth Z = L = 15 cm (which is lower boundary

condition). At Z = L,C(I,j), where It = L is known for all time steps. Therefore,

no equation for i = L is required in the set of equations.

Results and Discussion

Field Results

Five centimeter depths of dyed solution and bromide tracer (2190 cm3 for

disc diameter of 23.6 cm) were added at four different tensions, 0, 5, 10 and 15 cm

with three replicates for each tension. Volumetric water content and bromide

concentration (in ppm) with depth are shown in Table 6.1.
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Averages of volumetric water content and bromide concentration have been

calculated at each depth for different tensions for ease of comparisons with field

predicted data and are in Table 6.2. Water reached depths of 10.0 - 12.5 cm and

there are not big differences in water content at different tensions (0, 5, 10 and 15

cm). The water contents are marginally higher at the deepest depth for the zero

tension application. This could be true physically if we consider that the water moves

faster in bigger pores (at zero tension) and slower for the 15 cm tension.

Comparing bromide concentration at the same depth 10 - 12.5 cm using

Table 6.2, we found that the highest concentration for zero tension (5.02 ppm) and

the lowest concentration for 15 cm tension (2.87 ppm). The concentration of

bromide at the same depth (10 - 12.5 cm) for 5 and 10 cm tension treatments were

3.45 and 3.69 ppm, respectively.

Simulated Model

Programs written by Nofziger et al. (1989) were used to simulate one-

dimensional water and chemical movement in the soil. Initial conditions for water

used to predict water movement with depth, for a finite soil length of 15 cm was

h = -50000 0 , z < 15 cm (6.16)

This value of h corresponded to 0 = 0.058, the average water content in the soil

profile to the depth of 15 cm.



92

Table 6.1. Volumetric water content and bromide concentration (ppm) at the three
replicates (R) with four tensions after adding 5 cm depth solution.

R1
	

R2	 R3

Tension	 Depth	 0	 Br	 0	 Br	 0	 Br
(cm)	 (cm)	 (cm3/cm3)	 (ppm)	 (cm3/cm3)	 (ppm)	 (cm3/cm3)	 (ppm)

zero

five

ten

fifteen

0.0	 0.283	 32.80	 0.271	 28.86	 0.270	 32.89
0.0- 2.5	 0.277	 34.60	 0.249	 28.77	 0.251	 26.16
2.5- 5.0	 0.255	 31.10	 0.233	 25.07	 0.248	 29.60
5.0- 7.5	 0.232	 28.00	 0.210	 30.33	 0.236	 25.60
7.5-10.0	 0.208	 24.80	 0.178	 24.18	 0.222	 24.65

10.0-12.5	 0.084	 5.00	 0.077	 5.01	 0.127	 5.06
12.5-15.0	 0.058	 0.00	 0.058	 0.00	 0.057	 0.00

0.0	 0.261	 30.00	 0.265	 30.41	 0.263	 30.02
0.0- 2.5	 0.259	 26.50	 0.255	 26.70	 0.254	 26.06
2.5- 5.0	 0.255	 24.90	 0.247	 25.73	 0.251	 25.88
5.0- 7.5	 0.220	 24.00	 0.218	 24.31	 0.206	 24.37
7.5-10.0	 0.119	 21.90	 0.112	 22.81	 0.114	 23.37

10.0-12.5	 0.091	 1.13	 0.069	 3.88	 0.088	 5.34
12.5-15.0	 0.058	 0.00	 0.059	 0.06	 0.056	 0.00

0.0	 0.258	 30.20	 0.253	 29.54	 0.268	 30.08
0.0- 2.5	 0.248	 28.00	 0.243	 26.33	 0.256	 26.87
2.5- 5.0	 0.231	 26.50	 0.229	 25.96	 0.233	 25.82
5.0- 7.5	 0.211	 2.5.60	 0.214	 24.87	 0.219	 25.10
7.5-10.0	 0.111	 24.60	 0.134	 22.93	 0.129	 23.50

10.0-12.5	 0.072	 2.70	 0.092	 4.46	 0.084	 3.89
12.5-15.0	 0.058	 0.00	 0.058	 0.00	 0.056	 0.00

0.0	 0.245	 32.50	 0.255	 33.21	 0.253	 32.18
0.0- 2.5	 0.239	 32.20	 0.247	 28.80	 0.248	 30.47
2.5- 5.0	 0.233	 27.70	 0.235	 28.26	 0.239	 31.84
5.0- 7.5	 0.218	 30.30	 0.220	 25.04	 0.224	 30.99
7.5-10.0	 0.167	 23.00	 0.176	 25.22	 0.185	 25.13

10.0-12.5	 0.087	 4.50	 0.066	 4.02	 0.058	 0.00
12.5-15.0	 0.058	 0.00	 0.058	 0.00	 0.058	 0.00
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Table 6.2. Volumetric water content and bromide concentration (ppm) average of
three replicates.

Average

Tension	 Depth	 6	 Br
(cm)	 (cm) 	(cm/cm)	 (ppm)

	

0.0	 0.275	 31.547
zero	 0.0- 2.5	 0.259	 29.857

	

2.5- 5.0	 0.245	 28.593

	

5.0- 7.5	 0.226	 27.997

	

7.5-10.0	 0.203	 24.560

	

10.0-12.5	 0.096	 5.024

	

12.5-15.0	 0.058	 0.000

	

0.0	 0.263	 30.163
five	 0.0- 2.5	 0.256	 26.420

	

2.5- 5.0	 0.251	 25.533

	

5.0- 7.5	 0.215	 24.237

	

7.5-10.0	 0.115	 22.750

	

10.0-12.5	 0.083	 3.448

	

12.5-15.0	 0.058	 0.000

	

0.0	 0.260	 29.963
ten	 0.0- 2.5	 0.249	 27.090

	

2.5- 5.0	 0.231	 26.093

	

5.0- 7.5	 0.215	 25.200

	

7.5-10.0	 0.125	 23.693

	

10.0-12.5	 0.083	 3.690

	

12.5-15.0	 0.057	 0.000

	

0.0	 0.251	 32.633
fifteen	 0.0- 2.5	 0.245	 30.317

	

2.5- 5.0	 0.236	 29.477

	

5.0- 7.5	 0.221	 28.783

	

7.5-10.0	 0.176	 24.467

	

10.0-12.5	 0.070	 2.870

	

12.5-15.0	 0.058	 0.000
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A constant potential used for the upper boundary conditions for water which

represent the actual tensions used in the disc permeameters:

h(0,t) = ho 	(6.17)

with h. = 0, -5, -10, and -15 cm, a constant potential h = -50000 cm was used in the

lower boundary which was the same as for the initial condition:

h(15,t) = -50000 cm	 (6.18)

The initial condition for bromide movement imposed was the same as in

equation 6.8 or C(z,t) = C(z.0) for t = 0.

Constant concentration of inflowing solution at the upper boundary was used

to simulate movement of bromide when the solution entering the soil has a known

and constant concentration

- 6D-8c + q(0,t)C = q(0,t)*350
8z

q(0,t) » 0 (6.19)

11	 The lower boundary condition at z = L = 15 cm was constant concentration which

was C = 0 equation (6.10).

Briefly, some assumptions which have been made in these simulations:

1. Hydraulic properties do not change with depth, and are equal to average

hydraulic properties used from three undisturbed soil cores.

2. The concentration of bromide in the solid phase is zero.

3. First order degradation rate constant for bromide in liquid and solid phase

equal to zero.
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4. Dispersion coefficient for bromide was 0.36 cm2/h (Andreini and

Steenhuis, 1990).

5. Hydraulic properties do not change by the presence of the bromide and

other chemicals in the solution.

The Az and At were constant for all the tensions with Az = 1 cm At = 0.0002

h.

Comparison Between Predicted Models
and Actual Field Data

Water Content

The results of model simulation and actual field data with depth is shown

in Table 6.3. Water content plotted against depth are shown in Figures 6.1 to 6.4 for

different tensions (0, 5, 10, and 15 cm).

