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ABSTRACT 

The first goal of this study was determining in-situ soil’s vertical saturated hydraulic conductivity 

( ) from the measured steady infiltration rate (I), initial soil parameters, and test arrangements of 

the Double Ring Infiltrometer (DRI) test. This was done by conducting 30 small scale DRI lab 

experiment, 9 full scale in-situ DRI, 9 in-situ Mini-Disk infiltrometer experiments, several lab 

measurements, and 864 simulated DRI tests using finite element program HYDRUS-2D. The 

effects of the ring diameter, head of ponding, ring depth, initial effective saturation, and soil 

macroscopic capillary length on measured steady infiltration rates was fully studied. M5’ model 

trees and genetic programming methods were applied on the data to establish formulas for 

predicting the saturated hydraulic conductivity of the sand to sandy-clay materials. The accuracy 

of  measurements of each method was estimated using 30% of 864 data by comparing the 

predefined /  measured from the initial assumptions of the finite element programs with the 

estimations of the suggested formulas. Another comparison was done by using the derived 

formulas to predict  values of the 9 field DRI experiments and comparing the predicted values 

with the  values measured with the lab falling head permeability tests. Compared to genetic 

programming method, M5’ model had a better performance in prediction of  with correlation 

coefficient and the root mean square error values of 8.618E-01 and 2.823E-01, respectively.  

Tension Disc Infiltrometer was needed during the first part of the research. This test is a commonly 

used test setup for in-situ measurement of the soil infiltration properties. In the second part of this 

study, Mini Disk Infiltrometer was used in the lab to obtain the cumulative infiltration curve of the 

poorly graded sand for various suction rates and the hydraulic conductivity of the soil material was 

measured from the derived information. Various methods were proposed by several researchers 

for determination of hydraulic conductivity from the cumulative infiltration data derived from 

Tension Disc Infiltrometer. In this study, the hydraulic conductivity measurements were estimated 

by using eight different methods. These employed methods produced different unsaturated and 

saturated hydraulic conductivity values. The accuracy of each method was determined by 

comparing the estimated hydraulic conductivity values with the values obtained from the falling 

head permeability test.  

Finally, as the third part of the research, a system of automated DRI using Arduino microcontroller, 

Hall effect sensor, peristaltic pump, water level sensor, and constant-level float valve was designed 



xi 

 

and tested. The advantages of the current system compared to previous designed systems was 

discussed. The system configuration was illustrated for better understanding of the set-up. The 

system was mounted in a portable and weather resistant box and was applied to run DRI testing in 

the field to check the applicability and accuracy of the portable system in field measurements. 

Results of the DRI testing using the automated system were also presented. 
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CHAPTER ONE 

INTRODUCTION 

The process by which water arriving at the soil surface enters the soil is called infiltration. Seepage 

from streams, canals, reservoirs, or wastewater lagoons; movement of leachate into the ground 

below sanitary landfills; groundwater recharge; surface runoff; soil erosion; and soil compaction 

are all affected by this process. It is important to be able to measure the surface infiltration rate.  

One of the commonly used methods to find infiltration rate is ring infiltrometer test. Ring 

infiltrometers consist of a single metal cylinder that is driven partially into the soil. The ring is 

filled with water, and the rate at which the water moves into the soil is measured. After the 

saturated infiltration rate for the particular soil has been reached, the rate becomes constant. Radius 

of the rings has a big influence on the test results and has been the subject of lots of researches.  

Because of the capillary forces within the soil, and layers of reduced hydraulic conductivity at the 

lower levels of the soil, water does not flow purely vertical beneath the cylinder. This is why 

Single-ring infiltrometers overestimate vertical infiltration rates. Poor connection between the ring 

and the soil is another deficiency in the single ring method that causes a leakage of water along 

the ring wall and overestimates the infiltration rate. Double ring infiltrometer test (DRI) is a way 

of overcoming the problem of water leakage and horizontal seepage. DRI has been described by 

ASTM D3385 (ASTM, 2009). The test set-up includes an inner and an outer cylinders. The outer 

ring in double-ring infiltrometer saturates the surrounding soil and causes the water from the inner 

ring to infiltrate vertically. Placing a larger concentric ring around the inner ring and keeping this 

outer ring filled with water also approximately keeps the water in both rings at constant levels and 

reduces the leakage (Bouwer, 1986b). 

As illustrated in Fig. 1, the standard test apparatus includes cylinders of approximately 500 mm 

(20 in.) high with diameters of about 300 and 600 mm (12 and 24 in.). Larger cylinders with the 

same outer to inner cylinders ratio of two to one may also be used. Cylinders can be made of 3-

mm (1⁄8-in.), hard-alloy, aluminum sheet or other material sufficiently strong to withstand hard 

driving, with the bottom edge beveled (ASTM, 2009). 
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Two operational techniques can be used with the double-ring infiltrometer to measure the flow of 

water into the soil. In the constant head test, the water level in the inner ring is maintained at a 

fixed level by manually controlling the flow of liquid, using constant-level float valves, or by using 

Mariotte tube. In this method, the volume of water used to maintain this water level is measured. 

In the falling head test, the time that the water level takes to decrease in the inner ring is measured. 

In both constant and falling head tests, the water level in the outer ring should be kept at a constant 

level to prevent leakage between rings and to force vertical infiltration from the inner ring. 

DRI is the main test method applied for infiltration measurement of detention/retention ponds for 

stormwater management purposes. Gregory (2004) investigated lot level stormwater infiltration 

in North Central Florida. In order to quantify soil infiltration rates, he compared a small DRI 

with a constant head to a number of other double-ring methodologies and found that this was a 

suitable methodology for measuring soil infiltration rates in the sandy soils found in North 

Central Florida. Hayden (2010) investigated how permeability most accurately predicts a 

stormwater pond’s actual infiltration rate by conducting the field DRI tests, taking subsurface 

samples for laboratory analysis, and utilizing MODRET program. She concluded that the DRI 

test is a better field test to measure the permeability of an in situ soil compared to a single ring 

infiltration test and also the saturated permeability value obtained from a laboratory falling head 

permeability test is approximately equal to the unsaturated rate measured in the field using a 

single ring infiltration test. Teague (2010) conducted several DRI tests at eight sites in alluvial 

deposits near Joshua Tree, California to measure surface infiltration rates and aid in evaluating 

the study area for construction of infiltration ponds for groundwater recharge. He estimated the 

Figure 1-1: Schematic sketch of the double-ring infiltrometer. 
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hydraulic conductivity of alluvium from infiltration data using the computer program VS2D and 

concluded that the study site was suitable for artificial recharge. 

Although ASTM D3385 contains standard guidelines for conducting the test, in practice, a wide 

variety of testing methodologies are used. Because of that, the size dependency of DRI infiltration 

measurement has been studied by several investigators. Researchers were mostly trying to find an 

optimized scaling of the rings, for which, the measured steady infiltration rate represented the 

saturated hydraulic conductivity (Swartzendruber and Olsen 1961; Ahuja 1976; Bouwer 1986a; 

Youngs 1987; Gregory et al. 2005; Lai and Ren 2007; Lai et al. 2010). They have proposed 

different dimensions as the minimum required diameter of test cylinders. Swartzendruber and 

Olsen (1961) reported that the setup with 60 cm of outer and 50 cm of inner ring radius was the 

most satisfactory throughout all the various conditions studied in a sandy soil. Ahuja (1976) 

reported that when an outer ring of 90 cm diameter was employed for an inner ring of 30 cm 

diameter, the lateral flow was practically eliminated. Further, he reported that even when an outer 

ring of 60 cm diameter was used, its effect on final infiltration rate was negligible (Ahuja 1976). 

Bouwer (1986a) suggested that a diameter of at least 100 cm should be used for accurate hydraulic 

conductivity measurements. Youngs (1987), by conducting several experiments on ring 

infiltrometers of radii 45, 30, 15, 9, 5, 2.4 and 1 cm, concluded that the results were consistent 

from site to site when the ring size was at least 15 cm. Gregory et al. (2005) compared two different 

sizes of DRI test and investigated the effects of falling head and constant head test methods on the 

resulting infiltration and concluded that the test using a constant head with a double-ring 

infiltrometer of 15 cm inner and 30 cm outer diameters would be suitable for sandy soils generally 

found in North Central Florida. Lai and Ren (2007) performed 28 DRI tests for four different 

infiltrometers in seven sites, having inner-ring diameters of 20, 40, 80, and 120 cm. The 

corresponding buffer indices (b =  rO  −  r /rO where rO and r  are outer-ring and inner-ring 

radii, respectively.) were 0.71, 0.43, 0.20, and 0.14 respectively. They also conducted a series of 

numerical experiments to investigate how the inner-ring size of a double-ring infiltrometer 

influences the accuracy of the measured saturated hydraulic conductivity in heterogeneous soil. 

They used two-dimensional model HYDRUS-2D (Šimůnek et al. 1999) to simulate six different 

radii DRI of 5, 10, 20, 40, 60, and 100 cm and recommended use of large-diameter infiltrometers 

with inner ring diameter of minimum 80 cm to minimize the effects of lateral divergence due to 

capillary gradients. Lai et al. (2010) conducted a total of 7224 numerical simulations to investigate 
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the optimum combination of inner and outer ring sizes for reliable saturated hydraulic conductivity 

measurements. They used 24 infiltrometers with six inner ring diameters (10, 20, 40, 80, 120, and 

200 cm) and, for each ring diameter, four buffer indices (b = 0.2, 0.33, 0.5, and 0.71). They 

concluded that the inner ring size was a more important factor to be considered than the buffer 

index itself (or the outer ring size). They recommended inner ring diameter greater than 80 cm and 

buffer indexes higher than 0.33 to obtain reliable in situ measurement of soil field saturated 

hydraulic conductivity. The adjustable ring infiltrometer designed by Caputo et al. (2010) had the 

benefit of modifying the ring diameter into desire for different field cases. 

Another arrangement of the DRI, is the sealed double ring infiltrometer. This test method provides 

a means to measure low infiltration rates associated with fine-grained and clayey soils and is 

particularly useful for measuring liquid flow through soil moisture barriers such as compacted clay 

liner or covers used at waste disposal facilities, for canal and reservoir liners, for seepage blankets, 

and for amended soil liners such as those used for retention ponds or storage tanks. The sealed 

DRI as indicated in ASTM D 3385, provide a means to measure the actual amount of flow rather 

than a drop in water elevation and also eliminate evaporation losses (ASTM, 2008). 

Dwyer (2003) monitored the water balance for six large-scale landfill test covers from 1997 till 

2002. In his research, in-situ saturated hydraulic conductivity values were estimated by sealed 

double ring infiltrometer. 

In this dissertation report, initially in the second chapter, different models of water infiltration into 

soil are introduced. Then in chapter 3, different models of soil hydraulic properties are discussed. 

This research was focused on measurement of the saturated hydraulic conductivity of the soil. 

Therefore in fourth chapter, different common field tests that can be used to measure the saturated 

hydraulic conductivity of the top soil are introduced. 

The first goal of this research was to determine the effective parameters on infiltration rate in DRI. 

This was done via running several small scale lab DRI experiments with various initial conditions. 

The influence of all the parameters on measured steady state infiltration was observed and the 

effective parameters were determined. Based on lab experiments, ring diameter, ring insertion 

depth, head of ponding, soils initial moisture content, and soil type were selected as effective 

parameters on steady infiltration rate. After determining the effective parameters via lab 

experiments, by simulating numerous DRI experiments using finite element program HYDRUS, 

a data-set of DRI test measurements were created. Data-mining programs were later adopted to 
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find the relation between the input parameters from simulated DRIs and saturated hydraulic 

conductivity values. Field DRIs were conducted to initially evaluate the accuracy and reliability 

of the simulations. The field test results were also used afterwards to check the accuracy of the 

proposed relations. Lab falling head permeability tests were also conducted for each field DRI test 

to measure the saturated hydraulic conductivities. Chapter 5 of the dissertation fully explains this 

part of the research. 

For the analyses of the research, macroscopic capillary length (�) was used as the parameter 

representing soil type. This parameter can be measured by Tension disk infiltrometer. Because of 

that, a separate research conducted on Mini disk Infiltrometer to compare different methods of 

measuring saturated hydraulic conductivity from the test measurements. This part of the research 

is fully explained in chapter 6. Mini disk infiltrometer was later used to calculate macroscopic 

capillary length in the field experiments. 

As the final part of the current research, as explained in chapter 7, an automated DRI system was 

designed, built and tested. Manually running DRI is a time consuming and cumbersome process 

that requires a continuous surveillance. The designed automated set-up did not need human 

surveillance during the test and was relatively cheap to build. The water level was automatically 

controlled and the infiltration rate was automatically recorded. 
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CHAPTER TWO 

DIFFERENT MODELS OF WATER INFILTRATION INTO SOIL 

The process by which water on the ground surface enters the soil is called infiltration. This process 

is governed by two forces of gravity and capillary action. Infiltration is a component of the general 

mass balance hydrologic budget. Although smaller pores offer greater resistance to gravity, very 

small pores pull water through capillary action in addition to and even against the force of gravity. 

The infiltration rate is the velocity or speed at which water enters into the soil. It is usually 

measured by the depth of the water layer that can enter the soil in a unit of time. The infiltration 

rate is determined by soil characteristics including ease of entry, storage capacity, and transmission 

rate through the soil. The soil texture and structure, vegetation types and cover, water content of 

the soil, and soil temperature all play a role in controlling infiltration rate and capacity. There are 

several models of estimating the volume and/or the rate of infiltration of water into a soil. These 

models can be categorized as the following. 

 

2.1 Steady flow in saturated soils 

Two models of Poiseuille and Dary are for saturated soils. 

2.1.1 Poiseuille Equation 

Poiseuille (1842) developed the following equation to describe blood flow in arteries. The equation 

applies to steady flow at the pore scale. At the microscopic scale of an individual pore, 

approximated as a water filled cylinder of a given radius ( ) [L], the volumetric flow rate ( ) 

[L T− ] can be described by: 

 = ∆
 (1) 

 

where  is the coefficient of water viscosity [ML− T− ],  is the water density [ML− ],  is the 

acceleration due to gravity [LT− ], ∆  is the difference in total head [L], and  is the distance 

between two points along the cylinder [L] 

http://en.wikipedia.org/wiki/Soil
http://en.wikipedia.org/wiki/Gravity
http://en.wikipedia.org/wiki/Capillary_action
http://en.wikipedia.org/wiki/Soil_texture
http://en.wikipedia.org/wiki/Antecedent_soil_moisture
http://en.wikipedia.org/wiki/Antecedent_soil_moisture
http://en.wikipedia.org/wiki/Temperature
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2.1.2 Darcy Equation 

Darcy equation is used to describe steady flow in saturated soils at the macroscopic scale. Through 

experimentation, Darcy found that the volumetric flow rate ( ) [L T− ] per unit cross sectional 

area ( ) [L ] through a sand filter of a given thickness ( ) [L] was proportional to the total soil 

water potential head gradient across the sand ∆ / . He called the proportionality constant 

saturated hydraulic conductivity ( ) [LT− ]. 

 � = = − ∆
 (2) 

 

This is known as Darcy’s law in which, �  is defined as the volumetric flow rate of water per 

unit cross-sectional area, or the water flux. 

 

2.2 Steady flow in unsaturated soil 

The only model that discuss about steady flow in unsaturated soils is Buckingham-Darcy model. 

All other unsaturated models discusses in chapter 2.3 are for transient flow in unsaturated soils. 

2.2.1 Buckingham-Darcy Equation 

In the unsaturated zone, larger pores drain more readily than smaller ones. Therefore the hydraulic 

conductivity is much less under unsaturated than saturated conditions because of water moving 

through smaller pores or as films along the walls of larger pores. The unsaturated hydraulic 

conductivity is therefore represented as a function of negative pressure head [ ℎ ] or as a function 

of water content [ ]. Buckingham (1907) modified Darcy’s equation for unsaturated flow as 

follows: 

 � = = − ℎ �� = − ℎ (�ℎ� + ) (3) 

 

where the total head is the sum of the pressure and gravitational heads, = ℎ + . 
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2.3 Transient flow in unsaturated soil 

2.3.1 Richards Equation 

A conservational equation for non-steady vertical water flow can be developed by considering a 

representative elementary volume. The water fluxes into this volume during a small time interval, ∆ , must be equal to the water flux out of the volume, plus the change in water stored within the 

volume and any sources or sinks. The resulting conservation equation which is often referred to as 

mass conservation equation or the continuity equation is: 

 � /� = −� /� − ℎ  (4) 

 

where  is the volumetric water content [L L− ],  is time [T],  is the spatial coordinate [L],  is 

volumetric flux density, and ℎ  is a sink function [L L− T− ]  (a negative ℎ  is a source). 

The conservation equation must be combined with one or several equations describing the 

volumetric flux density, , to produce the governing equation for variably saturated water flow. 

By substituting the Buckingham-Darcy equation for  in the continuity equation, we obtain: 

 � ℎ� = �� ( ℎ �ℎ� ) + � ℎ� − ℎ  (5) 

 

This equation was first developed by Richards (1931) and is known as Richards equation. The first 

term on the right side accounts for the effect of capillary on water movement and the second term 

on the right side accounts for the effect of gravity on water movement. 

2.3.2 Green-Amp Equations 

Green and Ampt (1911) developed a simplified mechanistic equation for infiltration by assuming 

that the wetting front in a soil was a square wave or sharp front. Although this is approximately 

true only in coarse-textured soils, there is no error in predicting the infiltration rate as long as the 

amount of water behind the predicted square front is equal to the amount of new water behind the 

true wetting front. The Green-Ampt equation for cumulative infiltration in a uniform soil, 

including the effect of gravity, is: 
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= ℎ + ∆h ∆  ( + ∆h∆ ) (6) 

 

where ∆ = −  and ∆ℎ = ℎ − ℎ . Here,  is the initial water content,  is the water content 

at the surface which extends to the wetting front, ℎ  is the pressure head at the water content , 

and ℎ  is the pressure head at wetting front. 

2.3.3 Phillips Model 

The Philip algebraic infiltration equation uses mathematical approximation for the infiltration 

process in a soil matrix. There are two forms of the Philip model: horizontal and vertical 

infiltration.  

For horizontal infiltration, Philip (1957) modified the Richards equation and showed that 

infiltration rate can be expressed as: 

 � =  − .  (7) 

 

where S is soil-water sorptivity [ − . ]. S is a function of  and  which are boundary and initial 

moisture content, respectively. Since S is constant over time, the cumulative infiltration can be 

calculated by = . . 

For vertical infiltration, the Philip equation consists of two separate parts: one for a short duration 

and the other part for long times after infiltration commenced. The solution describes the time 

dependence of cumulative infiltration by means of an infinite power series which can be 

approximated by two parameter models as follows: 

 = . +  (8) 

 

where A is a constant known as soil-water transmissivity [LT− ] and it approaches Ks of the soil 

profile as t→∞. Differentiating this equation with respect to time gives the solution for infiltration 

rate. 
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� = − . +  (9) 

 

2.3.4 Kostiakov Model 

The Kostiakov (1932) equation for cumulative infiltration (I) and infiltration rate (i) can be 

expressed as follows 

 = −  � = ′ − −  
(10) 

 

where parameters , ′, and  are constants. These parameters do not have a physical meaning 

and can be obtained by fitting the equation to the experimental data. It can be inferred from the 

cumulative infiltration equation that at t=0, I approaches ∞. However, as t increases further, I tend 

to become zero. Therefore, these two equations explain the horizontal infiltration. However, for 

vertical infiltration, the Kostiakov (1932) equation is inadequate. To overcome the problem, 

Kostiakov proposed a maximum time range of application with = / / . Mezencev 

(1948) included another coefficient, � , which essentially shifts the axis for infiltration rate 

equations and for large times infiltration approaches a finite steady state infiltration rate.  

 = � + −  � = � + ′ − −  
(11) 

 

2.3.5 Horton Model 

Horton (1940) equations for cumulative infiltration (I) and infiltration rate (i) are: 

 = � + � − � [ − − ] � = � + � − � −  

(12) 
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where � , is initial infiltration rate at = , and �  is final constant infiltration rate after a long time 

from the start of infiltration. The constant “ ” determines the rate at which �  approaches � . The 

equation is somewhat cumbersome as it has three constants, which need be evaluated 

experimentally. According to Horton (1940), the decrease in infiltration rate with time can be 

described by a number of factors, such as, the closure of soil pores by a swelling soil or erosional 

deposit, compaction due to raindrop impact, etc. 

2.3.6 Holtan Model 

The Holtan equation (1961) for infiltration rate in soil matrix is again a two-form mathematical 

equation as given below 

 � = � +  ′  (13) 

 

where �  is the final constant rate of infiltration and ′  is the available porosity as depleted by 

infiltration volumes which can be expressed as 

 ′ = −  (14) 

 

where M is the moisture storage capacity of the soil above the first impeding stratum or control 

layer. It can also be expressed as total porosity-antecedent moisture content of soil, in depth 

units. I is the cumulative infiltration at that time. The infiltration rate equation is consistent as 

long as , however, The equation assumes � = �  for > .  



12 

 

CHAPTER THREE 

MODELS OF THE SOIL HYDRAULIC PROPERTIES 

Water retention curve is the relationship between the water content, θ, and the soil water potential, 

ψ. This curve is characteristic for different types of soil, and is also called the soil moisture 

characteristic. Prediction of the soil hydraulic properties in different moisture ratios is important 

in unsaturated soils studies. There are different soil hydraulic models that try to approximate the 

so called soil moisture characteristic curve. These models are introduced in this chapter. 

 

3.1. van Genuchten-Mualem Model 

For the van Genuchten model, the water retention function is given by (van Genuchten, 1980) 

 

ℎ = ℎ −� − = { + |�ℎ|              ℎ <                                     ℎ  

= � /  [ − − ]  

(1) 

 

where  is saturated water content [-],  is residual water content [-], �,  ,   are empirical 

parameters [1/L], [-], [-], Se is effective water content [-],  is saturated hydraulic conductivity 

[L/T], and ℎ is unsaturated hydraulic conductivity at pressure head ℎ [L/T] 

 

3.2. Kosugi Lognormal Distribution Model 

Kosugi (1996) suggested using a lognormal distribution model as follows: 

 

= −� − = { {ln ℎ/�√ }         ℎ <                                     ℎ  (8) 

 

Applying Mualem's model, the hydraulic conductivity function becomes: 

 

http://en.wikipedia.org/wiki/Water_content
http://en.wikipedia.org/wiki/Water_potential
mk:@MSITStore:C:/Program%20Files%20(x86)/PC-Progress/HYDRUS%202.xx/Hydrus3D.chm::/Introduction/References.htm
mk:@MSITStore:C:/Program%20Files%20(x86)/PC-Progress/HYDRUS%202.xx/Hydrus3D.chm::/Introduction/References.htm
mk:@MSITStore:C:/Program%20Files%20(x86)/PC-Progress/HYDRUS%202.xx/Hydrus3D.chm::/Introduction/References.htm
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= {  
  � { [ln ℎ√ + n√ ]}             ℎ <   

�                                                              ℎ  (9) 

 

3.3. Brooks and Corey Model 

For the Brooks-Corey model, the soil water retention function, or capillary pressure function is 

represented by (Brooks and Corey, 1964) 

 = {|�ℎ| −              ℎ < − /�                           ℎ − /� (2) 

 

The hydraulic conductivity function corresponding to the Brooks-Corey retention function is 

represented by 

 = � + +
 (3) 

 

3.4. Modified van Genuchten Model 

When the van Genuchten model is used, either a non-hysteretic description, a hysteretic description 

only in the retention curve, or hysteretic descriptions in both the retention curve and the hydraulic 

conductivity curve can be used (Vogel and Cislerova, 1988). 

When one of the hysteretic descriptions is selected, then users must specify whether the initial 

condition is associated with the main wetting or the main drying retention curve. 

 

ℎ = { + −+ |�ℎ|              ℎ < ℎ��                                                ℎ ℎ� (4) 

 

where 

 = + � − + |�ℎ�|  (5) 

mk:@MSITStore:C:/Program%20Files%20(x86)/PC-Progress/HYDRUS%202.xx/Hydrus3D.chm::/Introduction/References.htm
mk:@MSITStore:C:/Program%20Files%20(x86)/PC-Progress/HYDRUS%202.xx/Hydrus3D.chm::/Introduction/References.htm
mk:@MSITStore:C:/Program%20Files%20(x86)/PC-Progress/HYDRUS%202.xx/Hydrus3D.chm::/Introduction/References.htm
mk:@MSITStore:C:/Program%20Files%20(x86)/PC-Progress/HYDRUS%202.xx/Hydrus3D.chm::/Introduction/References.htm
mk:@MSITStore:C:/Program%20Files%20(x86)/PC-Progress/HYDRUS%202.xx/Hydrus3D.chm::/Introduction/References.htm
mk:@MSITStore:C:/Program%20Files%20(x86)/PC-Progress/HYDRUS%202.xx/Hydrus3D.chm::/Introduction/References.htm
mk:@MSITStore:C:/Program%20Files%20(x86)/PC-Progress/HYDRUS%202.xx/Hydrus3D.chm::/Introduction/References.htm
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and 

 

= { � [ − �− � ]               ℎ < ℎ�
                                               ℎ ℎ�  (6) 

 

in which  is a matching point at saturation (L/T), L is an empirical pore-connectivity parameter, 

and  is effective saturation given by 

 � = [ − ]  (7) 

 

where ℎ = ��−����−��, and ℎ = � ℎ −����−�� . Here ℎ  is air-entry value [L] and  is unsaturated 

hydraulic conductivity at pressure head ℎ  [L/T]. 

 

3.5. Durner Dual-Porosity Model 

Durner (1994) divided the porous medium into two (or more) overlapping regions and suggested 

to use for each of these regions a van Genuchten-Mualem type function (van Genuchten, 1980) of 

the soil hydraulic properties. Linear superposition of the functions for each particular region gives 

the functions for the composite multimodal pore system (Durner et al., 1999): 

 = � [ + � ℎ ]− + [ + � ℎ ]−  

= � + � [ − − ] + � [ − − ]� + �  

(10) 

 

where � are weighting factors for the two overlapping regions, and � ,  ,   = − / � , 

and l are empirical parameters of the separate hydraulic functions (i=1,2).  
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CHAPTER FOUR 

FIELD METHODS FOR MEASURING KS OF TOPSOIL 

Hydraulic conductivity can be defined as a measured of the ability of a soil to transmit water. This 

parameter is usually denoted as �  or � under saturated conditions and is assumed to be constant 

for a given space and time within a soil. Knowledge of � for a specific soil is too important and 

is essential in various agricultural, environmental, and geotechnical applications. The soil surface 

will determine in large part the runoff for watersheds, or the ability to recharge the subsurface over 

a rainy season all extremely important to environmental health or determining flooding hazards. 

These measurements also apply to understanding irrigation efficiencies, infiltration rates, plant 

rooting preferences, and where runoff to furrow or channel can be expected.  

The saturated hydraulic conductivity is used to compute the velocity in which water can move 

toward and into the drain-lines below the water table (Amoozegar and Wilson, 1999). 

Laboratory determined values rarely agree with field measurements. Field methods are generally 

more reliable than laboratory methods due to the closer approximation to natural conditions (Scott, 

2000). Some of the common filed experiments are discussed in this chapter. 

