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SOIL SURFACE-SEAL MEASUREMENT USING HIGH-

RESOLUTION X-RAY COMPUTED TOMOGRAPHY (HRCT) 

ABSTRACT 

Rainfall on bare soil breaks soil aggregates, detaching particles, plugging pores and 

decreasing porosity in the top few mm of soil. This reduces hydraulic conductivity and 

increases runoff through a process known as surface sealing. The objectives of this study 

are to measure saturated hydraulic conductivity (Ksat) of surface seals developed on bare 

Mexico silt loam (Aeric Vertic Epiaqualfs) during a simulated rainfall event, to evaluate 

the effect of anionic polyacrylamide (PAM) for maintaining high Ksat, and to evaluate 

models of sealing using total porosity, pore-size distribution collected with high-

resolution X-ray computed tomography (HRCT). The study used a factorial design. 

Factors included rainfall duration (0-, 7.5-, 15-, 30-, and 60-min) at 55-mm hr-1 rainfall 

intensity, and an untreated soil or a soil amended with 20-kg ha-1 PAM. Pore 

characteristics analyzed included number of pores, total porosity, and pore-size 

distribution. Application of PAM for various rainfall durations maintained from 20% to 

41% higher Ksat than did untreated soil, for all times tested. Use of PAM produced 

different seal density (ρ). Results indicated ρ increased, and total porosity and pore-size 

decreased rapidly after a 15-min rainfall. HRCT-ρ data helped identify the best model 

selection for characterizing seal ρ profile. A sigmoidal model (Roth, 1997; r2=0.68) and a 

mixed exponential model (Mualem and Assouline, 1989; r2=0.67) both described seal ρ 

profiles well. Although the cost is expensive, HRCT-image is a valuable tool to measure 

soil properties by analyzing soil thickness down to 0.015-mm. The study confirms that 

HRCT-analysis of soil allows accurate and direct measurements of seal effects on water 

flow and documents the usefulness of PAM for reducing surface sealing.  
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CHAPTER I: INTRODUCTION TO SOIL SURFACE-SEAL 

MEASUREMENT USING HIGH-RESOLUTION X-RAY 

COMPUTED TOMOGRAPHY (HRCT) 

THE DEFINITION OF SURFACE SEAL 

Rain striking bare soil detaches soil particles and transports soil down-slope. Large 

raindrops have velocities near 10 m s-1 with great erosive energy. This energy induces 

compaction and dispersion of the near-surface soil causing the process of surface sealing; 

“the deposition by water, orientation and/or packing of a thin layer of fine soil particles 

on the immediate surface of the soil, greatly reduces water permeability” (Soil Science 

Staff, 2006) and hence increases soil erosion. 

IMPORTANCE OF SEALING 

Soil and Water 

Soil and water sustain life. It is important to understand their interactions and to 

conserve them. Soil erosion on U.S. cropland was estimated to be 1.8*109 tons per year 

in 2001 (U.S. Dep. of Agriculture, 2001). During rainfall events, soil particles may be 

splashed, rolled or carried in suspension along the soil surface by rainwater runoff. 

Rainfall induces breakdown of soil aggregates, detaching particles, plugging interpedal 

pores, decreasing porosity in the upper few millimeters of soil causing soil surface seal 

formation.  
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The Cost of Soil Erosion 

Soil erosion by water is a most important worldwide problem. It causes loss of 

topsoil, and reduced agricultural productivity. Erodibility of soil depends on many factors 

such as clay type and amount, the availability of CaCO3, the amount of organic matter 

(OM), salinity, wetting rates and initial conditions (Lado et al., 2005; Meyer and Harmon, 

1984). Pimentel et al. (1995) reported that “in the United States, an estimated 4*109 tons 

of soil and 1.3*1011 tons of water are lost from the 1.6*108 ha of cropland each year. … 

This translates into an on-site economic loss of more than $27 billion each year, of which 

$20 billion is for replacement of nutrients and $7 billion for lost water and soil depth” (in 

1995 dollars). Soil particles entering streams and rivers are a major off-site problem. 

About 8.8*108 tons of soils are deposited in the United States each year. The total cost of 

all off-site environmental impacts of the United States soil erosion is about $17 billion 

per year. They further state during the last 40 years, nearly one-third of the world’s arable 

land has been lost by erosion and the total on- and off-site costs of damages by wind and 

water erosion each year is $44 billion per year or about $100 per hectare of cropland and 

pasture (in 1992 dollars). 

PROCESS OF SOIL SURFACE SEALING 

The process of rainfall induced seal formation is complex. It is influenced by 

rainfall amount, duration, intensity, runoff rate, soil type, ground cover, slope, and other 

factors. One of the main properties degraded by surface sealing is soil hydrology. Water 

infiltration into bare soil is greatly reduced by the surface seal (Ahuja, 1974; Ahuja, 1983; 

Duley, 1939; Eigel and Moore, 1983; Ellison and Slater, 1945; McIntyre, 1958a; 

McIntyre, 1958b; Moore, 1981; Morin and Benyaminy, 1977). Seal formation is a 
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complex phenomenon involving soil density, porosity, pore-continuity, pore-size, etc. 

McIntyre (1958a) found that a seal may consist of two parts: (1) an upper skin seal about 

0.1 mm attributed to compaction by raindrop impact, and (2) a “washed-in” zone of about 

1.5 mm of decreased porosity, attributed to the accumulation of particles. The 

permeability of the “skin” and “washed-in” zones were ~ 1/2,000th and ~ 1/200th of the 

underlying unsealed soil. Agassi et al. (1981) suggested that are two complementary 

mechanisms of a structural seal formation: (1) a physical breakdown of soil aggregates, 

caused by wetting and raindrop impact energy, and (2) physico-chemical dispersion of 

clay particles, which move into the soil with the infiltrating water, that clog pores to form 

a “washed-in” layer of low permeability. Reduced hydraulic conductivity can greatly 

increase the amount of runoff and soil erosion. Quantitative description of seal 

development has focused on the mathematical description of the process (Römkens and 

Wang, 1985). Studies note that measured values of seal hydraulic conductivity are few 

(Ben-Hur et al., 1987; Edwards and Larson, 1969; Falayi and Bouma, 1975; McIntyre, 

1958b; Ruan et al., 2001; Smith et al., 1999). 

