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ABSTRACT 

The multi-step steady-step steady-steady outflow method (MSSOM), an inverse 

model, is developed by Muller [ 1992] as a practical alternative over more labor 

intensive techniques for the rapid measurement of unsaturated hydraulic 

conductivity. The MSSOM method employs the steady-state Darcy's equation for 

parameter estimation. This method requires only three easily-measured flux

controlled attributes including flow rate, suction and core length from a one

dimensional short column experiment. A multistart-adaptive simplex (MSX-ARS) 

technique is employed to locate the objective function's global minima. A number 

of experimental, and noiseless and noisy numerical data sets are employed to verify 

the MSSOM method in this study. The MSSOM method performs well if the data is 

noiseless. However, this method is found sensitive to errors in flow rate and core 

length. Furthermore, lengthy computer time is required for the MSX-ARS 

approach. Therefore, additional refinement of the MSSOM experimental setup and 

minimization technique are needed to further improve this method. 
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CHAPTER I 

INTRODUCTION 

Interest in the unsaturated zone has dramatically increased in recent years 

because water and chemicals move through this zone before entering groundwater. 

To estimate travel time for a contaminant, the rate of water movement needs to be 

known. Computer models are able to predict the movement of water and chemicals . 

This requires knowledge of the soil hydraulic properties in the unsaturated zone. 

Specifically, the relationships between the pressure or matric suction ('V), the 

hydraulic conductivity (K), and the water content (8) are required. Laboratory and 

field methods have been developed to measure the unsaturated hydraulic 

conductivity function [Klute, 1986]. However, direct measurement of this property 

is difficult, expensive and time-consuming. Cheaper alternative methods have been 

developed for predicting the unsaturated conductivity function from easily 

measured soil properties, e.g., soil water retention curve [Burdine, 1953; van 

Genuchten, 1980]. 

Several empirical models with a number of parameters can represent the 

nonlinear unsaturated hydraulic conductivity function. These parameters in the 

model represent the soil properties for an unsaturated condition. The models can be 

distinguished between two groups [Mualem, 1976a]. The first is based on a 

generalization of Kozeny's approach in which the relative hydraulic conductivity, 

Kr, is a power function of the effective saturation Se, i.e. 

K a 
Kr= --=Se 

Ksat 

(1) 
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(8-8r) 
(2) 

where 

K=unsaturated hydraulic conductivity 

Ksat =saturated hydraulic conductivity 

a=empi1ical parameter 

8=actual water content 

8 r =residual water content 

8 s =saturated water content 

For the models of the second group, such as models by Burdine [1953], Childs and 

Collis-George [ 1950] , the unsaturated hydraulic conductivity function is de1ived 

from the water content-matric suction curve. Similar to the Childs and Collis-

George model, Mualem [ 197 6a] employs a modified assumption, which concerns 

the hydraulic conductivity of the pore sequence in order to take into account the 

effect of the large pore section, to derive an analytical model. This model predicts 

the unsaturated hydraulic conductivity function using the water content-matric 

suction curve and the saturated hydraulic conductivity. The model suggested by 

Mualem is: 

0 d8 
fo

'V 

2 

(3) 

where l is a pore-connectivity parameter which may be positive or negative. 

Mualem suggests a value of 0.5 for l. Hence, the formula becomes 
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2 

K (S ) = S 
112 

r e e 
(4) 

The soil water retention data derives the unsaturated hydraulic conductivity 

function. Many models develop the 8(w) or 8(h) relationship such as the van 

Genuchten model [van Genuchten, 1978a ,1980] 

(5) 

where a, n and m are positive empirical coefficients which best fit capillary 

pressure head h to effective saturation Se. Brooks and Corey [1964] proposes 

another model: 

Se= lah 1-1/m, ah<-l (6) 

Here value a-\s related to the air entry value. Van Genuchten [1978a] combines 

his 8(w) relationship with Mualem's [1976a] pore-size distribution model to yield 

K(Se) 
K = -- = S 1 [1-(1-S llmtJ2 

r K e e 
s 

or in terms of capillary pressure head, h 

[1-(ah t-1(1 +(ah t fm J2 
K(h)=--------

r [l+(ah tt 12 

where a, m and n are empirical parameters with m=l-1/n. 

(7) 

(8) 

Parameter estimation gives quantifiable relationships between hydraulic 

conductivity K, capillary pressure head h and water content 8 with a number of 

parameters. This process generally involves experimentally measuring several 

flux-controlled attributes, e.g., water content 8 and pressure head h. The initial 

estimates for these unknown parameters in the parametric conductivity function are 
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used to simulate the flow process. Simulations are repeated with improved 

parameter estimations until simulated and observed results match. 

Among parameter estimation methods, the non-linear least-squares optimization 

program, RETC [van Genuchten et al., 1991], works well for many coarse-textured 

soils and other porous media having relatively narrow pore-size distribution. The 

optimization process originates from the Marquardt maximum-likelihood method 

[Marquardt, 1963]. This program estimates the van Genuchten parameters a and n, 

while it regards other variables such as saturated hydraulic conductivity Ks, 

saturated water content 8 s, residual water content 8, as constants or as unknown 

parameters to be estimated. 

Muller's [1992] inverse model, the multi-step steady-state outflow method 

(MSSOM), estimates the van Genuchten parameters a and n from data derived 

from a short column experiment. This short column experiment records the flow 

rate, suction and core length at designated upper and lower boundaries. MSSOM is 

a convenient and time-saving model because it only requires the two boundary 

conditions. Muller writes a simplex global-optimization routine, called 

MSSOM.EXE, to implement this method. The MSSOM.EXE routine employs the 

downhill simplex technique with the multiple restart and adaptive search functions 

to locate the objective function's global minimum. Despite its inefficiency, the 

downhill simplex is simple, reliable and robust. The next chapter discusses 

MSSOM experimental setup, inverse methodology and solution method details. 

Muller tests this method by the experimental data from a short sand column 

which is composed of 60% coarse and 40% medium sand. Further, Muller tests this 

method by medium and coarse sand data gathered by Harvey [ 1989] from a long 
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column. However, there are no comparison between the MSSOM K(w) solutions 

and the K(w) curves for the same sand derived from other techniques. Accordingly, 

this method can not claim to be successful. 

Several techniques can measure the unsaturated hydraulic conductivity function 

m the laboratory. These include the steady-state and transient methods [Klute, 

1986]. Basically, the steady-state methods are slower than the transient methods. 

The steady-state methods should establish an equilibrium condition, while the final 

steady-state is not strictly required for the transient methods. A direct 

measurement of unsaturated hydraulic conductivity usually requires establishing a 

unit hydraulic gradient. Also the unsaturated hydraulic conductivity can be 

measured indirectly by the transient method based on several assumptions. The 

theoretical background for these two methods will be discussed further. 

The long-column version of the steady-state flux controlled method (long

column method) is a traditional method to measure the unsaturated hydraulic 

conductivity. By nature, the natural drainage leads to a constant pressure head 

(suction) along the upper part of the long column. Based on Darcy's equation, the 

unsaturated hydraulic conductivity K, equals the flow rate q, if a unit hydraulic 

gradient occurs. A tensiometer can measure the associated suction 'tf. The 

conductivity-suction data, K(w), can verify the MSSOM method. As previously 

mentioned, the MSSOM method incorporates information from two specified points 

in a short soil column. This information is also obtainable from the lower part of a 

long soil column. Therefore, by accessing a long soil column with a row of 

tensiometers along the entire length, both the MSSOM method and the long-column 

method can concurrently capture the K(w) function. Exploiting the benefits of this 

redundancy, the study employs a long soil column. 
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Because real test materials involve measurement errors, uncertainty will 

inci-ease in already complicated parameter estimation process when a new model is 

tested, and therefore causes a misjudgement of this model. Thus, numerical data set 

best verifies a new model. Solving the flow equation with known parameter values 

(i.e., van Genuchten parameters a and n), and initial and boundary conditions 

generates these data sets from the hypothetical soils. Inserting the data into the 

inverse model calculates the parameters a and n. A consistent inverse model will 

return the same parameters from original "true" parameters. In this study, a finite 

difference solution of Darcy's equation produces numerical data sets. Model 

verification generally involves the uniqueness and stability tests. In the parameter 

estimation process, if the same given data obtains different parameters, the process 

is not unique. Further, if small errors in the data set result in large changes in the 

computed parameter the process is unstable. Carrera and Neuman [1986] defines 

"uniqueness" and "stability". In our case, the program is run several times for the 

same data set to test uniqueness, and to test stability a small random error will be 

added to the input data. 

Measurement errors raise uncertainty m analysis. These errors decrease the 

parameter estimation sensitivity [Russo et al., 1991]. Despite best efforts, 

measurement error is inevitable. Measurement error effect for real soils on the 

MSSOM method needs to be quantified. Noisy numerical data sets fit this 

evaluation requirements. If this model proves sensitive to measurement errors, we 

will reduce the measurement error by improving the experimental method, or 

modify the inverse method. 

In summary, the objectives of this study are: 

(1) verifying the multi-step steady-state outflow method through data from 



hypothetical and real soils, 

(2) evaluating measurement error's effect on the efficiency of the method, 

(3) improving the experimental design and the MSSOM method. 

18 
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CHAPTER2 

BACKGROUND 

Parameter estimation includes two main steps. Generally begins by measuring 

the flux-controlled attributes. These attributes are the input data for the inverse 

model which calculates the unknown parameters. 

2.1 Experimental Methods 

The hydraulic conductivity function, K(w), can be measured directly and 

indirectly. Unsaturated hydraulic conductivity determination normally requires 

establishing a steady-state unit gradient. This is both time-consuming and 

expensive. An indirect method employs a few easy to measure variables (e.g., 8, 'If, 

Ks, etc.) for estimating the K(w) function. These variables are often a function of 

time. Methods for measuring the unsaturated hydraulic conductivity function are 

generally divided into two groups: steady-state and transient techniques. 

2.1.1 Steady-state methods 

Establishing a time-invariant, one-dimensional flow determines K(w) in the 

steady-state method. Based on Darcy's Law, the hydraulic conductivity is 

proportional to the ratio of flow rate to hydraulic gradient. Since matric potential 

may vary along a column, K(w) is determined at various points along the column. 

Usually, a unit hydraulic gradient is established throughout a sample or , at least, 

within a test section of a column during the determination of a particular value of 

unsaturated conductivity. The steady-state method gathers the data under controlled 

hydraulic head or flux [Klute and Dirksen, 1986]. 
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2.1.1.1 Steady-state head controlled method 

The steady-state head controlled method is similar to the Richards' method 

[Richards, 1931] which maintains constant hydraulic heads in the test material for 

determining unsaturated hydraulic conductivity. Klute and Dirksen indicate [ 1986] 

for a short-column version of this method (sample length is less than 10 to 15 cm), 

the soil sample is held between two porous plate, and constant hydraulic heads are 

applied at the top of the upper plate by Mariotte bottle system and at the the bottom 

of the lower plate which is open to atmosphere (Figure 2.1 A). The soil is brought 

to an unsaturated condition by elevating gas-pressure (ha) or reducing the pressure 

head and hydraulic head of the water at aforementioned upper and lower plates 

with hanging water column. As shown in Figure 2.1 B, pressure head h or suction 'V 

(=matric component hm + pneumatic component ha) and the elevation head Z 

compose total hydraulic head H. The hydraulic conductivity is calculated by 

Darcy's equation: 

q = -K (h) [ : ] = -K (h) [ ;; + 1] (9) 

where K(h) is the average hydraulic conductivity over the region of measured head 

difference. As a preference, a unit gradient is established by adjusting the 

difference of the pressure head equal to zero, and therefore the unsaturated 

hydraulic conductivity equals the absolute value of flow rate q. 