The water profiles tended to be deeper in the field than were in the

predicted models simulation for all tensions. The greatest difference was for zero

tension and the smallest difference was for the 15 cm tension due to eliminating some

of the large macropores when we increased the tension to 15 cm in the disc

permeameter. Preferential flow was very clearly visible using the dye solution with

these tensions.

Bromide Concentration

The results of both simulated model and field data with depth are shown in

Table 6.3. Bromide concentration was plotted against depth for both predicted
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model and actual field data as shown in Figures 6.5 to 6.8, for 0, 5, 10, and 15 cm

tension, respectively. The bromide concentration was higher in field observed data

than in predicted models in the deeper depth (starting from 7 cm depth). It is clear

from Figures 6.5 to 6.8 that the bromide transport in the field was faster than that

predicted using simulated models, which in part could be due to preferential flow.

Predicted data and field data were close to each other in the profile where we used

15 cm tension (Figure 6.8) and that is due to eliminating most of the macropores

which have big contributions into preferential flow. It was clear visually, that the

preferential flow happens in the soil profile using dye solution as shown in Figures

6.9 to 6.12. (These figures were identical copies of color slides done in the field at

the time of experiment.) The dye solution advanced more in some parts of the soil

profile than others causing some channel and fingering and on the other hand the

wetting front was uniform.

It was clear that the preferential flow happened under both saturated and

unsaturated flow. It was less obvious as we went to higher tensions, as we found out

at 15 cm tension when the predicted model simulation was very close to field data

in both water and bromide movement and concentration.
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Table 6.3. Difference between predicted model and actual field data after adding
5 cm depth of solution.

Simulated	 Actual

Depth	 Moisture	 Bromide	 Moisture	 Bromide
(cm)	 (cm3/cm3)	 (ppm)	 (cm3/cm3)	 (ppm)

Tension 0	 0	 0.280	 343.7	 0.275	 315.3
1	 0.280	 334.1	 0.267	 306.9
2	 0.279	 314.9	 0.259	 298.6
3	 0.278	 297.2	 0.252	 292.3
4	 0.274	 280.3	 0.245	 285.9
5	 0.268	 264.8	 0.233	 279.5
6	 0.257	 251.4	 0.227	 275.0
7	 0.233	 238.3	 0.221	 273.0
8	 0.188	 216.6	 0.212	 259.0
9	 0.120	 164.2	 0.203	 245.0
10	 0.062	 27.2	 0.149	 147.6
11	 0.058	 0.0	 0.096	 50.1
12	 0.058	 0.0	 0.077	 25.1
13	 0.058	 0.0	 0.067	 12.5
14	 0.058	 0.0	 0.058	 0.0
15	 0.058	 0.0	 0.057	 0.0

Tension 5	 0	 0.276	 322.2	 0.263	 301.6
1	 0.274	 312.9	 0.2595	 282.9
2	 0.271	 299.4	 0.256	 264.2
3	 0.266	 285.8	 0.253	 259.9
4	 0.258	 272.6	 0.251	 255.5
5	 0.245	 260.5	 0.231	 248.9
6	 0.220	 247.4	 0.212	 242.4
7	 0.177	 224.6	 0.163	 234.9
8	 0.115	 168.0	 0.139	 231.3
9	 0.062	 24.1	 0.115	 227.5
10	 0.058	 0.0	 0.099	 131.0
11	 0.058	 0.0	 0.083	 34.5
12	 0.058	 0.0	 0.070	 17.3
13	 0.058	 0.0	 0.064	 8.7
14	 0.058	 0.0	 0.058	 0.0
15	 0.058	 0.0	 0.058	 0.0
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Table 6.3. Difference between predicted model and actual field data after adding
5 cm depth of solution. (Continued)

Simulated	 Actual

Depth	 Moisture	 Bromide	 Moisture	 Bromide
(cm)	 (cm3/cm3)	 (ppm)	 (cm3/cm3)	 (ppm)

	Tension 10 0	 0.271	 329.2	 0.260	 299.2
1	 0.269	 321.5	 0.254	 284.8

	

2	 0.265	 309.8	 0.249	 270.4

	

3	 0.260	 297.6	 0.240	 266.0

	

4	 0.252	 285.3	 0.231	 261.7

	

5	 0.240	 273.1	 0.223	 259.9

	

6	 0.220	 260.3	 0.215	 258.3

	

7	 0.186	 240.7	 0.170	 248.7

	

8	 0.133	 198.9	 0.147	 243.9

	

9	 0.075	 93.4	 0.125	 239.1
10	 0.058	 0.0	 0.103	 138.0
11	 0.058	 0.0	 0.082	 36.9
12	 0.058	 0.0	 0.069	 18.4
13	 0.058	 0.0	 0.063	 9.2
14	 0.058	 0.0	 0.057	 0.0
15	 0.058	 0.0	 0.058	 0.0

	Tension 15 0	 0.266	 335.2	 0.251	 325.6
1	 0.263	 329.3	 0.248	 314.6
2	 0.260	 319.6	 0.245	 303.2
3	 0.256	 309.1	 0.240	 298.9
4	 0.250	 297.9	 0.236	 294.8
5	 0.242	 286.2	 0.228	 291.3
6	 0.230	 274.2	 0.221	 287.8
7	 0.212	 261.3	 0.198	 266.3
8	 0.183	 243.3	 0.186	 255.5
9	 0.138	 208.2	 0.175	 244.7
10	 0.084	 119.6	 0.122	 137.6
11	 0.058	 0.0	 0.070	 30.5
12	 0.058	 0.0	 0.064	 15.3
13	 0.058	 0.0	 0.061	 7.6
14	 0.058	 0.0	 0.058	 0.0
15	 0.058	 0.0	 0.058	 0.0
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CHAPTER 7

DETERMINATION OF HYDRAULIC CONDUCTIVITY
AND INFILTRATION PARAMETERS

A solution to Richards equation for 1-dimensional vertical infiltration was

given by Philip (1957, 1969). His solution gives the cumulative infiltration I in terms

as a power series:

I(t) = St ir' + (A2 + Ko)t + A3e2 + A4t2 +...	 (7.1)

where S is sorptivity, K. is hydraulic conductivity at water content 0 0 (for the initial

condition) and A2, A3, A4 are calculated coefficients. It is generally sufficient to

replace Eq. (7.1) by a two or three-term truncated series such as

1(t) = St 1f2 + At + Bt 3I2
	

(7.2)

For small time when the effects of gravity are negligible, we can write

equation (7.1) is simply

I - stm
	

(7.3)

Differentiation of equation (7.3) with respect to t leads to the infiltration rate i(t):

.	 1	 1,240 = — St -

2
(7.4)

For large times it is possible to represent equation (7.2) as a two term series

I = Stu2 + At
	 (7.5)

or in differential form



i(t) = —St -

112 + A
2

where A is a the "final" infiltration rate and equal to steady state flow rate. For the

disc infiltrometers

	

	 , (cm3/s) is analogous to S for the one-dimensional case
77- r2

where q is the steady state flow (cm3/s) and r is the radius of disc.

An empirical equation for infiltration was introduced by Horton (1940)

+ (i - i )e -kr0	 c

where ic is steady state infiltration rate for large time, i0 is initial infiltration rate (for

small time), t is the time, and k a characteristic constant related to how quickly i will

decrease from i. to i. By substituting the right side of Eq. (7.4) for i0 and the right

side of Eq. (7.6) for ic, we get

.	 I	 in
1 = —St - +	 (1 - e rn)

2	 nr2

where q e./(7rr0) has been substituted from s. Integrating Eq. (7.8) with respect to t.

q-1(t) = St 12 +	 [t + a(1 - ek)]
TE r2

(7.9)

where a = k4. This equation can be used for all times and contains the correct

limiting values for small and large times.