Rainfall Impact on Sealing under Simulated and Natural Conditions 

Rainfall is one of the most important variables related to surface sealing. Rainfall’s 

impact on soil has been studied extensively because soil are degraded by rainfall energy 

(Agassi et al., 1994; Hudson, 1973;1995; Mohammed and Kohl, 1987). Raindrop energy 

induces soil breakdown and compaction (Morin et al., 1981). Raindrops induce seal 

formation mostly in the upper few millimeters of soil (Boiffin, 1986; Farres, 1978; 

McIntyre, 1958a). Seal formation and erosion occur simultaneously and establish a 

dynamic equilibrium (Baumhardt et al., 1990). The surface seal or “skin” is denser and 
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has a lower hydraulic conductivity than that of the soil below the “washed-in” zone 

(Tackett and Pearson, 1965).  

The importance of the kinetic energy (KE) of raindrops is highlighted by the fact 

that it has been estimated to be about 260 times that of the KE of surface flow (Hudson, 

1973;1995). Soil loss during intense rain occurs at an order of magnitude more than that 

during low intensity rain (Mermut et al., 1997). For equal infiltration, the amount of rain 

before ponding, final infiltration rate, and cumulative infiltration decreases and soil 

erosion increases as the KE of rain increases (Levy et al., 1991). Compaction or 

consolidation by raindrop KE can decrease the erosion rate as the soil particle cohesion is 

increased (Miller, 1987). However, sealed soils always produce more runoff. Soil erosion 

and degradation are increased by rainfall KE that in turn reduces saturated hydraulic 

conductivity (Ksat). 

The intensity of rainfall is an important characteristic for estimating sealing, runoff 

and erosion. High rain intensities increase the rate of splash-detached material (Römkens 

et al., 1986). A number of equations have been developed to estimate rainfall KE 

(Hudson, 1973;1995). These are generally of the form KE = f (logarithm of intensity). 

Solute (Irrigation) Electrolyte Concentration on Sealing 

The electrolyte concentration of the applied irrigation water is a factor influencing 

seal formation (Agassi et al., 1981). Reduced infiltration or Ksat due to seal formation is 

because solute electrical conductivity (EC) decreases and the exchangeable sodium 

percentage (ESP) increases (Kazman et al., 1983; Shainberg and Letey, 1984). Seventy 

percent of the variation in seal formation can be expressed by the EC and ESP (Levy et 

al., 1994). 
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The Influence of Soil Texture and Structure on Sealing 

Soil texture and structure influence seal formation. The Ksat for a coarse textured 

soil is usually higher than for a clay soil mainly as a result of greater macroporosity in the 

coarse-textured soil (Bouma, 1979; McKeague et al., 1982). Clay dispersion can increase 

sealing. Fine material moves into large pores, attaches to other soil particles, fills pore-

space, and thus reduces macroporosity, and Ksat. For soils with clay contents between 

630- and 800-g kg-1 aggregate stability often increases with clay content making the soil 

less subject to sealing (Lado et al., 2004a). Aggregate stability and Ksat are both affected 

by soil texture (Wakindiki and Ben-Hur, 2002). For clay contents >40%, clay often 

stabilizes aggregates. For intermediate clay content (22.5 – 40.2%) soil may be more 

susceptible to seal formation (Mamedov et al., 2001). Aggregate slaking is a main reason 

for reduction in Ksat or infiltration in clay soil (Lado et al., 2005). Abu-Sharar et al. 

(1987) mentioned that the cause of the Ksat reduction is often loss of macropores from 

aggregate slaking (Lebron et al., 2002; Levy and Mamedov, 2002). Wetting rate and soil 

water content both determine the magnitude of slaking forces. Slaking forces increase as 

the wetting rate increases and soil water content decreases (Lado et al., 2004a). 

Density Profiles in Seals 

A proper understanding of the nature of soil seals is necessary for prediction of the 

degree of sealing, infiltration and the management of sealed soils. Mualem and Assouline, 

(1989) describe a seal ρ profile with ρ being highest at the soil surface and decreasing 

exponentially with depth, (h), to that of an undisturbed soil (Mualem and Assouline, 

1989). 

Zhhhc −=−Δ+= );exp()( 0 γρρρ                                    [1] 
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where, ρc is a bulk density, h is a depth, Z is a depth taken positive upward, Δρ0 is a 

maximum change in bulk density at the soil surface (h=0), and γ is a characteristic 

parameter of the soil rainfall interaction.  

Roth (1997) suggested that a sigmoidal function would be better for describing the 

ρc profile since once the maximum compaction at the surface has been attained, further 

raindrop impact may cause increased compaction at an increasing depth.  

)/11(
0

)1(
)( vvvc h

h −+
Δ

+=
α

ρ
ρρ                                         [2] 

where, α and v = constants related to the soil-rainfall system. 

The exponential model of Mualem and Assouline (1989) can be modified to include 

the case where the maximum compaction extends beyond the surface. The expression for 

this is: 

)exp()( 0
n

c hh βρρρ −Δ+=                                         [3] 

where, β and n = constants related to the soil-rainfall system (Assouline, 2004).  

This Eq. [3] is more flexible to fit both the exponential (Eq. [1]) and sigmoidal models 

(Eq. [2]).  

MEASUREMENT OF SOIL SURFACE SEALING 

Saturated Hydraulic Conductivity (Ksat) 

Knowledge of Ksat is essential to understand soil water movement through seals. It 

is a required input for modeling water movement in soils (Mallants et al., 1997). The Ksat 

is a quantitative measure of the soil's ability to transmit water when saturated. The theory 

was developed by Darcy in 1859 (Hillel, 1998a).  

It represents the proportionality constant Ksat in the equation:  
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q =
KsatΔH

L
 

where q (mm hr-1) is a volumetric flow rate through the sample cross section per unit 

time called the specific discharge (sometimes called the flux density or, simply, the flux), 

ΔH is a hydraulic gradient (mm of water), and L is a sample length (mm). 

Measurements of Ksat in the laboratory are based on the direct application of Darcy’s Law. 