2.1.1.2 Steady-state flux controlled method 

The two steady-state flux control methods are the long- and short-column 

versions. 
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Figure 2.1 (A) System for steady-state measurement of hydraulic 

conductivity of unsaturated soils. The cell air pressure 
atmospheric and the applied hydraulic heads are 

controlled by "hanging water" columns. (8) Hydra4lic 
pressure, and gravitational head distributions in the 

cell [after Klute and Dirksen, 1986]. 
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2.1.1.2.1 Long-column version The long-column version of the steady-state flux 

control method requires columns of 50 to 200 cm. With a constant flux at the upper 

end and a water table at the lower end, it is possible to establish a unit hydraulic 

gradient in the upper section of a long column without any porous plate at the top 

or bottom of the column and without adjusting pressure head [Corey, 1977]. 

However, the process will not give satisfactory results unless the column 1s 

homogeneously packed and is sufficiently long. The length of the column 1s 

proportional to the soil's air entry pressure (Pe). After establishing a unit gradient, 

conductivity is equal to the absolute value of the flow rate. An appropriately placed 

tensiometer in this region can measure the associated matric suction. By starting at 

saturation and proceeding through a series of progressively decreasing flow rates, 

one can determine a series of points on the drying K(w) function. The long-column 

method is limited to the range of higher water content and coarser materials. 

2.1.1.2.2 Short-column version By nature, a short column will not form a unit 

gradient. However, placing a porous plate at the bottom of the column and 

connecting a vacuum source to the lower plate, the column can produce a unit 

gradient [Corey, 1977]. Except for the porous plate and vacuum source, the 

experimental setup and the measurement sequence are similar to long-column 

version. Monitoring the tensiometers and controlling the suction at the bottom 

produce a unit gradient in the column at each flow rate. The short-column method 

are applicable to medium and fine materials. 

2.1.2 Transient methods 

Transient methods measure water content, matric suction, and flow rate as a 

function of time. No attempt is normally made to induce a uniform suction 'V within 

a test section of a sample during a measurement. Computing unsaturated hydraulic 
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conductivity involves the empirical formula or the inverse method. One of the 

transient methods is the pressure plate outflow method by Gardner [ 1956]. This 

procedure places the sample in a pressure cell and desaturates it by applying small 

increments of air pressure or suction w. Several assumptions are made for this 

method [Warrick, 1993]. The assumptions aTe 1) K is constant over the given 

pressure range, 2) 8 is a linear function of W, 3) the resistance from the porous plate 

is negligible and 4) no compensation for gravity. Outflow methods do not give 

consistent reproducible results because the resistance over the region of contact 

between sample and porous plate varies erratically with the w applied [Corey, 

1977]. In the original version, outflow responses to very small pressure increments 

to satisfy the first assumption. Doering [ 1965] simplifies the procedure by 

desaturating the sample in one-step increments. Kool et al. [1985a,b], Parker et al. 

[ 1985], Toorman et al. [ 1992], and Eching and Hop mans [ 1992] also instil the one

step outflow method for studying the inverse problem. The method's advantages are 

flexible initial and boundary conditions. Further, it yields inexpensive and quick 

results . However, Eching and Hopmans [1992] do not accept this method. 

2.2 Theoretical Background of the Multi-Step Steady-State 

Outflow Method (MSSOM) 

A new inverse method, MSSOM, by Muller [1992] rapidly determines 

unsaturated hydraulic conductivity, K(w). The experimental setup for this method is 

shown in Figure 2.2. Two tensiometers equip a short column. Appling a series of 

decreasing/increasing flow rates enables drying/wetting K(w) measurements. The 

upper and lower tensiometers are respectively the upper and lower boundaries. A 

small suction is applied at the bottom of the column. The unit gradient does not 

exist because of the insufficient core length. The flow rate q, suction W, and core 
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length L ( distance between these two boundaries) were recorded. Muller utilizes 

the van Genuchten's parametric model to describe the relationship between 

conductivity K and pressure head h. Darcy's law, q=-K(h)[dh/dZ+ 1], governs the 

unsaturated steady-state vertical infiltration into a homogeneous soil. This equation 

may be rearranged and integrated [Bear, 1972] to form the expression: 

h dh 
L = f z dZ = -J u ----

o hL 1 + q I K (h) 
(10) 

where the integral on the left represents the length of the core (L) and q a constant 

flux as a result of the boundary conditions hu and hL. This expression gives 

information about the unsaturated hydraulic conductivity when the pressure head 

profile and flow rate are known. Muller defines an error function, F, that equals 

zero when a solution satisfies the one dimensional flow theory. When this occurs 

the above equation becomes: 

(11) 

1+--
K(h) 

where ~i are those parameters required for the analytical expression of the K(h) 

function. The van Genuchten's model has two unknowns (a and n) when others are 

assumed constant. These conditions require at least two equations of the form: 

dh hUl 
F /a,n) = Jh ---- -L 

Ll 

ql 
1 + 

K(h) 

hU 2 dh 
F i(a,n) = Jh -L 

L2 
q2 

1 + 
K(h) 

In order to find the solution, the sum of the error function (Fi) from each data set 

will be minimized such that: 
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N N 
dh 

[ 
hu 

I 

Total Error Function = L I Fi (a,n) I = L 
JhLi

1 -L (12) 
i =l i =l qi 

1+--
K(h) 

where N = 2 for the above example. Muller then employs a simple, robust 

multidimensional minimization technique, the multistart-adaptive simplex approach 

(MSX-ARS), to reduce the error function. He accounts for singularities in the 

integration term of the error function by the FINDSG routine. To improve the 

efficiency of the numerical integration, he further develops the quasi-adaptive step 

Romberg integration (QROMOQ) technique. In this process, the local refinement 

strategy takes the place where the whole range refinement technique does in 

Numerical Recipes in C [Press et al., 1988]. Muller shows this modified integration 

technique is hundreds of times faster than traditional Romberg integration. By 

combining MSX-ARS, FINDSG and QROMOQ, Muller creates MSSOM.EXE, an 

optimization routine, to implement the methodology of MSSOM theory. The 

MSSOM method is tested through data from a short column experiment. The data 

originates from a 30-cm long column with two porous ceramic cups in its upper and 

lower part for suction measurement. A tensiometer-water manometer system 

measures suction. Conditions include a series of increasing or decreasing step-wise 

flow rates. The flow rates are measured volumetrically. Input parameters in the 

optimization routine, MSSOM.EXE, are the flow rate, suction and core length. 
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CHAPTERS 

VERIFICATION OF THE MULTI-STEP STEADY-STATE 

OUTFLOW METHOD USING NUMERICAL DATA 

A well-developed inverse model should be consistent, stable, and unique. 

Usually, the inverse model is first tested by numerical data because experimental 

data includes measurement error. In this study, we want to measure the unsaturated 

hydraulic conductivity function K(w) through experimental data from a long 

column experiment. Through the finite difference solution of Darcy's equation for 

one-dimensional vertical flow in a long column, we can generate the corresponding 

numerical data. 

3.1 Governing Equation for Steady-State One-Dimensional 

Infiltration 

Richards equation represents the infiltration process for one-dimensional flow. 

~ [-KCw) aH] = ae 
az az ar 
where 'V, 8, and Hare previously defined. 

(13) 

Darcy's equation, q=-K(h)[dh/dZ+ 1]=-K(w)[d(-w)/dZ+ 1], represents the flow 

process for the steady-state case where c)8Jc)t =0. Here 

n-1 n -m 2 
[1- lawl (1 + lawl ) ] 

K ('V) = Ks [ van Genuchten, 1978a] 
[1 + I a 'VI n ]m /2 

This equation is a first order nonlinear differential equation. An analytical solution 
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is unknown and a finite difference method solves numerically the differential 

equation. 

3.2 Finite Difference Approximation 

3.2.1 Forward difference approximation of the governing equation 

A difference equation can approximate a differential equation. The first order 

difference equation is derived from Taylor's expansion: 

df 
f (x +fix)= f (x) + fix - + 0 (higher order term) (14) 

dx 

From the above equation, the approximation for the first derivative off with respect 

to xis: 

d f f (x + ii x ) - f (x ) 
-- ------+O(fix) (15) 
dx fix 

This is the "forward" difference. Other approximates for the derivative are 

"backward" and "central" differences: 

d f f (x ) - f (x - ii x ) 
-= +O(Ax) (16) 
dx Ax 

for backward difference, and 

d f f (x +Ax) - f (x - fix) 
- - -------- + 0 (Jix 2

) (17) 
dx 21ix 

for central difference. 

Among these three forms of difference equations, forward and backward 

difference have errors of the first order (~x), while the central difference has an 

error of second order (Ax
2
). Consequently, the central difference is more accurate. 

However, it is computationally more complicated. By contrast, the forward and 

backward difference are less accurate but easier to compute. The choice among 

these three forms will depend on the given problem. For a ground water system 
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with complex boundary and initial conditions where the accuracy of finite 

difference approximation may determine the success of the simulation, the central 

difference is preferable. While in a simple ground water flow system, such as the 

one-dimensional infiltration case in this study, the forward or backward difference 

may be more appropriate. Therefore, a forward difference is the approximation for 

Darcy's equation. As a general procedure, we have to first discretize the problem 

domain (a vertical long column). Then we can write the forward difference form of 

Darcy's equation as: 

-(wi+1 - wi) 
q = -K ('I') - K (\If) 

zi+1 - zi 

or, with a regular interval 

-<wi + 1 - wi) 
q = -K (\V) - K (\If) 

AZ 

(18) 

(19) 

We can rearrange this equation by shifting the unknown to the left-hand side as 

follows: 

(20) 

If the van Genuchten K(w) function is inserted, then the equation becomes: 

n-1 n -m 2 
[1 - ( a \If) ( 1 + (aw) ) ] 

q + Ks 

AZ (21) 
n-1 n -m 2 

[ 1 - (aw) (1 + (aw) ) ] 
Ks 

[1 + (a'Vtt 12 

From equation (21), the suction distribution along the column can be easily 

calculated from the given boundary conditions. 
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3.2.2 Boundary conditions 

To solve a differential equation, the appropriate boundary conditions are 

required for a particular solution. There are three types of boundary conditions. The 

first is the Dirichlet boundary, which is a boundary comprising given values of the 

dependent variables in the differential equation. The second type, called Neumann 

boundary, is the boundary with given values of the first derivative (or higher order 

derivative). The third type of boundary is a boundary in which the value of the 

dependent variable and its first derivative are given. For one-dimensional 

infiltration as in the long column experiment, a water table is maintained at the 

bottom of the column, i.e. , w=O at Z=O. The bottom of the column is used as datum. 

This is the Dirichlet boundary condition. A constant flux at the upper boundary is 

the third type boundary condition. A Neumann boundary will be found if a unit 

hydraulic gradient is established. 

3.2.3 Simulation of one-dimensional vertical fiow 

By solving the governing equation with the given boundary condition, we can 

calculate the suction (w) distribution as a function of elevation (Z). By substituting 

the flow rate q and the boundary condition (w=O at Z=O) into Eq (21), the suction in 

the column can be obtained starting from the bottom and going up. From the 

literature [ van Genuchten, 1980], three hypothetical soils with van Genuchten 

parameters, a and n generate numerical data sets. 

3.3 Verification of the Multi-Step Steady-State Outflow Method 

Using Noiseless Numerical Data 

The va1iables, 'V, L and q, at the specified upper and lower boundaries compose 

the input data in the optimization routine, MSSOM.EXE, to predict van Genuchten 
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parameters a and n. The MSSOM.EXE routine accepts two data types as input 

variables. The first type is from the lower region (Figure 3.1) of the long column. 