 

4.1 Pressure Infiltrometer 

Pressure infiltrometer is a Mariotte type infiltrometer mostly used to assess the integrity of clay 

liners or other soil barriers. The device, as shown in the following figure, is constructed from non-

corrosive materials (Plexiglas, PVC, Teflon) and uses the mechanical-hydraulic principle without 

need of an external energy supply. The device enables the measurement of the cumulative 

infiltration of ponded water from the infiltration ring. The metal infiltration ring (inner diameter 

of 15 cm) is equipped by its own water gauge for reading the constant water level H in the 

infiltration ring at a certain time after the start of the infiltration experiment. The depth of metal 

ring penetration into the soil can be up to 10 cm. The infiltrometer can supply water during the 

experiment up to the amount corresponding with saturated hydraulic conductivity of  

(Matula and Kozáková, 1997). 
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4.2 Tension Infiltrometer 

Tension Infiltrometer, unlike some other test methods, does not only measures flow under ponded 

(saturated) conditions. The problem with those methods is that they do not reflect infiltration under 

rainfall or sprinkler irrigation. To resolve the problem, many authors attempted to create a negative 

potential (tension) on the water flow in order to exclude macropores in the flow process, hence 

only measuring the soil matrix flow. One of the earliest works was done by Dixon (1975) who 

developed a closed-top ring infiltrometer to quantify macropores. Water was applied to a closed-

top system, which permitted the imposition of negative head or pressure on the ponded water 

surface. 

The time dependent infiltration rate measurement of tension infiltrometer is used to calculate 

unsaturated hydraulic conductivities and related hydraulic properties of the soil material including 

sorptivity. The information revealed from the test help in discriminating between gravity and 

capillarity flow through near surface soils structures. The test measures the hydraulic properties of 

unsaturated soil by holding water under tension to infiltrate into a dry soil through a highly 

permeable nylon membrane. The suction is controlled by the bubble chamber and the water 

infiltrates through the main water reservoir. 

Figure 4-1: Pressure Infiltrometer. 
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4.3 Mini-Disk Infiltrometer 

Mini-Disk Infiltrometer is a small version of the Tension Infiltrometer test used to measure 

unsaturated hydraulic conductivity at tensions between -0.5 cm and -6 cm. To make a 

measurement, the upper and lower chambers of the Infiltrometer are both filled with water. The 

top chamber (or bubble chamber) controls the suction. The lower chamber contains a volume of 

water that infiltrates into the soil at a rate determined by the suction selected in the bubble chamber. 

The lower chamber is labeled like a graduated cylinder with volume shown in mL. The bottom of 

the Inltrometer has a porous sintered stainless steel disk which does not allow water to leak in open 

air. The small diameter of the disk allows for undisturbed measurements on relatively level soil 

surfaces. However, only a small part of the soil is measured, that does not fulfil the requirements 

of the representative volume. 

Researchers offered several methods that can be applied to measure the saturated hydraulic 

conductivity from the test results. Fatehnia et al. (2014a) explained and compared 8 of different 

such methods and compared their accuracy in prediction of �. 

 

Figure 4-2: Three-dimensional water flow from the Tension Disc Infiltrometer. 
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4.4 Guelph Permeameter 

The Guelph Permeameter is an easy to use instrument for quickly and accurately measuring in-

situ saturated hydraulic conductivity by applying a constant pressure within a borehole or shallow 

hole. Like the tension infiltrometer (tensiometer), it applies a constant head using a Mariotte bottle, 

infiltrates water into an unsaturated material, and requires steady state flow conditions before the 

measurements can be used to calculate hydraulic conductivity. Accurate evaluation of soil 

hydraulic conductivity, soil sorptivity, and matrix flux potential can be made in all types of soils. 

It differs from the tension infiltrometer in that it applies a positive pressure, instead of a tension, 

and does not utilize the Wooding (1968) solution to calculate the saturated hydraulic conductivity. 

Measurements can be made in the range of 15 to 75 cm below the soil surface in 1/2 to 2 hours, 

depending on soil type, and require only about 2.5 liters of water. As shown in the following figure, 

the test set-up includes the permeameter, field tripod, well auger, well preparation, collapsible 

water container, and vacuum test hand pump. Depth attachments increase the depth of operation 

by 80 cm with a maximum practical operating depth of 315 cm (Reynolds and Elrick, 1985). 

Figure 4-3: Mini Disk Infiltrometer used for infiltration measurements. 

http://hydrometeorology.princeton.edu/wiki/index.php/Guelph_Permeameter
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4.5 Ring Infiltrometer 

The double ring infiltrometer is a way of measuring saturated hydraulic conductivity of the surface 

layer under ponded (saturated) conditions, and consists of an inner and outer ring inserted into the 

ground. Each ring is supplied with a constant head of water either manually or from mariotte 

bottles. Hydraulic conductivity can be estimated for the soil when the water flow rate in the inner 

ring is at a steady state. The rate of infiltration is determined by the amount of water that infiltrates 

into the soils per surface area, per unit of time. Infiltration can be measured by either a single or 

double ring infiltrometer, with preference usually lying with the double ring because the outer ring 

helps in reducing the error that may result from lateral flow in the soil. The outer ring virtually 

turns a 3D single ringed system of looking at infiltration into a one dimensional model by allowing 

water in the center ring to flow nearly exclusively straight down. This allows much easier 

calculation by taking out the need to account for lateral flow (ASTM, 2009). 

Figure 4-4: Guelph permeameter test set-up. 
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Data is gained by a drop in water height, giving an infiltration of water over time. These data points 

are plotted in a graph of infiltration versus time. Theoretically once the soil becomes saturated a 

steady state infiltration rate will be reached, which is seen on a graph as a section of data points 

infiltrating showing linearity. Once this linear section is identified other outlying data points can 

be excluded from the analysis and a line of best fit can be fitted to the applicable data. The gradient 

of this fitted line gives the steady state infiltration rate. The following figure shows the arrangement 

of the rings, method of applying water to the rings, and water reservoirs. 

 

 

 

  

Figure 4-5: Double-ring infiltrometer set-up. 
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CHAPTER FIVE 

SATURATED HYDRAULIC CONDUCTIVITY ESTIMATION FROM DRI 

This chapter describes determining in-situ soil’s vertical saturated hydraulic conductivity ( ) 

from the measured steady infiltration rate (I), initial soil parameters, and test arrangements of the 

Double Ring Infiltrometer (DRI) test. Determining the effects of initial soil parameters and DRI 

test arrangements on measured steady infiltration rate will help the prediction of more accurate 

value of . In this study, by conducting 30 small scale DRI lab experiment, 9 full scale in-situ 

DRI, 9 in-situ Mini-Disk infiltrometer experiments, several lab measurements, and 864 simulated 

DRI tests using finite element program HYDRUS-2D, the effects of the ring diameter, head of 

ponding, ring depth, initial effective saturation, and soil macroscopic capillary length on measured 

steady infiltration rates was studied. M5’ model trees and genetic programming methods were 

applied on the data to establish formulas for predicting the saturated hydraulic conductivity of the 

sand to sandy-clay materials. The accuracy of  measurements of each method was estimated 

using 30% of 864 data by comparing the predefined /  measured from the initial assumptions 

of the finite element programs with the estimations of the suggested formulas. Another comparison 

was done by using the derived formulas to predict  values of the 9 field DRI experiments and 

comparing the predicted values with the  values measured with the lab falling head permeability 

tests. Compared to genetic programming method, M5’ model had a better performance in 

prediction of  with correlation coefficient and the root mean square error values of 8.618E-01 

and 2.823E-01, respectively. This method, with RMSE of 3.06E-03, also had better performance 

in estimating  values of the field experiments. 

 

5.1 Introduction 

Despite the similarity of the units of infiltration rate (I) and hydraulic conductivity of soils ( �) 

[LT− ], there is a distinct difference between these two quantities. Infiltration rate and hydraulic 

conductivity cannot be directly related unless the hydraulic boundary conditions such as hydraulic 

gradient and the extent of lateral flow of water are known (ASTM, 2009). Accurate in-situ (or 

field) measurement of � is essential in various agricultural, environmental, and geotechnical 

applications such as design of drainage systems and measurement of seepage from canals, 

reservoirs, detention ponds, or wastewater lagoons. Ring infiltrometers are common test methods 
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for in-situ measurement of the soils infiltration rate. Infiltration can be measured by either a single 

or double ring infiltrometer, with preference usually lying with the double ring. Using an outer 

ring helps in reducing the error that may result from lateral flow in the soil (Bouwer 1986a; 

McKenzie et al. 2002). DRI test has been described by ASTM D3385 and as illustrated in Fig. 5-

1, consists of two open inner and outer cylinders which should be manually inserted into the ground 

and be partially filled with a constant head of water (ASTM 2009). The infiltration rate can be 

calculated by measuring the volume of liquid added to the inner ring to maintain the liquid level 

constant. 

 

 

 

The size dependency of hydraulic conductivity measurements in porous media has been studied 

by several investigators. They have proposed different dimensions as the minimum required 

diameter of test cylinders. Swartzendruber and Olsen (1961) reported that the setup with 60 cm of 

outer and 50 cm of inner ring radius was the most satisfactory throughout all the various conditions 

studied in a sandy soil. Ahuja (1976) reported that when an outer ring of 90 cm diameter was 

employed for an inner ring of 30 cm diameter, the lateral flow was practically eliminated. Further, 

Figure 5-1: Schematic sketch of the double-ring infiltrometer. 
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he reported that even when an outer ring of 60 cm diameter was used, its effect on final infiltration 

rate was negligible. Bouwer (1986a) suggested that a diameter of at least 100 cm should be used 

for accurate hydraulic conductivity measurements. Youngs (1987) concluded that the results were 

consistent from site to site when the ring size was at least 15 cm. Gregory et al. (2005) concluded 

that the test using a constant head with a double-ring infiltrometer of 15 cm inner and 30 cm outer 

diameters would be suitable for sandy soils generally found in North Central Florida. Lai and Ren 

(2007) performed 28 DRI tests and also conducted a series of numerical experiments to investigate 

how the inner-ring size of a double-ring infiltrometer influences the accuracy of the measured 

saturated hydraulic conductivity in heterogeneous soil. They used two-dimensional model 

HYDRUS-2D (Šimůnek et al. 1999) to simulate six different radii DRI and recommended use of 

large-diameter infiltrometers with inner ring diameter of minimum 80 cm to minimize the effects 

of lateral divergence due to capillary gradients. Lai et al. (2010) conducted a total of 7224 

numerical simulations and recommended inner ring diameter greater than 80 cm to obtain reliable 

in situ measurement of soil field saturated hydraulic conductivity. The adjustable ring infiltrometer 

designed by Caputo et al. (2010) had the benefit of modifying the ring diameter into desire for 

different field cases. 

These studies tried to offer more accurate estimations of  in DRI by evaluating the ring size 

effect on measured infiltration rate. Their main focus was on offering the minimum required 

diameter of the ring for a specific soil type. Neglecting the influence of other effective factors like 

the soil parameters or test setups on infiltration rate was an important drawback in previous 

researches. That is the reason of discrepancies in size recommendations in different studies. 

Although ring diameter has the highest influence on DRI test results, the focus of some other 

researches was on measuring the influence of other soil and test parameters rather than the size of 

the rings, on steady infiltration rate. Reynolds et al. (2002) suggested using a steady-state solution 

originally developed for single-ring infiltrometer (Reynolds and Elrick, 1990). Their proposed 

solution explicitly accounts for the effects of ring diameter, depth of ring insertion, head of ponded 

water, and a soil structure dependent parameter (alpha*) that expresses the relative importance of 

gravitational to capillary forces during infiltration. Gregory et al. (2005) concluded that the soil 

bulk density of the test site was an influencing factor on the final infiltration rate found by the test. 

Chowdary et al. (2006) studied the effectiveness of a double ring infiltrometer on reducing lateral 

flow and in order to quantify cumulative infiltration, by using dimensional analysis technique, they 
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developed relationships for cumulative infiltration based on the diameter of the infiltrometer, head 

of ponding, depth of penetration, elapsed time, saturated hydraulic conductivity, and initial 

moisture content. Lai and Ren (2007) during their experiments, realized that high initial water 

content weakens the capillary effect, thereby decreases the lateral flow contribution to total 

infiltration. 

The objective of the current study was to provide an accurate measurement of saturated hydraulic 

conductivity by doing a comprehensive study on the factors affecting DRI infiltration rate. In this 

research, we studied the influences of the initial soil and test setup parameters including initial 

water content, inner ring diameter, soil’s macroscopic capillary length, head of ponding, and ring 

insertion depth on measured infiltration rate using M5’ model algorithm and Genetic Programing. 

For this purpose, 30 small scale lab experiments, 9 full scale in-situ DRI and Mini-Disk 

infiltrometer experiments, several lab measurements, and 864 computer simulations were 

conducted. Afterwards, M5’ model algorithm and Genetic programming were applied on the data 

to suggest formulas for saturated hydraulic conductivity estimation. By adopting M5’ model trees 

and genetic programming method, formulas of estimating  for homogeneous sand to sandy-clay 

soils were offered. Six independent parameters of measured steady infiltration rate, initial water 

content, inner ring diameter, soil’s macroscopic capillary length, head of ponding, and ring 

insertion depth were used for  estimation. The accuracies of the proposed formulas were 

estimated by measuring the correlation coefficient and root mean square error values. The 

proposed formulas were also applied on the 9 DRI field experiments and comparisons were done 

with the saturated hydraulic conductivity values measured in the lab using falling head 

permeability tests. 

 

5.2 Effective parameters on DRI test results 

The first step of the study was to conduct several small scale DRI tests in the lab in order to find 

the parameters that affect steady infiltration rate. The setup illustrated in Fig. 5-2 was adopted for 

measurements which enabled us to perform 2 tests in each glass tank.  
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Using glass made tanks, as illustrated in Fig. 5-3, made it possible to see the water front movement 

and observe the horizontal to vertical ratio of infiltration in each test. 

 

 
(a) 

 
(b) 

 

The small scale inner rings diameters were ranging from 2.5 cm to 18 cm. Buffer index, depth of 

the rings in the soil, head of ponding in the rings, depth of saturated soil, initial water content of 

the soil, and soil type were among the parameters that we changed in each test in order to observe 

their effect on the measured infiltration rate. Lab experiments revealed that the ring diameter was 

the most effective parameter on the infiltration rate. Fig. 5-4 shows the effect of ring diameter 

Figure 5-2: Schematic of small scale DRI adopted for measurements. 

Figure 5-3 (a): Lab prepared DRI set-up & (b): Water front configuration in small scale DRI. 
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increase on reduction of steady infiltration rate. Steady infiltration rate was assumed when 

discharge changes were <0.5% during an interval of 5 min. 

 

 

 

Overall, 30 DRI small scale lab experiments with various initial conditions were performed in the 

lab. During the lab experiments, effect of each parameter on steady infiltration rate was measured 

and those parameters that had significant effect on steady infiltration rate were selected for more 

evaluation using computer modeling. In this study we investigated the effects of the following 5 

parameters on the steady state infiltration rate measurements of DRI experiment. 

5.2.1 Macroscopic capillary length (�) 

For ponded infiltration, the macroscopic capillary length, �  [L], is represented by White and Sully 

(1987) as 

 � = � / � − ��  (1) 

 

where K� [LT− ] is the hydraulic conductivity at matric potential � [L]. �  is a matric potential 

at or near saturation and �  is a more negative pore-water pressure head which corresponds to 

water content  [L L− ].such that  � > � . In this form, �  [L] may be interpreted as a mean 

height of a capillary rise above the water table (Raats and Gardner 1971). �  [L T− ] can be 

defined by Gardner (1958) as 
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Figure 5-4: Infiltration rate decrease with increase in ring diameter observed in the lab. 
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 � = ∫ � �        − ∞ ���  (2) 

 

Macroscopic capillary length expresses the relative importance of gravitational to capillary forces 

during infiltration. This parameter changes with the soil type and can be a proper parameter to 

quantify the unsaturated hydraulic conductivity function. This parameter can be easily measured 

for each soil material using different methods such as applying the Mini-Disk Infiltrometer 

(Fatehnia et al. 2014a) or can be estimated for different soil types using table 5-1 (Elrick et al., 

1989). 

 

Soil texture/structure category �� (cm) 

Coarse and gravelly sands; may also 

include some highly structured soils with 

large cracks and/or macropores 

2.8 

Most structured soils from clays through 

loams; also includes unstructured medium 

and fine sands 

8.3 

Soils that are both fine textured (clayey) 

and unstructured 
25 

Compacted, structureless, clayey 

materials, such as landfill caps and liners, 

lacustrine or marine sediments, etc. 

100 

 

5.2.2 Inner ring diameter (��) 
By finding the impact of ring size on measured infiltration rate, any ring diameter can be applied. 

Smaller rings are preferred to use because of having less weight. The smaller rings are also easier 

to handle, and require less volume of water to run the test. 

Table 5-1: Soil texture/structure categories for estimation of macroscopic capillary length (λc) 

(Elrick et al., 1989). 
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5.2.3 Head of ponding (H) 

The effect of head of ponding on infiltration rate in DRI has been previously studied (Chowdary 

et al., 2006; Reynolds et al., 2002). Head of water in the rings is directly related to the hydraulic 

gradient of the infiltration system and affects the infiltration rate. 

5.2.4 Ring insertion depth (D) 

Reynolds et al. (2002) and Chowdary et al. (2006) selected ring insertion depth as one of the 

effective parameters on DRI test result. Guisheng et al. (2011) stated that measurement of an 

accurate vertical infiltration rate in DRI test requires larger ring depth than the ASTM specified 

value. They recommended ring depths between 19 cm and 22 cm in order to have acceptable 

accuracy in the infiltration rate measurements. On the other side, it is an arduous task to reach high 

ring insertion depths in some stiff soils. Therefore, studying the effect of ring depth on infiltration 

rate is important. 

5.2.5 Soil effective saturation (S) 

Lai and Ren (2007) during their experiments realized that high initial water content weakens the 

capillary effect and decreases the lateral flow contribution to total infiltration. Water content 

increase affects the infiltration rate by minimizing the horizontal flow and also reduces the time 

needed to reach the steady state. Since normalized water content better represents soil moisture for 

comparison between different soil types, this parameter was selected for measurements. The 

effective soil saturation, Se, is a dimensionless value defined by van Genuchten as: 

 = −−  (3) 

 

where  is the effective soil saturation [dimensionless];  is the residual water content, defined 

as the water content for which the gradient ℎ⁄  becomes zero; and,  is the saturated water 

content, which is equivalent to porosity, � (van Genuchten 1980). 

 



29 

 

5.3 Field experiments and lab measurements 

Field experiments were required for calibration and sensitivity analysis of the computer models. 

They were also needed to evaluate robustness, solution uniqueness, and computational efficiency 

of the final hydraulic conductivity estimation formulas. For that purpose, as shown in Fig. 5-5, 

nine DRI field experiments with various initial conditions were conducted. Three different sizes 

of the rings used for 9 field experiments were 15 cm inner – 30 cm outer, 20 cm inner – 40 cm 

outer, and 30 cm inner – 60 cm outer ring diameters. The tests were conducted at different locations 

on FSU College of Engineering campus in Tallahassee, Florida. The test site had a gently sloping 

surface ( − °) and can be described as orangeburg fine sandy loam (Sanders, 1981). Similar to 

lab experiments, steady infiltration rate was assumed when discharge changes were <0.5% during 

an interval of 5 min. 

 

  
 

 

Initial water content, ring depths, and head of ponding were different for each test. Similar to lab 

experiments, as shown in Fig. 5-6, a decrease in steady state infiltration rate was observed with 

ring diameter increase. 

 

Figure 5-5: Three different sizes of the filed DRI tests. 
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Sieve analysis was done on the field soil sample based on ASTM D 422-02 in order to determine 

the soil classification (ASTM, 2007). The filed soil was classified as Poorly Graded Sand (SP) 

based on Unified soil classification system. Grain-size distribution curve of the soil is illustrated 

in Fig. 5-7. 

 

 

 

Ring depths, and heads of ponding for all experiments were 15 and 10 cm respectively. Testing’s 

were conducted in 3 different times with initially relative dry soil with soil effective saturation of 

0.3, saturated soil immediately after precipitation, and semi-saturated condition with soil effective 

saturation around 0.6. The initial gravimetric moisture content of the soil were measured adjacent 
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Figure 5-6: Infiltration rate decrease with increase in ring diameter observed in the field. 

Figure 5-7: Field soil grain-size distribution curve. 
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to each test site before each infiltration test was conducted using standard laboratory procedures 

(ASTM, 2010a). The residual water content was also determined in the laboratory by oven drying 

undisturbed soil cores of known volume and by estimation of bulk density. This information was 

used to measure the soil effective saturation.  

Steady infiltration rate was assumed when discharge changes were <0.5% during an interval of 5 

min. Nearly constant infiltration rates over the 40–60 min test runs for dry soil, 30-40 min test runs 

for the saturated soil, and 40-50 min test runs for semi-saturated case were produced by relatively 

high permeability of this soil.  

Afterwards, macroscopic capillary length value of the soil adjacent to each location was measured 

using Mini-Disk infiltrometer. The proposed procedure by Zhang (1998) was used for macroscopic 

capillary length measurement with two tension values of -0.5 and -4.0 cm (Fatehnia et al., 2014a). 

Fig. 5-8 illustrates the Mini-Disk infiltrometer test conducted in the field. 

 

 

 

For each DRI test, 3 soil samples were taken from the same testing location to measure the 

saturated hydraulic conductivity in the lab using permeameter cell with falling head technique. 

Figure 5-8: In-situ Mini-Disk infiltrometer test. 
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The samples were tested and  values were measured based on ASTM D 5084-method B (ASTM, 

2010b). The measured value of  for each location was the average of 3 measurements. 

 

5.4 Computer simulations 

Due to the restrictions on doing large numbers of field DRI experiments, computer simulations 

were selected as an alternative of real tests for data collection. It enabled us to adjust the required 

parameters in each simulation and observe their respective effects on measured infiltration rate. 

The HYDRUS-2D finite element code (Šimůnek et al., 1999) capable of simulating the two and 

three-dimensional movement of water, heat, and multiple solutes in variably saturated media was 

used for simulations. This program allows the user to simulate a wide range of boundary conditions 

and irrigation regimes and has been previously applied for simulating the infiltration under a 

double-ring infiltrometer (Lazarovitch et al., 2007; Lai and Ren, 2007; Lai et al., 2010) or 

infiltration inside a ring infiltrometer (Léger et al., 2013). The program uses the Richards equation 

formulated by Lorenzo A. Richards (1931) for simulating variably-saturated flow (Šimůnek et al., 

2007): 

 �� = �� [ � ��� + � ] −  (4) 

 

where θ is the volumetric water content,  is a sink term [T− ],  (i=1,2) are the spatial coordinates 

[L],  is time [T], KA are components of a dimensionless anisotropy tensor �, and  is the 

unsaturated hydraulic conductivity function [LT− ],] given by 

 �, , , = � , , �, , ,  (5) 

 

where  is the relative hydraulic conductivity and � is the saturated hydraulic conductivity 

[LT− ]. 

The van Genuchten–Mualem soil hydraulic properties model (Mualem, 1976; van Genuchten, 

1980) was selected for the numerical simulations of the 2D-axisymmetric domain of DRI test. The 

size of transport domain was selected such that the outer boundaries did not affect the flow field 

inside of the domain. The transport domain was discretized into unstructured triangular finite 

http://en.wikipedia.org/wiki/Lorenzo_A._Richards
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element mesh. Immediately surrounding the infiltration rings had significantly smaller mesh sizes 

while they were increasingly larger as distance from the rings increased. The 2D-axisymmetric 

HYDRUS simulation domain and boundary conditions of the models are illustrated in Fig. 5-9. 

The infiltration rate of each simulated test was measured from the volumetric water flux across the 

upper borders along the inner ring. 

 

 

 

 

Calibration and sensitivity analysis of the computer simulations was done by modeling the initial 

conditions of field experiments and comparing the simulated steady infiltration rates with the 

measured values. Using the data given in table 5-2, the measured average difference of 9.32% 

between the simulations and measurements certified the repeatability of the simulations. 

 

300 cm 

2
0
0
 c

m
 

Figure 5-9: The 2D-axisymmetric HYDRUS simulation domain and boundary 

conditions. 



34 

 

Test 

number 

Inner 

ring 

dia. 

(cm) 

Water 

ponding 

head 

(cm) 

Ring 

insertion 

depth 

(cm) 

Soil 

effective 

Saturation 

Soil 

macroscopic 

capillary 

length (cm) 

Measured 

Infiltration 

Rate 

(cm/sec) 

Simulated 

infiltration 

rate 

(cm/sec) 

1 15 10 15 0.3 7.5 1.54E-02 1.34E-02 

2 15 10 15 0.6 8 1.29E-02 1.33E-02 

3 15 10 15 1.0 6 1.02E-02 1.24E-02 

4 20 10 15 0.3 6 1.35E-02 1.27E-02 

5 20 10 15 0.6 6.5 1.17E-02 1.26E-02 

6 20 10 15 1.0 8 1.04E-02 1.17E-02 

7 30 10 15 0.3 9 1.36E-02 1.22E-02 

8 30 10 15 0.6 8 1.16E-02 1.22E-02 

9 30 10 15 1.0 6.5 1.08E-02 1.13E-02 

 

As stated in table 5-3, three different values for head of ponding and ring depth, four different 

values for soil effective saturation and macroscopic capillary length, and six different values for 

ring diameter were selected for simulations. Therefore, all in all, a total of 864 numerical 

simulations were conducted to investigate the effects of discussed parameters on infiltration rate. 

The simulation data are shown in Appendix A. All simulated models had the ratio of outer to inner 

ring diameters equal to 2. The macroscopic capillary length values were assigned as /α in the 

van Genuchten-Mualem soil-water retention function. 

 

Parameter Modeled parameter values 

H: Head of ponding in the Rings 

(cm) 
5 10 15 

D: Depth of the Ring In the Soil 

(cm) 
5 10 15 

S: Soil effective saturation 0 0.6 0.8 1 �: Macroscopic Capillary Length 

(cm) 
7 13 17 33 

: Inner Ring Diameter (cm) 15 20 30 40 50 60 

 

Four values of macroscopic capillary length were representing different soil types. Macroscopic 

capillary length values of 7, 13, 17, and 33 cm corresponded to sand, sandy loam, sandy clay loam, 

and sandy clay materials, respectively. This way, the final proposed formula can be applied for 

sand to sandy-clay soil types. Due to soil spatial variability and heterogeneity, hydraulic 

conductivity can change by more than an order of magnitude within a short distance. Since, 

Table 5-2: Comparison between the field and simulated DRI experiments. 

Table 5-3: DRI test parameter values used for 864 simulations. 
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homogeneity of the soil within the measured area is one of the common assumptions for the use 

of double-ring infiltrometers to determine saturated hydraulic conductivity (Lai and Ren 2007), 

homogeneous soil material was assumed for modeling. The hydraulic parameters of different soil 

types utilized in the model were determined via Rosetta Lite program (Schaap et al., 2001) 

embedded in the HYDRUS software package (Šimůnek et al., 2007), by inputting the particle-size 

distribution and bulk density of the topsoil. The values of  for each simulated test were 

predefined in the finite element models while the steady infiltration rates were calculated from the 

modeling’s results. 

 

5.5 Data analysis 

Saturated hydraulic conductivities and their corresponding calculated steady infiltration rates 

together with the water head, ring depth, initial soil effective saturation, macroscopic capillary 

length, and ring diameter of each test were gathered for all 864 simulated DRI tests and plugged 

in Weka program (Witten and Frank, 2005) and MATLAB genetic programing toolbox (Silva and 

Almedia, 2003) to predict the relation between  and the rest of the parameters using M5’ model 

tree and genetic programing method. 