A hydraulic head difference is imposed on the soil column, and the resulting flux of water 

is measured. Laboratory determination of Ksat can use the constant head method as 

described by the procedure of Klute and Dirksen (1986). The Ksat (mm hr-1) is given by: 

ATHH
QLK sat )( 12 −

=  

where Q is a volume of water that flows through the sample (mm3), A = cross-

sectional area of the sample (mm2), T is the time of water flows through the sample (hr), 

(H2 - H1) is a hydraulic head difference imposed across the sample (mm), and L is a 

length of the sample (mm). 

Density (ρ) 

The density (ρ) is an essential factor by determining an infiltration or Ksat. Sealed 

soil has a higher ρ and smaller pore size than the underlying soil (Moore, 1981). 

Calculation of the volumetric water content (θ, cm3 cm-3) of the sample can be obtained 

from: 

θ =
Ww −Wd

ρwVs

 

where Ww is a wet weight of the sample (g), Wd is an oven-dry mass (g), ρw is a 

density of water (g cm-3), and Vs is a volume of the sample (cm3). 
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Calculation of the overall ρ (g cm-3) can be obtained from: 

s

d

V
W

=ρ  

where Wd is an oven-dry mass (g) and Vs is a volume of the sample (cm3). 

High-Resolution X-ray Computed Tomography (HRCT) for Micromorphological 

Analysis of Seals 

The use of X-ray computed tomography (CT) scanners has become widely 

accessible since this technique was developed in 1972 by Sir Godfrey Newbold 

Hounsfield. The CT scanner has been used in medicine for imaging the human body. 

However, application of CT has also been used to analyze various materials (Anderson 

and Hopmans, 1994; Hopkins et al., 1981). CT scanners can be classified by scale of 

observation or resolution. Use of the high-resolution X-ray computed tomography 

(HRCT) with 15-µm scale of resolution was compared to a medical CT scanner for 

macropore analysis in soils and showed significant benefits in detecting mesopores 

(Gantzer and Anderson, 2002).  

The HRCT-scanner is an alternative for soil and water measurements (University of 

Texas at Austin – Department of Geological Sciences). It produces images using a fast, 

nondestructive, and noninvasive method. The data from the CT scanner are useful for 

both qualitative and quantitative analysis (Ketcham and Carlson, 2001). The HRCT-

images correspond to continuous serial sections through a sample. They provide data with 

a spatial resolution of 14  μm or less. Image volume rendering and visualization allows 

viewing oriented slices through the 3-dimensional (3-D) sample volumes. Image analysis 

allows extraction and measurement of solids and voids.  
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MANAGEMENT OF SOIL SURFACE SEALING 

Background 

The development of materials that can stabilize soil holds promise as a management 

tool to reduce soil surface sealing. Anionic polyacrylamide (PAM) is the generic name for 

“a group of very high molecular weight macromolecules produced by free-radical 

polymerization of acrylamide and an anionically charged co-monomer, mainly the 

sodium salt of acrylic acid, sodium acrylate.” (Horticultural Alliance Inc., 2006). Both 

charge density and molecular weight of PAM can vary. By varying the 

acrylamide/anionic monomer ratio, a charge density from 0 to 100% along the polymer 

chain may be produced, while the molecular weight is determined by the specific 

chemical reaction. 

Environmental Considerations of PAM 

Environmental considerations of PAM have been reviewed (Barvenik, 1994; 

Bologna et al., 1999; Seybold, 1994). Anionic PAM is now specified by the United States 

Department of Agriculture – Natural Resources Conservation Service (USDA - NRCS) 

for controlling irrigation-induced erosion. Anionic PAM is used in the USA for water 

treatment, and other uses. No significant negative impacts of PAM have been 

documented for aquatic macrofauna, soil microorganisms, or crops when used for erosion 

control at recommended concentrations and rates (Kay-Shoemake et al., 1998a; Kay-

Shoemake et al., 1998b). The effects of PAM on biota are buffered due to adsorption and 

deactivation associated with suspended sediments, humic acids or other impurities 

(Buchholz, 1992; Goodrich et al., 1991). One important environmental consideration is 
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the need to use PAM that contains <0.05% acrylamide monomer. Acrylamide monomer is 

a neurotoxin and a potential carcinogen (US-Environmental Protection Agency, 2006). 

PAMs below an acrylamide monomer content of 0.05% are considered safe, when used as 

directed. However, acrylamide monomer may act as an irritant (Physical and Theoretical 

Chemistry Laboratory-Oxford University, 2006). In soil, PAM degrades at rates of ~ 10% 

/ year as a result of physical, chemical, biological and photochemical reactions (Tolstikh 

et al., 1992; Wallace et al., 1986). Acrylamide monomer is biodegraded in nature, having 

an apparent half-life of 10 - 20 hours (Shanker et al., 1990). 

Use of PAM to Stabilize Soil 

The use of PAM is known to control soil erosion. PAM may be applied dry or in 

solution (Peterson et al., 2002). Current estimates indicate about 1 * 106 ha of furrow-

irrigated land treated with PAM (Sojka et al., 2007). Use of PAM may reduce soil sealing 

and may increase infiltration, reduce runoff and sediment transport (Jian et al., 2003; 

Peterson et al., 2002; Seybold, 1994; Sojka, 1997; Sojka and Surapaneni, 2000; Tang et 

al., 2006; Yonts and Benham, 1998; Zhang and Miller, 1996). PAM is effective in 

stabilizing silt and clay soils, enhancing flocculation by bonding long polymer chains 

with soil particles. However, PAM only stabilizes soil aggregation. It cannot improve 

poor structure of a puddled soil (Cook and Nelson, 1986). Zhang and Miller (1996) found 

that erosion in soil beds treated with PAM was 48% – 66% less than in an untreated 

control on Cecil sandy loam (clayey, kaolinitic, thermic Typic Kanhapludults) in ridge-

furrow-type field plots. With addition of PAM, the amount of sediments >0.5 mm were 

45% greater. Surface sealing was largely controlled by surface applications of 10-kg ha-1 

of PAM. To improve PAM effectiveness in soils with low exchangeable cations, mixtures 
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of PAM with gypsum (CaSO4 * 2H2O) may be effective (Jian et al., 2003). They reported 

400% greater infiltration and 30% less soil erosion compared to an untreated control. 