This is similar to data from a short column valued by the MSSOM method. The 

second type is from the upper region of the long column which is the same as the 

data gathered by the long-column method. Distinguishing between these two groups 

of data sets, we mark the first group with the name "MSSOM" and the second group 

with the name "long-column". 

3.3.1 Data from the upper region: the long-column method 

MSSOM.EXE requires flow rate, core length , and suction at the upper and 

lower boundaries. This information is from data sets in Appendix A. The lowest 

measuring point in the upper (i.e. unit gradient) region or any point above the 

lowest point can be the upper boundary. This upper boundary choice will expose 

the advantage of a long column in the MSSOM process. The bottom of the column 

which has a prescribed water table is the choice for the lower boundary. The 

calculated parameters are then compared with the "true" parameters and those 

estimated by data from the lower region. Discrete K('V) data resulting from the 

formation of the unit gradient in a long column can be verification data. 

3.3.2 Data from the lower region: the MSSOM method 

Similar to the procedure in the upper region, we can select any point in the 

lower region as the upper boundary. There is no need to fix the lower boundary to 

the bottom of the column. However, it is advantageous to pick the bottom of the 

column as the lower boundary as is in the measurement error discussion. By now, 

we have two groups of parameters: the first group represents the long-column 

method, and the second group represents the MSSOM method. Comparing the 

corresponding K('V) curves with the verification data can judge the model's 
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performance. 

3.4 Verification of the Multi-Step Steady-State Outflow Method 

Using Noisy Numerical Data 

Noisy data tests the stability of the MSSOM method and the effect of 

measurement error on the effectiveness of this method. Random noise is introduced 

for 'V by the following formula [Richie and Schnable, 1992]: 

\If = (1-CB) \If (22) 

where B is a random variable with the value between O and 1 resulting from a 

normal distribution generator, and C is the noise level, chosen from the values 0.01, 

0.05 or 0.10. The 0.01 to 0.10 relative error is also inserted for flow rate q and core 

length L. These noisy data sets are inputs for the MSSOM.EXE routine. Comparing 

the predicted K(w) functions with the verification data can evaluate stability and 

measurement error. 
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CHAPTER4 

EXPERIMENTAL DESIGN 

Experimental design follows a similar procedure to the long-column version of 

the steady-state flux controlled method. This design is close to that of a previous 

researcher [Harvey, 1989]. In order to employ both the MS SOM method and the 

long-column method to measure the K(w) function, a row of tensiometers is 

installed along the whole column. This enables obtaining data from the upper 

region (for long-column method) and the lower region (for MSSOM method) of the 

column. Harvey only collected data from the upper region. Here the upper region 

means the section where a unit gradient exists, while the lower region is the section 

which is below the lowest point of the upper region. The MSSOM method requires: 

1) the measurement of suction, 2) a series of steady-state flow rates, and 3) the 

core length, i.e. the distance between the specified upper and lower boundaries. 

Three sands (fine, medium and coarse sands classified using USDA standard) 

with distinct soil hydraulic properties are the test materials. Tests employ two 

acrylic tubes among which the shorter column (77 cm) contains coarse and medium 

sand, while the longer column (155 cm) contains fine sand. Fine sand has a higher 

air entry value and therefore a longer column is needed. The unsaturated soil 

hydraulic properties of coarse and medium sand were also investigated by Mathieu 

[1989] and Harvey [1989]. 

4.1 Column Design 

The shorter column consists of a 77-cm length of 5.2-cm inner diameter acrylic 

tube sealed at the top and bottom with a rubber stopper (Figure 4.1). The longer 
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column has the same setup as the shorter one. A small air hole exists in the top to 

keep the surface of the soil at atmospheric pressure. The sand is poured into the 

column through a funnel at the top. The columns have ten tensiometers at specified 

intervals. However, only six are monitored due to data logger's limitations. A data 

acquisition system records the suction measurements of the tensiometer-transducer 

(Model No. 130PC Series, manufactured by Micro Switch, a Honeywell Division). 

The data acquisition system consists of a data logger (21X Micrologger, Campbell 

Scientific Inc.) to record the signal (mV) from a transducer, and a RS-232 interface 

and Procomm to transfer the data to an IBM PC. The data logger can be adjusted to 

take up to one reading per second. Therefore with this function, one can 

continuously monitor the change in suction at any points along the column until 

steady-state is reached. A multi-channel syringe pump (Soil Measurement Systems, 

Inc., Las Cruces, N.M.) provides the constant flux. This pump can use a maximum 

of six 3-ml glass syringes with the cycle period from one to more than thousand 

seconds depending on the desired flow rate. Because the coarse sand requires flow 

rates that exceed the maximum output of the syringe pump, a peristaltic tubing 

pump (Model No. 7570-10, Horizon Ecology Co.) is added. The flow rates are 

measured by volume over time using a graduated cylinder. 

4.2 Sand Characteristics 

The characteristics of the coarse and medium sand were investigated by 

Mathieu and Harvey. Mathieu placed these sands in sand-box experiments to 

investigate two-dimensional unsaturated ground water flow in stratified porous 

media. Harvey measured the unsaturated hydraulic conductivities for the coarse 

and medium sands through the long-column method. Besides the coarse and 

medium sands, this study analyzes fine sand's soil hydraulic properties. 
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4.2.1 Bulk density and porosity 

Bulk density(pb) is the ratio of the mass of soil particles to the total volume of 

the soil. A method similar to Blake et al.[1986] measures the dry soil bulk density. 

Dry bulk density of coarse and medium sands measurement are from Mathieu and 

Harvey (Table 4.1). The porosity, n, results from the relationship: 

Pb 
n = 1--

Ps 

(23) 

where pb is the dry bulk density(g/cm 3
), and Ps is the particle density(generally 

assumed to be 2.65 g/cm 
3

). The dry bulk density and porosity for fine sand is found 

to be 1.53 g/cm3 and 0.422, respectively (Table 4.1). 

4.2.2 Soil water characteristic curve and pore size distribution 

The soil water characteristic curve describes the relationship between water 

content and matric potential. The pore size distribution of a soil can be calculated 

from the soil water characteristic curve through the capillary rise equation: 

2 crcosy 
suction = -h = h = ---

c 

where 

cr = measure of surface tension 

y = contact angle (assume y = 0 degrees when using clean glass) 

r eq = pore radius 

(24) 

A procedure similar to Warrick [1993] is employed for fine sand measurement. The 

sample is placed in a Buchner funnel with a saturated porous plate on the bottom. 

Next, a 3-meter long tygon tubing is attached to the funnel and the burette. The 

samples are initially saturated and the column incrementally lowered to measure 

the drying 8(w) curve and then raised for the wetting curve. The moisture 
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Table 4.1 Sand bulk density and porosity [after Mathieu, 1989]. 

Bulk Density Porosity 
3 

(g/cm ) 

Coarse sand 1.50 +/- 0.032 0.435 +/- 0.012 

Medium sand 1.46 +/- 0.042 0.449 +/- 0.016 

Fine sand 1.53 0.422 

Table 4.2 Pore size analysis for fine sand (from desorption curve). 

req he ev Distribution 

(µm) (cm) (m3/m3) 

7.5 200 0.133 31.3% of all pores are< 7.5 µm 

20 75 0.227 22.2% of all pores are 7 .5 to 20 µm 

50 30 0.362 32.0% of all pores are 20 to 50 µm 

14.2% of all pores are > 50 µm 
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characteristic curves for coarse, medium and fine sands appears in Figure 4.2 

through 4.4. The pore size distribution for fine sand is shown in Figure 4.5 and 

Table 4.2. 

4.2.3 Saturated hydraulic conductivity 

According to Darcy's law for one-dimensional vertical flow, the saturated 

hydraulic conductivity, Ks, is the proportionality constant relating the hydraulic 

gradient to the volumetric flux. The saturated hydraulic conductivity for these 

three sands is found by the constant head method [Klute and Dirksen, 1986]. 

The soil columns are initially saturated by the following procedure. A water 

reservoir is connected to the bottom of the soil column. Next, raising the reservoir 

drives water into the soil column. The process should be as slowly as possible to 

insure air bubbles are not entrapped in the soil. It takes approximately 30 to 60 

minutes to saturate a 70 cm soil column depending on the soil type. A vacuum 

wetting procedure [Harvey, 1989] speeds up the wetting process by applying a 

vacuum source at the top of the soil column. 

The fluid for the conductivity measurement is de-aerated, distilled water with 

approximately 10000 ppm of a non-metallic liquid algaecide. It prevents 

microorganisms growing inside the column. Klute and Dirksen [ 1986] recommend 

calcium sulfate, CaSO 4 , in the fluid to reduce the clay particles dispersion and 

prevent their clogging the soil pore space. However, due to the lack of clay in the 

sands, no calcium sulfate is added to the fluid. 

A 4000 ml plastic mariotte bottle with a glass tube inserted through a rubber 

stopper produces constant head water supply. This tube serves as a "stand pipe" to 

monitor the head level (Figure 4.6). The difference in elevation between the bottom 
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of the stand pipe and the upper boundary of the soil column is regarded as the 

pressure head for the upper boundary. The pressure head at the lower boundary is 

equal to zero because of the opening to the atmosphere. With the lower boundary as 

a reference level, the hydraulic head (H) equals the sum of pressure head and the 

elevation head measurements for the upper and lower boundaries. The hydraulic 

gradient ( dH/dZ) is easy to calculate. The flow rate is measured volumetrically at 

the outflow end of the column by a graduated cylinder. 

The saturated hydraulic conductivity, Ks, for coarse, medium and fine sands is 

found to be 0.1008, 0.063 and 0.0058 emfs, respectively. 

4.2.4 Unsaturated hydraulic conductivity 

For unsaturated flow, Darcy's law is q=-k(w)[d(-w)/dZ+l]. Due to hysteretic 

effects [Mualem, 1986], i.e., K ('V)wetting * K ('V)drying, K(w) is measured for both 

wetting and drying. 

The unsaturated hydraulic conductivity data, K(w), can be obtained directly 

from laboratory experiment by the long-column method. A constant flux is applied 

at the upper end of the column and a water table is maintained at the bottom. Under 

natural drainage, a constant pressure head (d\lfldZ = 0) and therefore a unit 

hydraulic gradient will be established at the upper part of the soil column once the 

flow system reaches steady-state. The unsaturated hydraulic conductivity, K('V), 

equals the volumetric flux, q. By installing a tensiometer in the unit-gradient 

region, the K(w) function can be measured. 

The fluid used for the unsaturated flow is the same as that in the saturated 

hydraulic conductivity measurement. Due to a long time period, each run requires a 

large fluid volume. Recycling is necessary. A 40-liter carboy serves as the 
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recycling water reservoir. 

The suction measurements are by a tensiometer-transducer-data acquisition 

system (Figure 4.1). Each tensiometer consists of a 28 mm length, 10 mm O.D., 

porous ceramic cup with 5mm I.D. and 2.5mm wall thickness (manufactured by 

Soil Moisture Corp. Santa Barbara, CA), with an air entry value approximately 

equal to 1 bar. The connector is glued to the transducer by epoxy with a short piece 

of tygon tubing making a rigid connection. The tensiometers are inserted into the 

sand at specific intervals (Figure 4.7). Care is taken to avoid the clogging of 

porous ceramic cups by air bubbles. Air bubbles may accumulate after a period of 

time when they are originally dissolved in the fluid. Also tygon tubing is not 

completely impermeable [personal communication with Mike Young, Department 

of Soil, Water Science, University of Arizona]. The tensiometers are checked for 

leaks and inserted into the column. The soil column is then saturated and 

maintained at about 10 cm of water pressure until water discharged from the end of 

the tygon tubing. Air bubbles were carried out by water. To ensure that no air 

bubbles remain in the porous ceramic cup, a micro syringe injects the water into the 

cup to exclude air bubbles. An electronic transducer detects tensiometer's pressure. 