5.5.1 M5’ model trees 

In the current study, M5’ model tree was used as the first method to construct a formula for 

hydraulic conductivity estimation in DRI test. M5’ model tree, is an improvement of M5 model 

trees. Model trees are kind of machine-learning techniques with the idea of splitting the parameter 

space into areas (subspaces) and building a linear regression model in each of them. M5 model has 

been previously applied in different geoenvironmental areas including modeling water level-

discharge (Bhattacharya and Solomatina 2005) or Water Movement in sandy soils (Samadianfard 

et al. 2014). The main assumption that the trees-structured numerical prediction is built on, is that 

the functional dependency is not constant in the whole domain but can be approximated on smaller 

sub domains. These trees can be generalized to regression and modal trees and are capable of 

dealing with continuous attributes (Naeej et al. 2013). Model trees, like regression trees, are 

efficient for large data sets. M5 model tree was first introduced by Quinlan (1992). The method 

was later improved to M5’ by Wang and Witten (1997) in order to enhance its capability in 

handling enumerated attributes and missing values of the data set. To solve a problem, M5 model 
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tree algorithm constructs a regression tree by recursively splitting the instance space. It uses a 

splitting condition to minimize the intra-subset variability in the values down from the root through 

the branch to the node. The standard deviation of the values that reach that node from the root 

through the branch is used to measure the variability with calculating the expected reduction in 

error as a result of testing each attribute at that node. The criteria used to choose the attribute is 

maximizing the expected error reduction. The splitting process is stopped if the output values of 

all the instances that reach the node vary only slightly or only a few instances remain (Naeej et al. 

2013). The standard deviation reduction (SDR) is calculated as: 

 = −∑| || | ×  (6) 

 

where  is the set of data point before splitting,  is data point that is the result of splitting the 

space and falls into one subspace based on the chosen splitting parameter, and  is the standard 

deviation. Standard deviation is used to measure the error of the data points of a subspace. M5' 

model tree tests different splitting points by measuring  for sub-spaces before splitting the space. 

As  is maximized in a point, the point is selected as the splitting point (node). When  

change is less than a certain value or a few data points remain in sub-space, the splitting terminates. 

As tree grows, the accuracy of the model for training set uniformly increases. However, over-

fitting may be inevitable while a model tree is being built. Hence, in the next step, pruning is 

adopted to avoid over-fitting (Witten and Frank, 2005). Smoothing, as the final step, is the 

regularization process to compensate any probable discontinuities within adjacent linear models 

(Jang et al. 2009; Pfahringer et al. 2001).  

In this research, WEKA program was applied for setting up the model based on existing 864 data. 

The model was calibrated by 70 % of the data and was verified by the rest to measure the accuracy 

of the prediction method. The results and error parameters are presented in the Results and 

Discussion section. 

5.5.2 Genetic Programming 

Genetic Programming was used as the second method for constructing the hydraulic conductivity 

estimation formula using DRI test information. Genetic programming (GP) is an example of 
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artificial intelligence inspired by biological evolution. GP can be considered as an evolutionary 

algorithm-based methodology for finding computer programs that perform a given computational 

task (Fatehnia et al. 2014b) and has been previously used in measurement of the saturated hydraulic 

conductivity (Parasuraman et al. 2007). Genetic Programming was proposed by Koza (1992) as a 

domain-independent problem-solving approach in which computer programs composed of 

functions and terminals are evolved to solve, or approximately solve, problems by generating a 

structured representation of the data, imitating the biological evolution of living organisms, and 

emulating naturally occurring genetic operations. Examples of the naturally occurring genetic 

operations are reproduction, survival of the fittest, crossover (sexual recombination), and mutation. 

Functions and terminal used in GP can be standard arithmetic operations, Boolean logic functions, 

numerical constants, logical constants, and variables as well as user-defined operators (Sette and 

Boullart, 2001). The functions and terminals are chosen at random and constructed together to 

form a computer model in a tree-like structure with a root point having branches extending from 

each function and ending in a terminal. Terminal refers to independent variables used to 

approximate dependent variables.  

The first step of the analysis was determining a set of functions that we believed represent the 

nature of the problem or data set. Next, we had to assign a fitness function to the analysis. The sum 

of absolute difference of observations and predictions was used as the fitness function (Fatehnia 

et al., 2014b). The Genetic Programming runs until the stopping criterion is satisfied. This can be 

done by setting a maximum generation limit or a tolerated error limit or by checking the variation 

in fitness observed during the run. When fitness varies within small limits, Genetic Programming 

can be stopped. Finally, a symbolic expression was generated by Genetic Programming using the 

fitness function adopted. 

The analysis was conducted using the GPlab, a Genetic Programming toolbox for MATLAB 

developed by Silva and Almeida (2003). A lexicographic parsimony pressure (lexictour) procedure 

for the reproduction in GP analysis was used for the selection of parents as the method controlled 

bloat. The population size and maximum generation were 50 and 100, respectively. The maximum 

tree depth was set to 20 and the maximum number of generations was assumed as the termination 

criterion. The result was evaluated after 50 computer runs. The best individual found during the 

course of runs was stored and the corresponding parse tree was obtained. This best tree was then 

converted to a corresponding mathematical formula. 

http://en.wikipedia.org/wiki/Artificial_intelligence
http://en.wikipedia.org/wiki/Bio-inspired_computing
http://en.wikipedia.org/wiki/Biological_evolution
http://en.wikipedia.org/wiki/Evolutionary_algorithm
http://en.wikipedia.org/wiki/Evolutionary_algorithm
http://en.wikipedia.org/wiki/Computer_program
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5.6 Results and discussion 

By analyzing the results of simulated DRI tests, the effect of each parameter on measured steady 

infiltration rate could be estimated. As illustrated in Fig. 5-10, ring diameter increase for all 4 soil 

materials resulted in decrease of infiltration rate. For better comparison, other parameters were 

kept constant and ring diameter was the only variable. The same procedure was followed for 

plotting Fig. 5-11, 5-12, and 5-13 by only changing specific parameters each time and observing 

how steady infiltration rate is affected for each soil type.  

 

  

  

 

In Fig. 5-11, the ring depth effect on infiltration rate is plotted. As we see, deeper rings had lower 

infiltration rate than the shallower ones. This can be attributed to the reduction of horizontal flow 

by inserting the rings deeper in the soil.  
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Figure 5-10: Ring Size effect on steady infiltration rate for different soil types with H=10 cm, 

D=10 cm, and S=0.8. 
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Figure 5-11: Ring Depth effect on steady infiltration rate for different soil types with di= 40 cm, 

H=5 cm, and S=0.8. 

Figure 5-12: Ponding head effect on steady infiltration rate for different soil types with di= 40 

cm, D=10 cm, and S=0.8. 
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Fig. 5-12 illustrates the ponding head effect on infiltration rate. As it was expected, since higher 

ponding heads corresponds to higher hydraulic gradient, greater infiltration rates were observed. 

The variation of infiltration rate with change in effective saturation is illustrates in Fig. 5-13. 

Reduction of infiltration rates with growth of soil water content could be attributed to higher 

capillary forces in drier soils. 

 

  

  

 

Finally, Fig. 5-14 explains how the measured infiltration rate for similar DRI tests can be different 

in various soil types. The comparison was done by plotting the steady infiltration rate versus 

macroscopic capillary length. Since different soil materials have different hydraulic conductivities, 

it was expected to see different values for infiltration rates. However, few DRI studies have taken 

the soil type effect on hydraulic conductivity measurements into consideration (Reynolds et al., 

2002). 
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Figure 5-13: Decrease of steady infiltration rate with increase in S for different soil types with 

di= 40 cm, D=10 cm, and H=10 cm. 
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5.6.1 M5’ trees model results 

For derivation of the hydraulic conductivity estimation formula for DRI using M5’ model trees, 

the format of the equation offered by Wooding for single ring infiltrometer test was adopted. 

Wooding stated that a solution to the integral form of the Buckingham-Darcy equation can be used 

to find the steady infiltration rate . He developed the following equation that can be used for single 

ring infiltrometer to find steady infiltration rate [LT− ] (Wooding, 1968): 

 = ℎ [ + � ] (7) 

 

where λc is the macroscopic capillary length [L] and ℎ  is the hydraulic conductivity [LT− ] 

corresponding to the pressure head of the water supply at the soil surface (z = ) 

 

By adopting M5’ model trees and using natural logarithm of the data, Eq. 8 was offered by the 

program. The equation can be used for hydraulic conductivity measurement in DRI test. It should 

be noted that in deriving this formula, the outer ring diameter was assumed to be twice the inner 

ring diameter. 
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Figure 5-14: Soil Type effect on steady infiltration rate with di= 40 cm, D=10 cm, H=10 cm, and 

S=0.8. 
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{ / = + . × .                �  � <  / = + . × .                �  �   

(8) = × �+ × ×  

where: 

 = Steady infiltration rate (cm/sec) 

 = Saturated hydraulic conductivity (cm/sec) 

 = Effective saturation � = Macroscopic capillary length (cm) 

 = Head of ponding in the ring (cm) 

 = Inner ring diameter (cm) 

 = Ring insertion depth (cm) 

 

The presented equation is a double-criterion formula for macroscopic capillary length values less 

than 15 cm and larger than this value. Saturated hydraulic conductivity of the coarser soil materials 

with � <   cm can be predicted by first rule and for finer soil particles with �  , the 

second rule can be used. 

The accuracy of Eq. 8 was measured using 30% of the entire 864 data which were selected 

randomly by the program. The correlation coefficient, mean absolute error, root mean squared 

error (RMSE), relative absolute error, and root relative squared error of the equation are shown in 

table 5-4. These error values are measured by comparing the predefined  values of simulations 

with estimations of Eq. 8, which certify the acceptable performance of the formula. 

In Fig. 5-15, in order to have a visual understanding of the performance of Eq. 8, estimated /  

values which equal ( + . × . ) for � <   cm and equal ( + . × . ) for �  cm are compared with the simulated values. The simulated values are measured from 

predefined  and observed steady infiltration rates. 

This graph certifies that an excellent agreement between the predicted and measured hydraulic 

conductivity values was obtained. 
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5.6.2 Genetic programing results 

In GP method, similar to M5’ model, 70% of 864 data was used for prediction of the equation and 

the remaining 30% was adopted for accuracy estimation. Eq. 9, which only utilizes head of ponding 

in the rings, inner ring diameter, effective saturation, and steady infiltration rate as the independent 

parameters to predict the dependent parameter of hydraulic conductivity, was offered by GP 

method. Similar to Eq. 8, for deriving this equation, the outer ring diameter was assumed to be 

twice the inner ring diameter. Table 5-4 depicts the accuracy estimation of Eq. 9 by measuring the 

correlation coefficient, means absolute error, root mean squared error, relative absolute error, and 

root relative squared error values obtained from comparing the predefined  values of simulations 

with estimations of Eq. 9. 

 / = + . × ( +  ) .
 (9) 

 

For visual evaluation of the performance of Eq. 9, similar to Fig. 5-15, comparison of the simulated /  with estimations of Eq. 9 which equals to + . × / + .  is illustrated 

in the following figure. 
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Figure 5-15: Comparison of simulated with estimated I/Ks values of Eq. 8. 
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Error Parameter Eq. 8 Eq. 9 

Correlation coefficient 8.618E-01 8.065E-01 

Mean absolute error 2.243E-01 2.954E-01 

Root mean squared error 2.823E-01 3.413E-01 

Relative absolute error 49.5873 % 59.1766 % 

Root relative squared error 51.4918 % 61.0397 % 

 

5.6.3 Analysis of the field data 

In order to check the applicability of the two formulas for estimating in-situ saturated hydraulic 

conductivities, the  values for the 9 field DRI experiments were predicted using both formulas 

and the values were compared with the  values derived from the lab falling head permeability 

tests. The measured and predicted numbers are plotted in table 5-5. 

Based on the data plotted in table 5-5, RMSE values for estimations of Eqs. 8 and 9 were 3.06E-

03 and 5.00E-03 respectively. By comparing the accuracies of the two formulas, and also 

comparing the error values plotted in table 4, better performance of Eq. 8 which was derived using 

M5’ model tree is revealed. This equation predicts  using all 5 selected parameters while Eq. 9 

has only steady infiltration rate, head of ponding in the ring, effective saturation, and inner ring 

diameter as the effective parameters. 
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Figure 5-16: Comparison of simulated with estimated I/Ks values of Eq. 9. 

Table 5-4: Accuracy measurements of Eqs. 8 and 9. 
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Test 

number 

Falling head 

permeability 

Measured K 

(cm/sec) 

Estimated 

 [Eq. 8] 

(cm/sec) 

Estimated  

 [Eq. 9] 

(cm/sec) 

1 1.16E-02 1.53E-02 9.15E-03 

2 9.80E-03 1.28E-02 7.69E-03 

3 1.43E-02 1.02E-02 5.93E-03 

4 1.50E-02 1.34E-02 8.30E-03 

5 8.80E-03 1.16E-02 7.23E-03 

6 1.36E-02 1.03E-02 6.52E-03 

7 1.21E-02 1.35E-02 9.25E-03 

8 7.80E-03 1.16E-02 7.88E-03 

9 1.35E-02 1.08E-02 7.25E-03 

 

  

Table 5-5: Comparison of the falling head permeability Ks measurements with estimations of 

Eqs. 8 and 9. 
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CHAPTER SIX 

COMPARISON OF THE METHODS OF �� ESTIMATION FROM MINI 

DISK INFILTROMETER 

Tension Disc Infiltrometer is a commonly used test setup for in-situ measurement of the soil 

infiltration properties. In this study, Mini Disk Infiltrometer was used in the lab to obtain the 

cumulative infiltration curve of the poorly graded sand for various suction rates and the hydraulic 

conductivity of the soil material was measured from the derived information. Various methods 

were proposed by several researchers for determination of hydraulic conductivity from the 

cumulative infiltration data derived from Tension Disc Infiltrometer. In this study, the hydraulic 

conductivity measurements were estimated by using eight different methods. These employed 

methods produced different unsaturated and saturated hydraulic conductivity values. The accuracy 

of each method was determined by comparing the estimated values with the hydraulic conductivity 

value obtained from the falling head permeability test. Results of this study can be used to 

determine the appropriateness of using certain methods to determine the hydraulic conductivity of 

sandy soil from the Mini Disk Infiltrometer testing technique. 

 

6.1 Introduction 

Soils saturated hydraulic conductivity ( �) indicates how quickly water will infiltrate when applied 

to the soil surface. Finding � is needed in various geotechnical applications including: design of 

drainage systems; measurement of seepage from canals, reservoirs, detention ponds, or wastewater 

lagoons; monitoring the movement of leachate into the ground below sanitary landfills; assessment 

of groundwater recharge and surface runoff; and in prediction of soil erosion and soil compaction. 

Therefore, it is important to obtain the in-situ values of the soil’s hydraulic conductivity.  

One of the commonly used devices for in-situ measurement of hydraulic conductivity is the 

Tension Disc Infiltrometer (Vandervaere et al., 1997). The testing setup is compact and relatively 

easy to assemble and conduct the test in the field. Due to the mechanical limitations of the disk 

size, small area is measured by this method and the sampled depth is relatively shallow. It is mainly 

used for measuring the hydraulic properties of the surface layer of soil. As shown in Fig. 6-1, 

infiltration from the Tension Disc Infiltrometer is three-dimensional. Because the steady-state 
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infiltration rate is attained more rapidly in three-dimensional compared with one-dimensional, 

flow measurements can be completed relatively quickly. Unlike some other devices which only 

measure flow under ponded or saturated conditions (like double ring permeameter), the Tension 

Disc Infiltrometer is capable of measuring the unsaturated hydraulic conductivity of the soil. 

Unsaturated hydraulic conductivity better represents the in situ soil properties in soils with 

connected macropores where preferential flow dominates. Lekamalage (2003) explored the tension 

and double ring infiltrometers for estimation of soil hydraulic properties in sloping landscapes. He 

measured water infiltration from a DRI and a tension infiltrometer at water pressures between -2.2 

and -0.3 kPa in a cultivated field with 0, 7, 15, and 20% slopes at Laura and under three land use 

(native grass, brome grass and cultivated) at St. Denis in Saskatchewan, Canada. He concluded 

that both tension and double-ring infiltrometers are suitable for characterization of saturated and 

near-saturated surface soil hydraulic properties in landscapes up to 20% slope. 

To measure the unsaturated hydraulic conductivity, negative potential (tension) should be exerted 

on the soil surface. This excludes macropores from the flow process, hence only measuring flow 

in the soil matrix. 

 

 

 

Figure 6-1: Three-dimensional water flow from the Tension Disc Infiltrometer (Fatehnia et al, 

2014a). 
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The main parts in a Tension Disc Infiltrometer are a nylon mesh supply membrane, a water 

reservoir, and a bubbling tower. The bubbling tower is connected to the reservoir. Since it is a 

closed system, water can only flow out of the disk and infiltrate in the soil when air enters into the 

reservoir via the bubbling tower. Pressure is controlled by the height of water in the bubbling tube. 

It creates a tension of −ℎ  in the disc. The soil has to suck the water out at a potential of ℎ  

(Clothier and White, 1981).  

The potential of soil pore water may be expressed as an energy per unit weight, a head potential 

(i.e., /  = . /  =  ). Use of the term suction head generally refers to pore water 

potential in units of head. Total soil suction quantifies the thermodynamic potential of soil pore 

water relative to a reference potential of free water. The physical and physiochemical mechanisms 

responsible for total soil suction (capillary effects, short-range adsorption effects, and osmotic 

effects) are those that decrease the potential of the pore water relative to reference state (Lu and 

William, 2004). 

The negative applied potential in Mini Disk Infiltrometer test does not let the large pores (pores 

with the effective pore radii  greater than the equivalent pore radii of the applied potential ℎ ) 

receive water from the permeameter. The equivalent pore radii can be predicted from the capillary 

rise equation: 

 = .−ℎ  (1) 

 

where re is the radius of the capillary and ℎ  is the applied potential (in mm). Exclusion of 

macropores and cracks facilitates the characterizing of the macropores in situ by analyzing the 

difference between saturated and unsaturated infiltration (Wilson and Luxmoore, 1988; Lin et al., 

1998; Minasny and George, 1999). 

For this study, the Mini Disk Infiltrometer was used in the lab to measure the infiltration properties 

of poorly graded sand. The Mini Disk Infiltrometer has an adjustable suction ranging from 0.5 to 

7 cm. Three sets of tests were conducted to measure the infiltration rates of the soil. In each test, 

three suction rates of 1, 2, and 3 cm were used and the hydraulic conductivity properties of the 

material were calculated from the infiltration rates using eight different methods. Six of the applied 

methods estimated the unsaturated hydraulic conductivity for suction rate of 2 cm and two of the 
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methods estimated the saturated hydraulic conductivity of the soil. The saturated hydraulic 

conductivity of the soil was also found using falling head permeability test. The measured � value 

from the falling head test was considered as the reliable estimate for comparison purpose. 

 

6.2 Theory 

In order to find the infiltration rate of the soil, volume of water should be recorded at regular time 

intervals as the water infiltrates. In one-dimensional water flow (such as the Double Ring 

Infiltrometer), the rate of infiltration at large times can be taken approximately as hydraulic 

conductivity. But for three-dimensional infiltration from a Tension Disk Infiltrometer, a formula 

is needed to take into account the absorption of water laterally. The soil hydraulic properties are 

usually calculated from infiltration rates at steady-state, which are calculated from the drop in 

water level in the water-supply reservoir. However, there are some methods that use the transient 

infiltration data for calculating the hydraulic conductivity of the soil (Zhang, 1998). A number of 

methods were available for determining soil hydraulic conductivity from infiltration data. Eight of 

the mostly used methods were employed in this study and the accuracy of each method was 

evaluated. 

6.2.1 Wooding-Gardner Method 

Based on properties of three-directional axisymmetric infiltration, Wooding (1968) found that the 

steady-state flux, Q (L T− ), from a shallow circular pond of radius, r ( ), at a supply tension, h 

( ) can be approximately given by: 

 

ℎ = ℎ[ + � / ] (2) 

 

where λc = /α is the macroscopic capillary length (L), and K  is the hydraulic conductivity as a 

function of soil water potential h. The first term of the equation accounts for the vertical flow 

beneath the disc due to gravitational flow (as in one-dimensional infiltration) and the second term 

takes into account the capillary absorption. K  is given by Gardner's (1958) exponential hydraulic conductivity function: 
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ℎ = �ℎ  (3) 

 

where Ks is the saturated hydraulic conductivity (L T− ). Combining the Wooding’s and Gardner’s 

equations, saturated hydraulic conductivity can be found using the following equation: 

ℎ = �  �ℎ ( + �) (4) 

 

where Q  is the steady-state flow rate (L T−  under a given supply potential h ( ). Because the 

only unknowns in this equation are KS and α, they can be solved by making measurements with a 

fixed disk radius at multiple supply potentials or at a fixed potential with disks having variable 

radii (Wang et al., 1998). 

However, the restrictive assumptions underlying Wooding's solution, i.e. homogeneous and 

isotropic soil with a uniform initial moisture content, may lead to unrealistic results including 

negative values of K (Hussen and Warrick, 1993; Vandervaere et al., 1997). 

6.2.2 Weir’s Refinement Method 

For water flow from a small surface source such as a small tension infiltrometer disk, Weir (1987) 

found that Wooding’s approximate solution was inaccurate. If we normalize the flow rate Q  and 

the infiltrometer disk radius r into the following dimensionless forms: 

 ∗ = �� �ℎ ℎ (5) 

∗ = �  (6) 

 

Wooding’s relationship can be simplified to: 

 ∗ = + ∗ (7) 

 

For r∗ < . , Weir (1987) found that the equation 7 was no longer accurate and provided the 

following alternative approximation for Q∗: 
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∗ = � ∗∗ � ∗ ∗ + ∗ � ∗ ∗ − . ∗  (8) 

 

The empirical fitting parameter (α) should be generic to both the Wooding’s and Weirs’s solutions 

and may be found by measuring the steady-state flow rate at two different supply potentials (such 

as h  and  h ) for the same disk radius and solving equations 4 or 5 to obtain: 

 � =  [ ℎ / ℎ ]ℎ − ℎ  (9) 

 

The saturated hydraulic conductivity, however, will be found by substituting α into the Weir’s 

equation to obtain: 

 

� = �  −�ℎ ℎ∗  (10) 

 

Based on Weirs’s method, to use Wooding’s solution without the necessity of correcting for small 

disk sizes (r∗ < . ), the minimum disk radius (r  should be 100 cm for clay and 5.52 cm for 

sand. It would be very impractical to construct and use an infiltrometer with a disk diameter of 2 m 

(Wang et al., 1998). 

6.2.3 White Method 

White and Sully (1987) showed that the value of α in Gardner's (1958) exponential hydraulic 

conductivity function may be calculated from: 

 � = ℎ − ℎ −ℎ  (11) 

 

where S  is the sorptivity (L T−  at the supply potential. θ  and K  are the water content (L L− ) 

and hydraulic conductivity (L T− ) at the supply potential, θ  and K  are the initial water content 
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(L L− ) and hydraulic conductivity (L T− ), and b is a shape factor that may vary from 0.5 to π/  

but averages about 0.55.  

White et al. (1992) by combining Wooding's equation with equation 11 and assuming that K  is 

unimportant obtained the following equation: 

ℎ = − ℎℎ −  (12) 

 

where Q is measured at steady state, and S  can be obtained from short-time data. To measure θ  

in the field, samples just under the infiltrometer must be taken at the end of the measurement 

immediately after the infiltrometer is removed. To ensure that the samples represent θ , the 

samples must be taken from a thin layer of soil at the surface (Evett et al., 1999). 

6.2.4 Simunek-Wooding Method 

Simunek et al. (1998) assumed that the parameter α in Gardner’s exponential model is constant 

over the interval between two adjacent supply potentials which helps finding the hydraulic 

conductivity in the middle of the interval between two successively applied potentials. 

 

� = +ℎ + − ℎ     � = ,… , −  (13) 

 

where the subscript  indicates the estimation of α in the middle of two adjacent supply potentials: h  and h + . The average steady state infiltration rate is: 

 = √ + × +     � = , , … , −  (14) 

 

and the unsaturated hydraulic conductivity is then calculated as (Minasny, 1999): 

 = + �  
(15) 
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6.2.5 Ankeny Method 

Ankeny et al. (1991) described the multiple heads methods for obtaining the unsaturated hydraulic 

conductivity using two successively applied pressure heads. The approach assumes that the 

sorptive number α in Gardner equation is constant over the interval between two adjacent supply 

pressure heads such that: 

 

� / = ℎ − ℎ  
(16) 

 

where Q  and Q  (  − ) are the steady-state fluxes at h  and h  (  − ) respectively, and the 

notation /  denotes the estimated value of α at the midpoint between successive supply pressure 

heads.  

Two values of K(h) can be obtained by using the value of α / : = + � /  
(17) 

= + � /  
(18) 

 

here, K  and K  are the hydraulic conductivity values corresponding to h  and h . The 

measurements in the plots should be made as an ascending sequence of supply pressure heads so 

that h > h   and consequently Q > Q . 

The main drawback of the method is the requirement of steady state fluxes, which may take hours 

to obtain in a field experiment (Ankeny et al., 1991; Gabriele and Nicola, 2004). 

6.2.6 Zhang Method 

The proposed procedures by Zhang (1998) do not require steady-state infiltration rates but 

infiltration data at any time. Therefore, the time required for field infiltrometer experiments can 

be dramatically reduced. The development of the methods is based on modification of the Ankeny 

et al. (1991) procedure. 
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= + . − .� . − .  [− . �− ] (19) 

= + . − .� . − .  [− . �− ] (20) 

 

In the expressions of  and , the initial and final water contents at h  and h  are taken into 

account (θ), arbitrary infiltration times for Q  and Q  (t  and t ) are used, and K , K , and λ are 

unknowns. A modified method is obtained in the matrix form: 

 

[ . �ℎ . �ℎ − ] [ � ] = [ ] (21) 

 

where Q  (  − ) is the measured flux at infiltration time t  for the supply pressure h  and Q  

(  − ) is the measured flux at infiltration time t  for the supply pressure h . The system of 

equations (Matrixes) are nonlinear because the coefficients are functions of the unknowns K , K , 

and λ (Zhang, 1998). 

6.2.7 The Second Method of Zhang 

The second method of Zhang is based on the infiltration model of the disk infiltrometer proposed 

by Zhang (1997b): 

 = .  +   (22) 

 

where I is the cumulative infiltration (L), t is the time (T), and C  (  −
) and C2 (  − ) are 

parameters. Taking the derivative of the cumulative infiltration model with time yields the 

expression of infiltration rate: 

 � =  .  − .  +   (23) 

 

Assuming the steady-state infiltration rate is  =  C , we have: 
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= = �� = + . −
 (24) 

 

For the supply pressure heads h1 and h2, the correction factors f1 and f2 are in the forms of: 

 = = + . −
 (25) 

= = + . −
 (26) 

 

The coefficients C  and C  are obtained through fitting Zhang equation (1997b) to cumulative 

infiltration data from 0 to t  of the infiltrometer with the supply pressure h . Similarly the 

coefficients C  and C  are obtained through fitting the same equation to cumulative infiltration 

data from 0 to t  of the infiltrometer with the supply pressure h . Similar to the first method of 

Zhang, t  and t  in this method can be any selected infiltration times. Since f  and f  are known 

constants for any specified time, we have a simple solution to determine the macroscopic capillary 

length and hydraulic conductivities from transient infiltration data as (Zhang, 1998): 

 � = �ℎ +−  (27) 

= /+ �  (28) 

= /+ �  (29) 

 

6.2.8 van-Genuchten Zhang Method 

Zhang (1997a) proposed a quite simple method that works well for measurements of hydraulic 

conductivity from the data of infiltration into dry soil. The method requires measuring cumulative 

infiltration vs. time and fitting the results with the equation 22 where C  (L T− . ) and C  (L T− ) 
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are parameters. C  is the soil sorptivity, and C  is related to hydraulic conductivity. The hydraulic 

conductivity of the soil (k) is then computed from: 

 =  (30) 

 

where C  can be found by fitting a second-order polynomial to the data for the cumulative 

infiltration vs. the square root of time, and A is a value relating the van Genuchten parameters for 

a given soil type to the suction rate and radius of the infiltrometer disk. A is computed from: 

 = . . − [ . − . �ℎ]� .    .  