PAM has been reported to increase infiltration into furrows for some soils. Without use of 

PAM, soil particles are typically suspended and eventually fill-in the pores and seal the 

soil. This filling-in reduces infiltration rates. Use of PAM causes soil particle binding that 

lessens particle dispersion and flocculates soil (Yonts et al., 2003). Application of 20-kg 

ha-1 PAM has been reported to maintain beneficial infiltration rates (Shainberg et al., 

1990). It should be mentioned that at high application rates of PAM, polymer chains may 

actually block conducting pores and reduce infiltration (Jian et al., 2003). 

STUDY OBJECTIVES 

The objectives of this study were to evaluate the duration of the beneficial effects of 

soil applied PAM subjected to five rainfall durations (0-, 7.5-, 15-, 30-, and 60-min) at a 

55-mm h-1 intensity and to describe the development of soil surface sealing by studying 

changes in soil properties determined from analysis with an HRCT-scanner. This study 

used two methods of measurement to assess soil seal formation: (1) Ksat measured as an 

indirect laboratory method, and (2) pore-characteristic analysis of HRCT-images of soil 

surface seals. The HRCT-data were used to evaluate the theory of Assouline (2004) for 

predicting ρ of rainfall produced seals. 
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CHAPTER II: REDUCTION OF SATURATED HYDRAULIC 

CONDUCTIVITY (Ksat) FROM SOIL SURFACE SEALING 

ABSTRACT 

Rainfall on bare soil breaks soil aggregates, detaching particles, plugging pores and 

decreasing porosity in the upper few millimeters of soil. This reduces hydraulic 

conductivity and increases runoff through a process known as surface sealing. However, 

no work has been done directly measuring saturated hydraulic conductivity (Ksat) related 

to surface sealing. Application of anionic polyacrylamide (PAM) for various rainfall 

durations maintained from 20% to 41% higher Ksat than did untreated soil, for all times 

tested. Use of PAM produced different Ksat values depending on rainfall durations. The 

objective of this study was to measure Ksat of surface seals developed on bare Mexico silt 

loam (Aeric Vertic Epiaqualfs) during rainfall events, and to evaluate the effect of PAM 

on Ksat. Study of sealing used a factorial design. Factors included: (1) simulated rainfall 

durations (0-, 7.5-, 15-, 30-, and 60-min) at 55-mm hr-1 rainfall intensity, and (2) an 

untreated soil or a soil amended with 20-kg ha-1 PAM. This study helps to confirm water 

permeability through soil surface seals and to determine the usefulness of PAM in 

reducing surface seals. 

INTRODUCTION 

Water movement such as the amount of surface-runoff produced, movement of 

water to plant roots, water flow to streams, drains, wells, and evaporation of water is an 

important physical phenomenon through soil (Hillel, 1998b; Marshall et al., 1996). One 

property used to estimate that determines the rate of water movement through soil is Ksat. 
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The soil-water characteristic indicates the soils ability to accumulate and release water. 

These properties determine the response of the soil-water system (Blanco-Canqui et al., 

2002; Zeleke and Si, 2005). The Ksat is related to total porosity, pore-size distribution, 

pore continuity, and pore tortuosity, with Ksat increasing as porosity increases (Arya et al., 

1999). An increase in Ksat results from improved structure and is reflected by an increase 

in pore volume relative to pore-hydraulic radius (Hillel, 1998b). The pore-size 

distribution (Fuentes et al., 2004; Rawls et al., 1993; Vepraskas et al., 1996), structure 

(Geeves et al., 1998), texture (Abu-Sharar et al., 1987; Bouma, 1979; Lado et al., 2004a), 

organic matter content (Lado et al., 2004b), and biological activity (Czarnes et al., 2000) 

also affect Ksat.  

The kinetic energy (KE) of raindrops are a major factor that can degrade soil 

structure, reducing Ksat (Arend and Horton, 1942; Betrand and Sor, 1961; Betzalel et al., 

1995; Levy et al., 1991). The KE of raindrops cause soil aggregates to breakdown and 

water to runoff the soil surface. This is often referred to as soil surface sealing (Ruan et 

al., 2001; Segeren and Trout, 1991). Surface sealing related to raindrop energy has been 

studied (Assouline, 2004; Morin and Benyaminy, 1977; Norton et al., 1994; Reichert, 

1993; Römkens and Wang, 1985). Surface-seal formation as a result of KE is due to (1) 

physical disintegration and compaction of soil aggregates, and (2) physicochemical 

dispersion and detachment of clay particles into the soil surface layer less than 1 

millimeter (Agassi et al., 1981; Levy et al., 1992; McIntyre, 1958b).  

Research on PAM as a soil conditioner began in the 1950s and was commercially 

used for furrow irrigation since the early 1990s in the United States (Green and Stott, 

2001; Sojka and Surapaneni, 2000). PAM stabilizes soil aggregates by enhancing particle 
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cohesion, thus increasing water permeability and decreasing detachment and runoff 

(Sojka and Surapaneni, 2000; Sojka et al., 1998a; Zhang and Miller, 1996). When PAM is 

added to water with sufficient electrolytes, coulombic and van der Waals forces attract 

soil particles to the anionic (negative) PAM (Orts et al., 1999). Available Ca++ in water 

shrinks the electrolytic double layer around soil particles and builds anionic bridges with 

soil surfaces and PAM molecules, flocculating soil (Wallace and Wallace, 1986). PAM 

application in soils has been applied in both solution and dry applications related to cost 

(Green and Stott, 2001; Sojka and Surapaneni, 2000; Wallace and Wallace, 1986; Zhang 

and Miller, 1996). Small amounts (5-kg ha-1) of PAM in most medium to fine textured 

soils indicate a higher aggregate stabilization (Lentz et al., 1992; Shainberg et al., 1990; 

Sojka et al., 1998a). Dilute solutions of 20-kg ha-1 PAM treatment can maintain high 

infiltration, and reduced runoff under high intensity simulated rainfall (Levin et al., 1991; 

Shainberg et al., 1990; Shainberg et al., 1992; Smith et al., 1990). The use of 20-kg ha-1 

PAM resulted in an economical and effective application (US$ 60~70 ha-1 in 1989) 

(Smith et al., 1990). PAM-treated coarse-textured tropical Alfisols before simulated 

rainfall at rate of 20-kg ha-1 reduced runoff by 35% and soil erosion by 90% (Cochrane et 

al., 2005).  

Researchers have studied the effect of PAM on infiltration and seal development. 