Each transducer is calibrated independently over the entire suction range for each 

experiment by linear regression. However, the transducer is sensitive to 

temperature and thus suffers from diurnal temperature fluctuation. There exists 

approximately 2 to 3 cm water difference in suction with a 5° C difference in 

temperature. To avoid this experimental error, the experiment should be conducted 

in a temperature-controlled room. A data logger with time interval from one second 

to hours can be set to take the readings. A maximum of eight channels take a 

variety of measurements including pressure, temperature etc. A total of six 
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channels connected to the transducers measure the suction. With the tensiometer

transducer-data acquisition system, as many data value as possible can be collected 

with the low labor requirements. Further, not only the steady-state, but also the 

transient flow can be measured. 

The drying K(w) function can be obtained by starting at near saturation and 

progressively decreasing flow rates. Oppositely the wetting K(w) relationship can 

be found by progressively increasing flow rate starting from a reasonably low flow 

rate. To get a better description of the K(w) function, a wider range of soil water 

content is desired. However, as mentioned previously, the long-column method is 

limited to higher water content and coarser materials [Klute and Dirksen, 1986]. In 

this study, there are experimental difficulties limiting the range of water content. 

For example, in the drying cycle, the pressure head becomes unstable if a small 

flow rate is t:Iied. This phenomenon is especially significant for coarse sand. The 

causes for this behavior may be att:Iibuted to the following reasons. The moisture 

dist:Iibution in the column is no longer steady because very little water remains in 

the column and, therefore some preferential flow may occur. The main reason may 

be that the water supply is not continuous when the time interval to restart the 

syringe pump is too long, e.g., one injection per 300 seconds. The intermittent 

water supply causes the moisture content to change with time. 
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CHAPTER5 

RESULTS AND DISCUSSIONS 

The pnmary objective of this study is to verify the multi-step steady-state 

outflow method by numerical and experimental data from respectively hypothetical 

and real soils. The second objective is testing the effect of measurement error 

through noisy data. As a comparison, the experimentally measured K(w) data sets 

are substituted in the RETC routine to calculate the parameters. Three numerical 

and three experimental data sets are sources for examination. 

5.1 Verification of the Multi-Step Steady-State Outflow Method 

Using Noiseless Data 

The generated data are shown m Appendix A. The estimated parameters 

associated with the long-column and MSSOM methods are in Table 5.1 through 5.3. 

For noiseless data, the results exhibit the predicted and "true" parameters are in 

agreement. In other words, as long as the data are error-free, both the long-column 

and the MSSOM methods can measure the real soil hydraulic properties. The same 

results (not shown in this thesis) are obtained after several program runs with 

different starting a and n values which are assigned automatically by the program. 

The result indicates the MSSOM.EXE minimization routine is able to give a 

"unique" solution. This is done for only several selected data sets because of the 

lengthy (hours) computer time required for each data set. The results suggest the 

MSSOM method can evaluate real soils. In reality, however, there is no perfect 

experiment, i.e. no error-free measurement. We have to test whether the MSSOM 

method performs for real soils. 
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Table 5.1 Analysis results for Silt Loam G.E.3 

a n 
-1 

(cm ) 

"True" parameter 0.00423 2.06 

noiseless data (long-column) 0.00423026 2.06 

noiseless data (MSSOM) 0.00421811 2.0592 

noisy data: -10% 'V (long-column) 0.00442994 2.05994 

noisy data: -10% 'V (MSSOM) 0.00426446 2.05445 

noisy data (long-column) 

core length = 3000 cm 0.423026 2.06 

core length = 2000 cm 0.423025 2.06006 

noisy data (MSSOM) 

+10% L 0.00456667 2.08869 

-10% L 0.00322305 1.93051 

noisy data (long-column) 

+10% q 0.00411899 2.07124 

-10% q 0.00436067 2.03884 

noisy data (MSSOM) 

+10% q 0.00458421 2.27504 

-10% q 0.00389471 1.88722 
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Table 5.2 Analysis results for Guelph Loam 

a n 
-1 

(cm ) 

"True" parameter 0.0115 2.03 

noiseless data (long-column) 0.0115002 2.03005 

noiseless data (MSSOM) 0.0114943 2.02966 

noisy data: -10% w (long-column) 0.011999 2.03014 

noisy data: -10% w (MSSOM) 0.0118764 2.02996 

noisy data (long-column) 

core length = 3000 cm 0.0115004 2.0301 

core length = 1000 cm 0.0115004 2.02997 

noisy data (MSSOM) 

+10% L 0.0115071 2.02955 

-10% L 0.0112826 2.00559 

noisy data (long-column) 

+10% q 0.0111723 2.05171 

-10% q 0.0118593 2.00937 

noisy data (MSSOM) 

+10% q 0.0113396 2.11974 

-10% q 0.011467 1.92315 
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Table 5 .3 Analysis results for Touchet Silt Loam G .E.3 

a n 
-1 

(cm ) 

"True" parameter 0.005 7.09 

noiseless data (long-column) 0.00500032 7.089 

noiseless data (MSSOM) 0.00499041 7.09821 

noisy data: -10% 'V (long-column) 0.00521716 7.08894 

noisy data: -10% 'V (MSSOM) 0.0048175 7.53741 

noisy data (long-column) 

core length = 3000 cm 0.00500005 7.09064 

core length = 1500 cm 0.00500032 7.089 

noisy data (MSSOM) 

-1% L 0.00484529 7.31638 

-3% L 0.00424088 8.18575 

-5% L 0.0057655 24.3577 

-10%L 0.00586066 24.9966 

+1% L 0.00509984 6.92421 

+3%L 0.00525997 6.65491 

+5%L 0.00537573 6.45076 

+10% L 0.00673125 6.13039 
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Table 5.3 (continu~d) 

a n 
-1 

(cm ) 

noisy data (long-column) 

+10% q 0.00496106 7.13032 

-10% q 0.0050404 6.54185 

noisy data (MSSOM) 

-1% q 0.00496124 6.81576 

-3% q 0.00490486 6.32309 

-5% q 0.00278038 3.30049 

-10% q 0.0017937 2.45662 

+5% q 0.00516019 9.21646 

+10% q 0.00518401 12.7554 
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5.2 Verification of the Multi-Step Steady-State Outflow Method 

Using Noisy Data 

The suction 'V data with random error tests the stability of the MSSOM method. 

The estimated parameters for the MSSOM and the long-column method are 

presented in Table 5.1 through 5.3 and Figure 5.1 through 5.3. The results show that 

except the Touchet Silt Loam for the MSSOM method, all parameters for these 

three soils for both the long-column and the MSSOM method appear only slightly 

different from the "true" parameters when the random errors are added into original 

noiseless data. This result indicates the MSSOM.EXE minimization routine is 

stable for the parameter estimation. With the same level of random error, the results 

also say the parameters for the long-column method are closer to the "true" 

parameters than those for the MSSOM method. This implies the long-column 

method is more stable than the MSSOM method when data from these two methods 

are in the parameter estimation process. Although the purpose of this study is not to 

compare these two methods, we can evaluate the drawbacks and try to improve for 

the MSSOM method by comparing it with the long-column method. 

The noisy 'V data, and noisy q and L data, which equals the original noiseless 

data adding with a certain level of relative error, are able to evaluate the effect of 

measurement errors. The results from the previous sensitivity test (Table 5.1 

through 5.3 and Figure 5.1 through 5.3) can be borrowed for this examination. They 

indicate the MSSOM method is not sensitive to the measurement error in 'If. In 

other words, the MSSOM method accepts more experimental error for 'lf. This 

result is the same as Muller's sensitivity analysis for the MSSOM method. 



10-8 

0.0 200.0 

• Silt Loam data 
------- -- -10% psi (MSSOM) 
-- -10% psi (long-column) 

400.0 
Suction (cm) 

600.0 800.0 

Figure 5.1 Stability test for the MSSOM method using 

Silt Loam data with random error in suction. 

55 



56 

10-4 

...- • Guelph Loam data 
Cl) -...... -10% psi (long-column) E 
{) - - - -10% psi (MSSOM) .......... 
>. 

10-5 -·s: 
-.;:::. 
{) 
::l 

"O ~-C ~ 

0 
() 

10-6 
~ ,,. 

{) 

::l 
"'- ,.JI 

co 
'- ::,,. I!. "O 
>. 
:c 

10-7 

10-8 

0.0 100.0 200.0 300.0 

Suction (cm) 

Figure 5.2 Stability test for the MSSOM method using Guelph 

Loam data with random error in suction. 



-Cl) ...._ 
E 
(.) ->. 
+-' s 
·..:::; 
(.) 
:::J 

"'O 
C 
0 

(_) 
(.) 

:::J 
ro 
~ 

"'O 
>-

I 

....... . 
....... 

10-3 " ,. 
" \ . 

\ 
\ \. 

10-4 
\ 

\ . 
\ 

\ . 
\ 

\ . 
• Touchet Silt Loam data \ 

10-5 
\ .. 

-1 0% psi (MSSOM) \ 

-- -10% psi (long-column) 
\ • \ 

\ • \ 

\ 

\ 

10-6 

10-7 

0.0 100.0 200.0 300.0 

Suction (cm) 

Figure 5.3 Stability test for the MSSOM method using Touchet 

Silt Loam data with random error in suction. 

57 



58 

To evaluate the effect of measurement errors in core length on the long-column 

method, two significantly different core lengths of 2000 cm and 3000 cm for Silt 

Loam (Table 5.1) are employed. The estimated and "true" parameters perfectly 

agree corresponding to both core lengths (Table 5.1 through 5.3, Figure 5.4 through 

5.6). As mentioned in chapter 3, any point in the upper region (where the unit

gradient is established) can be the upper boundary. The arbitrary choice of an upper 

boundary has a negligible effect on the estimation accuracy. This means once the 

unit gradient is established, the error in core length does not affect the accuracy of 

estimation as long as the upper boundary is located within this "unit-gradient" 

reg10n. 

When processmg nmsy data from the MSSOM method, the estimated 

parameters are different from the "true" values (Figure 5.4 through 5.6). This 

deviation is more significant for Touchet Silt Loam. With 5% or more error in 

original data, the estimation error increases rapidly. The cause for the different 

sensitivity to error in core length between the long-column method and the 

MSSOM method may be attributed to the following reason. The core length for the 

long-column method (more than 1000 cm) is much larger than that for the MSSOM 

method (core length = 100 cm). Therefore, with a given absolute error the relative 

error for the MSSOM method is far greater than that for the long-column method. 

To reduce the sensitivity to error in core length for the MSSOM method, we can 

use a longer core to reduce the relative error. For example, the core length of 

Touchet Silt Loam increases to 200 cm along with a 10 cm absolute error (i.e. 5% 

relative error) which is equivalent to 10% relative error for 100 cm core length. 

The improvement is tremendous (Figure 5.7) . The above results conclude the long

column method may be superior to the MSSOM method in the sensitivity to 
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Figure 5.6 Effect of measurement error in core length on the long-column 

and MSSOM method for Touchet Silt Loam. 
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expe1imental error in core length. The estimation sensitivity may be predicted from 

a response surface for the objective function. Toorman et al. [ 1992] discusses the 

details for the use of the response surface. 