 = . . −  [ . − . �ℎ]� .      < .  

(31) 

 

where n and α are the van Genuchten parameters for the soil, r is the disk radius, and h is the 

suction at the disk surface. The van Genuchten parameters for different texture classes can be 

obtained from Carsel and Parrish (1988). 

 

6.3 Materials and methods 

The Mini Disk Infiltrometer with the disk radius of 1.55 cm was used to measure the hydraulic 

conductivity of the medium it is placed upon. The infiltrometer has an adjustable suction ranging 

from 0.5 to 7 cm that enables us to get additional information about the soil by eliminating 

macropores with an air entry value smaller than the suction of the infiltrometer. The Mini Disk 

Infiltrometer apparatus was used in the lab (Fig. 6-2) to run the test for suction rates of 1, 2, and 3 

cm. Three sets of tests were performed for each suction rate and the respective hydraulic 

conductivities were measured applying 8 different methods. 
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For each suction rate, water content immediately before and after each test was measured and 

change of water level in reservoir that is scaled to the mL of volume of water was recorded every 

15 seconds. Infiltration rates at the end of each test was considered as the steady-state infiltration 

rate and used to find hydraulic conductivity values using the proposed methods. For deriving 

infiltration rates in this study, steady state rates were obtained from the linear regression of the 

measured cumulative infiltration rates at medium or large times.  

The unsaturated hydraulic conductivity values were calculated for suction rates of 2 cm. Because 

the Simunek-Wooding method can estimate the unsaturated hydraulic conductivity at a suction 

rate between two tested rates, testing was also performed for suction rates of 1 and 3 cm. This way, 

we could estimate the unsaturated hydraulic conductivity of the soil material using Simunek-

Wooding method at 2 cm suction rate (Simunek et al., 1998).  

Using Wooding-Gardner method (Wang et al., 1998), Weir’s refinement method (Wang et al., 

1998), Ankeny method (Ankeny et al., 1991), and the second method of Zhang (Zhang, 1998) to 

predict the hydraulic conductivity requires the information of the infiltration rates for 2 different 

Figure 6-2: Mini Disk Infiltrometer used for infiltration measurements (Fatehnia et al, 2014a). 
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suction values considering the disk size to be fixed. As the disk size was not changing in this study, 

negative pressure rates of 1 and 2 cm were used to measure the hydraulic conductivity.  

White method (White et al., 1992) requires the water content values of the soil beneath the disk 

immediately before and after the test and also the sorptivity value (S) for calculation of hydraulic 

conductivity. Having this information, hydraulic conductivity at a specific suction value can be 

measured by doing only one measurement of infiltration rate. The measurements were done for 

the suction rate of 2 cm and the required water contents were recorded for that measurement. The 

common method of measuring sorptivity is from determining the slope of linear regression of 

cumulative infiltration as a function of square root of time. Because this method of calculating S 

is only valid when the infiltration process is one dimensional and flow is capillary-driven, modified 

“Horton” model was used for sorptivity measurement (Jacques, et al., 2002).The Zhang method 

(Zhang, 1998) requires initial and final water contents together with infiltration rates for two 

successive suction values. The measurements were done for suction values of 1 and 2 cm. Finally, 

van Genuchten-Zhang method can predict the unsaturated hydraulic conductivity from one 

infiltration measurement if the van Genuchten parameters of the soil material are known. 

Infiltration information for 2 cm suction rate was used for hydraulic conductivity calculations from 

this method. 

As mentioned before, three measurements of infiltration rate using Mini Disk Infiltrometer was 

conducted for each suction rate and the calculation of hydraulic conductivity by each method was 

completed in order to have better estimation of the performance of different methods in predicting 

the hydraulic conductivity of the soil. 

The falling head permeability technic was also adopted five times to determine the saturated 

vertical hydraulic conductivity of the soil material. Equation 33 represents the application of 

Darcy's equation to analysis of a falling-head permeability problem, as described by Das (2010). 

This test was performed to have a reliable estimate of the saturated hydraulic conductivity for 

comparison with other implied technics. 

 

� = × ∆ ×  (32) 

 

http://www.geotechdata.info/parameter/permeability.html
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a and A are inlet water valve and specimen cross sectional areas respectively (L ), L is height of 

the specimen (L), and ∆t is the time needed for the total head to drop from clearly marked 

graduations H  to H . 

To define the texture of the soil material used in the experiments, Sieve analysis and Hydrometer 

tests were conducted. The grain-size distribution curve of the soil material is shown in Fig. 6-3. 

The uniformity coefficient and coefficient of gradation of the soil material can be measured from 

the grain-size distribution curve to be 2.85 and 1.27 respectively. The soil type was classified as 

SP (Poorly graded Sand) based on Unified Soil Classification system and was considered as A-3 

soil type due to AASHTO Soil Classification system. 

 

 

 

6.4 Results and discussion 

Initial and final water contents of the soil immediately below the disk was recorded for each test. 

This information was needed for hydraulic conductivity measurements using Zhang method 

(Zhang, 1998), and White method (White and Sully, 1987). The water content values of the first 

set of the tests are shown in Table 6-1. 
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Figure 6-3: Particle size distribution curve of the soil. 
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Suction rate 

of 1 cm 

Suction rate 

of 2 cm 

Suction rate 

of 3 cm 

Initial water content: 0.14% 0.14% 0.14% 

Final water content: 18.67% 18.80% 19.68% 

 

Volume of water should be recorded at regular time intervals as the water infiltrates. The selection 

of time interval depends on both the suction rate and the soil type. For this study, the volume of 

water was recorded every 15 seconds. The results of the first set of the infiltration tests using Mini 

Disk Infiltrometer are shown in Table 6-2. The results shown in this table include the timely 

changes in volume of the water in reservoir for three suction rates of 1, 2, and 3 cm measured for 

hydraulic conductivity calculations. As we can see from the table, for all suction rates, infiltration 

rate dropped with time. 

 

Suction rate of 1 cm Suction rate of 2 cm Suction rate of 3 cm 

Elapsed 

Time (sec) 

Volume 

(mL) 

Elapsed 

Time (sec) 

Volume 

(mL) 

Elapsed 

Time (sec) 

Volume 

(mL) 

0 87 0 91 0 87 

15 78.5 15 76 15 78 

30 70 30 65 30 71 

45 62 45 56 45 64 

60 54.5 60 48 60 57 

75 47 75 40 75 51 

90 39.5 90 33 90 44 

105 32 105 26.5 105 38 

120 24.5 120 20 120 32 

135 17 135 14 135 26 

150 9.5 150 8 150 20 

165 2 165 2 165 14 

    180 8 

    195 2 

 

Drawing the cumulative infiltration versus the square root of time was needed for the hydraulic 

conductivity measurements using van Genuchten-Zhang method. This graph for the second set of 

tests is illustrated in Fig. 6-4. We can observe from the figure that total infiltration at each time 

decreases by reduction in the applied suction rate (higher negative pressures). 

Table 6-1: Initial and final water contents of the first set of the tests. 

Table 6-2: Reservoir’s volumetric water changes of the first set of the tests. 
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Falling head permeability test was performed 5 times and the average hydraulic conductivity value 

derived from 5 tests was considered as the reliable hydraulic conductivity of the soil to be 1.10E-

03 cm/sec. The calculated values and average measured hydraulic conductivities of the methods 

are shown in Table 6-3. 

 

Method 
K(-2) measurements 

(cm/sec) 

Average K(-2) 

(cm/sec) 

Method 1: White Method 1.14E-02 6.45E-03 1.03E-02 9.35E-03 

Method 2: Zhang Method 2.98E-03 4.40E-03 6.06E-03 4.48E-03 

Method 3: Ankeny Method 3.30E-03 4.72E-03 6.26E-03 4.76E-03 

Method 4: van Genuchten-Zhang Method 3.35E-03 4.59E-03 6.07E-03 4.67E-03 

Method 5: 2nd Method of Zhang 1.37E-03 2.54E-03 4.70E-03 2.87E-03 

Method 6: Simunek-Wooding Method 6.50E-04 7.14E-04 1.33E-03 8.98E-03 

 �� measurements (cm/sec) Average �� (cm/sec) 

Method 7: Gardner-Wooding Method 6.36E-03 5.04E-03 3.21E-03 4.87E-03 

Method 8: Weir Method 6.78E-03 4.85E-03 2.20E-03 4.61E-03 

Falling Head Technique 
5.40E-04 8.50E-04 9.50E-04 

1.10E-03 
1.65E-03 1.51E-03  
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Figure 6-4: Cumulative infiltration with square root of time for second set of tests. 

Table 6-3: Estimated hydraulic conductivities. 
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We can see in table 6-3 that Gardner-Wooding and Weir methods estimated the saturated hydraulic 

conductivity from the infiltration rate derived from Mini Disk Infiltrometer and the other six 

proposed methods estimated the unsaturated hydraulic conductivity of the soil. As we were not 

dealing with intact soil samples in the lab, there were not considerable cracks in the soil media. 

Because of that, it was assumed that the unsaturated hydraulic conductivity at 2 cm suction rate 

was an acceptable approximation of the KS value. This way, the accuracy of each method could 

be measured by comparing its respective KS estimation with the falling head KS measurement. The 

box plots shown in Fig. 6-5 better represent the range of the hydraulic conductivity measurements 

by each method. 

The average measured saturated hydraulic conductivities of the applied methods are shown in Fig. 

6-6. As shown in the box plots of Fig. 5 and in the bar chart of Fig. 6, Simunek-Wooding method 

estimated the most precise hydraulic conductivity value based on Falling head technique 

measurements. All other methods overestimated the hydraulic conductivity of the soil. Zhang, 

Ankeny, van Genuchten-Zhang, and Gardner-Wooding methods made similar estimation for 

hydraulic conductivity and the least precise hydraulic conductivity estimation was done by White 

method. The inaccuracy of the White method to estimate the hydraulic conductivity can be 

attributed to the sorptivity parameter approximation. As the hydraulic conductivity estimation of 

White method is highly dependent on sorptivity, accurate measurement of sorptivity is needed to 

make more precise estimations of K. 
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Figure 6-5: Box plots showing spread of hydraulic conductivity measurements. 
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The approximation error in K estimations was considered as the discrepancy between average 

Falling head K value and K values obtained from each method. The Root Mean Square Error 

(RMSE) of the applied methods was measured based on the average KS value of the falling head 

tests. The measured RMSE values are brought in Table 6-4 and illustrated in the bar chart of Fig. 

6-7. 

 

Method RMSE 

Method 1:   White 8.55E-03 

Method 2:   Zhang-Ankeny 4.65E-03 

Method 3:   Ankeny 4.91E-03 

Method 4:   van Genuchten-Zhang 4.80E-03 

Method 5:   2nd Method of Zhang 3.18E-03 

Method 6:   Simunek-Wooding 9.49E-04 

Method 7:   Gardner-Wooding 5.04E-03 

Method 8:   Weir 4.98E-03 
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Figure 6-6: Comparison of the average hydraulic conductivity measurements of the performed 

methods. 

Table 6-4: RMSE of the employed methods. 
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CHAPTER SEVEN 

AUTOMATING DRI WITH ARDUINO MICROCONTROLLER 

In this paper, we describe the designed and tested system of automated double ring Infiltrometer 

(DRI) that we have developed using Arduino microcontroller, Hall effect sensor, peristaltic pump, 

water level sensor, and constant-level float valve. Overall system architecture, and the design of 

hardware and software components are presented in details. The precise measurements of the 

current method compared to previous designed set-ups is not affected by sunlight, and due to the 

method of flow measurement, remains accurate even for low infiltration values. The set-up has 

easier real-time data storage on a micro-SD card without a need of a portable computer in the field. 

The method can also be used for both single ring falling head and double ring constant head DRI. 

It only requires a single reservoir for both inner and outer rings to which, water can be added 

anytime needed without affecting the measurements. The system configuration is illustrated for 

better understanding of the set-up. The system is mounted in a portable and weather resistant box 

and is applied to run DRI testing in the field to check the applicability and accuracy of the portable 

set-up in field measurements. Results of the DRI testing using the automated system are presented. 

Sieve analysis was also conducted on the test site material to define the grain size distribution 

curve and the soil classification based on the unified system. 

 

7.1 Introduction 

Ring infiltrometers are among common test methods for in-situ measurement of the soil infiltration 

rate. They can be conducted in two different configuration of single and double ring infiltrometer, 

with preference usually lying with the double ring. Use of outer ring in DRI helps in reduction of 

the errors that may result from lateral flow in the soil. DRI test described by ASTM D3385 consists 

of an open inner and outer cylinders that should be manually inserted into the ground and be 

partially filled with a constant head of water. The infiltration rate is calculated by measuring the 

volume of liquid added to the inner ring to keep the liquid level constant (ASTM 2009). Some 

efforts have been previously done to automate the process of the ring infiltrometer test in order to 

reduce the time-consuming and cumbersome procedure of the experiment. Initial attempts of 

reducing the tedious process of the test involved using hook gauges or nail points at fixed heights 
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for water level measurements or applying rain-gauge type recorders for measurement purpose in 

the water supply tank (Matula and Dirksen, 1989). 

One of the earliest automations of the DRI test was performed by Constantz and Murphy (1987) 

who developed an automated Mariotte reservoir that enabled automatic recording of water flow 

for constant head DRI test. Their method utilized a single pressure transducer for determination of 

the infiltration rate by logging the gas pressure changes within a Mariotte reservoir during water 

outflow. Infiltration rates versus time were recorded in a data logger by converting the gas pressure 

readings into water height. Their infiltrometer was far being automated as their method required 

manual water level control in both inner and outer rings. The set-up of Constantz and Murphy was 

later modified by Ankeny et al. (1988) for use as a “tension infiltrometer” which, similar to DRI, 

can be used to measure the saturated hydraulic conductivity of the soils (Fatehnia et al., 2014a). 

In 1989, Matula and Dirksen developed a system for constant head DRI test that regulated water 

applications to ring infiltrometers within ± 1 mL. Their double ring infiltrometer required separate 

water containers for inner and outer rings and composed of a water level sensing device, a water 

supply device, and a time registration with an electronic stopwatch. The water level in the outer 

ring was regulated adequately with a carburetor float and the water level in the inner ring was 

controlled through an arrangement of a float and photosensitive transistor working with a LED. In 

their system, recording the times of the water application events could be either manually or 

automatically but the automatic method was costly. Therefore, even though their set-up was 

complicated, it was only semi-automatic and the infiltration measurement could not be fully 

automated. The other shortcoming of the system was only sensing the lowest water level while the 

highest water level depended on the volume of water that was delivered by the water supply device. 

This could affect the constant head method results by varying the water height each time (Matula 

and Dirksen, 1989). 

The automated constant head and self-regulating single ring infiltrometer set-up described by 

Prieksat et al. (1992) was based on the work of Constantz and Murphy (1987) and Ankeny et al. 

(1988). The set-up composed of a 102 mm diameter single ring, a Mariotte reservoir, a valved 

base, a containment ring, a tripod, two pressure transducers, and a data-logger. Their set-up used 

pressure transducers for determining water flow out of Mariotte reservoir, adopted data-logger for 

recording the data, and used a bubble tube to regulate the height of water ponded above the soil to 

±1 mm. The height of the ponded water could be adjusted from 0.5 to 1.0 cm. To improve the 
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precision of water flow measurement, flow rates were calculated from changes in water height in 

a Mariotte reservoir with time using the difference in pressure between two pressure transducers, 

one at the top of the Mariotte reservoir and one at the base (Ankeny et al., 1988). Rapid setup and 

movement in the field was the biggest advantage of the device but the set-up was only automated 

for a single ring. If a containment ring was to be used as the outer ring for performing the double 

ring infiltrometer test, it had to be manually controlled. On the other side, although the authors 

stated the possibility of increasing the size of the water reservoir, that may not happen without 

changing the whole configuration.  

Maheshwari (1996) developed an automated control of the water supply and level in the inner and 

outer rings that eliminated Mariotte tubes for constant-head DRI tests. His set-up included using a 

computer-controlled combination of water-level sensors, a capacitance type water-depth sensors, 

and solenoids to maintain a near-constant head in the rings. A laptop computer was required to 

control the valves, collect data from the sensor, and analyze the infiltration data. The level sensor, 

by sending a signal to the computer, allowed the solenoid to pass water from the tank into the ring 

whenever the water level in a ring dropped below 5 mm from a pre-set value. When the level 

reached the pre-set value in the ring, the water flow stopped by solenoid valve as it received a 

signal from the level sensor via the computer. Finally, by using a depth sensor, change of water 

depth in the storage tank was measured with time to calculate the volume of flow from the storage 

tank into the inner ring. The data were transmitted to a laptop computer and using the software 

written in BASIC by the authors, the data were analyzed and the results were plotted on screen. 

Hofmann et al. (2000) developed an automated constant water supply-head prototype DRI for 

measuring saturated hydraulic conductivity. The infiltrometer consisted of an inner and outer rings, 

magnetic-reed switch-float sensors, solenoid valves, data logger, and water-supply tanks. The 

depth of water-supply head was maintained by two magnetic-reed switch-float sensors. When the 

water-supply-head level reached a minimum height, one of the float sensors sent a pulse signal to 

a data-logger that opened an electronic solenoid valve, allowing water from the supply tank to flow 

by gravity into the confining infiltrometer ring. Once the water-supply head reached a preset 

maximum depth, the other float sensor sent a pulse to the data logger that closed the solenoid valve. 

Ten seconds after shut off of the solenoid valve, the data-logger read and recorded the pressure 

transducer output along with the corresponding time to calculate infiltration rates.  
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The water level distance measurement sensor system utilized by Milla and Kish (2006) could be 

used for both falling and constant head DRI tests and included an infrared distance-measuring 

sensor and microcontroller that could be programmed to collect water level measurements at 

various time intervals. Their system could be mounted on either single- or double-ring 

infiltrometers of any size or on the Mariotte reservoir. A microcontroller assembly mounted on a 

carrier board was interfaced with the sensors used for infiltration measurements. Sensor 

measurements and a time stamp were stored to EEPROM and transferred to a desk or laptop 

computer following fieldwork. The drop in water height during an infiltration measurement was 

determined by an infrared distance measuring sensor. For the falling head DRI measurements, the 

sensor was placed directly over the infiltration ring together with a Styrofoam float covered with 

white plastic laminate placed on the water surface as a reflecting surface and for constant head 

DRI tests, the sensor could be placed in the Mariotte siphon that supplied the inner ring of the 

infiltrometer. Another Mariotte siphon was used to maintain a constant head in the outer ring. 

Although the system was cheap and easy to set up and move to test positions, direct sunlight could 

swamp the sensor signal which required the measurements to be made with a protective shade. 

Lazarovitch et al. (2007) constructed a simple semiautomatic constant head single ring 

infiltrometer set-up for in situ estimation of the soil hydraulic conductivity. In their set-up, by 

using an electrode set, a shallow water depth was maintained within a 1 to 2 mm range over the 

soil surface. The flow through low-pressure two-way electric solenoid was measured via 

continuous weighing of a water reservoir using a suspended s-type load cell and was monitored 

and controlled by a laptop computer, which also automatically calculated the soil hydraulic 

properties from collected data. When the flow reached steady state, measurements were 

terminated. The most important benefit of their system was that it was mobile and able to be 

powered from a car battery. But the weakness was the limit on the water container weight which 

could prohibit the set-up to be used in coarse soils that require high volume of water. 

Arriaga et al. (2010) developed a simple DRI for automated data collection under falling head 

conditions by applying a small pressure transducer. In their design, a hose was passed through the 

rings with one end led into the inside of the inner-ring and the opposite end to the outside of the 

outer-ring. The pressure transducer was placed at the outside end of the hose and was connected 

to the data-logger via a terminal board. Their system, although being simple in the application, 

was not fully automated and although data were collected automatically, but the operator had to 
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concentrate on maintaining the water levels similar in both inner and outer rings. He also needed 

to refill them as necessary (Arriaga et al., 2010). 

The most recent efforts for automating DRI test was done by Ong et al. (2012) using an inexpensive 

combination of pressure transducers, a microcontroller, and open-source electronics, revised the 

work of Maheshwari (1996) and created a system that could be used for both constant and falling 

head systems. Their system removed the need for Mariotte tubes and automated the water delivery 

and data recording for both constant- and falling-head infiltration tests. Their system also gave the 

user the option of choosing DRI water supply system that could utilize either a pressurized water 

system, pump, or gravity fed. An LCD screen enabled user interface and observation of data for 

quality analysis while doing the test. 

 

7.2 Description of Apparatus 

In this research, we developed a low cost automated DRI using an Arduino microcontroller, Hall 

effect sensor, peristaltic pump, water level sensor, and constant-level float valve that can be used 

for both constant and falling head systems and does not have the shortcomings of older designs. 

Arduino is a widely used open-source single-board microcontroller development platform that has 

flexible, easy-to-use hardware and software components (Ferdoush and Li, 2014). In the current 

set-up, an Arduino is used for interfacing with sensors and as a data-logger. Although Arduino has 

been applied several times by hydrologists and environmentalists for interfacing with sensors 

(Hicks et al., 2012; Kruger et al., 2011; Queloz et al., 2013), its application in DRI automation is 

totally new (Ong et al., 2012). Various electrical and mechanical equipment applied in the current 

design are explained in this following section. 

7.2.1 ARDUINO 

In this set-up, interfacing with the water level sensor, Hall effect sensor, peristaltic pump, and also 

storing the water flow data in real-time on a micro-SD card was done via Arduino microcontroller. 

The Arduino is an open-source hardware platform designed around an 8-bit Atmel AVR 

microcontroller, or a 32-bit Atmel ARM with a clock speed of 16 MHz that has a USB interface, 

14 digital I/O pins (of which 6 can be used as PWM outputs), 6 analog inputs, a 16 MHz ceramic 

resonator, a power jack, an ICSP header, and a reset button that contains everything needed to 

http://en.wikipedia.org/wiki/Atmel
http://en.wikipedia.org/wiki/Atmel_AVR
http://en.wikipedia.org/wiki/AT91SAM
http://en.wikipedia.org/wiki/USB
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support the microcontroller. The microcontroller can be powered by a laptop with a USB cable or 

by an AC-to-DC adapter or 6-20 V battery. Arduino-compatible custom sensor expansion boards, 

known as shields, can be developed to directly plug into the standardized pin-headers of the 

Arduino board that enables it to connect to several sensors (Ferdoush and Li, 2014; Hut, 2013). 

The Arduino motor shield was stacked to the Arduino board in order to communicate with the 

peristaltic pump. The Adafruit motor shield has the TB6612 MOSFET driver with a current 

capacity of 1.2 A per channel and 3 A peak current. The motor shield was used to drive the 

peristalctic pump system. It has a fully-dedicated PWM driver chip onboard that handles all the 

motor and speed controls over I2C. 

An Arduino data-logging shield was also used to have real time record of the flow measured 

volume on a micro-SD card. This eliminated the need for using a laptop computer in the field while 

the data could be used later for retrieval and could be easily imported into conventional processing 

and plotting software like Excel. The applied Adafruit data-logging shield has a real time clock 

(RTC) with a battery backup that keeps the time even when the Arduino is not being supplied with 

power. It also has an on-board 3.3 v regulator that works as a reference voltage for the 

microcontroller and AD converters and at the same time, supplies power to activate the SD 

memory card. The Arduino Uno together with the stacked Motor shield and data-logging shield 

utilized in the current set-up are illustrated in Fig. 7-1. 

 

 

 

Figure 7-1: Arduino and stacked Motor shield and Data-logging shield. 

Arduino Microcontroller 

Data-Logging Shield 

Motor Shield 

https://learn.adafruit.com/adafruit-data-logger-shield/overview
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7.2.2 Peristaltic Pump 

To pump water from the reservoir into the inner ring, a peristaltic pump was used. Peristaltic pumps 

are kind of positive displacement pumps. They move fluid by using a set of rollers fixed to a motor 

shaft to force fluids through a flexible tube. This procedure allows precise “metering” of fluid flow 

through the pump. By counting the number of rotations of the pump roller system it is possible to 

determine a precise volume of water passing through the pump. In these pumps, the fluid is 

contained within a flexible tube fitted inside a circular pump casing. In the casing, a rotor with a 

number of rollers and shoes attached to the external circumference of the rotor compresses the 

flexible tube. By each turn of the rotor, the part of the tube under compression is pinched closed 

thus forces the fluid to be pumped to move through the tube (Latham, 1966). The pump provides 

highly accurate, metered volumes of fluid per cycle that is independent of the hydraulic head in 

the water supply. 

7.2.3 Hall effect Sensor 

Hall effect sensors can be used for proximity switching, positioning, speed detection, and current 

sensing applications. In order to measure the sequential pumped volume of the water that supplied 

the inner ring (that also represented the infiltration rate of the soil material), a Hall effect sensor 

was utilized. A Hall effect sensor is a transducer whose output voltage varies in response to a 

magnetic field (Ramsden, 2006). Fig. 7-2 shows the Hall effect sensor in series with a resistor, 

used for flow measurement purpose, attached to the backside of the peristaltic pump. In order to 

provide the magnetic field variations for Hall effect sensor performance, two small rare earth 

magnets were attached to the pump rotor with opposite poles. Readings of the Hall effect sensor 

was calibrated in the lab by measuring the corresponding volume of the water for each rotation of 

the pump rotor. 

 

http://en.wikipedia.org/wiki/Pump
http://en.wikipedia.org/wiki/Rotor_%28turbine%29
http://en.wikipedia.org/wiki/Hall_effect
http://en.wikipedia.org/wiki/Proximity
http://en.wikipedia.org/wiki/Transducer
http://en.wikipedia.org/wiki/Voltage
http://en.wikipedia.org/wiki/Magnetic_field
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7.2.4 Water level detector 

Water level detector was placed in the inner ring to detect the drop of water below a reference level 

resulting from the infiltration of water into the soil. Two different methods were employed for 

detecting the water level of the inner ring. The First method was to use a MOSFET transistor water 

level sensor as a switch to detect when to turn the pump on and off. The alternative method was to 

use eTape continuous water level sensor (MILONE Technologies). 

The MOSFET transistor water level sensor sent a high voltage to the Arduino whenever the end 

electrodes shown in Fig. 7-3 were in contact with the water. Voltage sending was low signal 

whenever the electrodes lost the conductivity of the water due to the water level drop. 

The eTape sensor shown in Fig. 7-3 was a solid state, continuous (multi-level) fluid level 

detector that could be applied for level measurement of water or any other non-corrosive water 

based liquids. Compression of the sensor's envelope due to hydrostatic pressure of the fluid caused 

a resistance change proportional to the distance from the top of the sensor to the fluid surface 

which let the sensor to provide a resistive output inversely proportional to the liquid level. 

 

Figure 7-2: Hall effect sensor attached to the peristaltic pump. 

Hall effect Sensor 

Peristaltic Pump 
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7.2.5 Constant level float valve 

The water level in the outer ring, as shown in Fig. 7-4, was controlled mechanically by using a 

constant level float valve. Since, during the experiment, there was no need to measure flow of 

water into the outer ring, the water needed for the outer ring could be supplied using the same 

elevated water container as the inner ring. 

 

 

 

Figure 7-3: Water level electrodes for MOSFET transistor and eTape sensor. 