Infiltration rates increased from 10 to 100% for varying PAM treatments altering soil 

sealing (Levy et al., 1991; Levy et al., 1992; Shainberg et al., 1990; Smith et al., 1990; 

Sojka et al., 2007; Wallace and Wallace, 1986). Application of 20 kg ha-1 PAM increased 

the final infiltration from 1.8 mm hr-1 to 3.6 mm hr-1 for a 80-mm storm (Smith et al., 

1990). Irrigation water treated with 0.7 kg ha-1 field applied PAM increased total 
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infiltration by an average of 15% (Lentz and Sojka, 1994). Gardiner (2002) found that 

PAM applications >40 ppm did not increase infiltration or Ksat any more than lower 

application rates. A major cause for low infiltration rates after rainfall on bare soil usually 

is surface-seal formation as a result of raindrop KE and physicochemical action (Agassi 

et al., 1981; Levy et al., 1992). To calculate Ksat for steady-state conditions in sealed 

saturated soils, the flux through a seal qc is equated to the flux through the sub-seal 

“transmission zone” qu: where 
c

u
satcu z

Kqq
ψ

== , where Ksat is saturated hydraulic 

conductivity of the seal, ψu is the suction head through the seal, and zc is the vertical 

thickness of the seal (Hillel, 1971). Recent work is lacking on using direct measurement 

of Ksat and zc applied to assess the effectiveness of PAM. 

For a more efficient PAM effectiveness, an intermittent application of PAM every 

14 days maintained high Ksat for a soil high in clay and a sandy loam (Gardiner and Sun, 

2002). However, concentrated solutions of PAM-treated water have been found to 

reduced Ksat in sandy loam soils by more than 50% likely due to increased viscosity of 

the solution (Ajwa and Trout, 2006). PAM solutions of >1 kg m-3 are considered too 

viscous to be practical for field application (Jian et al., 2003). On the other hand, use of 

PAM to reduce the development of sealing often has a greater beneficial effect, increasing 

Ksat more than the counteracting effect of viscosity (Ajwa and Trout, 2006). Kim (Kim, 

2003) found that cationic PAM with high molecular weights and high PAM-

concentrations were more effective in increasing Ksat than was a low molecular weights at 

lower concentrations for two sandy loam soils. To date, while work has been done 

studying the effect of PAM on infiltration, no work has been done directly measuring Ksat 

related to surface sealing. This study measured the Ksat of surface seals developed on bare 
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Mexico silt loam during rainfall on soil as influenced by (1) rainfall durations of 0-, 7.5-, 

15-, 30-, and 60-min at an intensity of 55-mm hr-1, and (2) and an untreated soil or a soil 

amended with 20-kg ha-1 PAM to reduce sealing and maintain Ksat. 

MATERIALS AND METHODS  

Experimental Design 

The study was designed as a completely random two-factor experiment. Factor-A 

consisted of two levels, (level 1) soil with no PAM treatment applied, or (level 2) 20-kg 

ha-1 PAM treatment applied. Factor-B consisted of five levels of simulated rainfall 

duration 0-, 7.5-, 15-, 30-, and 60-min at a constant intensity of 55-mm hr-1. There were 

total of ten treatments (2 levels * 5 durations) with 12 replicate runs for a total of 120 

cores.  

Sample Preparation 

The Mexico series soil (fine, smectitic, mesic Aeric Vertic Epiaqualfs) consists of 

very deep, somewhat poorly drained, very slowly permeable soils formed in loess or 

pediment. These soils are on uplands and have slopes of 1-5% (Soil Survey Staff, 2005). 

Mexico surface soils from the Bradford Research & Extension Center, Columbia, MO 

were studied. These soils are sensitive to sealing, and highly erodible having a Revised 

Universal Soil Loss Equation Soil Erodibility Factor of 0.43. Disturbed soils were 

collected from the Ap horizon and air-dried. 



 

 22

Table 1. The properties of the Mexico silt loam Ap horizon. (Rabiou, 2005) 

Variable Clay Silt Sand
pH

water
Organic
Carbon

Electrical
Conductivity CEC

% S/m  cmol c  /kg 2

Mean 222 731 47 7.07 2.33 0.113 22.5
Std 4.6 8.1 4.9 0.05 0.05 8.2E-04 0.29

 - - - - g/kg  - - - - -

 

Soils were sieved to pass a 4-mm sieve. Sieved soil was kept in a covered container 

to maintain constant water content (θg = 0.05). Soil was repacked into 160-mm i.d. by 

160-mm high cores. Cores were fit with hardware screen bottoms. To reduce soil loss 

from these cores, layers of fine mesh nylon organdy were placed over the core bottom. 

Soil was packed in four stages. The first stage used a quarter of the air-dried soil packed 

using 10-drops of a 2-kg packing hammer through a height of 250-mm, having 4.9-N per 

drop. This process was continued for the other three sample stages. After packing each 

stage, the soil surface was scarified with a fork to reduce any layering. The ρ was 

calculated by measuring the volume from the packed soil height. The average ρ of 

repacked soil cores was 1.09 ±0.02 g cm-3. The complete packed sample had a length of 

120-mm leaving 40-mm of empty cylinder as a boundary on top. To reduce interfacial 

flow along the soil-core interface, a bentonite slurry was used. The slurry has prepared by 

mixing bentonite powder and water in a 1:8 ratio. The slurry was injected into the 

interface using a 50-ml syringe to a depth of ~ 50 mm. 

Application of Anionic Polyacrylamide (PAM) 

Sixty replicate 160-mm i.d. by 160-mm long soil cores were treated with 20-kg ha-1 

PAM. PAM was applied as an aqueous solution at a rate of 0.08% concentration. An 
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amount of 0.040-g of PAM was applied to the each core. The PAM was mixed with 500-

ml tap water to form a solution that was homogenized using magnetic stirrer for 24 hours 

at 20℃. The solution was sprayed evenly on the soil using a hand sprayer. Soil cores 

were placed into a tank containing a mesh platform to allow water to enter from the 

bottom. Soil cores were slow satiated over a period of 24 hours by adjusting a Mariotte 

bottle filled with de-aerated water so that the water level rose at a rate of ~ 30 mm hr-1 

until the water just covered the top of the soil. The electrical conductivity (EC) of the tap 

water used had a value of 0.3 dS m-1.  