The parameters estimated with noisy q data for both the long-column and 

MSSOM methods are displayed in Table 5.1 through 5.3 and Figure 5.8 through 

5 .10. With a -10% error in q for Touchet silt loam, the parameter n decreases from 

7 .09, "true" value, to 6.54 for the long-column method, while n drops to 2.46 for the 

MSSOM method. The a value changes similarly for these two methods. If we give 

positive error (+5% to +10%) for MSSOM, n increases to 12.76 corresponding to a 

+ 10% error, while a changes slightly. The results indicate the MSSOM method is 

sensitive to experimental error in q, and it is more susceptible to this error than the 

long-column method. 

The effect of measurement error in q is less significant for the Guelph Loam. 

The result coincides with that in core length (Figure 5.5). We may conclude that 

implications of measurement error is soil-dependent. The MSSOM method is not 

suitable for soil with a texture similar to Touchet Silt Loam. As indicated by van 

Genuchten et al. [1991], certain predictive models, which incorporate measured 

soil water retention curves to calculate K(w) function, are not recommended for 

fine-textured and structured field soils. It is difficult to develop a model which is 

universally applicable. 

5.3 Verification of the Multi-Step Steady-State Outflow Method 

Using Experimental Data 

The MSSOM method is also verified by experimental data from real soils. The 

experimental data (Appendix B) is gathered from a long soil column. Similar to 
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previous discussion, two data groups can estimate parameters corresponding to the 

MSSOM method and the long-column method. Three soil types serve as test 

materials and thus generate six sets of data. 

The results from numerical data sets indicate parameters obtained by the long

column method are generally closer to the "true" value than MSSOM method's 

estimates. Also, the long-column method is less susceptable to measurement error 

than the MSSOM method. The K(w) data can be obtained directly by a unit

gradient approach in the long-column method. Because no "true" parameters exist 

for real soil, the parameters obtained by the long-column method can be taken as 

"near-true" parameters. These parameters can verify estimates from the MSSOM 

method. For a comparison, the K(w) data are also substituted in RETC routine to 

calculate the parameters. 

Tables 5.4, 5.5, and 5.6 display the MSSOM.EXE- and RETC-calculated 

parameters (RETC fit and long-column in the Table 5.4 through 5.6) for data from 

the long-column method, and MSSOM.EXE-calculated parameters (e.g. MSSOM 

T5&T6 and T6&Bottom in Table 5.4) for data from the MSSOM method. Figure 

5.11 through 5.16 illustrate the corresponding K(w) curves. Figures 5.11 and 5.12 

show the drying and wetting K(w) curves for fine sand. Because of the hysteretic 

effect, the results are discussed separately for the drying and wetting curves. The 

solid squares represent the K('V) data measured by the long-column method. The 

solid line and triangle are the K(w) functions calculated by respectively 

MSSOM.EXE and RETC by data from the long-column method. The dashed and 

dotted lines represent the K(w) functions calculated by MSSOM.EXE by data from 

the MSSOM method. The K(w) functions from the MSSOM method are obtained 

from combinations of various upper and lower boundaries. For example, the dotted 
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Table 5 .4 Experimental results for fine sand 

a n 
-1 

(cm ) 

Drying 

RETC fit 0.0207 4.73 

long-column 0.0203017 4.2142 

MSSOM (T5 & T6) 0.0015034 15.7464 

MSSOM (T6 & Bottom) 0.005 1.51458 

Wetting 

RETC fit 0.0259 3.63 

long-column 0.0262727 3.31719 

MSSOM (T5 & T6) 0.0228663 6.83745 

MSSOM (T6 & Bottom) 0.0176018 2.2206 
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Table 5 .5 Experimental results for medium sand 

a n 
-1 

(cm ) 

Drying 

RETC fit 0.0538 6.53 

long-column(T3 & Bottom) 0.0533699 5.72831 

long-column(Tl & Bottom) 0.05284 4.527 

MSSOM (T5 & T6) 0.0243834 10.7973 

MSSOM (T4 & T6) 0.0281547 7.70813 

MSSOM (T4 & Bottom) 0.0434873 6.85348 

Wetting 

RETC fit 0.068 3.17 

long-column 0.0692332 3.69217 

MSSOM (T5 & T6) 0.210179 10.2733 

MSSOM (T5 & Bottom) 0.0459303 9.41073 
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Table 5 .6 Experimental results for coarse sand 

a n 
-1 

(cm ) 

Drying 

RETC fit 0.1333 4.12 

long-column 0.13265 4.17894 

MSSOM (T5 & T6) 0.124781 13.633 

MSSOM (T5 & Bottom) 0.147291 5.12019 

Wetting 

RETC fit 0.19 5.65 

long-column 0.189334 5.65226 

MSSOM (T6 & Bottom) 0.109915 1.37956 
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line (T5&T6 in Figure 5.11) represent the K(w) function from transducer T5 and T6 

(Figure 4.7) as the upper and lower boundaries. The dashed line (T6&Bottom in 

Figure 5.11) indicates the bottom of the column (Figure 4.7) is set as the lower 

boundary. These two K(w) curves (T5&T6 and T6&Bottom) associated with the 

MSSOM method significantly deviate from K(w) data (solid squares in Figure 

5 .11). This implies the experimental errors for \Jf, q , and L are too large to allow 

MSSOM.EXE returning correct parameters. 

Errors for 'V, q and L may not be completely independent. Error in one variable 

may result from error in another variable. Although the sensitivity of the MSSOM 

method to measurement error in 'V is less than in q or L, in reality, measurement 

error in 'V may be much larger than in q and L. As previously mentioned, 

transducers are sensitive to temperature. There is about 3 cm water difference in 'V 

corresponding to a 5° C temperature difference between day and night in the 

laboratory. It causes a more significant relative error in 'V for coarser materials, 

which have lower matric potential, than for finer materials. To reduce the error, the 

experiment should be conducted in a constant-temperature room. 

The error sources in q may come from evaporation due to poor protection 

between outflow port of the column and the graduated cylinder (Figure 4.1). It is 

especially serious for the unsaturated flow experiment because a long time is 

required. Further, the inaccuracy of instrument results in poor volumetiical 

measurement of outflow. An ideal flow measurement should be made 

gravimetrically using an electronic balance. 

Ideally, a meter stick can measure the core length precisely. However, the 

center of porous cup measured may not represent the actual upper or lower 
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boundary where 'Vis measured (Figure 4.7). This is because the porous cup is large 

(10 mm in diameter), or the cup is not perfectly perpendicular to the wall of 

column. Therefore, for a core length of 10 cm, it is likely to have a 5 mm (5%) 

measurement error. Even an 10 mm (10%) error is not impossible. 

To improve the estimation, we can increase the core length to reduce the 

relative error. For a equivalent absolute error, the relative error for a longer core is 

less than for a shorter core. At the beginning, only T5&T6 data (Figures 5 .11 and 

5.12) with a 10 cm core length measures K(w) function. The improvement is, 

however, not significant when employing T6&Bottom data with core length of 52.5 

cm. This indicates the measurement error is large, or the sensitivity to error in core 

length for fine sand is very high. 

The improvement is more significant for medium sand (Figures 5 .13 and 5 .14) 

and coarse sand (drying curve, Figure 5.15). Figure 5.13 shows there is progressive 

improvement for utilizing a core length of 10 cm (T5&T6), 16 cm (T4&T6), and up 

to 23 cm (T4&Bottom). For coarse sand wetting curve (Figure 5.16), T6&Bottom 

with core length of only 7 cm is the only data set we can use corresponding to the 

MSSOM method. Therefore, we can not increase the core length to improve the 

estimation. 

Fm the drying curve of medium sand, the highest tensiometer (Tl, Figure 4.7) 

in the unit-gradient region is chosen as the upper boundary to test the long-column 

method where the core length is 53 cm. The result (Figure 5 .13 and Table 5 .5) is 

close to that of the lowest tensiometer (T3, with core length of 29 cm) in unit

gradient region as the upper boundary. The comparison implicates either 

establishing a unit hydraulic gradient by the long-column method or using a longer 
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core for the MSSOM method will raise parameter estimation accuracy. However, 

the long core will increase the time to collect the experimental data. The MSSOM 

method takes advantage of a short core which needs far less time to reach steady

state. Once the core is lengthened, the MSSOM method will lose this advantage and 

can not compete with other inverse methods. 
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CHAPTER6 

CONCLUSIONS AND RECOMMENDATIONS 

The objective of this study is to verify the multi-step steady-state outflow 

method through 3 numerical and 3 experimental data sets. Verification begins by 

measuring the unsaturated hydraulic conductivity-suction, K(w), relationship 

simultaneously by both the multi-step steady-state outflow method and the long

column version of steady-state flux control method by a soil column with a row of 

transducers along its entire length. Another aim is to evaluate and improve 

MSSOM's effectiveness on real soils. This involves numerically generating 

synthetic data by a finite difference method to solve Darcy's equation for an 

unsaturated condition, and conducting steady-state long column experiment. 

By substituting noiseless data, the MSSOM.EXE routine proves to be consistent. 

"True" parameters creating numerical data are returned from the inverse process. 

The solution is unique. Employing noisy w data, parameter estimation results show 

the MSSOM.EXE minimization process is stable and converges to reasonable 

values with random noise as large as would be experimentally acceptable. 

The MSSOM method is not sensitive to measurement error in w. A 10% random 

error level in 'V is still acceptable. In the laboratory, the error in w may be far 

greater than other variables because of inherent complication and difficulty for 'V 

measurement. Air bubbles presence in the porous cup, temperature fluctuation, 

poor transducer calibration, etc., decrease w measurement accuracy. Fortunately, 

this method is not sensitive to error in w. This "insensitivity" property raises the 

effectiveness of this method in real soil. 
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However, the MSSOM method is very sensitive to error in q, especially for a 

soil like Touchet Silt Loam G.E.3. A 5% error in q causes K(w) function estimation 

to significantly deviate from the true value. Error can be reduced by preventing 

evaporation and measuring outflow gravimetrically by a precise electronic balance. 

Another serious problem the MSSOM method encounters is its sensitivity to 

error in core length. Because this method requires a short column, it makes it more 

susceptible to this error. A longer soil column can eliminate this discrepancy. 

However, the experiment's duration will be longer. In this study, a long soil column 

( 155 cm) with the fine sand takes approximately 30 days for drying and wetting 

K(w) measurements. A standard short column (10 to 15 cm) can save experiment 

time. 

The traditional long-column methodology offers advantages when the numerical 

code MSSOM.EXE implements the theory. The attributes include: (1) it is not as 

sensitive to measurement errors in suction, flow rate and core length, (2) it can 

directly measure the unsaturated hydraulic conductivity, K(w), and (3) the 

MSSOM.EXE and RETC routine can calculate the van Genuchten parameters a 

and n by the measured K(w) data. This method's detractments include: (1) 

limitation to higher water content and to coarser materials due to natural drainage, 

(2) lengthy time requirements for establishing steady condition in the upper part of 

the column and (3) inadequate for undisturbed samples . 

To improve the MSSOM method in the experimental aspect, one alternative is 

the short-column version of steady-state flux control method [Klute and Dirksen, 

1986]. Similar to the long-column method, the short-column method enjoys the 

advantage of establishing a unit hydraulic gradient. This is accomplished by 
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applying a high suction at the bottom of the column, but with a shorter core length. 

The short-column method requires less time to reach steady-state. This method can 

examine undisturbed medium to fine texture samples. Another gain occurs where 

this method's high suction reduces relative error in \Jf. 