Figure 7-4: Constant level float valve placed in the outer ring. 

eTape Water Level Sensor 

Inner Ring 

Outer Ring 

Float Valve 

Water Level Electrode 
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7.3 System construction and calibration 

Designed automated DRI set-up had 20 cm diameter inner ring and 40 cm diameter outer ring with 

50 cm heights. An elevated water container supplied the water needed for both rings. Although the 

container was only need to be elevated for the outside ring since the peristaltic pump would 

function even when the water in the container was below the pump level. A constant level float 

valve was placed at the height of 15 cm above the soil surface within the outer ring. This was used 

to keep the outer ring water level constant throughout the test. The water level sensor placed in the 

inner ring was connected to the Arduino Uno. In the case of continuous water level sensor, 

whenever the inner ring’s water level dropped below a present value of 9 cm, via Arduino message, 

the peristaltic pump that supplied water to the inner ring turned on and continued pumping until 

the water level reached to 10 cm height. In the MOSFET switch, the pump was continued working 

until the water level electrodes were in contact with the water. The applied RF-100 peristaltic pump 

had a maximum flow rate of 500 ml per min and worked with primary power source of 12 V or 

24 V brushless DC motor. For granular soils with high permeability that required more inflow rate 

of water, peristaltic pumps with higher flow rates could be used. 

Communicating of the Arduino with the pump was done via Adafruit motor shield that was stacked 

to the Arduino Uno. Two 12 V, 5 AH, rechargeable sealed lead acid batteries supplied the power 

needed for Arduino and the motor shield. The power required for the pump and water level sensor 

was supplied via the motor shield and Arduino, respectively. The diagram in Fig. 7-5 illustrates 

the connection arrangement of the pump, sensor, Arduino, and the batteries. 

In the continuous water level system, a 30 cm eTape sensor with a thickness of 0.381mm and 

width of 25.4 mm was placed in the inner ring. The sensor had an output range of 400-2000 , ref 

resistance of 2000 , and resistance gradient of 60/cm. The sensor resolution was 0.25 mm 

which resulted an accurate reading of water level changes. A simple voltage divider with 6800 

ohm reference resistor seated on a Breadboard was used to convert the output of the sensor into 

voltage, see Fig. 7-6. 
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Vout

Vcc

Rref = 6800Ω 
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eTape sensor 

reading point

--> To Arduino

 

Figure 7-5: Connection arrangement of the equipment. 

Figure 7-6: Voltage divider of the eTape sensor. 
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Compared to the eTape sensor, the MOSFET transistor sensor performance was not prone to 

drift due to temperature. Because of that, it could provide a more accurate measurement of a 

specific water level and since it was built by the authors, it had a cheaper final price. On the other 

hand, unlike the eTape continuous water level sensor, it could be only applied to run constant 

head DRI since it could only detect whether the electrode was in contact with water or not. The 

circuit applied to run the second system is depicted in Fig. 7-7. 

 

R = 1000 Ω 
Water Level 

Electrods

--> To Arduino

R = 1 MΩ 

5 V

Supply from Arduino

+

-

 

 

To measure number of rotations of the pump through digital pin of the Arduino with the help of 

Hall effect sensor, two small rare earth magnets attached to the pump rotor with opposite pole 

directions. The Hall effect sensor was attached to the backside of the Peristaltic pump at 5 mm 

distance from the magnets. The Hall effect sensor readings were calibrated in the lab to represent 

the cumulative volume of the water compared to the number of rotations of the pump rotor. The 

Adafruit Data-logging shield, which stacked to Arduino, enabled storing of the flow data on a 

micro-SD card. The information of the cumulative water flow and time was stored in real-time on 

a micro-SD card in standard column format. 

The Arduino code loaded to the Arduino board from computer and stored on it for later use of the 

system. The Arduino script can be seen in Appendix B. The set-up with continuous water level 

sensor could be also applied to run single ring infiltrometer with falling head method (using only 

Figure 7-7: MOSFET transistor circuit. 
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the inner ring). This could be done by simply adopting the code to turn on the pump after full 

seepage of water and turn it off when the required height was reached. The automation electronics 

including the portable weather resistant box, Arduino, Hall effect sensor, Peristaltic pump, and 

rechargeable batteries used for power supply of the Arduino and motor shield are illustrated in Fig. 

7-8. 

 

 

 

Besides the cost effective price of the proposed system, it has the following advantages compared 

to previous proposed automating systems: 

 Unlike some of the proposed systems, the current system does not require using a laptop 

computer in the field. In the current set-up, the digital data of the water flow are stored in 

a real-time on a micro-SD card in standard column format and can be used later for retrieval 

and easy import into conventional processing and plotting software like Excel. 

 The designed set-up can be used for both single ring falling head and double ring constant 

head DRI by simply adopting the Arduino coding for each method. 

Figure 7-8: Portable automated set-up. 
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 Since we measure the flow of water that passes through the pump, unlike other methods, a 

single reservoir can supply the water for both inner and outer rings.  

 Compared to the complication of adding additional water to Mariotte systems due to their 

requirement of being “sealed”, water can be easily added to the current system. 

 As the measurements of flow are done using the Hall effect sensor attached to the pump, 

adding water to the reservoir does not affect the calculations. To provide continuous supply 

of water to both rings, water can be added to the reservoir, whenever its level drops, without 

a need of correcting the measurements. 

 Using the Hall effect sensor and counting the number of pump rotations to measure the 

flow of water also has the benefit of constant measurements in different temperatures. 

Unlike some other methods that require precautions and calibrations for temperature or 

sunlight effect, measurements of this set-up is not a factor of temperature or barometric 

pressure. 

 Using Hall effect sensor also enables precise measurements of low infiltration values. Since 

any rotation of pump corresponds to specific volume of water, even small volumes can be 

detected and measured at high precision by the sensors. 

 

7.4 System testing and results 

Field experiment was required for calibration and accuracy analysis of the new set-up. For that 

purpose, a DRI field experiment with 20 cm inner and 40 cm outer ring diameter and ring depths 

of 10 cm was conducted at FSU Reservation area in Tallahassee, Florida.  

The test site had a gently sloping surface (2 - 4°). The test continued for 40 minutes. Nearly 

constant infiltration rate over the 40 – 60 min test run was produced by relatively high permeability 

of this soil. The value of the steady infiltration rate was measured afterwards using the recorded 

results of the flow to be . × −  m/sec. Graph of the cumulative infiltration rate versus time 

is plotted in Fig. 7-9. As depicted in this figure, graph of the results shows no irregularity in the 

infiltration from the pump response. 
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After the experiment, a soil sample of the field material was taken to the lab in order to define the 

grain-size distribution curve of the material. For this purpose, granulometric analysis was 

performed on the field soil sample based on ASTM D 422-02 (ASTM, 2007). The light brown 

sand of the test site could be described as well-sorted, fine to coarse sand (SW) based on Unified 

soil classification system. The grain-size distribution curve is illustrated in Fig. 7-10. 
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Figure 7-9: Cumulative infiltration rate versus time. 

Figure 7-10: Grain-size distribution curve of the field material. 
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CHAPTER EIGHT 

CONCLUSION 

A comprehensive study was done on the Double Ring Infiltrometer test in order to estimate the 

effects of initial test parameters on the steady state infiltration rate measurements. To accomplish 

the study, a research on the Mini Disk Infiltrometer test was needed. Also an automated DRI 

system was designed and tested. 

Initially, the effects of 5 effective parameters on measured steady infiltration rate was studied. To 

do that, 30 small scale lab DRI, 9 full scale field DRI, and several lab measurements were 

conducted. Also 864 Double Ring Infiltrometer tests were simulated in HYDRUS 2D finite 

element program. The simulation results were analyzed by applying the M5’ model trees (using 

Weka program) and genetic programing method (using MATLAB) on the data. Formulas were 

offered to estimate the saturated hydraulic conductivity of the sand to sandy-clay materials from 

the measured steady infiltration rate and initial test information (including the head of ponding, 

depth of rings in the soil, initial effective saturation of the soil, and soil type). In both methods, the 

formula was built using 70% of the data and evaluated using the rest. The formulas were also 

applied on 9 field DRI tests and the estimated hydraulic conductivities were compared with the 

values measured from falling head permeability tests. The correlation coefficients and the root 

mean square errors of each method were used for comparing the accuracy of the formulas. The 

formula offered by M5’ trees model, which utilized all assumed parameters in hydraulic 

conductivity estimation, had better performance with the correlation coefficient and the root mean 

square error values of 8.618E-01 and 2.823E-01, respectively. This method had also better 

performance compared to the GP method in estimating  values of the field experiments with 

RMSE of 3.06E-03. The measured errors certified the robustness and acceptable performance of 

the formula in measuring hydraulic conductivity while using DRI. 

In the second part of the research, a number of methods were used to derive the hydraulic 

conductivity of poorly graded sand by using Mini Disk Infiltrometer technique. Cumulative 

infiltration curves and initial and final water contents for different suction rates were derived three 

times by the lab tests. The information were used to measure the hydraulic conductivity values 

from the eight utilized methods. The hydraulic conductivity values were compared with the 

average measured Ks value from falling head test. The comparison revealed that Simunek-
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Wooding method and the White method estimated the most and the least precise hydraulic 

conductivity values with 9.49E-04 and 8.55E-03 RMSE values respectively. Rather than Simunek-

Wooding method, all other utilized methods overestimated the hydraulic conductivity of the 

material. The results of this study can help us decide which method to use when dealing with 

determination of the hydraulic conductivity of the poorly graded sands using Mini Disk 

Infiltrometer technique. 

At the end, an automated system of double ring infiltrometer was designed to automatically run 

the test and record the infiltration data on a micro-SD card. The system was mounted in a portable 

and weather resistant box that can be easily used in the field. The advantages of the developed 

system that works with Arduino microcontroller, Hall effect sensor, Peristaltic pump, water level 

sensor, and constant-level float valve in comparison with the other methods was described. Overall 

system architecture, and the design of hardware and software components were presented in 

details. To check the practicality of the proposed system, a field DRI was conducted using the 

automated system. Results of the filed DRI testing using the automated set-up and also laboratory 

sieve analysis experiment to define the soil classification were also presented. 
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APPENDIX A 

SIMULATION DATA USING HYDRUS 

Water 

Head in 

rings (cm) 

Ring 

Depth 

(cm) 

Inner 

Ring dia. 

(cm) 

Effective 

Saturation  
Landa (cm) 

Infiltration 

Rate 

(cm/sec) 

5.00E+00 5.00E+00 1.50E+01 1.79E-03 7.00E+00 1.43E-02 

5.00E+00 5.00E+00 1.50E+01 3.71E-02 7.00E+00 1.43E-02 

5.00E+00 5.00E+00 1.50E+01 8.07E-01 7.00E+00 1.39E-02 

5.00E+00 5.00E+00 1.50E+01 9.99E-01 7.00E+00 1.22E-02 

5.00E+00 5.00E+00 2.00E+01 1.79E-03 7.00E+00 1.31E-02 

5.00E+00 5.00E+00 2.00E+01 4.51E-01 7.00E+00 1.29E-02 

5.00E+00 5.00E+00 2.00E+01 8.07E-01 7.00E+00 1.27E-02 

5.00E+00 5.00E+00 2.00E+01 9.99E-01 7.00E+00 1.13E-02 

5.00E+00 5.00E+00 3.00E+01 1.79E-03 7.00E+00 1.18E-02 

5.00E+00 5.00E+00 3.00E+01 4.51E-01 7.00E+00 1.17E-02 

5.00E+00 5.00E+00 3.00E+01 8.07E-01 7.00E+00 1.16E-02 

5.00E+00 5.00E+00 3.00E+01 9.99E-01 7.00E+00 1.06E-02 

5.00E+00 5.00E+00 4.00E+01 1.79E-03 7.00E+00 1.09E-02 

5.00E+00 5.00E+00 4.00E+01 4.51E-01 7.00E+00 1.09E-02 

5.00E+00 5.00E+00 4.00E+01 8.07E-01 7.00E+00 1.08E-02 

5.00E+00 5.00E+00 4.00E+01 9.99E-01 7.00E+00 9.98E-03 

5.00E+00 5.00E+00 5.00E+01 1.79E-03 7.00E+00 1.04E-02 

5.00E+00 5.00E+00 5.00E+01 4.51E-01 7.00E+00 1.04E-02 

5.00E+00 5.00E+00 5.00E+01 8.07E-01 7.00E+00 1.03E-02 

5.00E+00 5.00E+00 5.00E+01 9.99E-01 7.00E+00 9.65E-03 

5.00E+00 5.00E+00 6.00E+01 1.79E-03 7.00E+00 1.01E-02 

5.00E+00 5.00E+00 6.00E+01 4.51E-01 7.00E+00 1.00E-02 

5.00E+00 5.00E+00 6.00E+01 8.07E-01 7.00E+00 9.95E-03 

5.00E+00 5.00E+00 6.00E+01 9.99E-01 7.00E+00 9.42E-03 

5.00E+00 1.00E+01 1.50E+01 1.79E-03 7.00E+00 1.23E-02 

5.00E+00 1.00E+01 1.50E+01 4.51E-01 7.00E+00 1.23E-02 

5.00E+00 1.00E+01 1.50E+01 8.07E-01 7.00E+00 1.22E-02 

5.00E+00 1.00E+01 1.50E+01 9.99E-01 7.00E+00 1.11E-02 

5.00E+00 1.00E+01 2.00E+01 1.79E-03 7.00E+00 1.16E-02 

5.00E+00 1.00E+01 2.00E+01 4.51E-01 7.00E+00 1.16E-02 

5.00E+00 1.00E+01 2.00E+01 8.07E-01 7.00E+00 1.15E-02 

5.00E+00 1.00E+01 2.00E+01 9.99E-01 7.00E+00 1.05E-02 

5.00E+00 1.00E+01 3.00E+01 1.79E-03 7.00E+00 1.11E-02 

5.00E+00 1.00E+01 3.00E+01 4.51E-01 7.00E+00 1.11E-02 

5.00E+00 1.00E+01 3.00E+01 8.07E-01 7.00E+00 1.10E-02 

5.00E+00 1.00E+01 3.00E+01 9.99E-01 7.00E+00 1.02E-02 

5.00E+00 1.00E+01 4.00E+01 1.79E-03 7.00E+00 1.06E-02 
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Water 

Head in 

rings (cm) 

Ring 

Depth 

(cm) 

Inner 

Ring dia. 

(cm) 

Effective 

Saturation  
Landa (cm) 

Infiltration 

Rate 

(cm/sec) 

5.00E+00 1.00E+01 4.00E+01 4.51E-01 7.00E+00 1.06E-02 

5.00E+00 1.00E+01 4.00E+01 8.07E-01 7.00E+00 1.05E-02 

5.00E+00 1.00E+01 4.00E+01 9.99E-01 7.00E+00 9.78E-03 

5.00E+00 1.00E+01 5.00E+01 1.79E-03 7.00E+00 1.02E-02 

5.00E+00 1.00E+01 5.00E+01 4.51E-01 7.00E+00 1.02E-02 

5.00E+00 1.00E+01 5.00E+01 8.07E-01 7.00E+00 1.01E-02 

5.00E+00 1.00E+01 5.00E+01 9.99E-01 7.00E+00 9.54E-03 

5.00E+00 1.00E+01 6.00E+01 3.56E-03 7.00E+00 9.92E-03 

5.00E+00 1.00E+01 6.00E+01 4.51E-01 7.00E+00 9.91E-03 

5.00E+00 1.00E+01 6.00E+01 8.07E-01 7.00E+00 9.85E-03 

5.00E+00 1.00E+01 6.00E+01 9.99E-01 7.00E+00 9.34E-03 

5.00E+00 1.50E+01 1.50E+01 1.79E-03 7.00E+00 1.13E-02 

5.00E+00 1.50E+01 1.50E+01 4.51E-01 7.00E+00 1.13E-02 

5.00E+00 1.50E+01 1.50E+01 8.07E-01 7.00E+00 1.49E-02 

5.00E+00 1.50E+01 1.50E+01 9.99E-01 7.00E+00 1.05E-02 

5.00E+00 1.50E+01 2.00E+01 1.79E-03 7.00E+00 1.08E-02 

5.00E+00 1.50E+01 2.00E+01 4.51E-01 7.00E+00 1.08E-02 

5.00E+00 1.50E+01 2.00E+01 8.07E-01 7.00E+00 1.07E-02 

5.00E+00 1.50E+01 2.00E+01 9.99E-01 7.00E+00 1.00E-02 

5.00E+00 1.50E+01 3.00E+01 1.79E-03 7.00E+00 1.06E-02 

5.00E+00 1.50E+01 3.00E+01 4.51E-01 7.00E+00 1.06E-02 

5.00E+00 1.50E+01 3.00E+01 8.07E-01 7.00E+00 1.05E-02 

5.00E+00 1.50E+01 3.00E+01 9.99E-01 7.00E+00 9.90E-03 

5.00E+00 1.50E+01 4.00E+01 1.79E-03 7.00E+00 1.02E-02 

5.00E+00 1.50E+01 4.00E+01 4.51E-01 7.00E+00 1.02E-02 

5.00E+00 1.50E+01 4.00E+01 8.07E-01 7.00E+00 1.01E-02 

5.00E+00 1.50E+01 4.00E+01 9.99E-01 7.00E+00 9.58E-03 

5.00E+00 1.50E+01 5.00E+01 1.79E-03 7.00E+00 9.95E-03 

5.00E+00 1.50E+01 5.00E+01 4.51E-01 7.00E+00 9.95E-03 

5.00E+00 1.50E+01 5.00E+01 8.07E-01 7.00E+00 9.89E-03 

5.00E+00 1.50E+01 5.00E+01 9.99E-01 7.00E+00 9.41E-03 

5.00E+00 1.50E+01 6.00E+01 3.56E-03 7.00E+00 9.75E-03 

5.00E+00 1.50E+01 6.00E+01 4.51E-01 7.00E+00 9.75E-03 

5.00E+00 1.50E+01 6.00E+01 8.07E-01 7.00E+00 9.70E-03 

5.00E+00 1.50E+01 6.00E+01 9.99E-01 7.00E+00 9.25E-03 

1.00E+01 5.00E+00 1.50E+01 1.79E-03 7.00E+00 1.82E-02 

1.00E+01 5.00E+00 1.50E+01 3.71E-02 7.00E+00 1.81E-02 

1.00E+01 5.00E+00 1.50E+01 9.40E-01 7.00E+00 1.71E-02 

1.00E+01 5.00E+00 1.50E+01 9.99E-01 7.00E+00 1.57E-02 

1.00E+01 5.00E+00 2.00E+01 1.79E-03 7.00E+00 1.63E-02 

1.00E+01 5.00E+00 2.00E+01 4.51E-01 7.00E+00 1.60E-02 

1.00E+01 5.00E+00 2.00E+01 8.07E-01 7.00E+00 1.57E-02 

1.00E+01 5.00E+00 2.00E+01 9.99E-01 7.00E+00 1.41E-02 
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Water 

Head in 

rings (cm) 

Ring 

Depth 

(cm) 

Inner 

Ring dia. 

(cm) 

Effective 

Saturation  
Landa (cm) 

Infiltration 

Rate 

(cm/sec) 

1.00E+01 5.00E+00 3.00E+01 1.79E-03 7.00E+00 1.42E-02 

1.00E+01 5.00E+00 3.00E+01 4.51E-01 7.00E+00 1.40E-02 

1.00E+01 5.00E+00 3.00E+01 8.07E-01 7.00E+00 1.38E-02 

1.00E+01 5.00E+00 3.00E+01 9.99E-01 7.00E+00 1.26E-02 

1.00E+01 5.00E+00 4.00E+01 1.79E-03 7.00E+00 1.28E-02 

1.00E+01 5.00E+00 4.00E+01 4.51E-01 7.00E+00 1.27E-02 

1.00E+01 5.00E+00 4.00E+01 8.07E-01 7.00E+00 1.25E-02 

1.00E+01 5.00E+00 4.00E+01 9.99E-01 7.00E+00 1.15E-02 

1.00E+01 5.00E+00 5.00E+01 1.79E-03 7.00E+00 1.20E-02 

1.00E+01 5.00E+00 5.00E+01 4.51E-01 7.00E+00 1.19E-02 

1.00E+01 5.00E+00 5.00E+01 8.07E-01 7.00E+00 1.17E-02 

1.00E+01 5.00E+00 5.00E+01 9.99E-01 7.00E+00 1.09E-02 

1.00E+01 5.00E+00 6.00E+01 1.79E-03 7.00E+00 1.13E-02 

1.00E+01 5.00E+00 6.00E+01 4.51E-01 7.00E+00 1.13E-02 

1.00E+01 5.00E+00 6.00E+01 8.07E-01 7.00E+00 1.12E-02 

1.00E+01 5.00E+00 6.00E+01 9.99E-01 7.00E+00 1.05E-02 

1.00E+01 1.00E+01 1.50E+01 1.79E-03 7.00E+00 1.52E-02 

1.00E+01 1.00E+01 1.50E+01 4.51E-01 7.00E+00 1.51E-02 

1.00E+01 1.00E+01 1.50E+01 8.07E-01 7.00E+00 1.49E-02 

1.00E+01 1.00E+01 1.50E+01 9.99E-01 7.00E+00 1.36E-02 

1.00E+01 1.00E+01 2.00E+01 1.79E-03 7.00E+00 1.41E-02 

1.00E+01 1.00E+01 2.00E+01 4.51E-01 7.00E+00 1.40E-02 

1.00E+01 1.00E+01 2.00E+01 8.07E-01 7.00E+00 1.39E-02 

1.00E+01 1.00E+01 2.00E+01 9.99E-01 7.00E+00 1.26E-02 

1.00E+01 1.00E+01 3.00E+01 1.79E-03 7.00E+00 1.32E-02 

1.00E+01 1.00E+01 3.00E+01 4.51E-01 7.00E+00 1.31E-02 

1.00E+01 1.00E+01 3.00E+01 8.07E-01 7.00E+00 1.30E-02 

1.00E+01 1.00E+01 3.00E+01 9.99E-01 7.00E+00 1.19E-02 

1.00E+01 1.00E+01 4.00E+01 1.79E-03 7.00E+00 1.22E-02 

1.00E+01 1.00E+01 4.00E+01 4.51E-01 7.00E+00 1.22E-02 

1.00E+01 1.00E+01 4.00E+01 8.07E-01 7.00E+00 1.21E-02 

1.00E+01 1.00E+01 4.00E+01 9.99E-01 7.00E+00 1.12E-02 

1.00E+01 1.00E+01 5.00E+01 1.79E-03 7.00E+00 1.16E-02 

1.00E+01 1.00E+01 5.00E+01 4.51E-01 7.00E+00 1.16E-02 

1.00E+01 1.00E+01 5.00E+01 8.07E-01 7.00E+00 1.15E-02 

1.00E+01 1.00E+01 5.00E+01 9.99E-01 7.00E+00 1.07E-02 

1.00E+01 1.00E+01 6.00E+01 3.56E-03 7.00E+00 1.11E-02 

1.00E+01 1.00E+01 6.00E+01 4.51E-01 7.00E+00 1.11E-02 

1.00E+01 1.00E+01 6.00E+01 8.07E-01 7.00E+00 1.10E-02 

1.00E+01 1.00E+01 6.00E+01 9.99E-01 7.00E+00 1.03E-02 

1.00E+01 1.50E+01 1.50E+01 1.79E-03 7.00E+00 1.34E-02 

1.00E+01 1.50E+01 1.50E+01 4.51E-01 7.00E+00 1.34E-02 

1.00E+01 1.50E+01 1.50E+01 8.07E-01 7.00E+00 1.33E-02 
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Water 

Head in 

rings (cm) 

Ring 

Depth 

(cm) 

Inner 

Ring dia. 

(cm) 

Effective 

Saturation  
Landa (cm) 

Infiltration 

Rate 

(cm/sec) 

1.00E+01 1.50E+01 1.50E+01 9.99E-01 7.00E+00 1.24E-02 

1.00E+01 1.50E+01 2.00E+01 1.79E-03 7.00E+00 1.27E-02 

1.00E+01 1.50E+01 2.00E+01 4.51E-01 7.00E+00 1.27E-02 

1.00E+01 1.50E+01 2.00E+01 8.07E-01 7.00E+00 1.26E-02 

1.00E+01 1.50E+01 2.00E+01 9.99E-01 7.00E+00 1.17E-02 

1.00E+01 1.50E+01 3.00E+01 1.79E-03 7.00E+00 1.23E-02 

1.00E+01 1.50E+01 3.00E+01 4.51E-01 7.00E+00 1.22E-02 

1.00E+01 1.50E+01 3.00E+01 8.07E-01 7.00E+00 1.22E-02 

1.00E+01 1.50E+01 3.00E+01 9.99E-01 7.00E+00 1.13E-02 

1.00E+01 1.50E+01 4.00E+01 1.79E-03 7.00E+00 1.17E-02 

1.00E+01 1.50E+01 4.00E+01 4.51E-01 7.00E+00 1.17E-02 

1.00E+01 1.50E+01 4.00E+01 8.07E-01 7.00E+00 1.16E-02 

1.00E+01 1.50E+01 4.00E+01 9.99E-01 7.00E+00 1.08E-02 

1.00E+01 1.50E+01 5.00E+01 1.79E-03 7.00E+00 1.12E-02 

1.00E+01 1.50E+01 5.00E+01 4.51E-01 7.00E+00 1.12E-02 

1.00E+01 1.50E+01 5.00E+01 8.07E-01 7.00E+00 1.11E-02 

1.00E+01 1.50E+01 5.00E+01 9.99E-01 7.00E+00 1.04E-02 

1.00E+01 1.50E+01 6.00E+01 3.56E-03 7.00E+00 1.09E-02 

1.00E+01 1.50E+01 6.00E+01 4.51E-01 7.00E+00 1.09E-02 

1.00E+01 1.50E+01 6.00E+01 8.07E-01 7.00E+00 1.08E-02 

1.00E+01 1.50E+01 6.00E+01 9.99E-01 7.00E+00 1.02E-02 

1.50E+01 5.00E+00 1.50E+01 1.79E-03 7.00E+00 2.20E-02 

1.50E+01 5.00E+00 1.50E+01 3.71E-02 7.00E+00 2.18E-02 

1.50E+01 5.00E+00 1.50E+01 9.40E-01 7.00E+00 2.06E-02 

1.50E+01 5.00E+00 1.50E+01 9.99E-01 7.00E+00 1.57E-02 

1.50E+01 5.00E+00 2.00E+01 1.82E-03 7.00E+00 1.94E-02 

1.50E+01 5.00E+00 2.00E+01 4.51E-01 7.00E+00 1.90E-02 

1.50E+01 5.00E+00 2.00E+01 8.07E-01 7.00E+00 1.87E-02 

1.50E+01 5.00E+00 2.00E+01 9.99E-01 7.00E+00 1.69E-02 

1.50E+01 5.00E+00 3.00E+01 1.79E-03 7.00E+00 1.62E-02 

1.50E+01 5.00E+00 3.00E+01 4.51E-01 7.00E+00 1.62E-02 

1.50E+01 5.00E+00 3.00E+01 8.07E-01 7.00E+00 1.60E-02 

1.50E+01 5.00E+00 3.00E+01 9.99E-01 7.00E+00 1.46E-02 

1.50E+01 5.00E+00 4.00E+01 3.56E-03 7.00E+00 1.45E-02 

1.50E+01 5.00E+00 4.00E+01 4.51E-01 7.00E+00 1.44E-02 

1.50E+01 5.00E+00 4.00E+01 8.07E-01 7.00E+00 1.42E-02 

1.50E+01 5.00E+00 4.00E+01 9.99E-01 7.00E+00 1.31E-02 

1.50E+01 5.00E+00 5.00E+01 3.56E-03 7.00E+00 1.34E-02 

1.50E+01 5.00E+00 5.00E+01 4.51E-01 7.00E+00 1.33E-02 

1.50E+01 5.00E+00 5.00E+01 8.07E-01 7.00E+00 1.31E-02 

1.50E+01 5.00E+00 5.00E+01 9.99E-01 7.00E+00 1.22E-02 

1.50E+01 5.00E+00 6.00E+01 3.56E-03 7.00E+00 1.25E-02 

1.50E+01 5.00E+00 6.00E+01 4.51E-01 7.00E+00 1.25E-02 
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Water 

Head in 

rings (cm) 

Ring 

Depth 

(cm) 

Inner 

Ring dia. 