Simulation of Rainfall 

Cores with or without PAM were subjected to 0-, 7.5-, 15-, 30-, and 60-min of 

simulated rainfall at 55-mm hr-1 rainfall intensity using the rainfall simulator of Regmi 

and Thompson (2000). The KE of rainfall was adjusted to a value of 1.28-kg m2 s-2. 

Deionized water was used for rainfall. To prevent ponding on the soil surface during 

rainfall, ponded water was aspirated from the cores using 10-mm Tygon tubing connected 

to a vacuum pump. 

Measurement of Saturated Hydraulic Conductivity (Ksat) 

Laboratory determination of Ksat was done using the constant head method as 

described by procedure of Klute and Dirksen (1986). A high-flow filter paper disc was 

placed on the soil to reduce erosion during testing. Water was siphoned slowly onto the 

disc until the water level reached 10-mm above the soil surface. After about 30 minutes 

or until the hydraulic head stabilized, the effluent was collected during three 10-min 

periods. Water was measured by collecting the water in a beaker and weighing it and then 
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converting to a volume. The average of Ksat data was used. 

Statistical Analysis 

A Model 1: fixed effects completely randomized two-factor factorial model was 

used. The model was: 

;ijkijjiijkX εαββαμ ++++=  and ),0(N 2
ijk σε =  

where α represents the levels of PAM, β represents the durations, and ε represents the 

error. Statistics were done using the General Linear Model (GLM) and Univariate 

Procedures of the Statistic Analysis System (SAS Institute, 2004). Earlier studies have 

demonstrated a log-normal distribution of Ksat values (Baker and Bouma, 1976; 

Grossman and Harms, 1993; Mason et al., 1957; Nielson et al., 1973). Thus, a 

logarithmic transformation on Ksat values was performed prior to data analysis. 

RESULTS AND DISCUSSION 

The change of Ksat with PAM treatment on soils exposed to various rainfall 

durations was studied. Mean loge values of Ksat’s and observed data for the 0- and 20-kg 

ha-1 PAM-treated soils over all rainfall durations are presented in Fig. 1. The analysis of 

variance table is presented in Table. 2. The residual data showed no signs of non-

normality after transformation. The PAM treatment, rainfall duration, and PAM * rainfall 

duration factors were all highly significant. The Ksat applied to the various rainfall events 

was greatly controlled by the solution of PAM treatment. Generally, with rainfall duration, 

Ksat decreased for both PAM and untreated soil. At longer durations, the decrease in Ksat 

slowed with PAM-treated soil maintaining significantly higher values at all times. 

Because of the significant PAM * rainfall duration interaction, a detailed description is 

necessary. Figure 1 indicates that initially the effect of PAM was small (but highly 
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significant; P<0.001). Over time the PAM effect increased. At zero minutes of rainfall, 

the ratio of the geometric mean Ksat for the 20-kg ha-1 PAM soil vs. the untreated soil was 

1.44 (104-mm hr-1 vs. 72-mm hr-1). The slope of loge Ksat vs. time was gently-sloping 

down as rainfall duration increased for PAM-treated soil. A probable reason for this 

difference is that the PAM-treated soil was stabilized during the test in which several 

pore-volumes of water passed through the samples. Soil in the untreated samples was not 

as stabilized, and the water degraded the pore-structure to a greater extent. Over time, this 

PAM vs. untreated ratio increased to a value of 2.03 (17.7-mm hr-1 vs. 8.7-mm hr-1) at 60-

min, indicating that the magnitude of the ratio was greater, and that PAM-treated soil was 

able to maintain a Ksat twice that of the untreated soil. The loge Ksat with PAM treatment 

was more stable compared to the loge Ksat for untreated soil. The efficiency of 20-kg ha-1 

PAM treatment maintained a higher Ksat at least to 60-min rainfall at 55-mm hr-1 intensity. 

The 0.08% solution of 20-kg ha-1 PAM treatment was very effective in increasing the Ksat 

under rainfall inducing surface seal formation on soils. 

Measured Ksat values indicate development of surface sealing with rainfall. 

Degradation of soils by raindrop impact have been studied (Agassi et al., 1994; Hudson, 

1973;1995; Mohammed and Kohl, 1987). Raindrop energy induces soil breakdown and 

compaction (Morin et al., 1981). The rainfall energy induced sealing and reduced Ksat. 

Shainberg et al. (1990) found that the impact of raindrops of 80-mm rainfall caused 

infiltration rates of soil that contained 19% clay and >1% organic matter to decrease from 

an initial infiltration rate of 50-mm hr-1 to a rate of 2.0-mm hr-1. Another study showed 

that infiltration rates for silt loam soil decreased from ~30 mm hr-1 to ~10 mm hr-1, and 

Ksat also decreased from ~20 mm hr-1 to ~1 mm hr-1 after a 140-mm rainfall (Edwards 
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and Larson, 1969). In this experiment with Mexico silt loam, the average Ksat value 

decreased from 72.9-mm hr-1 before the rainfall to 8.8-mm hr-1 after a 55-mm rainfall. 

Results showed that all infiltration rates and Ksat values on bare soils decreased with a 

similar trend under various simulated rainfalls. Both infiltration and Ksat reduced rapidly 

until after 30-min of rainfall duration, and the gradually decreased from 30- to 60-min 

rainfall duration through all studies. It is not easy to qualify because both infiltration rates 

and Ksat affected by surface sealing were determined using a variety of rainfall intensities, 

raindrop KE, and soils. However, it can be clear that the surface sealing developed 

through raindrop impact, and decreased infiltration rates and Ksat at least until 60-min 

rainfall duration.  