Another alternative may be the use of a transient method instead of the steady

state method. This includes multi- or one-step outflow method. As mentioned in 

Chapter 2, the transient method save tremendous amount of time, especially the 

one-step method. If we use the transient approach, the inverse methodology and 

solution method require changing. Also, the name will no longer be the "steady

state" outflow method. Although the transient methodology is yet to be accepted, it 

is a potential method in need of future research. 

The minimization technique(MSX-ARS) in the MSSOM method should have 

improvement. In this study, the MSSOM.EXE routine takes an average of 10 hours 

to run a data set on an IBM 50 MHz-486 PC, while RETC takes only seconds of 

computeT time. A shuffled-complex evaluation method (SCEM-UA), is an advanced 

simplex procedure by Duan et al. [1992]. In combination with multistart and 

adaptive random search approach (MSX-AR) by Muller, the shuffled-complex 

evaluation can reduce the number of function evaluations required to obtain the 

answer. 

Because of the measurement error, the MSSOM method did not perform well 

for the three tested sands. Also from the numerical study, the sensitivity to 

measurement error is more significant for Touchet Silt Loam than for two other 

hypothetical soils. Therefore, the question arises whether the MSSOM method's 

effectiveness is soil texture-dependent. To find the answer, the MSSOM method 
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should test a greater variety of hypothetical and real soils. 
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APPENDIX A: NUMERICAL DATA 



Silt Loam G .E.3 

Flow rate 
Ks 

q=-
2 

Table A-1 Numerical Data for Silt Loam G.E.3. 

Ks = 4.96 cm/day 
n=2.06 
a= 0.00423 cm-1 

es = 0.396 
8 = 0.131 

Elevation( cm) 

0.0 

100.0 
200.0 
300.0 
400.0 
500.0 
600.0 
-700.0 
800.0 
900.0 
1000.0 
1100.0 
1200.0 
1300.0 
1400.0 
1500.0 
1600.0 
1700.0 
1800.0 
1900.0 
2000.0 
2100.0 
2200.0 
2300.0 
2400.0 
2500.0 
2600.0 
2700.0 
2800.0 
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Suction(cm) 

1.000000e-05 

4.008339e+O 1 
6.151404e+Ol 
7 .047135e+Ol 
7.376164e+Ol 
7.490606e+O 1 
7.529619e+Ol 
7 .542826e+Ol 
7.547286e+Ol 
7 .548791 e+O 1 
7.549299e+Ol 
7.549470e+Ol 
7.549528e+Ol 
7.549547e+Ol 
7 .549554e+O 1 
7.549556e+Ol 
7.549557e+Ol 
7.549557e+Ol 
7.549557e+Ol 
7.549557e+Ol 
7 .549557 e+O 1 
7.549557e+Ol 
7.549557e+Ol 
7.549557e+Ol 
7.549557e+Ol 
7.549557e+Ol 
7.549557e+Ol 
7 .549557e+Ol 
7.549557e+Ol 



Ks 
q= -

16 
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Table A-1 Numerical Data for Silt Loam G.E.3. (continued) 

2900.0 7.549557e+Ol 
3000.0 7 .549557e+Ol 

0.0 1.000000e-05 

100.0 6.55585 le+O 1 
200.0 1.072790e+02 
300.0 1.260819e+02 
400.0 1.327572e+02 
500.0 1.348806e+02 
600.0 1.355304e+02 
700.0 1.357267 e+02 
800.0 1.357859e+02 
900.0 1.358036e+02 
1000.0 1.358090e+02 
1100.0 1.358106e+02 
1200.0 1.35811 le+02 
1300.0 1.358112e+02 
1400.0 1.358113e+02 
1500.0 1.358113e+02 
1600.0 1.358113e+02 
1700.0 1.358113e+02 
1800.0 1.358113e+02 
1900.0 1.358113e+02 
2000.0 1.358113e+02 
2100.0 1.358113e+02 
2200.0 1.358113e+02 
2300.0 1.358113e+02 
2400.0 1.358113e+02 
2500.0 1.358113e+02 
2600.0 1.358113e+02 
2700.0 1.358113e+02 
2800.0 1.358113e+02 
2900.0 1.358113e+02 
3000.0 1.358113e+02 

0.0 1.000000e-05 
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Table A-1 Numerical Data for Silt Loam G.E.3. (continued) 

100.0 8.953173e+Ol 
200.0 1.656378e+02 
300.0 2.153685e+02 
400.0 2.391142e+02 
500.0 2.481152e+02 
600.0 2.511661e+02 
700.0 2.52157 6e+02 
800.0 2.524752e+02 
900.0 2.5257 65e+02 
1000.0 2.526087 e+02 
1100.0 2.526190e+02 
1200.0 2.526222e+02 
1300.0 2.526233e+02 
1400.0 2.526236e+02 
1500.0 2.526237e+02 

. 1600.0 2.526237e+02 
1700.0 2.526238e+02 
1800.0 2.526238e+02 
1900.0 2.526238e+02 
2000.0 2.526238e+02 
2100.0 2 .5 2623 8e+02 
2200.0 2.526238e+02 
2300.0 2.526238e+02 
2400.0 2.526238e+02 
2500.0 2.526238e+02 
2600.0 2.526238e+02 
2700.0 2.526238e+02 
2800.0 2.526238e+02 
2900.0 2.526238e+02 
3000.0 2.526238e+02 

K s 
q=-

64 
0.0 1.000000e-05 

100.0 9.654408e+Ol 
200.0 1.893502e+02 
300.0 2.693346e+02 
400.0 3.265986e+02 
500.0 3.592152e+02 
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Table A-1 Numerical Data for Silt Loam G.E.3. (continued) 

600.0 3.746043e+02 
700.0 3.811002e+02 
800.0 3.83701 le+02 
900.0 3 .84 7195e+02 
1000.0 3.851148e+02 
1100.0 3.852676e+02 
1200.0 3.853267e+02 
1300.0 3.853495e+02 
1400.0 3.853583e+02 
1500.0 3.853617e+02 
1600.0 3.853630e+02 
1700.0 3.853635e+02 
1800.0 3.853637e+02 
1900.0 3.853637e+02 
2000.0 3.853638e+02 

. 2100.0 3.853638e+02 
2200.0 3.853638e+02 
2300.0 3.853638e+02 
2400.0 3 .853638e+02 
2500.0 3.853638e+02 
2600.0 3.853638e+02 
2700.0 3.853638e+02 
2800.0 3.853638e+02 
2900.0 3.853638e+02 
3000.0 3.853638e+02 

Ks 
q=- 0.0 1.000000e-05 

256 
100.0 9 .838006e+O 1 
200.0 1. 964824e+02 
300.0 2.905950e+02 
400.0 3.751843e+02 
500.0 4.431808e+02 
600.0 4.905236e+02 
700.0 5.191847e+02 
800.0 5.347884e+02 
900.0 5.427367e+02 
1000.0 5 .466397 e+02 
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Table A-1 Numerical Data for Silt Loam G.E.3. (continued) 

1100.0 5.485205e+02 
1200.0 5.494185e+02 
1300.0 5 .498454e+02 
1400.0 5.500479e+02 
1500.0 5.501438e+02 
1600.0 5.501893e+02 
1700.0 5 .502108e+02 
1800.0 5 .50221 Oe+02 
1900.0 5.502258e+02 
2000.0 5.50228 le+02 
2100.0 5 .502292e+02 
2200.0 5.502297e+02 
2300.0 5 .502299e+02 
2400.0 5.502301e+02 
2500.0 5.502301e+02 
2600.0 5.502301 e+02 
2700.0 5 .502302e+02 
2800.0 5 .502302e+02 
2900.0 5 .502302e+02 
3000.0 5 .502302e+02 

Ks 
q=-- 0.0 1.000000e-05 

1024 
100.0 9.884464e+Ol 
200.0 1.983635e+02 
300.0 2.968232e+02 
400.0 3. 924909e+02 
500.0 4.822162e+02 
600.0 5 .616869e+02 
700.0 6.268320e+02 
800.0 6.757502e+02 
900.0 7 .095308e+02 
1000.0 7.313081e+02 
1100.0 7 .446646e+02 
1200.0 7.525907e+02 
1300.0 7 .571988e+02 
1400.0 7 .598452e+02 
1500.0 7.613541e+02 
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Table A-1 Numerical Data for Silt Loam G.E.3. (continued) 

1600.0 
1700.0 
1800.0 
1900.0 
2000.0 
2100.0 
2200.0 
2300.0 
2400.0 
2500.0 
2600.0 
2700.0 
2800.0 
2900.0 
300.0.0 

7 .62211 Oe+02 
7 .626964e+02 
7.629710e+02 
7 .631263e+02 
7 .632140e+02 
7 .632636e+02 
7.632916e+02 
7.633074e+02 
7 .633163e+02 
7.633214e+02 
7 .633242e+02 
7 .633258e+02 
7 .633267e+02 
7 .633272e+02 
7 .633275e+02 



Guelph Loam 

Flow rate 
Ks 

q=-
2 

Table A-2 Numerical Data for Guelph Loam. 

Ks = 31.6 cm/daf 
n=2.03 
a= 0.0115 cm -l 
es = 0.520 
e = 0.218 
Elevation( cm) 

0.0 

100.0 
200.0 
300.0 
400.0 
500.0 
600.0 
700.0 
800.0 
900.0 
1000.0 
1100.0 
1200.0 
1300.0 
1400.0 
1500.0 
1600.0 
1700.0 
1800.0 
1900.0 
2000.0 
2100.0 
2200.0 
2300.0 
2400.0 
2500.0 
2600.0 
2700.0 
2800.0 
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Suction(cm) 

1.000000e-05 

2.456277e+Ol 
2.672291e+Ol 
2.683437e+Ol 
2.683989e+Ol 
2.684016e+Ol 
2.684017e+Ol 
2.684018e+Ol 
2.684018e+Ol 
2.684018e+Ol 
2.684018e+Ol 
2.684018e+Ol 
2.684018e+Ol 
2.684018e+Ol 
2.684018e+Ol 
2.684018e+Ol 
2.684018e+Ol 
2.684018e+Ol 
2.684018e+Ol 
2.684018e+Ol 
2.684018e+Ol 
2.684018e+Ol 
2.684018e+Ol 
2.684018e+Ol 
2.684018e+Ol 
2.684018e+Ol 
2.684018e+Ol 
2.684018e+Ol 
2.684018e+Ol 
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Table A-2 Numerical Data for Guelph Loam. (continued) 

2900.0 2.684018e+Ol 
3000.0 2.684018e+Ol 

0.0 1.000000e-05 

100.0 4.427165e+Ol 
200.0 4.879775e+Ol 
300.0 4.89807 6e+O 1 
400.0 4.898759e+Ol 
500.0 4.898785e+Ol 
600.0 4.898786e+Ol 
700.0 4.898786e+Ol 
800.0 4.898786e+Ol 
900.0 4.898786e+Ol 
1000.0 4.898786e+Ol 
1100.0 4.898786e+O 1 
1200.0 4.898786e+O 1 
1300.0 4.898786e+O 1 
1400.0 4.898786e+Ol 
1500.0 4.898786e+Ol 
1600.0 4.898786e+Ol 
1700.0 4.898786e+Ol 
1800.0 4.898786e+Ol 
1900.0 4.898786e+Ol 
2000.0 4.898786e+Ol 
2100.0 4.898786e+Ol 
2200.0 4.898786e+Ol 
2300.0 4.898786e+O 1 
2400.0 4.898786e+Ol 
2500.0 4.898786e+Ol 
2600.0 4.898786e+Ol 
2700.0 4.898786e+Ol 
2800.0 4.898786e+Ol 
2900.0 4.898786e+Ol 
3000.0 4.898786e+Ol 