(cm) 

Effective 

Saturation  
Landa (cm) 

Infiltration 

Rate 

(cm/sec) 

1.50E+01 5.00E+00 6.00E+01 8.07E-01 7.00E+00 1.23E-02 

1.50E+01 5.00E+00 6.00E+01 9.99E-01 7.00E+00 1.15E-02 

1.50E+01 1.00E+01 1.50E+01 1.79E-03 7.00E+00 1.79E-02 

1.50E+01 1.00E+01 1.50E+01 4.51E-01 7.00E+00 1.78E-02 

1.50E+01 1.00E+01 1.50E+01 8.07E-01 7.00E+00 1.76E-02 

1.50E+01 1.00E+01 1.50E+01 9.99E-01 7.00E+00 1.61E-02 

1.50E+01 1.00E+01 2.00E+01 1.79E-03 7.00E+00 1.64E-02 

1.50E+01 1.00E+01 2.00E+01 4.51E-01 7.00E+00 1.64E-02 

1.50E+01 1.00E+01 2.00E+01 8.07E-01 7.00E+00 1.61E-02 

1.50E+01 1.00E+01 2.00E+01 9.99E-01 7.00E+00 1.48E-02 

1.50E+01 1.00E+01 3.00E+01 1.79E-03 7.00E+00 1.50E-02 

1.50E+01 1.00E+01 3.00E+01 4.51E-01 7.00E+00 1.50E-02 

1.50E+01 1.00E+01 3.00E+01 8.07E-01 7.00E+00 1.48E-02 

1.50E+01 1.00E+01 3.00E+01 9.99E-01 7.00E+00 1.36E-02 

1.50E+01 1.00E+01 4.00E+01 1.79E-03 7.00E+00 1.38E-02 

1.50E+01 1.00E+01 4.00E+01 4.51E-01 7.00E+00 1.38E-02 

1.50E+01 1.00E+01 4.00E+01 8.07E-01 7.00E+00 1.36E-02 

1.50E+01 1.00E+01 4.00E+01 9.99E-01 7.00E+00 1.25E-02 

1.50E+01 1.00E+01 5.00E+01 1.79E-03 7.00E+00 1.29E-02 

1.50E+01 1.00E+01 5.00E+01 4.51E-01 7.00E+00 1.29E-02 

1.50E+01 1.00E+01 5.00E+01 8.07E-01 7.00E+00 1.28E-02 

1.50E+01 1.00E+01 5.00E+01 9.99E-01 7.00E+00 1.18E-02 

1.50E+01 1.00E+01 6.00E+01 3.56E-03 7.00E+00 1.23E-02 

1.50E+01 1.00E+01 6.00E+01 4.51E-01 7.00E+00 1.23E-02 

1.50E+01 1.00E+01 6.00E+01 8.07E-01 7.00E+00 1.21E-02 

1.50E+01 1.00E+01 6.00E+01 9.99E-01 7.00E+00 1.13E-02 

1.50E+01 1.50E+01 1.50E+01 1.79E-03 7.00E+00 1.55E-02 

1.50E+01 1.50E+01 1.50E+01 4.51E-01 7.00E+00 1.55E-02 

1.50E+01 1.50E+01 1.50E+01 8.07E-01 7.00E+00 1.54E-02 

1.50E+01 1.50E+01 1.50E+01 9.99E-01 7.00E+00 1.43E-02 

1.50E+01 1.50E+01 2.00E+01 1.79E-03 7.00E+00 1.46E-02 

1.50E+01 1.50E+01 2.00E+01 4.51E-01 7.00E+00 1.46E-02 

1.50E+01 1.50E+01 2.00E+01 8.07E-01 7.00E+00 1.45E-02 

1.50E+01 1.50E+01 2.00E+01 9.99E-01 7.00E+00 1.34E-02 

1.50E+01 1.50E+01 3.00E+01 1.79E-03 7.00E+00 1.39E-02 

1.50E+01 1.50E+01 3.00E+01 4.51E-01 7.00E+00 1.39E-02 

1.50E+01 1.50E+01 3.00E+01 8.07E-01 7.00E+00 1.37E-02 

1.50E+01 1.50E+01 3.00E+01 9.99E-01 7.00E+00 1.27E-02 

1.50E+01 1.50E+01 4.00E+01 1.79E-03 7.00E+00 1.30E-02 

1.50E+01 1.50E+01 4.00E+01 4.51E-01 7.00E+00 1.30E-02 

1.50E+01 1.50E+01 4.00E+01 8.07E-01 7.00E+00 1.29E-02 

1.50E+01 1.50E+01 4.00E+01 9.99E-01 7.00E+00 1.20E-02 

1.50E+01 1.50E+01 5.00E+01 1.79E-03 7.00E+00 1.24E-02 
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Water 

Head in 

rings (cm) 

Ring 

Depth 

(cm) 

Inner 

Ring dia. 

(cm) 

Effective 

Saturation  
Landa (cm) 

Infiltration 

Rate 

(cm/sec) 

1.50E+01 1.50E+01 5.00E+01 4.51E-01 7.00E+00 1.24E-02 

1.50E+01 1.50E+01 5.00E+01 8.07E-01 7.00E+00 1.23E-02 

1.50E+01 1.50E+01 5.00E+01 9.99E-01 7.00E+00 1.15E-02 

1.50E+01 1.50E+01 6.00E+01 3.56E-03 7.00E+00 1.19E-02 

1.50E+01 1.50E+01 6.00E+01 4.51E-01 7.00E+00 1.19E-02 

1.50E+01 1.50E+01 6.00E+01 8.07E-01 7.00E+00 1.18E-02 

1.50E+01 1.50E+01 6.00E+01 9.99E-01 7.00E+00 1.11E-02 

5.00E+00 5.00E+00 1.50E+01 6.11E-02 1.30E+01 2.14E-03 

5.00E+00 5.00E+00 1.50E+01 2.92E-01 1.30E+01 2.11E-03 

5.00E+00 5.00E+00 1.50E+01 4.97E-01 1.30E+01 2.10E-03 

5.00E+00 5.00E+00 1.50E+01 9.99E-01 1.30E+01 1.83E-03 

5.00E+00 5.00E+00 2.00E+01 6.11E-02 1.30E+01 1.94E-03 

5.00E+00 5.00E+00 2.00E+01 8.00E-01 1.30E+01 1.88E-03 

5.00E+00 5.00E+00 2.00E+01 9.31E-01 1.30E+01 1.83E-03 

5.00E+00 5.00E+00 2.00E+01 9.99E-01 1.30E+01 1.69E-03 

5.00E+00 5.00E+00 3.00E+01 6.11E-02 1.30E+01 1.75E-03 

5.00E+00 5.00E+00 3.00E+01 8.00E-01 1.30E+01 1.72E-03 

5.00E+00 5.00E+00 3.00E+01 9.31E-01 1.30E+01 1.69E-03 

5.00E+00 5.00E+00 3.00E+01 9.99E-01 1.30E+01 1.58E-03 

5.00E+00 5.00E+00 4.00E+01 6.11E-02 1.30E+01 1.62E-03 

5.00E+00 5.00E+00 4.00E+01 8.00E-01 1.30E+01 1.59E-03 

5.00E+00 5.00E+00 4.00E+01 9.31E-01 1.30E+01 1.57E-03 

5.00E+00 5.00E+00 4.00E+01 9.99E-01 1.30E+01 1.49E-03 

5.00E+00 5.00E+00 5.00E+01 6.11E-02 1.30E+01 1.55E-03 

5.00E+00 5.00E+00 5.00E+01 8.00E-01 1.30E+01 1.52E-03 

5.00E+00 5.00E+00 5.00E+01 9.31E-01 1.30E+01 1.51E-03 

5.00E+00 5.00E+00 5.00E+01 9.99E-01 1.30E+01 1.44E-03 

5.00E+00 5.00E+00 6.00E+01 6.11E-02 1.30E+01 1.49E-03 

5.00E+00 5.00E+00 6.00E+01 8.00E-01 1.30E+01 1.47E-03 

5.00E+00 5.00E+00 6.00E+01 9.31E-01 1.30E+01 1.46E-03 

5.00E+00 5.00E+00 6.00E+01 9.99E-01 1.30E+01 1.41E-03 

5.00E+00 1.00E+01 1.50E+01 6.11E-02 1.30E+01 1.82E-03 

5.00E+00 1.00E+01 1.50E+01 8.00E-01 1.30E+01 1.80E-03 

5.00E+00 1.00E+01 1.50E+01 9.31E-01 1.30E+01 1.76E-03 

5.00E+00 1.00E+01 1.50E+01 9.99E-01 1.30E+01 1.66E-03 

5.00E+00 1.00E+01 2.00E+01 6.11E-02 1.30E+01 1.72E-03 

5.00E+00 1.00E+01 2.00E+01 8.00E-01 1.30E+01 1.69E-03 

5.00E+00 1.00E+01 2.00E+01 9.31E-01 1.30E+01 1.67E-03 

5.00E+00 1.00E+01 2.00E+01 9.99E-01 1.30E+01 1.57E-03 

5.00E+00 1.00E+01 3.00E+01 6.11E-02 1.30E+01 1.65E-03 

5.00E+00 1.00E+01 3.00E+01 8.00E-01 1.30E+01 1.63E-03 

5.00E+00 1.00E+01 3.00E+01 9.31E-01 1.30E+01 1.61E-03 

5.00E+00 1.00E+01 3.00E+01 9.99E-01 1.30E+01 1.53E-03 
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Water 

Head in 

rings (cm) 

Ring 

Depth 

(cm) 

Inner 

Ring dia. 

(cm) 

Effective 

Saturation  
Landa (cm) 

Infiltration 

Rate 

(cm/sec) 

5.00E+00 1.00E+01 4.00E+01 6.11E-02 1.30E+01 1.56E-03 

5.00E+00 1.00E+01 4.00E+01 8.00E-01 1.30E+01 1.55E-03 

5.00E+00 1.00E+01 4.00E+01 9.31E-01 1.30E+01 1.53E-03 

5.00E+00 1.00E+01 4.00E+01 9.99E-01 1.30E+01 1.46E-03 

5.00E+00 1.00E+01 5.00E+01 6.11E-02 1.30E+01 1.51E-03 

5.00E+00 1.00E+01 5.00E+01 8.00E-01 1.30E+01 1.50E-03 

5.00E+00 1.00E+01 5.00E+01 9.31E-01 1.30E+01 1.48E-03 

5.00E+00 1.00E+01 5.00E+01 9.99E-01 1.30E+01 1.43E-03 

5.00E+00 1.00E+01 6.00E+01 6.11E-02 1.30E+01 1.47E-03 

5.00E+00 1.00E+01 6.00E+01 8.00E-01 1.30E+01 1.46E-03 

5.00E+00 1.00E+01 6.00E+01 9.31E-01 1.30E+01 1.45E-03 

5.00E+00 1.00E+01 6.00E+01 9.99E-01 1.30E+01 1.40E-03 

5.00E+00 1.50E+01 1.50E+01 6.11E-02 1.30E+01 1.66E-03 

5.00E+00 1.50E+01 1.50E+01 8.00E-01 1.30E+01 1.64E-03 

5.00E+00 1.50E+01 1.50E+01 9.31E-01 1.30E+01 1.63E-03 

5.00E+00 1.50E+01 1.50E+01 9.99E-01 1.30E+01 1.56E-03 

5.00E+00 1.50E+01 2.00E+01 6.11E-02 1.30E+01 1.59E-03 

5.00E+00 1.50E+01 2.00E+01 8.00E-01 1.30E+01 1.58E-03 

5.00E+00 1.50E+01 2.00E+01 9.31E-01 1.30E+01 1.56E-03 

5.00E+00 1.50E+01 2.00E+01 9.99E-01 1.30E+01 1.50E-03 

5.00E+00 1.50E+01 3.00E+01 6.11E-02 1.30E+01 1.56E-03 

5.00E+00 1.50E+01 3.00E+01 8.00E-01 1.30E+01 1.55E-03 

5.00E+00 1.50E+01 3.00E+01 9.31E-01 1.30E+01 1.53E-03 

5.00E+00 1.50E+01 3.00E+01 9.99E-01 1.30E+01 1.48E-03 

5.00E+00 1.50E+01 4.00E+01 6.11E-02 1.30E+01 1.51E-03 

5.00E+00 1.50E+01 4.00E+01 8.00E-01 1.30E+01 1.50E-03 

5.00E+00 1.50E+01 4.00E+01 9.31E-01 1.30E+01 1.48E-03 

5.00E+00 1.50E+01 4.00E+01 9.99E-01 1.30E+01 1.43E-03 

5.00E+00 1.50E+01 5.00E+01 6.11E-02 1.30E+01 1.47E-03 

5.00E+00 1.50E+01 5.00E+01 8.00E-01 1.30E+01 1.46E-03 

5.00E+00 1.50E+01 5.00E+01 9.31E-01 1.30E+01 1.45E-03 

5.00E+00 1.50E+01 5.00E+01 9.99E-01 1.30E+01 1.41E-03 

5.00E+00 1.50E+01 6.00E+01 6.11E-02 1.30E+01 1.44E-03 

5.00E+00 1.50E+01 6.00E+01 8.00E-01 1.30E+01 1.43E-03 

5.00E+00 1.50E+01 6.00E+01 9.31E-01 1.30E+01 1.42E-03 

5.00E+00 1.50E+01 6.00E+01 9.99E-01 1.30E+01 1.38E-03 

1.00E+01 5.00E+00 1.50E+01 6.11E-02 1.30E+01 2.74E-03 

1.00E+01 5.00E+00 1.50E+01 8.00E-01 1.30E+01 2.64E-03 

1.00E+01 5.00E+00 1.50E+01 9.31E-01 1.30E+01 2.57E-03 

1.00E+01 5.00E+00 1.50E+01 9.99E-01 1.30E+01 2.34E-03 

1.00E+01 5.00E+00 2.00E+01 6.11E-02 1.30E+01 2.45E-03 

1.00E+01 5.00E+00 2.00E+01 8.00E-01 1.30E+01 2.36E-03 

1.00E+01 5.00E+00 2.00E+01 9.31E-01 1.30E+01 2.29E-03 
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Water 

Head in 

rings (cm) 

Ring 

Depth 

(cm) 

Inner 

Ring dia. 

(cm) 

Effective 

Saturation  
Landa (cm) 

Infiltration 

Rate 

(cm/sec) 

1.00E+01 5.00E+00 2.00E+01 9.99E-01 1.30E+01 2.11E-03 

1.00E+01 5.00E+00 3.00E+01 6.11E-02 1.30E+01 2.12E-03 

1.00E+01 5.00E+00 3.00E+01 8.00E-01 1.30E+01 2.07E-03 

1.00E+01 5.00E+00 3.00E+01 9.31E-01 1.30E+01 2.03E-03 

1.00E+01 5.00E+00 3.00E+01 9.99E-01 1.30E+01 1.89E-03 

1.00E+01 5.00E+00 4.00E+01 6.11E-02 1.30E+01 1.91E-03 

1.00E+01 5.00E+00 4.00E+01 8.00E-01 1.30E+01 1.87E-03 

1.00E+01 5.00E+00 4.00E+01 9.31E-01 1.30E+01 1.84E-03 

1.00E+01 5.00E+00 4.00E+01 9.99E-01 1.30E+01 1.73E-03 

1.00E+01 5.00E+00 5.00E+01 6.11E-02 1.30E+01 1.79E-03 

1.00E+01 5.00E+00 5.00E+01 8.00E-01 1.30E+01 1.75E-03 

1.00E+01 5.00E+00 5.00E+01 9.31E-01 1.30E+01 1.72E-03 

1.00E+01 5.00E+00 5.00E+01 9.99E-01 1.30E+01 1.63E-03 

1.00E+01 5.00E+00 6.00E+01 6.11E-02 1.30E+01 1.69E-03 

1.00E+01 5.00E+00 6.00E+01 8.00E-01 1.30E+01 1.66E-03 

1.00E+01 5.00E+00 6.00E+01 9.31E-01 1.30E+01 1.64E-03 

1.00E+01 5.00E+00 6.00E+01 9.99E-01 1.30E+01 1.57E-03 

1.00E+01 1.00E+01 1.50E+01 6.11E-02 1.30E+01 2.26E-03 

1.00E+01 1.00E+01 1.50E+01 8.00E-01 1.30E+01 2.22E-03 

1.00E+01 1.00E+01 1.50E+01 9.31E-01 1.30E+01 2.18E-03 

1.00E+01 1.00E+01 1.50E+01 9.99E-01 1.30E+01 2.03E-03 

1.00E+01 1.00E+01 2.00E+01 6.11E-02 1.30E+01 2.09E-03 

1.00E+01 1.00E+01 2.00E+01 8.00E-01 1.30E+01 2.06E-03 

1.00E+01 1.00E+01 2.00E+01 9.31E-01 1.30E+01 2.02E-03 

1.00E+01 1.00E+01 2.00E+01 9.99E-01 1.30E+01 1.90E-03 

1.00E+01 1.00E+01 3.00E+01 6.11E-02 1.30E+01 1.95E-03 

1.00E+01 1.00E+01 3.00E+01 8.00E-01 1.30E+01 1.93E-03 

1.00E+01 1.00E+01 3.00E+01 9.31E-01 1.30E+01 1.90E-03 

1.00E+01 1.00E+01 3.00E+01 9.99E-01 1.30E+01 1.79E-03 

1.00E+01 1.00E+01 4.00E+01 6.11E-02 1.30E+01 1.82E-03 

1.00E+01 1.00E+01 4.00E+01 8.00E-01 1.30E+01 1.80E-03 

1.00E+01 1.00E+01 4.00E+01 9.31E-01 1.30E+01 1.77E-03 

1.00E+01 1.00E+01 4.00E+01 9.99E-01 1.30E+01 1.67E-03 

1.00E+01 1.00E+01 5.00E+01 6.11E-02 1.30E+01 1.73E-03 

1.00E+01 1.00E+01 5.00E+01 8.00E-01 1.30E+01 1.71E-03 

1.00E+01 1.00E+01 5.00E+01 9.31E-01 1.30E+01 1.68E-03 

1.00E+01 1.00E+01 5.00E+01 9.99E-01 1.30E+01 1.60E-03 

1.00E+01 1.00E+01 6.00E+01 6.11E-02 1.30E+01 1.66E-03 

1.00E+01 1.00E+01 6.00E+01 8.00E-01 1.30E+01 1.64E-03 

1.00E+01 1.00E+01 6.00E+01 9.31E-01 1.30E+01 1.62E-03 

1.00E+01 1.00E+01 6.00E+01 9.99E-01 1.30E+01 1.55E-03 

1.00E+01 1.50E+01 1.50E+01 6.11E-02 1.30E+01 2.00E-03 

1.00E+01 1.50E+01 1.50E+01 8.00E-01 1.30E+01 1.97E-03 
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Water 

Head in 

rings (cm) 

Ring 

Depth 

(cm) 

Inner 

Ring dia. 

(cm) 

Effective 

Saturation  
Landa (cm) 

Infiltration 

Rate 

(cm/sec) 

1.00E+01 1.50E+01 1.50E+01 9.31E-01 1.30E+01 1.94E-03 

1.00E+01 1.50E+01 1.50E+01 9.99E-01 1.30E+01 1.85E-03 

1.00E+01 1.50E+01 2.00E+01 6.11E-02 1.30E+01 1.89E-03 

1.00E+01 1.50E+01 2.00E+01 8.00E-01 1.30E+01 1.87E-03 

1.00E+01 1.50E+01 2.00E+01 9.31E-01 1.30E+01 1.84E-03 

1.00E+01 1.50E+01 2.00E+01 9.99E-01 1.30E+01 1.76E-03 

1.00E+01 1.50E+01 3.00E+01 6.11E-02 1.30E+01 1.82E-03 

1.00E+01 1.50E+01 3.00E+01 8.00E-01 1.30E+01 1.80E-03 

1.00E+01 1.50E+01 3.00E+01 9.31E-01 1.30E+01 1.78E-03 

1.00E+01 1.50E+01 3.00E+01 9.99E-01 1.30E+01 1.70E-03 

1.00E+01 1.50E+01 4.00E+01 6.11E-02 1.30E+01 1.73E-03 

1.00E+01 1.50E+01 4.00E+01 8.00E-01 1.30E+01 1.71E-03 

1.00E+01 1.50E+01 4.00E+01 9.31E-01 1.30E+01 1.70E-03 

1.00E+01 1.50E+01 4.00E+01 9.99E-01 1.30E+01 1.62E-03 

1.00E+01 1.50E+01 5.00E+01 6.11E-02 1.30E+01 1.67E-03 

1.00E+01 1.50E+01 5.00E+01 8.00E-01 1.30E+01 1.65E-03 

1.00E+01 1.50E+01 5.00E+01 9.31E-01 1.30E+01 1.64E-03 

1.00E+01 1.50E+01 5.00E+01 9.99E-01 1.30E+01 1.56E-03 

1.00E+01 1.50E+01 6.00E+01 6.11E-02 1.30E+01 1.62E-03 

1.00E+01 1.50E+01 6.00E+01 8.00E-01 1.30E+01 1.60E-03 

1.00E+01 1.50E+01 6.00E+01 9.31E-01 1.30E+01 1.59E-03 

1.00E+01 1.50E+01 6.00E+01 9.99E-01 1.30E+01 1.52E-03 

1.50E+01 5.00E+00 1.50E+01 6.11E-02 1.30E+01 3.32E-03 

1.50E+01 5.00E+00 1.50E+01 8.00E-01 1.30E+01 3.19E-03 

1.50E+01 5.00E+00 1.50E+01 9.31E-01 1.30E+01 3.11E-03 

1.50E+01 5.00E+00 1.50E+01 9.99E-01 1.30E+01 2.34E-03 

1.50E+01 5.00E+00 2.00E+01 6.11E-02 1.30E+01 2.93E-03 

1.50E+01 5.00E+00 2.00E+01 8.00E-01 1.30E+01 2.80E-03 

1.50E+01 5.00E+00 2.00E+01 9.31E-01 1.30E+01 2.73E-03 

1.50E+01 5.00E+00 2.00E+01 9.99E-01 1.30E+01 2.53E-03 

1.50E+01 5.00E+00 3.00E+01 6.11E-02 1.30E+01 2.44E-03 

1.50E+01 5.00E+00 3.00E+01 8.00E-01 1.30E+01 2.40E-03 

1.50E+01 5.00E+00 3.00E+01 9.31E-01 1.30E+01 2.35E-03 

1.50E+01 5.00E+00 3.00E+01 9.99E-01 1.30E+01 2.19E-03 

1.50E+01 5.00E+00 4.00E+01 6.11E-02 1.30E+01 2.18E-03 

1.50E+01 5.00E+00 4.00E+01 8.00E-01 1.30E+01 2.12E-03 

1.50E+01 5.00E+00 4.00E+01 9.31E-01 1.30E+01 2.08E-03 

1.50E+01 5.00E+00 4.00E+01 9.99E-01 1.30E+01 1.96E-03 

1.50E+01 5.00E+00 5.00E+01 6.11E-02 1.30E+01 2.01E-03 

1.50E+01 5.00E+00 5.00E+01 8.00E-01 1.30E+01 1.96E-03 

1.50E+01 5.00E+00 5.00E+01 9.31E-01 1.30E+01 1.93E-03 

1.50E+01 5.00E+00 5.00E+01 9.99E-01 1.30E+01 1.82E-03 

1.50E+01 5.00E+00 6.00E+01 6.11E-02 1.30E+01 1.88E-03 
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Water 

Head in 

rings (cm) 

Ring 

Depth 

(cm) 

Inner 

Ring dia. 

(cm) 

Effective 

Saturation  
Landa (cm) 

Infiltration 

Rate 

(cm/sec) 

1.50E+01 5.00E+00 6.00E+01 8.00E-01 1.30E+01 1.84E-03 

1.50E+01 5.00E+00 6.00E+01 9.31E-01 1.30E+01 1.82E-03 

1.50E+01 5.00E+00 6.00E+01 9.99E-01 1.30E+01 1.73E-03 

1.50E+01 1.00E+01 1.50E+01 6.11E-02 1.30E+01 2.66E-03 

1.50E+01 1.00E+01 1.50E+01 8.00E-01 1.30E+01 2.62E-03 

1.50E+01 1.00E+01 1.50E+01 9.31E-01 1.30E+01 2.57E-03 

1.50E+01 1.00E+01 1.50E+01 9.99E-01 1.30E+01 2.40E-03 

1.50E+01 1.00E+01 2.00E+01 6.11E-02 1.30E+01 2.44E-03 

1.50E+01 1.00E+01 2.00E+01 8.00E-01 1.30E+01 2.41E-03 

1.50E+01 1.00E+01 2.00E+01 9.31E-01 1.30E+01 2.36E-03 

1.50E+01 1.00E+01 2.00E+01 9.99E-01 1.30E+01 2.21E-03 

1.50E+01 1.00E+01 3.00E+01 6.11E-02 1.30E+01 2.25E-03 

1.50E+01 1.00E+01 3.00E+01 8.00E-01 1.30E+01 2.21E-03 

1.50E+01 1.00E+01 3.00E+01 9.31E-01 1.30E+01 2.17E-03 

1.50E+01 1.00E+01 3.00E+01 9.99E-01 1.30E+01 2.04E-03 

1.50E+01 1.00E+01 4.00E+01 6.11E-02 1.30E+01 2.06E-03 

1.50E+01 1.00E+01 4.00E+01 8.00E-01 1.30E+01 2.03E-03 

1.50E+01 1.00E+01 4.00E+01 9.31E-01 1.30E+01 2.00E-03 

1.50E+01 1.00E+01 4.00E+01 9.99E-01 1.30E+01 1.88E-03 

1.50E+01 1.00E+01 5.00E+01 6.11E-02 1.30E+01 1.93E-03 

1.50E+01 1.00E+01 5.00E+01 8.00E-01 1.30E+01 1.90E-03 

1.50E+01 1.00E+01 5.00E+01 9.31E-01 1.30E+01 1.87E-03 

1.50E+01 1.00E+01 5.00E+01 9.99E-01 1.30E+01 1.77E-03 

1.50E+01 1.00E+01 6.00E+01 6.11E-02 1.30E+01 1.84E-03 

1.50E+01 1.00E+01 6.00E+01 8.00E-01 1.30E+01 1.81E-03 

1.50E+01 1.00E+01 6.00E+01 9.31E-01 1.30E+01 1.79E-03 

1.50E+01 1.00E+01 6.00E+01 9.99E-01 1.30E+01 1.70E-03 

1.50E+01 1.50E+01 1.50E+01 6.11E-02 1.30E+01 2.32E-03 

1.50E+01 1.50E+01 1.50E+01 8.00E-01 1.30E+01 2.28E-03 

1.50E+01 1.50E+01 1.50E+01 9.31E-01 1.30E+01 2.25E-03 

1.50E+01 1.50E+01 1.50E+01 9.99E-01 1.30E+01 2.14E-03 

1.50E+01 1.50E+01 2.00E+01 6.11E-02 1.30E+01 2.17E-03 

1.50E+01 1.50E+01 2.00E+01 8.00E-01 1.30E+01 2.15E-03 

1.50E+01 1.50E+01 2.00E+01 9.31E-01 1.30E+01 2.12E-03 

1.50E+01 1.50E+01 2.00E+01 9.99E-01 1.30E+01 2.01E-03 

1.50E+01 1.50E+01 3.00E+01 6.11E-02 1.30E+01 2.06E-03 

1.50E+01 1.50E+01 3.00E+01 8.00E-01 1.30E+01 2.04E-03 

1.50E+01 1.50E+01 3.00E+01 9.31E-01 1.30E+01 2.02E-03 

1.50E+01 1.50E+01 3.00E+01 9.99E-01 1.30E+01 1.91E-03 

1.50E+01 1.50E+01 4.00E+01 6.11E-02 1.30E+01 1.94E-03 

1.50E+01 1.50E+01 4.00E+01 8.00E-01 1.30E+01 1.92E-03 

1.50E+01 1.50E+01 4.00E+01 9.31E-01 1.30E+01 1.90E-03 

1.50E+01 1.50E+01 4.00E+01 9.99E-01 1.30E+01 1.79E-03 
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Water 

Head in 

rings (cm) 

Ring 

Depth 

(cm) 

Inner 

Ring dia. 