For the disc permeameter, other algebraic forms from the one-dimensional

case can be borrowed. In each case, I becomes the flow per unit area q/(1Tr02) as

used in Chapter 3 already. In (7.2), S and B are simply empirical constants and the

112

(7.6)

(7.7)

(7.8)
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assumption is that for some large t the series no longer applies. Equations (7.8) and

(7.9) are more interesting in that they capture both large and small-time behavior.

The forms of Equation (7.9) were suggested earlier (A. W. Warrick, personal

communication) using both a and k as empirical constants.

Comparison Between Fitted and Calculated 
Infiltration Parameters

Equation (7.2) and (7.9) were used directly to fit field data. A program

called NFIT (The University of Texas Medical Branch at Galveston, 1991) was used

to best fit the field data to the parameters of equations (Table 7.1). Figures 7.1

through 7.4 are samples showing results for both equations compared with field data.

The input to the program was I(t) as the dependant variable and time (t) as an

independent variable along with the chosen model.

Table 7.2 shows the short time parameters (sorptivity) using equation (7.2),

(7.9) and measured as determined in Chapter 3. Values of sorptivity calculated using

Equation (7.9) match closely to those based on small time slopes only which we can

call "conventional." Table 7.3 shows the correlation between calculated sorptivity

using Equation (7.2), (7.9) and the conventional method. The correlation between

conventional and calculated sorptivity using Equation (7.9) was 0.92. On the other

hand, the correlation between conventional and calculated sorptivity using Equation

7.2 was 0.73. Thus, the sorptivity calculated using Equation (7.9) were closer to the

Chapter 3 estimates than Equation (7.2).
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Table 7.1. Parameters calculated using best fit for Philip equation and modified
Horton equation.

Parameters for Philip (7.2) Parameters for modified Horton (7.9)

Codes** S B C S q./Trr2 a k

B151 0.008 0.001 -0.0000 0.030 0.000 450.59 5.9E+11
B152 0.007 0.001 -0.0005 0.020 0.000 222.85 5.9E+08
B153 0.009 0.001 -0.0000 0.019 0.000 192.88 5.9E+08
B101 0.019 0.001 -0.0000 0.034 0.000 138.74 3.1E+6
B102 0.014 0.002 -0.0001 0.032 0.000 106.22 2.6E+7
B103 0.019 0.002 -0.0001 0.036 0.000 133.99 8.1E+7
B51 0.023 0.004 -0.0007 0.080 0.000 902.14 4.2E+6
B52 0.030 0.003 -0.0005 0.066 0.001 184.34 2.4E + 5
B53 0.029 0.003 -0.0004 0.063 0.001 219.73 1.6E + 7
B01 0.043 0.003 -0.0004 0.075 0.001 161.00 3.6E+6
B02 0.037 0.005 -0.0001 0.097 0.000 452.13 2.8E+5
B03 0.041 0.004 -0.0008 0.085 0.001 174.40 2.3E+5
S151 0.019 0.001 -0.0000 0.025 0.000 65.85 2.7E+1
S152 0.023 0.001 -0.0000 0.028 0.000 34.67 1.9E+10
S153 0.020 0.001 -0.0000 0.035 0.000 210.95 3.0E+1
S101 0.038 0.002 -0.0000 0.048 0.001 39.49 7.6E+1
S102 0.043 0.001 -0.0000 0.041 0.001 -15.18 8.9E+1
S103 0.044 0.001 -0.0000 0.046 0.001 11.00 1.4E+2
S51 0.066 0.001 -0.0000 0.060 0.001 -13.34 2.9E+4
S52 0.063 0.001 -0.0001 0.054 0.001 -22.93 1.5E+4
S53 0.055 0.002 -0.0001 0.062 0.003 14.95 2.5E+3
SO1 0.104 0.001 -0.0005 0.062 0.003 -66.72 3.4E+5
SO2 0.114 0.001 -0.0005 0.077 0.003 -70.80 2.8E+7
S03 0.114 0.001 -0.0001 0.076 0.003 -63.48 3.4E+6

* The r2 between field and fitted data in both equations were above 0.98 for all cases.
**B is the big disc permeameter and S is the small disc permeameter followed by the

tension used (0, 5, 10 or 15 cm) and the replicate (1, 2 or 3).
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Table 7.2. Sorptivity (small time infiltration parameter) calculated by A: Small time
slope, B: Philip equation (7.3) and C: Modified Horton (7.9).

Rep A B C

1 0.023 0.008 0.030
2 0.023 0.007 0.020
3 0.023 0.009 0.019
4 0.051 0.019 0.034
5 0.043 0.014 0.032
6 0.047 0.019 0.036
7 0.062 0.023 0.080
8 0.062 0.030 0.066
9 0.064 0.029 0.063

10 0.082 0.042 0.075
11 0.083 0.037 0.097
12 0.083 0.041 0.085
13 0.024 0.019 0.025
14 0.027 0.023 0.028
15 0.026 0.020 0.035
16 0.051 0.038 0.048
17 0.047 0.043 0.041
18 0.051 0.044 0.046
19 0.059 0.066 0.060
20 0.062 0.063 0.054
21 0.061 0.055 0.062
22 0.084 0.104 0.062
23 0.085 0.114 0.077
24 0.086 0.114 0.076
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Table 7.3. Correlations r between A: Small time slope, B: Philip equation (7.3) and
C: Modified Horton (7.9).

X Y (r) Slope Y-Intercept n-2

A B 0.74 1.04 -0.016 22
A C 0.92 0.93 0.001 22

B A 0.74 0.52 0.033 22
B C 0.56 0.40 0.036 22

C A 0.92 0.90 0.008 22
C B 0.57 0.79 -3.411 22

Variable: Mean S.D. Minimum Maximum n

A 0.055 0.022 0.023 0.086 24

B 0.040 0.031 0.007 0.004 24

C 0.052 0.022 0.019 0.097 24
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The large time slopes (steady state flow) were larger than one calculated

using Equation 7.9 (Table 7.4), but still there is good correlation between them, 0.861

(Table 7.5). This may indicate necessary times to approach steady-state flow and may

be considerably longer than that indicated in the literature.

Determination of Hydraulic Conductivity Parameters

Another method of determination of hydraulic conductivity is possible, based

on the large time results (steady state flow) when more than one measurement exists

for the same spot (Lien, 1989; Smettem and Clothier, 1989). Already we have used

the double disc method using measurements at the same spot for two different disc

radius at the same tension. However, we can generalize using all of the radii and

tensions together. The advantage is that the large time results tend to be more

stable.

First consider Wooding's (1968) Equation

= K0 (1 +
 Trra

(7.10)

where ()	 Cle° , is the steady state flow rate (cm/s), r is the radius of disc
œ ire

permeameter and K. the hydraulic conductivity evaluated at the supply potential.

This assumes the relation between unsaturated hydraulic conductivity (K.) and

saturated hydraulic conductivity (Ks) satisfy the Gardner (1958) equation:
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Table 7.4. Steady state flow (large time infiltration parameter) A: measured B:
new equation.

Rep
Large time Slope

Eq. (7.2)
q./irr2

Eq. (7.9)

1 5.81E-04 3.24E-04
2 5.79E-04 4E-04
3 5.69E-04 3.8E-04
4 0.001316 7.2E-04
5 0.001153 7.9E-04
6 0.001295 7.3E-04
7 0.001556 7.5E-04
8 0.001595 7.3E-04
9 0.001619 6.5E-04

10 0.002392 8.1E-04
11 0.002431 4.7E-04
12 0.002562 8.7E-04
13 6.55E-04 4.36E-04
14 6.75E-04 3.69E-04
15 6.45E-04 2.91E-04
16 0.002060 12.0E-4
17 0.001805 10.8E-4
18 0.002014 11.4E-4
19 0.002542 13.0E-4
20 0.002614 15.0E-4
21 0.002717 31.5E-4
22 0.004295 31.5E-4
23 0.004379 25.7E-4
24 0.004519 29.8E-4

Table 7.5. Correlation between measured steady state flow from slope (A) and
modified Horton (C).