0.0 1.000000e-05 
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Table A-2 Numerical Data for Guelph Loam. (continued) 

100.0 7.452636e+O 1 
200.0 9.129597e+Ol 
300.0 9.227561e+Ol 
400.0 9 .232020e+O 1 
500.0 9 .232220e+O 1 
600.0 9 .232229e+O 1 
700.0 9 .232230e+O 1 
800.0 9 .232230e+O 1 
900.0 9 .232230e+O 1 
1000.0 9.232230e+Ol 
1100.0 9.232230e+Ol 
1200.0 9 .232230e+O 1 
1300.0 9.232230e+Ol 
1400.0 9.232230e+Ol 
1500.0 9 .232230e+O 1 
1600.0 9.232230e+Ol 
1700.0 9.232230e+Ol 
1800.0 9 .232230e+O 1 
1900.0 9 .232230e+O 1 
2000.0 9.232230e+Ol 
2100.0 9.232230e+Ol 
2200.0 9.232230e+Ol 
2300.0 9.232230e+Ol 
2400.0 9 .232230e+O 1 
2500.0 9.232230e+Ol 
2600.0 9.232230e+Ol 
2700.0 9.232230e+Ol 
2800.0 9 .232230e+O 1 
2900.0 9.232230e+Ol 
3000.0 9 .232230e+O 1 

K s 
q=- 0.0 1.000000e-05 

64 
100.0 9 .090224e+O 1 
200.0 1.350655e+02 
300.0 l.413661e+02 
400.0 1.418 909e+02 
500.0 1.419317e+02 
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Table A-2 Numerical Data for Guelph Loam. (continued) 

600.0 1.419348e+02 
700.0 1.419351e+02 
800.0 1.419351e+02 
900.0 1.419351e+02 
1000.0 1.41935 le+02 
1100.0 1.419351e+02 
1200.0 1.419351e+02 
1300.0 1.419351e+02 
1400.0 1.419351e+02 
1500.0 1.41935 le+02 . 
1600.0 1.419351e+02 
1700.0 1.419351e+02 
1800.0 1.419351e+02 
1900.0 1.419351e+02 
2000.0 1.41935 le+02 
2100.0 1.41935 le+02 
2200.0 1.419351e+02 
2300.0 1.41935 le+02 
2400.0 1.41935 le+02 
2500.0 1.419351e+02 
2600.0 1.419351e+02 
2700.0 1.41935 le+02 
2800.0 1.41935 le+02 
2900.0 1.419351e+02 
3000.0 1.419351e+02 

K s 
q=- 0.0 1.000000e-05 

256 
100.0 9.677788e+Ol 
200.0 1.715203e+02 
300.0 1.983392e+02 
400.0 2.031245e+02 
500.0 2.038045e+02 
600.0 2.03897 4e+02 
700.0 2.039100e+02 
800.0 2.039118e+02 
900.0 2.039120e+02 
1000.0 2.039120e+02 
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Table A-2 Numerical Data for Guelph Loam. (continued) 

1100.0 2.039120e+02 
1200.0 2.039120e+02 
1300.0 2.039120e+02 
1400.0 2.039120e+02 
1500.0 2.039120e+02 
1600.0 2.039120e+02 
1700.0 2.039120e+02 
1800.0 2.039120e+02 
1900.0 2.039120e+02 
2000.0 2.039120e+02 
2100.0 2.039120e+02 
2200.0 2.039120e+02 
2300.0 2.039120e+02 
2400.0 2.039120e+02 
2500.0 2.039120e+02 
2600.0 2.039120e+02 
2700.0 2.039120e+02 
2800.0 2.039120e+02 
2900.0 2.039120e+02 
3000.0 

K 
2.039120e+02 

s 
q=-- 0.0 1.000000e-05 

1024 
100.0 9.843013e+Ol 
200.0 1.903554e+02 
300.0 2.519101e+02 
400.0 2.760842e+02 
500.0 2.82533 le+02 
600.0 2.840212e+02 
700.0 2.843518e+02 
800.0 2.844247e+02 
900.0 2.844407e+02 
1000.0 2.844442e+02 
1100.0 2 .844450e+02 
1200.0 2.844452e+02 
1300.0 2.844452e+02 
1400.0 2.844452e+02 
1500.0 2.844452e+02 
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Table A-2 Numerical Data for Guelph Loam. (continued) 

1600.0 
1700.0 
1800.0 
1900.0 
2000.0 
2100.0 
2200.0 
2300.0 
2400.0 
2500.0 
2600.0 
2700.0 
2800.0 
2900.0 
3000.0 

2.844452e+02 
2.844452e+02 
2.844452e+02 
2.844452e+02 
2.844452e+02 
2.844452e+02 
2.844452e+02 
2.844452e+02 
2.844452e+02 
2.844452e+02 
2.844452e+02 
2.844452e+02 
2.844452e+02 
2.844452e+02 
2.844452e+02 



Table A-3 Numerical Data for Touchet Silt Loam G.E.3. 

Touchet Silt Loam G .E.3 

Flow rate 
Ks 

q=-
2 

Ks = 303.0 cm/day 
n=7.09 
a= 0.005 cm -l 
es = 0.469 
e = 0.190 

Elevation(cm) 

0.0 

100.0 
200.0 
300.0 
400.0 
500.0 
600.0 
700.0 
800.0 
900.0 
1000.0 
1100.0 
1200.0 
1300.0 
1400.0 
1500.0 
1600.0 
1700.0 
1800.0 
1900.0 
2000.0 
2100.0 
2200.0 
2300.0 
2400.0 
2500.0 
2600.0 
2700.0 
2800.0 
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Suction( cm) 

1.000000e-05 

4.949714e+Ol 
9.907304e+Ol 
1.421301e+02 
1.618128e+02 
1.64963 le+02 
1.652648e+02 
1.652915e+02 
1.652938e+02 
1.652940e+02 
1.652940e+02 
1.652940e+02 
1.652940e+02 
1.652940e+02 
1.652940e+02 
1.652940e+02 
1.652940e+02 
1.652940e+02 
1.652940e+02 
1.652940e+02 
1.652940e+02 
1.652940e+02 
1.652940e+02 
1.652940e+02 
1.652940e+02 
1.652940e+02 
1.652940e+02 
1.652940e+02 
1.652940e+02 
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Table A-3 Numerical Data for Touchet Silt Loam G.E.3. (continued) 

2900.0 1.652940e+02 
3000.0 1.652940e+02 

0.0 1.000000e-05 

100.0 7.423274e+Ol 
200.0 1.465323e+02 
300.0 1.84 7297 e+02 
400.0 1.875754e+02 
500.0 1.876394e+02 
600.0 1.87 6408e+02 · 
700.0 1.87 6408e+02 
800.0 1.876408e+02 
900.0 1.876408e+02 
1000.0 1.87 6408e+02 
1100.0 1.87 6408e+02 
1200.0 1.876408e+02 
1300.0 1.87 6408e+02 
1400.0 1.87 6408e+02 
1500.0 1.87 6408e+02 
1600.0 1.87 6408e+02 
1700.0 1.87 6408e+02 
1800.0 1.876408e+02 
1900.0 1.876408e+02 
2000.0 1.87 6408e+02 
2100.0 1.876408e+02 
2200.0 1.87 6408e+02 
2300.0 1.87 6408e+02 
2400.0 1.876408e+02 
2500.0 1.87 6408e+02 
2600.0 1.876408e+02 
2700.0 1.87 6408e+02 
2800.0 1.87 6408e+02 
2900.0 1.876408e+02 
3000.0 1.87 6408e+02 

0.0 1.000000e-05 
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Table A-3 Numerical Data for Touchet Silt Loam G.E.3. (continued) 

100.0 9.279535e+Ol 
200.0 1.831234e+02 
300.0 2.172406e+02 
400.0 2.177642e+02 
500.0 2 .177666e+02 
600.0 2.177667e+02 
700.0 2.177 667 e+02 
800.0 2.177667e+02 
900.0 2.177667e+02 
1000.0 2.177667e+02 
1100.0 2.177667e+02 
1200.0 2.177667e+02 
1300.0 2.177667e+02 
1400.0 2.177667e+02 
1500.0 2.177667e+02 
1600.0 2.177667e+02 
1700.0 2.177667e+02 
1800.0 2.177667e+02 
1900.0 2.177667e+02 
2000.0 2.177667e+02 
2100.0 2.177667e+02 
2200.0 2.177667e+02 
2300.0 2.177667e+02 
2400.0 2.177667e+02 
2500.0 2.177667e+02 
2600.0 2.177667e+02 
2700.0 2.177667e+02 
2800.0 2.177667e+02 
2900.0 2.177667e+02 
3000.0 2.177667e+02 

K s 
q = - 0.0 1.000000e-05 

64 
100.0 9.744732e+Ol 
200.0 1.94523 le+02 
300.0 2.419665e+02 
400.0 2.427547e+02 
500.0 2.427569e+02 
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Table A-3 Numerical Data for Touchet Silt Loam G.E.3. (continued) 

600.0 2.427569e+02 
700.0 2.427569e+02 
800.0 2.427569e+02 
900.0 2.427569e+02 
1000.0 2.427569e+02 
1100.0 2.427569e+02 
1200.0 2.427569e+02 
1300.0 2.427569e+02 
1400.0 2.427569e+02 
1500.0 2.427569e+02 . 
1600.0 2.427569e+02 
1700.0 2.427569e+02 
1800.0 2.427569e+02 
1900.0 2.427569e+02 
2000.0 2.427569e+02 
2100.0 2.427569e+02 
2200.0 2.427 569e+02 
2300.0 2.427569e+02 
2400.0 2.427569e+02 
2500.0 2.427 569e+02 
2600.0 2.427569e+02 
2700.0 2.427569e+02 
2800.0 2.427569e+02 
2900.0 2.427569e+02 
3000.0 2.427569e+02 

Ks 
q=- 0.0 1.000000e-05 

256 
100.0 9.861172e+Ol 
200.0 l .978336e+02 
300.0 2.642609e+02 
400.0 2.667571e+02 
500.0 2.667643e+02 
600.0 2.667643e+02 
700.0 2.667643e+02 
800.0 2.667 643e+02 
900.0 2.667 643e+02 
1000.0 2.667 643e+02 
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Table A-3 Numerical Data for Touchet Silt Loam G.E.3. (continued) 

1100.0 2.667643e+02 
1200.0 2.667643e+02 
1300.0 2.667643e+02 
1400.0 2.667643e+02 
1500.0 2.667643e+02 
1600.0 2.667643e+02 
1700.0 2.667643e+02 
1800.0 2.667643e+02 
1900.0 2.667643e+02 
2000.0 2.667643e+02 
2100.0 2.667643e+02 
2200.0 2.667643e+02 
2300.0 2.667643e+02 
2400.0 2.667643e+02 
2500.0 2.667 643e+02 
2600.0 2.667643e+02 
2700.0 2.667643e+02 
2800.0 2.667643e+02 
2900.0 2.667643e+02 
3000.0 2.667643e+02 

Ks 
q=-- 0.0 1.000000e-05 

1024 
100.0 9.890292e+Ol 
200.0 1.98705 le+02 
300.0 2.825386e+02 
400.0 2.911955e+02 
500.0 2.912325e+02 
600.0 2.912326e+02 
700.0 2.912326e+02 
800.0 2.912326e+02 
900.0 2.912326e+02 
1000.0 2.912326e+02 
1100.0 2.912326e+02 
1200.0 2.912326e+02 
1300.0 2.912326e+02 
1400.0 2.912326e+02 
1500.0 2.912326e+02 
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Table A-3 Numerical Data for Touchet Silt Loam G.E.3. (continued) 