(cm) 

Effective 

Saturation  
Landa (cm) 

Infiltration 

Rate 

(cm/sec) 

1.50E+01 1.50E+01 5.00E+01 6.11E-02 1.30E+01 1.85E-03 

1.50E+01 1.50E+01 5.00E+01 8.00E-01 1.30E+01 1.83E-03 

1.50E+01 1.50E+01 5.00E+01 9.31E-01 1.30E+01 1.81E-03 

1.50E+01 1.50E+01 5.00E+01 9.99E-01 1.30E+01 1.72E-03 

1.50E+01 1.50E+01 6.00E+01 6.11E-02 1.30E+01 1.78E-03 

1.50E+01 1.50E+01 6.00E+01 8.00E-01 1.30E+01 1.76E-03 

1.50E+01 1.50E+01 6.00E+01 9.31E-01 1.30E+01 1.74E-03 

1.50E+01 1.50E+01 6.00E+01 9.99E-01 1.30E+01 1.66E-03 

5.00E+00 5.00E+00 1.50E+01 2.51E-01 1.70E+01 5.97E-04 

5.00E+00 5.00E+00 1.50E+01 2.64E-01 1.70E+01 5.97E-04 

5.00E+00 5.00E+00 1.50E+01 3.47E-01 1.70E+01 5.93E-04 

5.00E+00 5.00E+00 1.50E+01 4.18E-01 1.70E+01 5.91E-04 

5.00E+00 5.00E+00 1.50E+01 5.62E-01 1.70E+01 5.89E-04 

5.00E+00 5.00E+00 1.50E+01 7.19E-01 1.70E+01 5.86E-04 

5.00E+00 5.00E+00 1.50E+01 8.85E-01 1.70E+01 5.77E-04 

5.00E+00 5.00E+00 1.50E+01 9.52E-01 1.70E+01 5.69E-04 

5.00E+00 5.00E+00 1.50E+01 9.76E-01 1.70E+01 5.61E-04 

5.00E+00 5.00E+00 1.50E+01 9.98E-01 1.70E+01 5.45E-04 

5.00E+00 5.00E+00 2.00E+01 2.51E-01 1.70E+01 5.50E-04 

5.00E+00 5.00E+00 2.00E+01 8.85E-01 1.70E+01 5.31E-04 

5.00E+00 5.00E+00 2.00E+01 9.52E-01 1.70E+01 5.25E-04 

5.00E+00 5.00E+00 2.00E+01 9.98E-01 1.70E+01 5.04E-04 

5.00E+00 5.00E+00 3.00E+01 2.51E-01 1.70E+01 5.04E-04 

5.00E+00 5.00E+00 3.00E+01 8.85E-01 1.70E+01 4.91E-04 

5.00E+00 5.00E+00 3.00E+01 9.52E-01 1.70E+01 4.88E-04 

5.00E+00 5.00E+00 3.00E+01 9.98E-01 1.70E+01 4.73E-04 

5.00E+00 5.00E+00 4.00E+01 2.51E-01 1.70E+01 4.70E-04 

5.00E+00 5.00E+00 4.00E+01 8.85E-01 1.70E+01 4.59E-04 

5.00E+00 5.00E+00 4.00E+01 9.52E-01 1.70E+01 4.56E-04 

5.00E+00 5.00E+00 4.00E+01 9.98E-01 1.70E+01 4.45E-04 

5.00E+00 5.00E+00 5.00E+01 2.51E-01 1.70E+01 4.54E-04 

5.00E+00 5.00E+00 5.00E+01 8.85E-01 1.70E+01 4.42E-04 

5.00E+00 5.00E+00 5.00E+01 9.52E-01 1.70E+01 4.39E-04 

5.00E+00 5.00E+00 5.00E+01 9.98E-01 1.70E+01 4.30E-04 

5.00E+00 5.00E+00 6.00E+01 2.51E-01 1.70E+01 4.42E-04 

5.00E+00 5.00E+00 6.00E+01 8.85E-01 1.70E+01 4.29E-04 

5.00E+00 5.00E+00 6.00E+01 9.52E-01 1.70E+01 4.27E-04 

5.00E+00 5.00E+00 6.00E+01 9.98E-01 1.70E+01 4.19E-04 

5.00E+00 1.00E+01 1.50E+01 2.51E-01 1.70E+01 5.19E-04 

5.00E+00 1.00E+01 1.50E+01 8.85E-01 1.70E+01 5.07E-04 

5.00E+00 1.00E+01 1.50E+01 9.52E-01 1.70E+01 5.04E-04 

5.00E+00 1.00E+01 1.50E+01 9.98E-01 1.70E+01 4.93E-04 

5.00E+00 1.00E+01 2.00E+01 2.51E-01 1.70E+01 4.91E-04 
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Water 

Head in 

rings (cm) 

Ring 

Depth 

(cm) 

Inner 

Ring dia. 

(cm) 

Effective 

Saturation  
Landa (cm) 

Infiltration 

Rate 

(cm/sec) 

5.00E+00 1.00E+01 2.00E+01 8.85E-01 1.70E+01 4.81E-04 

5.00E+00 1.00E+01 2.00E+01 9.52E-01 1.70E+01 4.78E-04 

5.00E+00 1.00E+01 2.00E+01 9.98E-01 1.70E+01 4.68E-04 

5.00E+00 1.00E+01 3.00E+01 2.51E-01 1.70E+01 4.76E-04 

5.00E+00 1.00E+01 3.00E+01 8.85E-01 1.70E+01 4.67E-04 

5.00E+00 1.00E+01 3.00E+01 9.52E-01 1.70E+01 4.65E-04 

5.00E+00 1.00E+01 3.00E+01 9.98E-01 1.70E+01 4.55E-04 

5.00E+00 1.00E+01 4.00E+01 2.51E-01 1.70E+01 4.55E-04 

5.00E+00 1.00E+01 4.00E+01 8.85E-01 1.70E+01 4.47E-04 

5.00E+00 1.00E+01 4.00E+01 9.52E-01 1.70E+01 4.45E-04 

5.00E+00 1.00E+01 4.00E+01 9.98E-01 1.70E+01 4.37E-04 

5.00E+00 1.00E+01 5.00E+01 2.51E-01 1.70E+01 4.45E-04 

5.00E+00 1.00E+01 5.00E+01 8.85E-01 1.70E+01 4.35E-04 

5.00E+00 1.00E+01 5.00E+01 9.52E-01 1.70E+01 4.32E-04 

5.00E+00 1.00E+01 5.00E+01 9.98E-01 1.70E+01 4.26E-04 

5.00E+00 1.00E+01 6.00E+01 2.51E-01 1.70E+01 4.35E-04 

5.00E+00 1.00E+01 6.00E+01 8.85E-01 1.70E+01 4.24E-04 

5.00E+00 1.00E+01 6.00E+01 9.52E-01 1.70E+01 4.23E-04 

5.00E+00 1.00E+01 6.00E+01 9.98E-01 1.70E+01 4.17E-04 

5.00E+00 1.50E+01 1.50E+01 2.51E-01 1.70E+01 4.79E-04 

5.00E+00 1.50E+01 1.50E+01 8.85E-01 1.70E+01 4.70E-04 

5.00E+00 1.50E+01 1.50E+01 9.52E-01 1.70E+01 4.68E-04 

5.00E+00 1.50E+01 1.50E+01 9.98E-01 1.70E+01 4.62E-04 

5.00E+00 1.50E+01 2.00E+01 2.51E-01 1.70E+01 4.59E-04 

5.00E+00 1.50E+01 2.00E+01 8.85E-01 1.70E+01 4.53E-04 

5.00E+00 1.50E+01 2.00E+01 9.52E-01 1.70E+01 4.50E-04 

5.00E+00 1.50E+01 2.00E+01 9.98E-01 1.70E+01 4.44E-04 

5.00E+00 1.50E+01 3.00E+01 2.51E-01 1.70E+01 4.55E-04 

5.00E+00 1.50E+01 3.00E+01 8.85E-01 1.70E+01 4.48E-04 

5.00E+00 1.50E+01 3.00E+01 9.52E-01 1.70E+01 4.45E-04 

5.00E+00 1.50E+01 3.00E+01 9.98E-01 1.70E+01 4.40E-04 

5.00E+00 1.50E+01 4.00E+01 2.51E-01 1.70E+01 4.43E-04 

5.00E+00 1.50E+01 4.00E+01 8.85E-01 1.70E+01 4.34E-04 

5.00E+00 1.50E+01 4.00E+01 9.52E-01 1.70E+01 4.32E-04 

5.00E+00 1.50E+01 4.00E+01 9.98E-01 1.70E+01 4.27E-04 

5.00E+00 1.50E+01 5.00E+01 2.51E-01 1.70E+01 4.36E-04 

5.00E+00 1.50E+01 5.00E+01 8.85E-01 1.70E+01 4.25E-04 

5.00E+00 1.50E+01 5.00E+01 9.52E-01 1.70E+01 4.24E-04 

5.00E+00 1.50E+01 5.00E+01 9.98E-01 1.70E+01 4.19E-04 

5.00E+00 1.50E+01 6.00E+01 2.51E-01 1.70E+01 4.28E-04 

5.00E+00 1.50E+01 6.00E+01 8.85E-01 1.70E+01 4.18E-04 

5.00E+00 1.50E+01 6.00E+01 9.52E-01 1.70E+01 4.17E-04 

5.00E+00 1.50E+01 6.00E+01 9.98E-01 1.70E+01 4.12E-04 
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Water 

Head in 

rings (cm) 

Ring 

Depth 

(cm) 

Inner 

Ring dia. 

(cm) 

Effective 

Saturation  
Landa (cm) 

Infiltration 

Rate 

(cm/sec) 

1.00E+01 5.00E+00 1.50E+01 2.51E-01 1.70E+01 7.80E-04 

1.00E+01 5.00E+00 1.50E+01 8.85E-01 1.70E+01 7.49E-04 

1.00E+01 5.00E+00 1.50E+01 9.52E-01 1.70E+01 7.39E-04 

1.00E+01 5.00E+00 1.50E+01 9.98E-01 1.70E+01 7.00E-04 

1.00E+01 5.00E+00 2.00E+01 2.51E-01 1.70E+01 7.00E-04 

1.00E+01 5.00E+00 2.00E+01 8.85E-01 1.70E+01 6.72E-04 

1.00E+01 5.00E+00 2.00E+01 9.52E-01 1.70E+01 6.60E-04 

1.00E+01 5.00E+00 2.00E+01 9.98E-01 1.70E+01 6.30E-04 

1.00E+01 5.00E+00 3.00E+01 2.51E-01 1.70E+01 6.17E-04 

1.00E+01 5.00E+00 3.00E+01 8.85E-01 1.70E+01 5.95E-04 

1.00E+01 5.00E+00 3.00E+01 9.52E-01 1.70E+01 5.88E-04 

1.00E+01 5.00E+00 3.00E+01 9.98E-01 1.70E+01 5.64E-04 

1.00E+01 5.00E+00 4.00E+01 2.51E-01 1.70E+01 5.59E-04 

1.00E+01 5.00E+00 4.00E+01 8.85E-01 1.70E+01 5.40E-04 

1.00E+01 5.00E+00 4.00E+01 9.52E-01 1.70E+01 5.34E-04 

1.00E+01 5.00E+00 4.00E+01 9.98E-01 1.70E+01 5.15E-04 

1.00E+01 5.00E+00 5.00E+01 2.51E-01 1.70E+01 5.29E-04 

1.00E+01 5.00E+00 5.00E+01 8.85E-01 1.70E+01 5.07E-04 

1.00E+01 5.00E+00 5.00E+01 9.52E-01 1.70E+01 5.04E-04 

1.00E+01 5.00E+00 5.00E+01 9.98E-01 1.70E+01 4.87E-04 

1.00E+01 5.00E+00 6.00E+01 2.51E-01 1.70E+01 5.05E-04 

1.00E+01 5.00E+00 6.00E+01 8.85E-01 1.70E+01 4.84E-04 

1.00E+01 5.00E+00 6.00E+01 9.52E-01 1.70E+01 4.81E-04 

1.00E+01 5.00E+00 6.00E+01 9.98E-01 1.70E+01 4.68E-04 

1.00E+01 1.00E+01 1.50E+01 2.51E-01 1.70E+01 6.50E-04 

1.00E+01 1.00E+01 1.50E+01 8.85E-01 1.70E+01 6.33E-04 

1.00E+01 1.00E+01 1.50E+01 9.52E-01 1.70E+01 6.27E-04 

1.00E+01 1.00E+01 1.50E+01 9.98E-01 1.70E+01 6.09E-04 

1.00E+01 1.00E+01 2.00E+01 2.51E-01 1.70E+01 6.02E-04 

1.00E+01 1.00E+01 2.00E+01 8.85E-01 1.70E+01 5.92E-04 

1.00E+01 1.00E+01 2.00E+01 9.52E-01 1.70E+01 5.85E-04 

1.00E+01 1.00E+01 2.00E+01 9.98E-01 1.70E+01 5.68E-04 

1.00E+01 1.00E+01 3.00E+01 2.51E-01 1.70E+01 5.69E-04 

1.00E+01 1.00E+01 3.00E+01 8.85E-01 1.70E+01 5.57E-04 

1.00E+01 1.00E+01 3.00E+01 9.52E-01 1.70E+01 5.53E-04 

1.00E+01 1.00E+01 3.00E+01 9.98E-01 1.70E+01 5.36E-04 

1.00E+01 1.00E+01 4.00E+01 2.51E-01 1.70E+01 5.34E-04 

1.00E+01 1.00E+01 4.00E+01 8.85E-01 1.70E+01 5.21E-04 

1.00E+01 1.00E+01 4.00E+01 9.52E-01 1.70E+01 5.17E-04 

1.00E+01 1.00E+01 4.00E+01 9.98E-01 1.70E+01 5.02E-04 

1.00E+01 1.00E+01 5.00E+01 2.51E-01 1.70E+01 5.13E-04 

1.00E+01 1.00E+01 5.00E+01 8.85E-01 1.70E+01 4.97E-04 

1.00E+01 1.00E+01 5.00E+01 9.52E-01 1.70E+01 4.93E-04 
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Water 

Head in 

rings (cm) 

Ring 

Depth 

(cm) 

Inner 

Ring dia. 

(cm) 

Effective 

Saturation  
Landa (cm) 

Infiltration 

Rate 

(cm/sec) 

1.00E+01 1.00E+01 5.00E+01 9.98E-01 1.70E+01 4.81E-04 

1.00E+01 1.00E+01 6.00E+01 2.51E-01 1.70E+01 4.93E-04 

1.00E+01 1.00E+01 6.00E+01 8.85E-01 1.70E+01 4.77E-04 

1.00E+01 1.00E+01 6.00E+01 9.52E-01 1.70E+01 4.75E-04 

1.00E+01 1.00E+01 6.00E+01 9.98E-01 1.70E+01 4.64E-04 

1.00E+01 1.50E+01 1.50E+01 2.51E-01 1.70E+01 5.80E-04 

1.00E+01 1.50E+01 1.50E+01 8.85E-01 1.70E+01 5.66E-04 

1.00E+01 1.50E+01 1.50E+01 9.52E-01 1.70E+01 5.61E-04 

1.00E+01 1.50E+01 1.50E+01 9.98E-01 1.70E+01 5.51E-04 

1.00E+01 1.50E+01 2.00E+01 2.51E-01 1.70E+01 5.49E-04 

1.00E+01 1.50E+01 2.00E+01 8.85E-01 1.70E+01 5.38E-04 

1.00E+01 1.50E+01 2.00E+01 9.52E-01 1.70E+01 5.37E-04 

1.00E+01 1.50E+01 2.00E+01 9.98E-01 1.70E+01 5.24E-04 

1.00E+01 1.50E+01 3.00E+01 2.51E-01 1.70E+01 5.32E-04 

1.00E+01 1.50E+01 3.00E+01 8.85E-01 1.70E+01 5.22E-04 

1.00E+01 1.50E+01 3.00E+01 9.52E-01 1.70E+01 5.19E-04 

1.00E+01 1.50E+01 3.00E+01 9.98E-01 1.70E+01 5.08E-04 

1.00E+01 1.50E+01 4.00E+01 2.51E-01 1.70E+01 5.10E-04 

1.00E+01 1.50E+01 4.00E+01 8.85E-01 1.70E+01 4.98E-04 

1.00E+01 1.50E+01 4.00E+01 9.52E-01 1.70E+01 4.95E-04 

1.00E+01 1.50E+01 4.00E+01 9.98E-01 1.70E+01 4.85E-04 

1.00E+01 1.50E+01 5.00E+01 2.51E-01 1.70E+01 4.94E-04 

1.00E+01 1.50E+01 5.00E+01 8.85E-01 1.70E+01 4.81E-04 

1.00E+01 1.50E+01 5.00E+01 9.52E-01 1.70E+01 4.79E-04 

1.00E+01 1.50E+01 5.00E+01 9.98E-01 1.70E+01 4.69E-04 

1.00E+01 1.50E+01 6.00E+01 2.51E-01 1.70E+01 4.82E-04 

1.00E+01 1.50E+01 6.00E+01 8.85E-01 1.70E+01 4.68E-04 

1.00E+01 1.50E+01 6.00E+01 9.52E-01 1.70E+01 4.65E-04 

1.00E+01 1.50E+01 6.00E+01 9.98E-01 1.70E+01 4.56E-04 

1.50E+01 5.00E+00 1.50E+01 2.51E-01 1.70E+01 9.52E-04 

1.50E+01 5.00E+00 1.50E+01 8.85E-01 1.70E+01 9.13E-04 

1.50E+01 5.00E+00 1.50E+01 9.52E-01 1.70E+01 8.96E-04 

1.50E+01 5.00E+00 1.50E+01 9.98E-01 1.70E+01 7.01E-04 

1.50E+01 5.00E+00 2.00E+01 2.51E-01 1.70E+01 8.49E-04 

1.50E+01 5.00E+00 2.00E+01 8.85E-01 1.70E+01 8.05E-04 

1.50E+01 5.00E+00 2.00E+01 9.52E-01 1.70E+01 7.92E-04 

1.50E+01 5.00E+00 2.00E+01 9.98E-01 1.70E+01 7.54E-04 

1.50E+01 5.00E+00 3.00E+01 2.51E-01 1.70E+01 7.14E-04 

1.50E+01 5.00E+00 3.00E+01 8.85E-01 1.70E+01 6.92E-04 

1.50E+01 5.00E+00 3.00E+01 9.52E-01 1.70E+01 6.84E-04 

1.50E+01 5.00E+00 3.00E+01 9.98E-01 1.70E+01 6.55E-04 

1.50E+01 5.00E+00 4.00E+01 2.51E-01 1.70E+01 6.39E-04 

1.50E+01 5.00E+00 4.00E+01 8.85E-01 1.70E+01 6.15E-04 
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Water 

Head in 

rings (cm) 

Ring 

Depth 

(cm) 

Inner 

Ring dia. 

(cm) 

Effective 

Saturation  
Landa (cm) 

Infiltration 

Rate 

(cm/sec) 

1.50E+01 5.00E+00 4.00E+01 9.52E-01 1.70E+01 6.09E-04 

1.50E+01 5.00E+00 4.00E+01 9.98E-01 1.70E+01 5.85E-04 

1.50E+01 5.00E+00 5.00E+01 2.51E-01 1.70E+01 5.96E-04 

1.50E+01 5.00E+00 5.00E+01 8.85E-01 1.70E+01 5.65E-04 

1.50E+01 5.00E+00 5.00E+01 9.52E-01 1.70E+01 5.64E-04 

1.50E+01 5.00E+00 5.00E+01 9.98E-01 1.70E+01 5.45E-04 

1.50E+01 5.00E+00 6.00E+01 2.51E-01 1.70E+01 5.60E-04 

1.50E+01 5.00E+00 6.00E+01 8.85E-01 1.70E+01 5.33E-04 

1.50E+01 5.00E+00 6.00E+01 9.52E-01 1.70E+01 5.33E-04 

1.50E+01 5.00E+00 6.00E+01 9.98E-01 1.70E+01 5.15E-04 

1.50E+01 1.00E+01 1.50E+01 2.51E-01 1.70E+01 7.71E-04 

1.50E+01 1.00E+01 1.50E+01 8.85E-01 1.70E+01 7.53E-04 

1.50E+01 1.00E+01 1.50E+01 9.52E-01 1.70E+01 7.47E-04 

1.50E+01 1.00E+01 1.50E+01 9.98E-01 1.70E+01 7.21E-04 

1.50E+01 1.00E+01 2.00E+01 2.51E-01 1.70E+01 7.14E-04 

1.50E+01 1.00E+01 2.00E+01 8.85E-01 1.70E+01 6.93E-04 

1.50E+01 1.00E+01 2.00E+01 9.52E-01 1.70E+01 6.87E-04 

1.50E+01 1.00E+01 2.00E+01 9.98E-01 1.70E+01 6.64E-04 

1.50E+01 1.00E+01 3.00E+01 2.51E-01 1.70E+01 6.60E-04 

1.50E+01 1.00E+01 3.00E+01 8.85E-01 1.70E+01 6.40E-04 

1.50E+01 1.00E+01 3.00E+01 9.52E-01 1.70E+01 6.34E-04 

1.50E+01 1.00E+01 3.00E+01 9.98E-01 1.70E+01 6.12E-04 

1.50E+01 1.00E+01 4.00E+01 2.51E-01 1.70E+01 6.09E-04 

1.50E+01 1.00E+01 4.00E+01 8.85E-01 1.70E+01 5.89E-04 

1.50E+01 1.00E+01 4.00E+01 9.52E-01 1.70E+01 5.84E-04 

1.50E+01 1.00E+01 4.00E+01 9.98E-01 1.70E+01 5.64E-04 

1.50E+01 1.00E+01 5.00E+01 2.51E-01 1.70E+01 5.76E-04 

1.50E+01 1.00E+01 5.00E+01 8.85E-01 1.70E+01 5.53E-04 

1.50E+01 1.00E+01 5.00E+01 9.52E-01 1.70E+01 5.50E-04 

1.50E+01 1.00E+01 5.00E+01 9.98E-01 1.70E+01 5.32E-04 

1.50E+01 1.00E+01 6.00E+01 2.51E-01 1.70E+01 5.48E-04 

1.50E+01 1.00E+01 6.00E+01 8.85E-01 1.70E+01 5.28E-04 

1.50E+01 1.00E+01 6.00E+01 9.52E-01 1.70E+01 5.24E-04 

1.50E+01 1.00E+01 6.00E+01 9.98E-01 1.70E+01 5.09E-04 

1.50E+01 1.50E+01 1.50E+01 2.51E-01 1.70E+01 6.72E-04 

1.50E+01 1.50E+01 1.50E+01 8.85E-01 1.70E+01 6.58E-04 

1.50E+01 1.50E+01 1.50E+01 9.52E-01 1.70E+01 6.54E-04 

1.50E+01 1.50E+01 1.50E+01 9.98E-01 1.70E+01 6.39E-04 

1.50E+01 1.50E+01 2.00E+01 2.51E-01 1.70E+01 6.34E-04 

1.50E+01 1.50E+01 2.00E+01 8.85E-01 1.70E+01 6.22E-04 

1.50E+01 1.50E+01 2.00E+01 9.52E-01 1.70E+01 6.16E-04 

1.50E+01 1.50E+01 2.00E+01 9.98E-01 1.70E+01 6.01E-04 

1.50E+01 1.50E+01 3.00E+01 2.51E-01 1.70E+01 6.05E-04 
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Water 

Head in 

rings (cm) 

Ring 

Depth 

(cm) 

Inner 

Ring dia. 

(cm) 

Effective 

Saturation  
Landa (cm) 

Infiltration 

Rate 

(cm/sec) 

1.50E+01 1.50E+01 3.00E+01 8.85E-01 1.70E+01 5.92E-04 

1.50E+01 1.50E+01 3.00E+01 9.52E-01 1.70E+01 5.88E-04 

1.50E+01 1.50E+01 3.00E+01 9.98E-01 1.70E+01 5.73E-04 

1.50E+01 1.50E+01 4.00E+01 2.51E-01 1.70E+01 5.76E-04 

1.50E+01 1.50E+01 4.00E+01 8.85E-01 1.70E+01 5.58E-04 

1.50E+01 1.50E+01 4.00E+01 9.52E-01 1.70E+01 5.54E-04 

1.50E+01 1.50E+01 4.00E+01 9.98E-01 1.70E+01 5.40E-04 

1.50E+01 1.50E+01 5.00E+01 2.51E-01 1.70E+01 5.51E-04 

1.50E+01 1.50E+01 5.00E+01 8.85E-01 1.70E+01 5.34E-04 

1.50E+01 1.50E+01 5.00E+01 9.52E-01 1.70E+01 5.30E-04 

1.50E+01 1.50E+01 5.00E+01 9.98E-01 1.70E+01 5.18E-04 

1.50E+01 1.50E+01 6.00E+01 2.51E-01 1.70E+01 5.34E-04 

1.50E+01 1.50E+01 6.00E+01 8.85E-01 1.70E+01 5.14E-04 

1.50E+01 1.50E+01 6.00E+01 9.52E-01 1.70E+01 5.11E-04 

1.50E+01 1.50E+01 6.00E+01 9.98E-01 1.70E+01 4.99E-04 

5.00E+00 5.00E+00 1.50E+01 6.10E-01 3.70E+01 5.51E-05 

5.00E+00 5.00E+00 1.50E+01 6.23E-01 3.70E+01 5.48E-05 

5.00E+00 5.00E+00 1.50E+01 7.03E-01 3.70E+01 5.33E-05 

5.00E+00 5.00E+00 1.50E+01 7.58E-01 3.70E+01 5.29E-05 

5.00E+00 5.00E+00 1.50E+01 8.46E-01 3.70E+01 5.24E-05 

5.00E+00 5.00E+00 1.50E+01 9.14E-01 3.70E+01 5.19E-05 

5.00E+00 5.00E+00 1.50E+01 9.67E-01 3.70E+01 5.09E-05 

5.00E+00 5.00E+00 1.50E+01 9.85E-01 3.70E+01 5.09E-05 

5.00E+00 5.00E+00 1.50E+01 9.92E-01 3.70E+01 5.09E-05 

5.00E+00 5.00E+00 1.50E+01 9.99E-01 3.70E+01 5.00E-05 

5.00E+00 5.00E+00 2.00E+01 6.10E-01 3.70E+01 5.44E-05 

5.00E+00 5.00E+00 2.00E+01 8.46E-01 3.70E+01 4.94E-05 

5.00E+00 5.00E+00 2.00E+01 9.85E-01 3.70E+01 4.87E-05 

5.00E+00 5.00E+00 2.00E+01 9.99E-01 3.70E+01 3.97E-05 

5.00E+00 5.00E+00 3.00E+01 6.10E-01 3.70E+01 5.36E-05 

5.00E+00 5.00E+00 3.00E+01 8.46E-01 3.70E+01 5.19E-05 

5.00E+00 5.00E+00 3.00E+01 9.85E-01 3.70E+01 4.39E-05 

5.00E+00 5.00E+00 3.00E+01 9.99E-01 3.70E+01 4.36E-05 

5.00E+00 5.00E+00 4.00E+01 6.10E-01 3.70E+01 5.33E-05 

5.00E+00 5.00E+00 4.00E+01 8.46E-01 3.70E+01 4.43E-05 

5.00E+00 5.00E+00 4.00E+01 9.85E-01 3.70E+01 4.20E-05 

5.00E+00 5.00E+00 4.00E+01 9.99E-01 3.70E+01 4.12E-05 

5.00E+00 5.00E+00 5.00E+01 6.10E-01 3.70E+01 4.95E-05 

5.00E+00 5.00E+00 5.00E+01 8.46E-01 3.70E+01 4.34E-05 

5.00E+00 5.00E+00 5.00E+01 9.85E-01 3.70E+01 4.13E-05 

5.00E+00 5.00E+00 5.00E+01 9.99E-01 3.70E+01 3.96E-05 

5.00E+00 5.00E+00 6.00E+01 6.10E-01 3.70E+01 4.85E-05 

5.00E+00 5.00E+00 6.00E+01 8.46E-01 3.70E+01 4.21E-05 
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Water 

Head in 

rings (cm) 

Ring 

Depth 

(cm) 

Inner 

Ring dia. 