X	 Y	 Corr (r)	 Slope	 Y Intercept	 n-2

A	 C	 0.863	 0.665	 -1.947E-04	 22

Variable Mean S.D. Minimum Maximum n

A

C

0.002

0.001

0.001

9.192E-04

5.69E-04

2.6E-04

0.005

0.003

24

24
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Ko = Ks exp (aket)	 (7.11)

where h,„„ is the tension used and a is a constant. Substitution of Eq. 7.11 into
Equation 7.10 results in

Q. = K5 exp(cch)(1 + 2—)
nra

(7.12)

Measurement of steady state flow at n tension, yields n equations with two unknowns

of Ks and a:

h
Q., 1 = K3exp(ah i)(1 +

= If3 exp(ah2)(1 +

(7.13)

(7.14)

d: = Ks exp (ahn)(1 + _4 )	 (7.15)
Trra

where h 1,, h2 and h. are the supply potentials.

If n = 2, the value of a is obtained by dividing Eq. 7.14 by Eq. 7.13

a - 1n[Q.2/Q.,k1

h2 - h 1

(7.16)

Equation 7.16 can be used to solve for a and substituted back into Equation 7.15 to

solve for K. Also Equation 7.13 can be used to best fit the parameters of K, and a

with n = 4, such as with input from four different tensions. We set the radius (r) to
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be constant (5.2 cm for small disc radius and 11.8 cm for large disc radius) during

the fitting process. The result of both methods are shown in Table 7.6. The

parameters were calculated by solving two equations and by best fitting four

equations were closer to the average of the four parameters calculated at different

tensions than for the individual tensions (Table 7.7).
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Table 7.6. Parameters a and K. calculated n = 2 and 4 tensions at the same spot.

n = 2 n = 4

Codes' St. Flow a K sat. a K sat.

B151 .0009 .0410 .00046 .0551 .00067
B101 .0011 .0606 .00072
B51 .0015 .0569 .00068
B01 .0020 .0588 .00070
B152 .0007 .0667 .00077 .0661 .00069
B102 .0010 .0544 .00060
B52 .0014 .0667 .00073
B02 .0019 .0606 .00069
B153 .0009 .0290 .00030 .0480 .00055
B103 .0011 .0508 .00057
B53 .0014 .0556 .00062
B03 .0018 .0532 .00060
S151 .0010 .0385 .00024 .0666 .00051
S101 .0012 .0725 .00055
S51 .0017 .0733 .00056
SO1 .0024 .0729 .00056
S152 .0008 .0642 .00042 .0806 .00059
S102 .0011 .0712 .00049
S52 ,0015 .0932 .00067
SO2 .0024 .0822 .00061
S153 .0010 .0260 .00015 .0586 .00044
S103 .0012 .0685 .00051
S53 .0016 .0651 .00048
S03 .0023 .0668 .00049

'B is the big disc permeameter and S is the small disc permeameter followed by the
tension used (0, 5, 10 or 15) and the replicate (1, 2 or 3).
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Table 7.7. Comparison between average for n = 2, a and IÇ calculated using two
equations at the same spot (2 and 4 tensions).

fitting method 2 Equation method

Replicate Radius a K sat. a K sat.

1 11.8 .0551 .00067 .0543 .00064

2 11.8 .0661 .00069 .0621 .00070

3 11.8 .048 .00055 .0471 .00052

average 11.8 .0564 .00064 .0645 .00062

1 5.2 .0666 .00051 .0643 .00048

2 5.2 .0806 .00059 .0777 .00055

3 5.2 .0586 .00044 .0566 .00041

average 5.2 .0759 .0006 .0732 .00052
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CHAPTER 8

SUMMARY AND CONCLUSIONS

Disc permeameters were used to determine unsaturated hydraulic

conductivity in the field. Two different methods were used to determine unsaturated

hydraulic conductivity in situ. The single disc method introduced by White and

Perroux (1987, 1989) is dependent on the measurements of sorptivity, steady state

flow rate, initial and final volumetric water content. The double disc method is from

Wooding's equation applied to two different disc radii at the same tension and solving

for X, and unsaturated hydraulic conductivity by measurement of steady state flow.

Additionally, a third method was explored (in Chapter 7) using steady state results

for combinations of tensions and radii. Unsaturated hydraulic conductivity for

disturbed and undisturbed soil cores taken from the same plot were calculated using

a soil retention curve and van Genuchten's equation. Results from the different

methods have been compared. There were significant differences among the

hydraulic conductivity measured using different methods, but there was no significant

difference among the means of hydraulic conductivity (using the Student-Newman-

Keults Test) for the single disc, the double disc methods, and disturbed soil cores at

zero tension. There was a difference between the mean of hydraulic conductivity in

undisturbed soil cores and the other methods used. At five cm tension, there were

no significant differences in the mean of hydraulic conductivity among the methods

used. At 10 and 15 cm tensions, while there were no significant differences in the



128

mean hydraulic conductivity among the single, double disc methods and undisturbed

soil cores; there was a significant difference between results from the disturbed soil

cores and other methods used. Thus, we conclude that using disturbed or

undisturbed soil cores does not always represent the hydraulic conductivity of soil in

the field.

We found that double disc method was fast and an accurate method for

calculating unsaturated hydraulic conductivity in the field. The double disc method

is much easier to use than the single disc method and can be used to measure

unsaturated hydraulic conductivity in moist soil which the single disc method fails to

do. Adding a multiple air inlet to the disc permeameter allowed measurement of

unsaturated hydraulic conductivity at the same spot for more than one tension and

avoids spatial variation using double disc method.

The double disc method was used to compare unsaturated hydraulic

conductivity between disturbed and undisturbed soil. There were significant

differences between disturbed and undisturbed soil in all the tensions used. We

concluded that hydraulic conductivity increased as a result of soil disturbance, or land

preparation.

Spatial variation was studied along a 70 m transect. Unsaturated hydraulic

conductivity was measured using the double disc method at 70 points, one meter

apart. The best fitting variogram models were exponential for the unsaturated

hydraulic conductivity in all tensions used except for the zero tension which was

random. For steady-state flow measured with the big disc permeameter, the best
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fitting variograms were exponential for pores radii of 0.03 - 0.015 and 0.015 - 0.010

cm. For other pore radii, no spatial structure was observed. The best variogram

model fitted for steady state flow were Michaelis-Menton models for the five and 15

cm tension, and an exponential model for 10 cm tension.

The disc permeameter was used to add a 5 cm depth of water, bromide and

dye solution at 0, 5, 10, and 15 cm tensions with three replicates. Water content and

bromide concentration were determined with depth. Averages of the replicated

values were compared with a one-dimensional simulation model for water and

bromide concentration under the same initial and boundary condition in the field.

The results showed that the bromide and water in the field move deeper than the

simulated model in all the tensions used. The greatest difference between predicted

or simulated model and field data for both bromide and water was in zero tension,

and the smallest difference between simulated model and field data was in 15 cm

tension for both bromide and water content. We concluded that the preferential flow

happens in all tensions we used, and it was bigger in smaller tensions used as a result

of eliminating big cracks, root channels, and worm holes from the flow path of

preferential flow.

An equation was developed for cumulative infiltration which contain the

parameters for small and large time.

q.
1(t) = St 112 + —[t + «( 1 - Ch)].

nr2

where a = Ic-'
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This equation fitted experimental curves very well, and the parameters calculated

matched closely to one measured in the field. It appears superior to a second form

used which was analogous to a 3-term Philip equation.