1600.0 
1700.0 
1800.0 
1900.0 
2000.0 
2100.0 
2200.0 
2300.0 
2400.0 
2500.0 

. 2600.0 
2700.0 
2800.0 
2900.0 
3000.0 

2.912326e+02 
2.912326e+02 
2.912326e+02 
2.912326e+02 
2.912326e+02 
2.912326e+02 
2.912326e+02 
2.912326e+02 
2.912326e+02 
2.912326e+02 . 
2.912326e+02 
2.912326e+02 
2.912326e+02 
2.912326e+02 
2.912326e+02 
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Figure A-1 Numerical Data for Silt Loam 
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Figure A-2 Numerical Data for Guelph Loam 
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Figure A-3 Numerical Data for Touchet Silt Loam 
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APPENDIX B: EXPERIMENTAL DATA 
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Table B-1 Experimental Data for Fine Sand 

Fine Sand K = 0.0057544 c'm/s 
s 3 

pb = 1.53 g !cm 
8 = 0.422 

Flow rate (cm/s) Elevation( cm) Suction(cm) 
Drying 

q = 0.0038593 52.5 0.0010 
62.5 4.890 
72.5 4.960 
92.5 6.480 
112.5 5.480 
122.5 5.920 

q = 0.0031392 52.5 9.450 
62.5 16.150 
72.5 18.240 
92.5 22.160 
112.5 23.660 
122.5 25.90 

q = 0.0026819 52.5 14.590 
62.5 22.110 
72.5 25.450 
92.5 30.10 
112.5 32.080 
122.5 33.570 

q = 0.0023113 52.5 18.30 
62.5 26.450 
72.5 30.210 
92.5 35.440 
112.5 36.620 
122.5 37.610 

q = 0.0014022 52.5 30.070 
62.5 40.030 
72.5 44.890 
92.5 46.880 
112.5 43.590 
122.5 44.890 

q = 0.0010142 52.5 35.320 
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Table B-1 Experimental Data for Fine Sand (continued) 

62.5 45.60 
72.5 49.110 
92.5 47.910 
112.5 45.0 
122.5 46.70 

q = 0.00072457 52.5 38.350 
62.5 48 .740 
72.5 51.640 
92.5 50.340 
112.5 48.240 
122.5 50.140 

q = 0.00050931 52.5 40.310 
62 .5 50.560 
72.5 53. 150 
92.5 51.70 
112.5 49.560 
122.5 51.850 

q = 0.00035956 52.5 42.360 
62.5 52 .780 
72.5 55.860 
92.5 54.550 
112.5 53 .250 
122.5 55.660 

q = 0.00026531 52.5 43 .550 
62.5 54.080 
72.5 57 .510 
92.5 56.510 
112.5 55 .810 
122.5 58.210 

q = 0.00020941 52.5 44.230 
62.5 54.910 
72.5 58.660 
92.5 57 .670 
112.5 57.070 
122.5 59.560 

q = 0.00014238 52.5 45 .140 
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Table B-1 Experimental Data for Fine Sand (continued) 

62.5 56.10 
72.5 60.580 
92.5 59.590 
112.5 59.290 
122.5 61.980 

q = 0.000098902 52.5 45.590 
62.5 56.940 
72.5 62.410 
92.5 61.710 
112.5 61.510 
122.5 64.620 

q = 0.000063714 52.5 46.420 
62.5 58.180 
72.5 64.170 
92.5 64.070 
112.5 63.970 
122.5 67.070 

Wetting 

q = 0. 00006097 6 52.5 46.410 
62.5 58.490 
72.5 63.520 
92.5 54.560 
112.5 45.70 
122.5 48.720 

q = 0.000093227 52.5 46.150 
62.5 57.690 
72.5 60.610 
92.5 48.850 
112.5 42.820 
122.5 46.030 

q = 0.00019592 52.5 44.10 
62.5 51.390 
72.5 49.860 
92.5 
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Table B-1 Experimental Data for Fine Sand (continued) 

112.5 47.660 
122.5 51.480 

q = 0.00028371 52.5 43.070 
62.5 50.510 
72.5 45.710 
92.5 
112.5 43.750 
122.5 48.440 

q = 0.00037002 52.5 42.40 
62.5 48.790 
72.5 44.850 
92.5 
112.5 40.940 
122.5 44.250 

q = 0.00053775 52.5 40.30 
62.5 44.680 
72.5 39.430 
92.5 
112.5 35.660 
122.5 38.630 

q = 0.00070761 52.5 37.730 
62.5 41.630 
72.5 40.530 
92.5 
112.5 41.830 
122.5 44.820 

q = 0.0010166 52.5 33.630 
62.5 35.630 
72.5 33.720 
92.5 
112.5 33.920 
122.5 36.730 

q = 0.0012792 52.5 31.160 
62.5 33.330 
72.5 31.620 
92.5 
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Table B-1 Experimental Data for Fine Sand (continued) 

112.5 31.120 
122.5 33.530 

q = 0.0020014 52.5 23.710 
62.5 27 .80 
72.5 28.20 
92.5 
112.5 28.10 
122.5 29.890 

q = 0.0029549 52.5 16.730 . 
62.5 21.790 
72.5 23.30 
92.5 
112.5 25 .20 
122.5 26.510 



Medium Sand 

Flow rate (cm/s) 
Drying 

q = 0.027173 

q = 0.017775 

q = 0.0093874 

q = 0.0064868 

q = 0.0049027 

Table B-2 Experimental Data for Medium Sand 

K = 0.060259 emfs 
s 3 

pb = 1.46 g fem 

es = 0.44 
e = 0.067 

Elevation(cm) 

7.0 
17.0 
23.0 
29.0 
41.0 
53.0 
7.0 
17.0 
23.0 
29.0 
41.0 
53.0 
7.0 
17.0 
23.0 
29.0 
41.0 
53.0 
7.0 
17.0 
23.0 
29.0 
41.0 
53.0 
7.0 
17.0 
23.0 
29.0 
41.0 

112 

Suction( cm) 

0.0010 
7.790 
11.960 
15.840 
13.690 
12.330 
1.250 

10.230 
14.890 
18.410 
17.170 
16.770 
2.430 
12.280 
17.370 
18.810 
18.420 
17.850 
2.970 
13.130 
18.280 
19.540 
19.840 
19.320 
3.150 
13.450 
18.740 
19.980 
20.240 
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Table B-2 Experimental Data for Medium Sand (continued) 

53.0 19.780 
q = 0.0021624 7.0 3.340 

17.0 13.930 
23.0 19.790 
29.0 21.20 
41.0 21.190 
53.0 20.750 

Wetting 
q = 0.0040258 7.0 3.130 

17.0 13.350 
23.0 18.240 
29.0 15.970 
41.0 14.330 
53.0 14.660 

q = 0.0070517 7.0 3.470 
17.0 12.770 
23 .0 17.20 
29.0 13 .830 
41.0 12.810 
53.0 13.350 

q = 0.010372 7.0 3.140 
17.0 12.080 
23 .0 15.610 
29.0 12.10 
41.0 12.130 
53.0 12.160 

q = 0.019057 7.0 1.910 
17.0 9.810 
23.0 11 .60 
29.0 9.810 
41.0 11.10 
53.0 10.950 

q = 0.021207 7.0 1.280 
17.0 5.280 
23.0 6.040 
29.0 6.830 



Table B-2 Experimental Data for Medium Sand (continued) 

41.0 
53.0 
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5.940 
5.840 



Coarse Sand 

Flow rate ( cmf s) 
Drying 

q = 0.023151 

q = 0.019554 

q = 0.015107 

q = 0.011641 

q = 0.0078479 

Table B-3 Experimental Data for Coarse Sand 

Ks = 0.100815 emfs 
3 

pb = 1.50 g fem 

es = 0.446 
e = o.047 
Elevation( cm) 

7.0 
11.0 
17.0 
23.0 
41.0 
53.0 
7.0 
11.0 
17.0 
23.0 
41.0 
53.0 
7.0 
11.0 
17.0 
23.0 
41.0 
53.0 
7.0 
11.0 
17.0 
23.0 
41.0 
53.0 
7.0 
11.0 
17.0 
23.0 
41.0 
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Suction(cm) 

1.280 
5.280 
6.040 
6.830 
5.940 
5.840 
2.260 
6.20 

6.870 
7.760 
6.670 
6.470 
3.230 
6.760 
7.130 
7.720 
7.420 
7.130 
3.80 

7.190 
7.720 
8.320 
8.120 
7.920 
4.10 
7.40 

7.830 
8.730 
8.230 
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Table B-3 Experimental Data for Coarse Sand (continued) 

53.0 7.930 
q = 0.0039288 7.0 4.450 

11.0 8.060 
17.0 8.870 
23.0 9.960 
41.0 9.070 
53.0 8.670 

q = 0.0027006 7.0 4.520 
11.0 8.370 
17.0 9.330 
23.0 10.440 
41.0 9.430 
53.0 9.030 

q = 0.00212875 7.0 4.530 
11.0 8.480 
17.0 9.520 
23.0 10.530 
41.0 9.620 
53.0 9.120 

q = 0.0013997 7.0 4.640 
11.0 8.730 
17.0 10.170 
23.0 11.210 
41.0 10.380 
53.0 9.960 

q = 0.0013002 7.0 5.030 
11.0 8.490 
17.0 6.090 
23.0 6.790 
41.0 6.790 
53.0 6.590 

q = 0.0016948 7.0 4.870 
11.0 7.640 
17.0 5.730 
23.0 6.530 
41.0 6.330 
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Table B-3 Experimental Data for Coarse Sand (continued) 

53.0 6.130 
Wetting 

q = 0.0020199 7.0 5.090 
11.0 7.260 
17.0 5.590 
23.0 6.770 
41.0 6.180 
53.0 5.990 

q = 0.0026305 7.0 5.080 
11.0 6.970 
17.0 5.660 
23.0 6.970 
41.0 6.160 
53.0 5.960 

q = 0.0037672 7.0 5.170 
11.0 6.410 
17.0 5.510 
23.0 6.810 
41.0 6.110 
53.0 6.00 

q = 0.0064397 7.0 4.760 
11.0 5.640 
17.0 5.430 
23.0 5.640 
41.0 5.950 
53.0 5.950 

q = 0.012663 7.0 3.750 
11.0 4.060 
17.0 4.660 
23.0 5.630 
41.0 5.380 
53.0 5.360 

q = 0.019399 7.0 2.30 
11.0 3.340 
17.0 4.140 
23.0 5.210 
41.0 5.040 



Table B-3 Experimental Data for Coarse Sand (continued) 

q = 0.031158 
53.0 
7.0 
11.0 
17.0 
23.0 
41.0 
53.0 
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5.060 
0.0010 
2.210 
3.540 
4.730 
4.680 
4.740 
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Figure B-1 Experimental Data for Fine Sand (Drying) 
q = 0.0038593-0.000063714 emfs 
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Figure B-2 Experimental Data for Fine Sand (Wetting) 
q = 0.000060976-0.0029549 cm/s 
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Figure 8-3 Experimental Data for Medium Sand (Drying) 
q = 0.027173-0.0021624 emfs 
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Figure B-4 Experimental Data for Medium Sand (Wetting) 
q = 0.0040258-0.021207 emfs 
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Figure B-5 Experimental Data for Coarse Sand (Drying) 
q = 0.023151-0.0013997 cm/s 
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Figure B-6 Experimental Data for Coarse Sand (Wetting) 
q = 0.0013002-0.031158 
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