(cm) 

Effective 

Saturation  
Landa (cm) 

Infiltration 

Rate 

(cm/sec) 

5.00E+00 5.00E+00 6.00E+01 9.85E-01 3.70E+01 3.97E-05 

5.00E+00 5.00E+00 6.00E+01 9.99E-01 3.70E+01 3.76E-05 

5.00E+00 1.00E+01 1.50E+01 6.10E-01 3.70E+01 5.28E-05 

5.00E+00 1.00E+01 1.50E+01 8.46E-01 3.70E+01 4.63E-05 

5.00E+00 1.00E+01 1.50E+01 9.85E-01 3.70E+01 4.54E-05 

5.00E+00 1.00E+01 1.50E+01 9.99E-01 3.70E+01 4.49E-05 

5.00E+00 1.00E+01 2.00E+01 6.10E-01 3.70E+01 5.15E-05 

5.00E+00 1.00E+01 2.00E+01 8.46E-01 3.70E+01 4.43E-05 

5.00E+00 1.00E+01 2.00E+01 9.85E-01 3.70E+01 4.32E-05 

5.00E+00 1.00E+01 2.00E+01 9.99E-01 3.70E+01 4.29E-05 

5.00E+00 1.00E+01 3.00E+01 6.10E-01 3.70E+01 5.09E-05 

5.00E+00 1.00E+01 3.00E+01 8.46E-01 3.70E+01 4.38E-05 

5.00E+00 1.00E+01 3.00E+01 9.85E-01 3.70E+01 4.21E-05 

5.00E+00 1.00E+01 3.00E+01 9.99E-01 3.70E+01 4.18E-05 

5.00E+00 1.00E+01 4.00E+01 6.10E-01 3.70E+01 4.89E-05 

5.00E+00 1.00E+01 4.00E+01 8.46E-01 3.70E+01 4.22E-05 

5.00E+00 1.00E+01 4.00E+01 9.85E-01 3.70E+01 4.04E-05 

5.00E+00 1.00E+01 4.00E+01 9.98E-01 3.70E+01 4.01E-05 

5.00E+00 1.00E+01 5.00E+01 6.10E-01 3.70E+01 4.78E-05 

5.00E+00 1.00E+01 5.00E+01 8.46E-01 3.70E+01 4.21E-05 

5.00E+00 1.00E+01 5.00E+01 9.85E-01 3.70E+01 3.93E-05 

5.00E+00 1.00E+01 5.00E+01 9.99E-01 3.70E+01 3.90E-05 

5.00E+00 1.00E+01 6.00E+01 6.10E-01 3.70E+01 4.63E-05 

5.00E+00 1.00E+01 6.00E+01 8.46E-01 3.70E+01 4.18E-05 

5.00E+00 1.00E+01 6.00E+01 9.85E-01 3.70E+01 3.84E-05 

5.00E+00 1.00E+01 6.00E+01 9.93E-01 3.70E+01 3.83E-05 

5.00E+00 1.50E+01 1.50E+01 6.10E-01 3.70E+01 5.07E-05 

5.00E+00 1.50E+01 1.50E+01 8.46E-01 3.70E+01 4.38E-05 

5.00E+00 1.50E+01 1.50E+01 9.85E-01 3.70E+01 4.21E-05 

5.00E+00 1.50E+01 1.50E+01 9.99E-01 3.70E+01 4.21E-05 

5.00E+00 1.50E+01 2.00E+01 6.10E-01 3.70E+01 4.99E-05 

5.00E+00 1.50E+01 2.00E+01 8.46E-01 3.70E+01 4.15E-05 

5.00E+00 1.50E+01 2.00E+01 9.85E-01 3.70E+01 4.08E-05 

5.00E+00 1.50E+01 2.00E+01 9.99E-01 3.70E+01 4.05E-05 

5.00E+00 1.50E+01 3.00E+01 6.10E-01 3.70E+01 4.95E-05 

5.00E+00 1.50E+01 3.00E+01 8.46E-01 3.70E+01 4.20E-05 

5.00E+00 1.50E+01 3.00E+01 9.85E-01 3.70E+01 4.05E-05 

5.00E+00 1.50E+01 3.00E+01 9.99E-01 3.70E+01 4.02E-05 

5.00E+00 1.50E+01 4.00E+01 6.10E-01 3.70E+01 4.89E-05 

5.00E+00 1.50E+01 4.00E+01 8.46E-01 3.70E+01 4.13E-05 

5.00E+00 1.50E+01 4.00E+01 9.85E-01 3.70E+01 3.93E-05 

5.00E+00 1.50E+01 4.00E+01 9.99E-01 3.70E+01 3.91E-05 

5.00E+00 1.50E+01 5.00E+01 6.10E-01 3.70E+01 4.81E-05 
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Water 

Head in 

rings (cm) 

Ring 

Depth 

(cm) 

Inner 

Ring dia. 

(cm) 

Effective 

Saturation  
Landa (cm) 

Infiltration 

Rate 

(cm/sec) 

5.00E+00 1.50E+01 5.00E+01 8.46E-01 3.70E+01 4.14E-05 

5.00E+00 1.50E+01 5.00E+01 9.85E-01 3.70E+01 3.86E-05 

5.00E+00 1.50E+01 5.00E+01 9.98E-01 3.70E+01 3.84E-05 

5.00E+00 1.50E+01 6.00E+01 6.10E-01 3.70E+01 4.75E-05 

5.00E+00 1.50E+01 6.00E+01 8.46E-01 3.70E+01 4.13E-05 

5.00E+00 1.50E+01 6.00E+01 9.85E-01 3.70E+01 3.79E-05 

5.00E+00 1.50E+01 6.00E+01 9.95E-01 3.70E+01 3.78E-05 

1.00E+01 5.00E+00 1.50E+01 6.10E-01 3.70E+01 7.37E-05 

1.00E+01 5.00E+00 1.50E+01 8.46E-01 3.70E+01 6.92E-05 

1.00E+01 5.00E+00 1.50E+01 9.85E-01 3.70E+01 6.61E-05 

1.00E+01 5.00E+00 1.50E+01 9.99E-01 3.70E+01 6.47E-05 

1.00E+01 5.00E+00 2.00E+01 6.10E-01 3.70E+01 6.72E-05 

1.00E+01 5.00E+00 2.00E+01 8.46E-01 3.70E+01 6.23E-05 

1.00E+01 5.00E+00 2.00E+01 9.85E-01 3.70E+01 5.97E-05 

1.00E+01 5.00E+00 2.00E+01 9.99E-01 3.70E+01 5.81E-05 

1.00E+01 5.00E+00 3.00E+01 6.10E-01 3.70E+01 6.44E-05 

1.00E+01 5.00E+00 3.00E+01 8.46E-01 3.70E+01 5.61E-05 

1.00E+01 5.00E+00 3.00E+01 9.85E-01 3.70E+01 5.32E-05 

1.00E+01 5.00E+00 3.00E+01 9.99E-01 3.70E+01 5.21E-05 

1.00E+01 5.00E+00 4.00E+01 6.10E-01 3.70E+01 6.03E-05 

1.00E+01 5.00E+00 4.00E+01 8.71E-01 3.70E+01 5.06E-05 

1.00E+01 5.00E+00 4.00E+01 9.85E-01 3.70E+01 4.84E-05 

1.00E+01 5.00E+00 4.00E+01 9.98E-01 3.70E+01 4.78E-05 

1.00E+01 5.00E+00 5.00E+01 6.10E-01 3.70E+01 5.98E-05 

1.00E+01 5.00E+00 5.00E+01 8.46E-01 3.70E+01 4.97E-05 

1.00E+01 5.00E+00 5.00E+01 9.85E-01 3.70E+01 4.56E-05 

1.00E+01 5.00E+00 5.00E+01 9.96E-01 3.70E+01 4.53E-05 

1.00E+01 5.00E+00 6.00E+01 6.10E-01 3.70E+01 5.93E-05 

1.00E+01 5.00E+00 6.00E+01 9.85E-01 3.70E+01 4.37E-05 

1.00E+01 5.00E+00 6.00E+01 8.46E-01 3.70E+01 4.84E-05 

1.00E+01 5.00E+00 6.00E+01 7.58E-01 3.70E+01 5.21E-05 

1.00E+01 1.00E+01 1.50E+01 6.10E-01 3.70E+01 6.32E-05 

1.00E+01 1.00E+01 1.50E+01 8.46E-01 3.70E+01 5.82E-05 

1.00E+01 1.00E+01 1.50E+01 9.85E-01 3.70E+01 5.67E-05 

1.00E+01 1.00E+01 1.50E+01 7.58E-01 3.70E+01 5.90E-05 

1.00E+01 1.00E+01 2.00E+01 6.10E-01 3.70E+01 6.20E-05 

1.00E+01 1.00E+01 2.00E+01 8.46E-01 3.70E+01 5.40E-05 

1.00E+01 1.00E+01 2.00E+01 9.85E-01 3.70E+01 5.27E-05 

1.00E+01 1.00E+01 2.00E+01 7.58E-01 3.70E+01 5.69E-05 

1.00E+01 1.00E+01 3.00E+01 6.10E-01 3.70E+01 6.09E-05 

1.00E+01 1.00E+01 3.00E+01 8.46E-01 3.70E+01 5.22E-05 

1.00E+01 1.00E+01 3.00E+01 9.85E-01 3.70E+01 5.00E-05 

1.00E+01 1.00E+01 3.00E+01 7.58E-01 3.70E+01 5.53E-05 
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Water 

Head in 

rings (cm) 

Ring 

Depth 

(cm) 

Inner 

Ring dia. 

(cm) 

Effective 

Saturation  
Landa (cm) 

Infiltration 

Rate 

(cm/sec) 

1.00E+01 1.00E+01 4.00E+01 6.10E-01 3.70E+01 5.96E-05 

1.00E+01 1.00E+01 4.00E+01 8.46E-01 3.70E+01 4.99E-05 

1.00E+01 1.00E+01 4.00E+01 9.85E-01 3.70E+01 4.68E-05 

1.00E+01 1.00E+01 4.00E+01 7.58E-01 3.70E+01 5.31E-05 

1.00E+01 1.00E+01 5.00E+01 6.10E-01 3.70E+01 5.73E-05 

1.00E+01 1.00E+01 5.00E+01 8.46E-01 3.70E+01 4.77E-05 

1.00E+01 1.00E+01 5.00E+01 9.85E-01 3.70E+01 4.48E-05 

1.00E+01 1.00E+01 5.00E+01 7.58E-01 3.70E+01 5.18E-05 

1.00E+01 1.00E+01 6.00E+01 6.64E-01 3.70E+01 5.61E-05 

1.00E+01 1.00E+01 6.00E+01 8.46E-01 3.70E+01 4.74E-05 

1.00E+01 1.00E+01 6.00E+01 9.67E-01 3.70E+01 4.33E-05 

1.00E+01 1.00E+01 6.00E+01 7.58E-01 3.70E+01 5.16E-05 

1.00E+01 1.50E+01 1.50E+01 6.10E-01 3.70E+01 5.96E-05 

1.00E+01 1.50E+01 1.50E+01 8.46E-01 3.70E+01 5.25E-05 

1.00E+01 1.50E+01 1.50E+01 9.85E-01 3.70E+01 5.08E-05 

1.00E+01 1.50E+01 1.50E+01 7.58E-01 3.70E+01 5.42E-05 

1.00E+01 1.50E+01 2.00E+01 6.10E-01 3.70E+01 5.91E-05 

1.00E+01 1.50E+01 2.00E+01 8.46E-01 3.70E+01 4.94E-05 

1.00E+01 1.50E+01 2.00E+01 9.85E-01 3.70E+01 4.85E-05 

1.00E+01 1.50E+01 2.00E+01 7.58E-01 3.70E+01 5.21E-05 

1.00E+01 1.50E+01 3.00E+01 6.10E-01 3.70E+01 5.88E-05 

1.00E+01 1.50E+01 3.00E+01 8.46E-01 3.70E+01 4.86E-05 

1.00E+01 1.50E+01 3.00E+01 9.85E-01 3.70E+01 4.70E-05 

1.00E+01 1.50E+01 3.00E+01 7.58E-01 3.70E+01 5.17E-05 

1.00E+01 1.50E+01 4.00E+01 6.10E-01 3.70E+01 5.75E-05 

1.00E+01 1.50E+01 4.00E+01 8.46E-01 3.70E+01 4.78E-05 

1.00E+01 1.50E+01 4.00E+01 9.85E-01 3.70E+01 4.50E-05 

1.00E+01 1.50E+01 4.00E+01 7.58E-01 3.70E+01 5.17E-05 

1.00E+01 1.50E+01 5.00E+01 6.10E-01 3.70E+01 5.69E-05 

1.00E+01 1.50E+01 5.00E+01 8.46E-01 3.70E+01 4.71E-05 

1.00E+01 1.50E+01 5.00E+01 9.85E-01 3.70E+01 4.35E-05 

1.00E+01 1.50E+01 5.00E+01 7.58E-01 3.70E+01 5.19E-05 

1.00E+01 1.50E+01 6.00E+01 6.64E-01 3.70E+01 5.66E-05 

1.00E+01 1.50E+01 6.00E+01 8.46E-01 3.70E+01 4.69E-05 

1.00E+01 1.50E+01 6.00E+01 9.85E-01 3.70E+01 4.23E-05 

1.00E+01 1.50E+01 6.00E+01 7.58E-01 3.70E+01 5.20E-05 

1.50E+01 5.00E+00 1.50E+01 6.10E-01 3.70E+01 9.28E-05 

1.50E+01 5.00E+00 1.50E+01 8.46E-01 3.70E+01 8.54E-05 

1.50E+01 5.00E+00 1.50E+01 9.85E-01 3.70E+01 8.07E-05 

1.50E+01 5.00E+00 1.50E+01 7.58E-01 3.70E+01 7.15E-05 

1.50E+01 5.00E+00 2.00E+01 6.10E-01 3.70E+01 8.33E-05 

1.50E+01 5.00E+00 2.00E+01 8.46E-01 3.70E+01 7.51E-05 

1.50E+01 5.00E+00 2.00E+01 9.85E-01 3.70E+01 7.12E-05 
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Water 

Head in 

rings (cm) 

Ring 

Depth 

(cm) 

Inner 

Ring dia. 

(cm) 

Effective 

Saturation  
Landa (cm) 

Infiltration 

Rate 

(cm/sec) 

1.50E+01 5.00E+00 2.00E+01 7.58E-01 3.70E+01 7.81E-05 

1.50E+01 5.00E+00 3.00E+01 6.10E-01 3.70E+01 7.58E-05 

1.50E+01 5.00E+00 3.00E+01 8.46E-01 3.70E+01 6.55E-05 

1.50E+01 5.00E+00 3.00E+01 9.85E-01 3.70E+01 6.19E-05 

1.50E+01 5.00E+00 3.00E+01 7.58E-01 3.70E+01 6.88E-05 

1.50E+01 5.00E+00 4.00E+01 6.64E-01 3.70E+01 6.70E-05 

1.50E+01 5.00E+00 4.00E+01 8.46E-01 3.70E+01 5.88E-05 

1.50E+01 5.00E+00 4.00E+01 9.85E-01 3.70E+01 5.52E-05 

1.50E+01 5.00E+00 4.00E+01 7.58E-01 3.70E+01 6.29E-05 

1.50E+01 5.00E+00 5.00E+01 6.64E-01 3.70E+01 6.50E-05 

1.50E+01 5.00E+00 5.00E+01 8.46E-01 3.70E+01 5.60E-05 

1.50E+01 5.00E+00 5.00E+01 9.85E-01 3.70E+01 5.13E-05 

1.50E+01 5.00E+00 5.00E+01 7.58E-01 3.70E+01 6.11E-05 

1.50E+01 5.00E+00 6.00E+01 6.10E-01 3.70E+01 6.41E-05 

1.50E+01 5.00E+00 6.00E+01 8.46E-01 3.70E+01 5.41E-05 

1.50E+01 5.00E+00 6.00E+01 9.85E-01 3.70E+01 4.84E-05 

1.50E+01 5.00E+00 6.00E+01 7.58E-01 3.70E+01 5.92E-05 

1.50E+01 1.00E+01 1.50E+01 6.10E-01 3.70E+01 7.43E-05 

1.50E+01 1.00E+01 1.50E+01 8.46E-01 3.70E+01 6.94E-05 

1.50E+01 1.00E+01 1.50E+01 9.85E-01 3.70E+01 6.76E-05 

1.50E+01 1.00E+01 1.50E+01 7.58E-01 3.70E+01 7.24E-05 

1.50E+01 1.00E+01 2.00E+01 6.10E-01 3.70E+01 7.07E-05 

1.50E+01 1.00E+01 2.00E+01 8.46E-01 3.70E+01 6.47E-05 

1.50E+01 1.00E+01 2.00E+01 9.85E-01 3.70E+01 6.22E-05 

1.50E+01 1.00E+01 2.00E+01 7.58E-01 3.70E+01 6.59E-05 

1.50E+01 1.00E+01 3.00E+01 6.10E-01 3.70E+01 6.91E-05 

1.50E+01 1.00E+01 3.00E+01 8.46E-01 3.70E+01 6.00E-05 

1.50E+01 1.00E+01 3.00E+01 9.85E-01 3.70E+01 5.75E-05 

1.50E+01 1.00E+01 3.00E+01 7.58E-01 3.70E+01 6.36E-05 

1.50E+01 1.00E+01 4.00E+01 6.10E-01 3.70E+01 6.67E-05 

1.50E+01 1.00E+01 4.00E+01 8.46E-01 3.70E+01 5.63E-05 

1.50E+01 1.00E+01 4.00E+01 9.85E-01 3.70E+01 5.29E-05 

1.50E+01 1.00E+01 4.00E+01 7.58E-01 3.70E+01 6.04E-05 

1.50E+01 1.00E+01 5.00E+01 6.10E-01 3.70E+01 6.57E-05 

1.50E+01 1.00E+01 5.00E+01 8.46E-01 3.70E+01 5.41E-05 

1.50E+01 1.00E+01 5.00E+01 9.85E-01 3.70E+01 5.00E-05 

1.50E+01 1.00E+01 5.00E+01 7.58E-01 3.70E+01 6.02E-05 

1.50E+01 1.00E+01 6.00E+01 6.64E-01 3.70E+01 6.37E-05 

1.50E+01 1.00E+01 6.00E+01 8.46E-01 3.70E+01 5.29E-05 

1.50E+01 1.00E+01 6.00E+01 9.85E-01 3.70E+01 4.76E-05 

1.50E+01 1.00E+01 6.00E+01 7.73E-01 3.70E+01 5.75E-05 

1.50E+01 1.50E+01 1.50E+01 6.10E-01 3.70E+01 6.70E-05 

1.50E+01 1.50E+01 1.50E+01 8.46E-01 3.70E+01 6.06E-05 
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Water 

Head in 

rings (cm) 

Ring 

Depth 

(cm) 

Inner 

Ring dia. 

(cm) 

Effective 

Saturation  
Landa (cm) 

Infiltration 

Rate 

(cm/sec) 

1.50E+01 1.50E+01 1.50E+01 9.85E-01 3.70E+01 5.94E-05 

1.50E+01 1.50E+01 1.50E+01 7.58E-01 3.70E+01 6.28E-05 

1.50E+01 1.50E+01 2.00E+01 6.10E-01 3.70E+01 6.42E-05 

1.50E+01 1.50E+01 2.00E+01 8.46E-01 3.70E+01 5.80E-05 

1.50E+01 1.50E+01 2.00E+01 9.85E-01 3.70E+01 5.60E-05 

1.50E+01 1.50E+01 2.00E+01 7.58E-01 3.70E+01 6.00E-05 

1.50E+01 1.50E+01 3.00E+01 6.10E-01 3.70E+01 6.37E-05 

1.50E+01 1.50E+01 3.00E+01 8.46E-01 3.70E+01 5.58E-05 

1.50E+01 1.50E+01 3.00E+01 9.85E-01 3.70E+01 5.34E-05 

1.50E+01 1.50E+01 3.00E+01 7.58E-01 3.70E+01 5.97E-05 

1.50E+01 1.50E+01 4.00E+01 6.10E-01 3.70E+01 6.25E-05 

1.50E+01 1.50E+01 4.00E+01 8.46E-01 3.70E+01 5.39E-05 

1.50E+01 1.50E+01 4.00E+01 9.85E-01 3.70E+01 5.03E-05 

1.50E+01 1.50E+01 4.00E+01 7.58E-01 3.70E+01 5.80E-05 

1.50E+01 1.50E+01 5.00E+01 6.10E-01 3.70E+01 6.14E-05 

1.50E+01 1.50E+01 5.00E+01 8.46E-01 3.70E+01 5.32E-05 

1.50E+01 1.50E+01 5.00E+01 9.85E-01 3.70E+01 4.82E-05 

1.50E+01 1.50E+01 5.00E+01 7.58E-01 3.70E+01 5.73E-05 

1.50E+01 1.50E+01 6.00E+01 6.64E-01 3.70E+01 6.05E-05 

1.50E+01 1.50E+01 6.00E+01 8.46E-01 3.70E+01 5.17E-05 

1.50E+01 1.50E+01 6.00E+01 9.85E-01 3.70E+01 4.65E-05 

1.50E+01 1.50E+01 6.00E+01 7.58E-01 3.70E+01 5.61E-05 
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APPENDIX B 

ARDUINO SCRIPT 

#include <SD.h> 

#include <Wire.h> 

#include "RTClib.h" 

#include <Adafruit_MotorShield.h> 

#include "utility/Adafruit_PWMServoDriver.h" 

#define LOG_INTERVAL 1000 

#define SYNC_INTERVAL 1000 

uint32_t syncTime = 0; 

#define ECHO_TO_SERIAL 1 

#define WAIT_TO_START 0 

#define SENSOR_PIN 0  

#define hallsensor 2 

volatile int NbTopsFan; 

int Calc; 

//int hallsensor = 2; 

Adafruit_MotorShield AFMS = Adafruit_MotorShield();  

Adafruit_DCMotor *myMotor = AFMS.getMotor(2); 

RTC_DS1307 RTC; 

const int chipSelect = 10; 

File logfile; 

void error(char *str) 

{ 

Serial.print("error: "); 

Serial.println(str); 

while(1); 

} 

void setup() 

{ 
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AFMS.begin(); 

myMotor->setSpeed(185); 

myMotor->run(FORWARD); 

myMotor->run(RELEASE);   

pinMode(2, INPUT); 

Serial.begin(9600); 

attachInterrupt(0, rpm, RISING); 

Serial.println(); 

#if WAIT_TO_START 

Serial.println("Type any character to start"); 

while (!Serial.available()); 

#endif //WAIT_TO_START 

// initialize the SD card 

Serial.print("Initializing SD card..."); 

if (!SD.begin(chipSelect)) { 

error("Card failed, or not present"); 

} 

Serial.println("card initialized."); 

// create a new file 

char filename[] = "LOGGER00.CSV"; 

for (uint8_t i = 0; i < 100; i++) { 

filename[6] = i/10 + '0'; 

filename[7] = i%10 + '0'; 

if (! SD.exists(filename)) { 

// only open a new file if it doesn't exist 

logfile = SD.open(filename, FILE_WRITE); 

break; // leave the loop! 

} 

} 

if (! logfile) { 

error("couldnt create file"); 
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} 

Serial.print("Logging to: "); 

Serial.println(filename); 

// connect to RTC 

Wire.begin(); 

if (!RTC.begin()) { 

logfile.println("RTC failed"); 

#if ECHO_TO_SERIAL 

Serial.println("RTC failed"); 

#endif //ECHO_TO_SERIAL 

} 

logfile.println("Datetime, Resistance, Cumulative Flow"); 

#if ECHO_TO_SERIAL 

Serial.println("Datetime, Resistance, Cumulative Flow"); 

#endif //ECHO_TO_SERIAL 

} 

void loop(void) { 

DateTime now; 

// delay for the amount of time we want between readings 

delay((LOG_INTERVAL -1) - (millis() % LOG_INTERVAL)); 

uint32_t m = millis(); 

// fetch the time 

now = RTC.now(); 

logfile.print('"'); 

logfile.print(now.year(), DEC); 

logfile.print("/"); 

logfile.print(now.month(), DEC); 

logfile.print("/"); 

logfile.print(now.day(), DEC); 

logfile.print(" "); 

logfile.print(now.hour(), DEC); 
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logfile.print(":"); 

logfile.print(now.minute(), DEC); 

logfile.print(":"); 

logfile.print(now.second(), DEC); 

logfile.print('"'); 

#if ECHO_TO_SERIAL 

Serial.print('"'); 

Serial.print(now.year(), DEC); 

Serial.print("/"); 

Serial.print(now.month(), DEC); 

Serial.print("/"); 

Serial.print(now.day(), DEC); 

Serial.print(" "); 

Serial.print(now.hour(), DEC); 

Serial.print(":"); 

Serial.print(now.minute(), DEC); 

Serial.print(":"); 

Serial.print(now.second(), DEC); 

Serial.print('"'); 

logfile.print(", "); 

#if ECHO_TO_SERIAL 

Serial.print(", "); 

#endif  

float resistance = analogRead(SENSOR_PIN); 

delay(10); 

if (resistance > 70)  { 

myMotor->run(FORWARD); 

} 

if (resistance < 66)  { 

myMotor->run(RELEASE); 

} 
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logfile.print(resistance, 2); 

#if ECHO_TO_SERIAL 

Serial.print(resistance, 2); 

#endif //ECHO_TO_SERIAL 

logfile.print(", "); 

#if ECHO_TO_SERIAL 

Serial.print(", "); 

#endif  

Calc = (NbTopsFan *0.36037146614069690992767915844838); 

delay(10); 

logfile.print (Calc);         //Prints the number calculated above 

#if ECHO_TO_SERIAL 

Serial.print (Calc);         //Prints the number calculated above 

#endif  

#endif //ECHO_TO_SERIAL  

logfile.println(); 

#if ECHO_TO_SERIAL 

Serial.println(); 

#endif // ECHO_TO_SERIAL  

if ((millis() - syncTime) < SYNC_INTERVAL) return; 

syncTime = millis(); 

logfile.flush(); 

//delay(1000); 

} 

void rpm () 

{ 

 NbTopsFan++; 

} 
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