Seal formation blocks a large fraction of pores and water pathways for water entry 

into the soil surface (Sojka and Surapaneni, 2000). As decreasing Ksat occurred, the soil 

loss and water runoff due to rainfall drop energy, rainfall intensity, and surface sealing 

increased (Arshad and Mermut, 1988; Giménez et al., 1992; Levy et al., 1991; Moore and 

Singer, 1990; Moore, 1981; Morin et al., 1981). PAM has been evaluated for reducing 

soil erosion and increasing Ksat (Barvenik, 1994; Buchholz, 1992; Peterson et al., 2002; 

Seybold, 1994; Sojka and Surapaneni, 2000; Yonts and Benham, 1998). PAM has been 

used in the United States since 1995 for reducing soil erosion and enhancing water 

permeability (Sojka and Surapaneni, 2000). PAM is effective in stabilizing silt and clay 

soils, enhancing flocculation by bonding long polymer chain with soil particles (Orts et 

al., 1999; Wallace and Wallace, 1986). PAM-treated soils reduced soil loss from 48 to 

66% and increased infiltration from 15 to 50% compared to untreated soils (Sojka and 

Surapaneni, 2000; Zhang and Miller, 1996). This study showed that Ksat after a 60-min 
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rainfall at an intensity of 55-mm hr-1 for untreated Mexico soil decreased by 83% versus 

only 59% for 20-kg ha-1 PAM-treated soils. In addition, Ksat values for PAM-treated soils 

increased by 41% compared to untreated soil. The effect of PAM on Ksat compares 

favorably with the final infiltration of several past studies on PAM. This study found that 

Ksat for PAM-treated soils maintained higher rates than untreated soils. PAM is an 

effective way to maintain the hydraulic system in soils and soil surface sealing related 

intensive rainfall. 
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Table 2. Analysis of variance (ANOVA) of loge Ksat with 0- and 20-kg ha-1 PAM 
treatments subjected to durations of 0-, 7.5-, 15-, 30-, and 60-min simulated rainfall at 
55-mm hr-1. 

Source df MS F value Pr > F

† Duration 4 13.280 1802.37 < 0.0001

‡ Treatment 1 5.568 755.64 < 0.0001

‡ Duration * Treatment 4 0.186 25.19 < 0.0001

Error 110 0.007
Total 119
DUR † = Rainfall duration; TRT ‡ = Treatment; MS = Mean square;  
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Fig. 1. Means of loge Ksat for 0- and 20-kg ha-1 PAM-treated Mexico soil subjected to 55-

mm hr-1rainfall. Large symbols represent least-square mean values and small symbols 
represent actual data. 
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Summary 

This study was designed to evaluate two factors; (1) PAM-treated and untreated 

soils, and (2) five levels of simulated rainfall duration 0-, 7.5-, 15-, 30-, and 60-min at an 

intensity of 55-mm hr-1. The Ksat was measured with 12 replicate runs.  

The loge Ksat was significantly influenced by PAM treatment, rainfall duration, and 

an interaction of PAM treatment and rainfall duration. At longer durations, the decrease in 

Ksat slowed with PAM-treated soil maintaining significantly higher values at all times. 

Over time, the PAM effect and PAM vs. untreated ratio increased to a value of 2.03 (17.7-

mm hr-1 vs. 8.7-mm hr-1) at 60-min. A PAM treatment was very effective in increasing the 

Ksat under rainfall inducing surface seal formation on soils. Infiltration and Ksat for both 

PAM-treated and untreated soil reduced rapidly until 30-minutes, and the gradually 

decreased from 30- to 60-minutes through all studies This study showed that surface 

sealing developed through raindrop impact, resulting in decreased infiltration rates and 

Ksat. 
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CHAPTER III: SOIL SURFACE-SEAL CHARACTERIZATION BY 

IMAGE ANALYSIS 

ABSTRACT 

High-resolution X-ray computed tomography (HRCT) produces images using a fast, 

nondestructive, and noninvasive method for measurement of soil cores. The data from CT 

scanners are useful for both qualitative and quantitative analyses of surface seals. 

Raindrop impact increases density (ρ) through a process known as surface sealing. The 

objective of this study was to evaluate effects of anionic polyacrylamide (PAM) and 

rainfall duration on surface sealing of soil material from a Mexico silt loam (Aeric Vertic 

Epiaqualfs) using HRCT-image analysis of seals to describe the density and soil porosity 

of pores >15-μm within the seals. Few studies have been done to compare ρ and porosity 

measurements with CT-scanners determine morphology of intact soil seals, the process 

which largely controls infiltration. The HRCT permits measurement of seals at a 15-μm 

resolution. Measurement of seal development was done using a factorial designed 

experiment. Factors included: 1) five simulated rainfall durations (0-, 7.5-, 15-, 30-, and 

60-min) with a 55-mm hr-1 rainfall intensity, and 2) and an untreated soil or a soil 

amended with 20-kg ha-1 PAM treatment. Seal pore-characteristics analyzed included: 

frequency of pore-size and porosity. Use of PAM produced different porosity and HRCT-

density (HRCT-ρ) values. Pore-size frequencies of untreated soil changed rapidly with 

rainfall duration compared to PAM-treated soil which was more stable. Total porosities 

averaged over depth for PAM-treated vs. untreated soil were significantly different 

(P< .0001). HRCT-ρ increased 1.6% at 7.5-min rainfall, and 4.6% at 60-min rainfall at 0-
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mm seal. This study found that PAM is an effective way to control surface seals, and an 

HRCT-scanner is a well-suited method to measure the thin layer of surface seals. 

INTRODUCTION 

The arrangement of soil pores largely determine soil structure (Eynard et al., 2004; 

Posadas et al., 2003; Wu et al., 1990). Porosity impacts ρ (Assouline, 2006; Eynard et al., 

2004), solute transport (Assouline, 2006; Huang and Bradford, 1993), and biological 

activity by providing paths for root growth (Lynch and Bragg, 1985; VandenBygaart et al., 

2000), (Oades, 1993; Pagliai and DeNobili, 1993). Macropores (pores >75μm) provide 

paths for water that may increase infiltration rates and reduce runoff (Allaire-Leung et al., 

2000; Heard et al., 1988) (Edwards et al., 1988). Infiltration rates of ponded water are 

also dominated by macropore flow (Rachman et al., 2005).  

Traditional methods for measuring porosity such as the soil-water characteristic, are 

time-consuming, destructive and do not provide information on pore geometry. 