APPENDIX A

131



132

Table A-1. The input data for water release curve for the six soil cores used to
measure hydraulic parameters (alpha and n).

first second third fourth fifth sixth
tension dist. dist. dist. undist undist undist
(cm) VWC* VWC VWC WC VWC VWC

zero 0.409396 0.465957 0.449515 0.410808 0.468691 0.341112
five 0.404922 0.460403 0.443123 0.406534 0.463381 0.333962
ten 0.401585 0.458970 0.439440 0.405156 0.459012 0.332662
fifteen 0.391027 0.448520 0.429251 0.394946 0.448735 0.324679
thirty 0.360039 0.420901 0.401707 0.368082 0.419220 0.299076
sixity 0.287806 0.294051 0.301370 0.276161 0.259242 0.288291
hundred 0.265699 0.242214 0.265558 0.232340 0.236139 0.242041
two h. 0.194005 0.186349 0.195502 0.186594 0.195167 0.186368
three h 0.174278 0.167883 0.167807 0.163962 0.168746 0.175036
thousand 0.130045 0.127227 0.125151 0.129531 0.133539 0.135122
fif.thou.0.113070 0.109005 0.110942 0.119298 0.114967 0.119291

alpha 0.02381 0.02431 0.02342 0.2488 0.02877 0.01949
N 1.6704 1.8635 1.7787 1.74958 1.7959 1.60326
sat.WC 0.40939 0.4659 0.4495 0.4108 0.4659 0.3411
res.WC 0.09 0.09 0.09 0.09 0.09 0.09
sat.K 3.23 3.88 3.66 5.39 5.63 5.15

VWC is volumetric water content (cm"3/cm . 3).
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Table B-1. Steady state flow for small disc permeameter along the 70 m transect.

(cm/s)
POINT	 ZERO	 FIVE	 TEN	 FIFTEEN

1 0.004624 0.002306 0.001017 0.000699
2 0.005322 0.002746 0.001043 0.000688

- 3 0.004302 0.002306 0.001078 0.000848
4 0.005016 0.002887 0.001129 0.000759
5 0.004926 0.002633 0.001121 0.000774
6 0.005916 0.003627 0.001367 0.000851
7 0.005053 0.002613 0.001219 0.000904
8 0.004851 0.002843 0.001309 0.000934
9 0.007127 0.003668 0.001245 0.000691
10 0.00501 0.003328 0.001451 0.001016
11 0.005053 0.003108 0.001379 0.000988
12 0.004705 0.002985 0.001324 0.001073
13 0.004761 0.003037 0.001251 0.000845
14 0.006709 0.003441 0.001396 0.000846
15 0.005187 0.002903	 0.0012 0.000786
16 0.005399 0.003344 0.001403 0.000954
17 0.005592 0.003306 0.001456 0.001022
18 0.004107 0.001939 0.000751 0.00045
19 0.003259 0.001612 0.000741 0.000508
20 0.003999 0.001757 0.000738 0.000467
21 0.003098 0.001307 0.000662 0.000457
22 0.003963 0.001792 0.000752 0.00048
23 0.004919 0.003034 0.001246 0.000871
24 0.004296 0.001865 0.000781 0.000447
25 0.004287 0.002378 0.001052 0.000613
26 0.004116 0.002064 0.00094 0.000728
27 0.004153 0.002439 0.001148 0.000862
28 0.005896 0.002548 0.000968 0.000607
29 0.003695 0.001844 0.000831 0.000587
30 0.002933 0.001598 0.000793 0.000573
31 0.004541 0.00257 0.001131 0.000814
32 0.004471 0.002081 0.000833 0.00056
33 0.003947 0.002161 0.001052 0.000774
34 0.004023 0.002211 0.001052 0.000769
35 0.003483 0.002028 0.00093 0.000674
36 0.003962 0.002204 0.001022 0.000745
37 0.004152 0.002005 0.000903 0.000662
38 0.005027 0.002622 0.001036 0.000671
39 0.004698 0.002419 0.000981 0.000649
40 0.004858 0.002179 0.000859 0.000553
41 0.005981 0.002831 0.001067 0.000711

42 0.005649 0.00281 0.001087 0.000738
43 0.004428 0.00254 0.001128 0.000818

44 0.004418 0.002552 0.001147 0.000798
45 0.004557 0.002602 0.001166 0.000797

46 0.004987 0.002475 0.000989 0.000642
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Table B-1. Steady state flow for small disc permeameter along the 70 m transect
(Continued).

47 0.00567 0.002946 0.001142 0.000744
48 0.005392 0.003064 0.001216 0.000746
49 0.005677 0.002702 0.00109 0.000721
50 0.005297 0.002809 0.001033 0.000634
51 0.004302 0.002509 0.001123 0.000833
52 0.003651 0.00211 0.000959 0.000652
53 0.003171 0.001885 0.000996 0.000748
54 0.004733 0.002968 0.00125 0.000902
55 0.004501 0.002597 0.001178 0.000827
56 0.004088 0.002208 0.00098 0.000658
57 0.004752 0.002803 0.001264 0.000899
58 0.005199 0.002825 0.00135 0.000911
59 0.004525 0.002593 0.001126 0.000784
60 0.00459 0.00248 0.001076 0.000736
61 0.005961 0.003148 0.001256 0.000798
62 0.005229 0.00301 0.001263 0.000849
63 0.004394 0.002551 0.001169 0.000856
64 0.004366 0.002598 0.001405 0.001012
65 0.005724 0.002603 0.000904 0.000603
66 0.004003 0.002412 0.001317 0.001066
67 0.004467 0.002563 0.001286 0.000933
68 0.003915 0.002254 0.001011 0.000692
69 0.004704 0.002904 0.001268 0.000898
70 0.004927 0.002562 0.001331 0.000968
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Table B-2. Steady state flow for large disc permeameter along the 70 m transect.

(cm/s)
POINTS ZERO
	

FIVE	 TEN	 FIFTEEN
1 0.003022 0.001526 0.000886 0.000564
2 0.003561 0.001865 0.00092 0.000552
3 0.002774 0.001525 0.000965 0.000736
4 0.003325 0.001973 0.00103 0.000633
5 0.003255 0.001778 0.00102 0.00065
6 0.004019 0.002544 0.001338 0.00074
7 0.003353 0.001762 0.001147 0.000801
8 0.003197 0.001939 0.001263 0.000836
9 0.004953 0.002575 0.001181 0.000555

10 0.00332 0.002314 0.001446 0.000931
11 0.003353 0.002144 0.001353 0.000899
12 0.003084 0.002049 0.001283 0.000997
13 0.003128 0.002089 0.001189 0.000733
14 0.004631 0.0024 0.001376 0.000734
15 0.003456 0.001986 0.001122 0.000665
16 0.00362 0.002329 0.001385 0.000859
17 0.003769 0.002296 0.001453 0.000937
18 0.002624 0.001242 0.000542 0.000275
19 0.001969 0.00099 0.00053 0.000343
20 0.00254 0.001102 0.000525 0.000296
21 0.001845 0.000755 0.000427 0.000283
22 0.002512 0.001129 0.000544 0.00031
23 0.00325 0.002087 0.001182 0.000763
24 0.002769 0.001185 0.00058 0.000272
25 0.002762 0.001581 0.000931 0.000464
26 0.00263 0.001339 0.000787 0.000598
27 0.002659 0.001628 0.001055 0.000753
28 0.004004 0.001712 0.000822 0.000457
29 0.002305 0.001169 0.000645 0.000434
30 0.001718 0.000979 0.000596 0.000418
31 0.002958 0.001729 0.001033 0.000697
32 0.002904 0.001352 0.000648 0.000403
33 0.0025 0.001414 0.000932 0.000651
34 0.002559 0.001452 0.000932 0.000645
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Table B-2. Steady state flow for large disc permeameter along the 70 m transect
(Continued).

35 0.002142 0.001311 0.000774 0.000535
36 0.002511 0.001447 0.000893 0.000617
37 0.002658 0.001294 0.000739 0.000522
38 0.003333 0.001769 0.000911 0.000531
39 0.00308 0.001613 0.00084 0.000506
40 0.003203 0.001428 0.000682 0.000395
41 0.004069 0.00193 0.00095 0.000578
42 0.003813 0.001914 0.000976 0.000609
43 0.002871 0.001706 0.001029 0.000702
44 0.002863 0.001715 0.001055 0.000678
45 0.00297 0.001753 0.001079 0.000677
46 0.003302 0.001656 0.00085 0.000498
47 0.00383 0.002019 0.001047 0.000617
48 0.003615 0.00211 0.001143 0.000619
49 0.003834 0.001831 0.00098 0.00059
50 0.003542 0.001913 0.000906 0.000489
51 0.002774 0.001682 0.001023 0.000719
52 0.002271 0.001374 0.000811 0.000509
53 0.001901 0.001291 0.000858 0.000621

54 0.003106 0.002036 0.001187 0.000799
55 0.002928 0.001749 0.001094 0.000712
56 0.002609 0.00145 0.000839 0.000516
57 0.003121 0.001909 0.001205 0. c100795
58 0.003466 0.002182 0.001317 0.00081
59 0.002946 0.001747 0.001027 0.000662
60 0.002996 0.00166 0.000962 0.000607
61 0.004054 0.002174 0.001195 0.000678
62 0.003489 0.002068 0.001204 0.000737
63 0.002844 0.001715 0.001082 0.000746
64 0.002823 0.001982 0.001388 0.000926
65 0.003871 0.001754 0.00074 0.000453
66 0.002543 0.00176 0.001274 0.000989
67 0.002901 0.001878 0.001233 0.000835
68 0.002475 0.001485 0.000878 0.000556
69 0.003084 0.001986 0.00121 0.000795
70 0.003256 0.001877 0.001292 0.000875



Table B-3. Hydraulic conductivity along the 70 m transect.

POINTS ZERO
(cm/h)

FIVE	 TEN FIFTEEN

1 6.335345 3.277073 2.816236 1.645691
2 7.821545 4.211945 2.962418 1.597527
3 5.650164 3.276409 3.153491 2.333345
4 7.170491 4.511973 3.428618 1.921227
5 6.977773 3.972491 3.385336 1.991318
6 9.088482 6.085009 4.735255 2.348264
7 7.248318 3.929455 3.924982 2.593064
8 6.819464 4.417273 4.417936 2.731636
9 11.66549 6.1708 4.068464 1.609745

10 7.157882 5.450164 5.194445 3.111409
11 7.249645 4.980927 4.800082 2.981645
12 6.507209 4.719291 4.503409 3.374536
13 6.628073 4.830582 4.101327 2.319327
14 10.77603 5.688291 4.897773 2.322927
15 7.534409 4.545436 3.817773 2.049191
16 7.986773 5.508045 4.934945 2.822945
17 8.397045 5.402482 5.223 3.135136
18 5.235909 2.495864 1.358209 0.496664
19 3.430155 1.800727 1.307209 0.7677
20 5.0048 2.108718 1.288173 0.578264
21 3.085764 1.151664 0.868855 0.5283
22 4.926973 2.183227 1.366118 0.635236
23 6.9645 4.824609 4.072773 2.438673
24 5.637273 2.338882 1.520918 0.482645
25 5.618409 3.428745 3.009109 1.2501
26 5.2525 2.761764 2.398527 1.780855
27 5.333264 3.558236 3.534927 2.400027
28 9.044782 3.790391 2.546509 1.222064
29 4.3564 2.293855 1.795855 1.129145
30 2.734455 1.771245 1.589155 1.064973
31 6.158836 3.836745 3.440645 2.175545
32 6.010482 2.798545 1.806273 1.004591

33 4.894173 2.968418 3.010909 1.994018
34 5.0558 3.073736 3.012518 1.968491

35 3.905364 2.685264 2.340709 1.530845
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Table B-3. Hydraulic conductivity along the 70 m transect (Continued).

36 4.925645 3.060464 2.845691 1.859755
37 5.330609 2.637582 2.193627 1.478182
38 7.193336 3.949645 2.921836 1.516827
39 6.4946 3.518136 2.621755 1.417609
40 6.8334 3.007473 1.954064 0.973855
41 9.225936 4.3931 3.089564 1.701055
42 8.519236 4.348073 3.200182 1.824709
43 5.917773 3.774464 3.423409 2.196573
44 5.8972 3.7993 3.533127 2.101855
45 6.193245 3.905282 3.636927 2.096645
46 7.108873 3.6354 2.666645 1.385264
47 8.564927 4.636818 3.502064 1.857055
48 7.972836 4.8885 3.908455 1.865864
49 8.577536 4.117909 3.215809 1.750118
50 7.769218 4.345418 2.9028 1.346618
51 5.651491 3.707918 3.398264 2.263255
52 4.262364 2.860445 2.498018 1.428218
53 3.242082 2.964409 2.700409 1.872873

54 6.567782 4.683836 4.094509 2.585155

55 6.075036 3.893718 3.700145 2.235218

56 5.1942 3.069091 2.616545 1.457155

57 6.608545 4.334136 4.168855 2.568436

58 7.560573 6.033973 4.645282 2.627209

59 6.126036 3.886418 3.413891 2.037873

60 6.262827 3.646964 3.140564 1.8186

61 9.184509 5.066336 4.128982 2.101855

62 7.625791 4.772282 4.164545 2.336945

63 5.844591 3.798636 3.650755 2.371091

64 5.786291 5.386391 4.946264 3.091282

65 8.678209 3.907273 2.197036 1.206245

66 5.013045 4.4883 4.463727 3.341291

67 6.001191 4.814673 4.289891 2.727327

68 4.825636 3.166445 2.783373 1.613345

69 6.505882 4.547427 4.1922 2.567536

70 6.979764 4.812682 4.541482 2.887827
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Table B-4. Different pore size flow rates along the 70 m transect.

POINTS
total >0.030 >0.015 >0.010

1 10.8792 5.3874 2.304 1.1592
2 12.8178 6.1056 3.4002 1.3266
3 9.9846 4.4937 2.0169 0.8244
4 11.9682 4.8645 3.3957 1.4301
5 11.7171 5.3181 2.7279 1.3302
6 14.4693 5.3118 4.3407 2.1537
7 12.0699 5.7267 2.214 1.2447
8 11.5101 4.5297 2.4327 1.5381
9 17.8308 8.5608 5.0193 2.2545

10 11.9511 3.6225 3.1221 1.854
11 12.0717 4.3551 2.8449 1.6362
12 11.1033 3.7287 2.7549 1.0296
13 11.2608 3.7404 3.2418 1.6416
14 16.6707 8.0307 3.6855 2.3139
15 12.4425 5.2947 3.1095 1.6452
16 13.0329 4.6476 3.3993 1.8936
17 13.5675 5.301 3.0357 1.8567
18 9.4446 4.9725 2.5218 0.9594
19 7.0893 3.5253 1.6569 0.6714
20 9.144 5.1777 2.0754 0.8262
21 6.6402 3.9231 1.1817 0.5157
22 9.0423 4.9788 2.106 0.8415
23 11.6991 4.1868 3.258 1.5093
24 9.9684 5.7015 2.178 1.1106
25 9.9441 4.2543 2.3382 1.6803
26 9.4671 4.6485 1.9854 0.6822
27 9.5715 3.7125 2.061 1.0881
28 14.4126 8.2503 3.2031 1.3131
29 8.298 4.0896 1.8864 0.7596
30 6.183 2.6577 1.3788 0.6426
31 10.6488 4.4262 2.5047 1.2105
32 10.4553 5.5881 2.5362 0.8811
33 8.9991 3.9105 1.7352 1.0098
34 9.2106 3.9843 1.872 1.0341
35 7.7094 2.9907 1.9341 0.8595
36 9.0405 3.8322 1.9953 0.9909
37 9.5679 4.9113 1.9971 0.7821
38 11.9979 5.6286 3.0915 1.3653
39 11.0862 5.2803 2.7828 1.2006
40 11.529 6.39 2.6829 1.0341

140



141

Table B-4. Different pore size flow rates along the 70 m transect (Continued).

41 14.6493 7.7004 3.5289 1.341
42 13.7268 6.8364 3.3768 1.323
43 10.3347 4.194 2.4372 1.1772
44 10.3068 4.1337 2.3769 1.3554
45 10.6929 4.3812 2.4273 1.4481
46 11.8872 5.9274 2.8989 1.2672
47 13.7862 6.5196 3.4965 1.5507
48 13.014 5.4189 3.4803 1.8873
49 13.8033 7.2135 3.0627 1.404
50 12.7494 5.8626 3.6252 1.503
51 9.9864 3.9321 2.3724 1.0953
52 8.1756 3.2283 2.0295 1.0854
53 6.8445 2.196 1.5588 0.8559

54 11.1816 3.8538 3.0546 1.3959

55 10.539 4.2417 2.3589 1.377

56 9.3906 4.1706 2.2014 1.1601

57 11.2356 4.3641 2.5353 1.4742

58 12.4767 4.6206 3.1158 1.8252
59 10.6056 4.3182 2.592 1.3122
60 10.7847 4.8105 2.511 1.278
61 14.5944 6.7671 3.5253 1.8612
62 12.5613 5.1174 3.1113 1.6794
63 10.2393 4.0671 2.2761 1.2123
64 10.1628 3.0285 2.1384 1.6614

65 13.9347 7.6203 3.6522 1.0305
66 9.1539 2.817 1.7505 1.026
67 10.4427 3.6837 2.3202 1.4328
68 8.91 3.5631 2.187 1.1601
69 11.1015 3.951 2.7945 1.4949
70 11.7198 4.9635 2.1042 1.5012
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Table C-1. Small disc permearneter for zero cm tension.
FIRST REPLICATE SECOND REPLICATE THIRD REPLICATE
TIME(S) DEPTH(CH)TIME(S) DEPTH(CM)TIME(S) DEPTH(CH)

0 0 0 0 0 0
1.43 0.289941 1.17 0.289941 1.69 0.289941

16.25 0.579882 17.03 0.579882 13.13 0.579882
64.324 0.869822 62.27 0.869822 63.83 0.869822
114.27 1.159763 103.584 1.159763 95.55 1.159763
164.06 1.449704 145.47 1.449704 134.16 1.449704
181.87 1.594675 169.208 1.594675 156.858 1.594675

198.796 1.739645 191.75 1.739645 180.492 1.739645
225.654 1.884615 213.018 1.884615 204.646 1.884615
254.254 2.029586 237.016 2.029586 230.256 2.029586
283.504 2.174556 268.06 2.174556 257.556 2.174556
312.13 2.319527 301.86 2.319527 283.582 2.319527

341.848 2.464497 335.634 2.464497 313.586 2.464497
372.346 2.609467 370.162 2.609467 341.354 2.609467
403.832 2.754438 404.248 2.754438 371.28 2.754438
434.668 2.899408 438.282 2.899408 400.556 2.899408
467.948 3.044379 472.03 3.044379 431.08 3.044379
500.812 3.189349 505.83 3.189349 465.01 3.189349
535.262 3.33432 539.63 3.33432 496.496 3.33432
569.452 3.47929 572.65 3.47929 529.23 3.47929
603.252 3.62426 605.15 3.62426 561.99 3.62426
637.052 3.769231 593.32 3.769231
670.67 3.914201 625.43 3.914201

658.19 4.059172

Table C-2. Small disc permeameter for -5 cm tension.
FIRST REPLECATE SECOND REPLICATE THIRD REPLICATE
TIME(S) DEPTH(CH)TIME(S) DEPTH(CM)TIME(S) DEPTH(CM)

0 0 0 0 0 0
3.03 0.14497 3.36 0.14497 3.93 0.14497

19.65 0.289941 18.36 0.289941 19.68 0.289941
43.65 0.434911 42.51 0.434911 45.18 0.434911
65.19 0.579882 69.54 0.579882 70.41 0.579882

93 0.724852 100.5 0.724852 95.82 0.724852
124.98 0.869822 135.18 0.869822 128.61 0.869822
164.16 1.014793 175.11 1.014793 158.82 1.014793
202.83 1.159763 214.68 1.159763 195.24 1.159763
248.52 1.304734 261.24 1.304734 233.19 1.304734
298.53 1.449704 308.4 1.449704 274.95 1.449704
349.53 1.594675 359.76 1.594675 318.87 1.594675
401.16 1.739645 413.07 1.739645 364.02 1.739645
454.35 1.884615 464.28 1.884615 410.94 1.884615
509.49 2.029586 519.66 2.029586 461.16 2.029586
567.06 2.174556 575.67 2.174556 508.26 2.174556
624.66 2.319527 631.86 2.319527 561.45 2.319527
681.75 2.464497 687.84 2.464497 614.88 2.464497
739.68 2.609467 743.55 2.609467 668.25 2.609467
796.62 2.754438 798.75 2.754438 723.36 2.754438
853.86 2.899408 854.25 2.899408 776.88 2.899408
910.65 3.044379 830.25 3.044379

883.38 3.189349

143



Table C-3. Small disc permeameter for -10 cm tension.
FIRST REPLECATE SECOND REPLICATE THIRD REPLICATE
TIME(S) DEPTH(CM)TIME(S) DEPTH(CM)TIME(S) DEPTH(CM)

0 0 0 0 0 0

9.75 0.14497 6.36 0.14497 7.65 0.14497
43.14 0.289941 33.9 0.289941 36.69 0.289941
75.45 0.434911 75.51 0.434911 71.55 0.434911

113.07 0.579882 119.07 0.579882 106.68 0.579882
152.1 0.724852 166.71 0.724852 148.83 0.724852

197.1 0.869822 220.11 0.869822 195.69 0.869822
249.12 1.014793 278.01 1.014793 248.34 1.014793
300.6 1.159763 340.11 1.159763 303.9 1.159763

359.13 1.304734 405.18 1.304734 367.95 1.304734
422.85 1.449704 479.07 1.449704 428.88 1.449704
484.71 1.594675 553.38 1.594675 499.32 1.594675
551.13 1.739645 625.65 1.739645 571.65 1.739645
619.77 1.884615 704.94 1.884615 643.8 1.884615
690.36 2.029586 786.45 2.029586 715.95 2.029586
760.74 2.174556 867.45 2.174556 788.55 2.174556
831.03 2.319527 947.85 2.319527 859.74 2.319527
901.65 2.464497 1028.25 2.464497 932.25 2.464497
972.6 2.609467 1108.65 2.609467 1004.25 2.609467

1042.65 2.754438 1188.69 2.754438 1075.65 2.754438
1113.15 2.899408

Table C-4. Small disc permeameter for -15 cm tension.
FIRST REPLICATE SECOND REPLICATE THIRD REPLICATE
TIME (S) DEPTH(CM)TIME(S) DEPTH(CM)TIME(S) DEPTH(CM)

0 0 0 0 0 0

11.28 0.14497 16.2 0.14497 11.4 0.14497

118.24 0.289941 110.2 0.289941 107.4 0.289941

225 0.434911 212.44 0.434911 199.76 0.434911

344.2 0.579882 321.88 0.579882 302.76 0.579882

476 0.724852 447 0.724852 405.2 0.724852

609.04 0.869822 584.92 0.869822 518.16 0.869822

757 1.014793 732.88 1.014793 636.6 1.014793

911.4 1.159763 891.8 1.159763 762.76 1.159763

1065.52 1.304734 1065.4 1.304734 915.24 1.304734

1235.16 1.449704 1262.56 1.449704 1091.04 1.449704

1422.24 1.594675 1476.12 1.594675 1279.52 1.594675

1620.92 1.739645 1691.72 1.739645 1481.52 1.739645

1836.64 1.884615 1906.2 1.884615 1707.4 1.884615

2054.64 2.029586 2120.48 2.029586 1933 2.029586

2276.48 2.174556 2335.4 2.174556 2157 2.174556

2498.04 2.319527 2550.2 2.319527 2382.2 2.319527

2718.2 2.464497 2607 2.464497
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Table C-5. Large disc permeameter for zero cm tension.

FIRST REPLICATE SECOND REPLICATE THIRD REPLICATE
TIME(S) DEPTH(CM)TIME(S) DEPTH(CM)TIME(S) DEPTH(CM)

0 0 0 0 0 0
15.4 0.18179 13.16 0.18179 12.6 0.18179

35.88 0.363581 30.12 0.363581 30.12 0.363581
69.72 0.545371 63.92 0.545371 62.52 0.545371

111.32 0.727162 95.68 0.727162 95.04 0.727162
152.8 0.908952 127.12 0.908952 128.6 0.908952

203.04 1.090743 158.44 1.090743 165.44 1.090743
222 1.163459 174.28 1.163459 186.08 1.163459

242.2 1.236175 191.2 1.236175 203.76 1.236175
263.84 1.308891 210.28 1.308891 222.92 1.308891
286.84 1.381607 229.32 1.381607 240.4 1.381607
310.56 1.454323 249.68 1.454323 259.56 1.454323
336.32 1.52704 271.68 1.52704 278.64 1.52704

363 1.599756 293.32 1.599756 298.08 1.599756
389.96 1.672472 315.24 1.672472 324.48 1.672472
416.4 1.745188 339.76 1.745188 345.24 1.745188

443.92 1.817904 362.36 1.817904 368.96 1.817904
475.44 1.890621 387.68 1.890621 391.48 1.890621
506.12 1.963337 408.84 1.963337 416.44 1.963337
537.08 2.036053 436.88 2.036053 442.68 2.036053
567.4 2.108769 466.76 2.108769 470.2 2.108769

598 2.181485 495.96 2.181485 498.88 2.181485
627.16 2.254201 525.8 2.254201 527.28 2.254201
658.2 2.326918 555.88 2.326918 555.68 2.326918

689.24 2.399634 586.32 2.399634 583.68 2.399634
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Table C-6. Large disc permeameter for -5 cm tension.

FIRST REPLICATE SECOND REPLICATE THIRD REPLICATE
TIME(S) DEPTH(CM) TIME(S) DEPTH(CM) TIME(S) DEPTH(CM)

0 0 0 0 0 0
15.4 0.145432 12.32 0.145432 16.84 0.145432

39.88 0.290865 35.56 0.290865 38.56 0.290865
74.48 0.436297 67.36 0.436297 76.4 0.436297
107.8 0.581729 101 0.581729 115.96 0.581729
146.2 0.727162 136.92 0.727162 156.48 0.727162

165.84 0.799878 165.84 0.799878 179.8 0.799878
185.32 0.872594 184.52 0.872594 204.4 0.872594
206.6 0.94531 206.6 0.94531 230.8 0.94531

231.68 1.018026 231.68 1.018026 258.28 1.018026
252.52 1.090743 252.52 1.090743 283.2 1.090743
278.68 1.163459 278.68 1.163459 312.4 1.163459
303.4 1.236175 303.4 1.236175 341.08 1.236175

332.04 1.308891 332.04 1.308891 371.52 1.308891
359.84 1.381607 359.84 1.381607 403.04 1.381607
387.96 1.454323 387.96 1.454323 435.52 1.454323
423.64 1.52704 419.6 1.52704 469.76 1.52704
451.04 1.599756 447.04 1.599756 505.68 1.599756
489.12 1.672472 477.12 1.672472 540.76 1.672472
518.64 1.745188 510.64 1.745188 575.2 1.745188
557.48 1.817904 545.48 1.817904 614.48 1.817904
599.8 1.890621 578.2 1.890621 654 1.890621

647.68 1.963337 613.36 1.963337 696.84 1.963337
694.2 2.036053 653.36 2.036053 742.32 2.036053

742.16 2.108769 695.92 2.108769 787.28 2.108769
789 2.181485 740.16 2.181485 832.24 2.181485

834.76 2.254201 786.24 2.254201 877 2.254201
881.48 2.326918 832.48 2.326918
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Table C-7. Large disc permeameter for -10 cm tension.

FIRST REPLICATE SECOND REPLICATE THIRD REPLICATE
TIME(S) DEPTH(CM) TIME(S) DEPTH(CM) TIME(S) DEPTH(CM)

0 0 0 0 0 0
17.32 0.072716 15.08 0.072716 17.08 0.072716
44.04 0.145432 37.24 0.145432 35.68 0.145432
61.32 0.218149 63 0.218149 58 0.218149
89.16 0.290865 89.16 0.290865 83.96 0.290865
123.2 0.363581 128.52 0.363581 111.68 0.363581
155.4 0.436297 162.2 0.436297 143.12 0.436297

189.08 0.509013 196.92 0.509013 176 0.509013
222.16 0.581729 234.56 0.581729 209.28 0.581729
261.24 0.654446 272 0.654446 243.92 0.654446
302.76 0.727162 314 0.727162 283.92 0.727162
391.24 0.872594 401.2 0.872594 365.28 0.872594
485.16 1.018026 489.4 1.018026 454.28 1.018026
588.2 1.163459 583.88 1.163459 547.76 1.163459

693.04 1.308891 682.88 1.308891 651.48 1.308891
803.08 1.454323 783.56 1.454323 758.28 1.454323
914.12 1.599756 898.8 1.599756 863.4 1.599756

1023.68 1.745188 1021.72 1.745188 975.24 1.745188
1134.32 1.890621 1147.76 1.890621 1086.2 1.890621
1246.16 2.036053 1273.04 2.036053 1197.8 2.036053
1355.8 2.181485 1398.84 2.181485 1310.2 2.181485

1466.08 2.326918 1526.24 2.326918 1423 2.326918
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Table C-8. Large disc permeameter for -15 cm tension.

FIRST REPLICATE SECOND REPLICATE THIRD REPLICATE
TIME(S) DEPTH(CM) TIME(S) DEPTH(CM) TIME(S) DEPTH(CM)

0 0 0 0 0 0
0 0.036358 40.24 0.072716 38.36 0.072716

27.68 0.072716 96.24 0.145432 91.28 0.145432
48.64 0.109074 160.24 0.218149 157.2 0.218149
72.48 0.145432 228.68 0.290865 229.84 0.290865

100.32 0.18179 302.04 0.363581 306.68 0.363581
124.56 0.218149 380.96 0.436297 391.64 0.436297
150.52 0.254507 457.28 0.509013 473.84 0.509013
176.56 0.290865 539.48 0.581729 556.52 0.581729
204.04 0.327223 626.56 0.654446 650.04 0.654446
236.08 0.363581 714.76 0.727162 745.08 0.727162
266.64 0.399939 903.6 0.872594 944.76 0.872594
297.4 0.436297 1103.12 1.018026 1151.2 1.018026
327.6 0.472655 1318.08 1.163459 1375.48 1.163459
358.2 0.509013 1533.88 1.308891 1604.24 1.308891

391.04 0.545371 1758.56 1.454323 1849.16 1.454323
423.96 0.581729 1992.32 1.599756 2104.84 1.599756
455.88 0.618087 2238.36 1.745188 2360.64 1.745188
495.56 0.654446 2493.04 1.890621 2615.68 1.890621
530.04 0.690804 2744 2.036053 2870.6 2.036053
567.8 0.727162

635.56 0.799878
714.88 0.872594
797.56 0.94531
879.12 1.018026
966.56 1.090743

1050.64 1.163459
1248.84 1.381607
1492.6 1.52704
1738.2 1.672472
1983.4 1.817904
2230.2 1.963337

2479 2.108769
2730.32 2.254201
2983.8 2.399634
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