Application of computed tomography (CT) has been used to analyze various materials 

(Anderson and Hopmans, 1994; Hopkins et al., 1981). Previous CT studies on soils have 

investigated infiltration, hydraulic conductivity, ρ, porosity, and pore-size distributions of 

repacked and in-tact soil samples using CT-scanners with a >70-μm resolution (Anderson 

et al., 1988; Bresson et al., 2004; Hopmans et al., 1994). However, analysis of pore-

characteristics of surface seals including pore shape, continuity, and tortuosity have been 

restricted in past, due a limited CT-resolution (Bui et al., 1989). The HRCT is a 

nondestructive alternative for measuring intact soil samples at a >15-μm scale (Anderson 

and Hopmans, 1994; Gantzer and Anderson, 2002; Ketcham and Carlson, 2001; The 

University of Texas at Austin - Department of Geological Sciences, 2003-2005). HRCT 
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allows for two- or three-dimensional (2-D, 3-D) solid / void characterization. HRCT may 

be suitable for measuring phenomena of soil surface sealing (Gantzer and Anderson, 

2002; Gantzer et al., 2006; Ketcham, 2005). This study hypothesized that the HRCT with 

a resolution of >15-μm, will be able to measure the effects of use of PAM and varying 

rainfall durations from 7.5-to 60-minutes on seal development. That HRCT will be able 

to detect differences in porosity, pore-size distribution, and density (ρ) caused by 

different rainfall durations and the use of PAM. This study also hypothesized that the 

relationships between saturated hydraulic conductivity (Ksat) and HRCT-measured 

porosity of seals can help to understand Ksat data and explain how pore-characteristics 

influence water flow (Lee, 2006).  

The objective of this study was to evaluate effects of PAM and rainfall duration on 

surface sealing of a Mexico silt loam using HRCT-image analysis of seals to describe the 

HRCT-ρ and soil porosity of pores >15-μm of the seals. This study used the HRCT 

scanner at the University of Texas-Austin. This device has the ability to resolve a few 

tens of microns size voxels. This study was measured ρ of surface seals developed during 

rainfall on soil as influenced by (1) the addition of 0- and 20-kg ha-1 PAM, and (2) 

rainfall durations of 0-, 7.5-, 15-, 30-, and 60-min at an intensity of 55-mm hr-1 to reduce 

sealing ρ of sealed soils.  
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MATERIALS AND METHODS 

Experimental Design 

The study was a completely randomized two-factor experiment. To facilitate 

analysis of HRCT-ρ, aluminum cylinders (11.5-mm i.d., by 0.5-mm thickness, and 10-

mm length) were used to sample soil treated with 0- and 20-kg ha-1 PAM (Factor 1) and 

subjected to 7.5-, 15-, 30-, and 60-minutes of simulated rainfall at 55-mm hr-1 (Factor 2). 

Nine treatments were used (two levels of PAM * 4 rainfall durations plus one Check with 

no PAM and no rainfall) with 2 replicates. Several methods for measuring HRCT-ρ were 

used. They include: (1) seal measurement using 8-bit gray-scale images, (2) measurement 

of porosity and pore-size distribution in depths to 2-mm through a seal, and (3) 

measurement of HRCT-ρ profiles with depth through a seal. 

Sample Preparation for Rainfall Simulation 

Mexico silt loam soil (fine, smectitic, mesic Aeric Vertic Epiaqualfs) was used. 

Disturbed soils were collected from the Ap horizon and air-dried. Soils were sieved to 

pass a 4-mm sieve and kept in a covered container. Soil was repacked into 160-mm i.d. 

by 160-mm high cylinders. These were fit with hardware screen bottoms to support soil. 

Soil was packed in four stages to reduce variation. Stage-1 used a quarter of the soil 

packed using 10-drops of a 2-kg packing hammer through a height of 250-mm (4.9-N per 

drop). This process was continued for the other stages. After packing each stage, the new 

soil surface was scarified with a fork to reduce layering. Average ρ of repacked soil cores 

was 1.09 ±0.02 g cm-3. The complete packed sample had a length of 120-mm leaving 40-

mm of empty cylinder as a boundary on top. To reduce soil-core interfacial flow, a 
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bentonite slurry was used. The bentonite was prepared in a 1:8 ratio with water. The 

bentonite was injected into the interface using a syringe to ~ 50 mm.  

Four soil cores were treated with 20-kg ha-1 aqueous solution of PAM of a 

concentration of 600-mg L-1. PAM was mixed with tap water using magnetic stirrer for 

24 hours at 25℃. The solution was sprayed evenly on the soil using a hand sprayer. Soil 

cores were placed into a saturation tank to allow tap water to slowly enter from the 

bottom. Cores were slow satiated over 24 hours by adjusting a Mariotte bottle filled with 

de-aerated water to provide a change in water level of ~ 30 mm hr-1 until water covered 

the soil. The electrical conductivity (EC) of the tap water was 0.3 dS m-1. 

Soil cores were subjected to 0-, 7.5-, 15-, 30-, and 60-min of simulated rainfall at 

55-mm hr-1 rainfall intensity using the rainfall simulator of Regmi and Thompson (2000). 

One Check soil core having no rainfall or PAM was also prepared. Deionized water was 

used for rainfall. The KE of rainfall was 1.28-kg m2 s-2. As rainfall proceeded, ponded 

water was removed from cores by aspiration using 10-mm tubing connected to a vacuum 

pump. 

Preparation and Scanning of HRCT-Images 

Small (13.5-mm i.d. by 16.0-mm long) soil sub-sample cores were collected using a 

thin aluminum cylinder after simulated rainfall. Cylinders were pressing into the surface 

seal immediately after rainfall and excavated using a double-cylinder core method (Dane 

and Topp, 2002). Sub-sample cores (2 levels of PAM, and 4 rainfall durations) were 

replicated twice. One 33.0-mm i.d. by 18.8-mm long check-sample that was not treated or 

subjected to rainfall was also used. Cores were dried for 24 hours at 25°C, sealed, and 

transported to the HRCT-scanner.  
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Images were obtained from the HRCT-scanner using image subtraction to isolate X-

ray attenuation due to water. Scanning collected a minimum of 650 image-slices for cores, 

with two replicates and 270 image-slices for the check. Images of cores were fit into a 

rectangle of 1024*1024 voxels. X-ray excitation was 180 kV, at 0.088 mA. Images were 

collected with no filter, and an air wedge having no offset. The field of reconstruction 

was 13.8-mm with a maximum field of view of 14.09-mm and was acquired with 27 

slices per rotation. Images for sub-samples had a spatial resolution of 13.5-μm and a slice 

thickness of 14.8-μm. Images for sub-samples had spatial resolution of 35.1-μm and a 

slice thickness of 40.6-μm. Rotation correction processing was done using the Interactive 

Data Language (IDL) routine “DoRotationCorrection.” (Visual Information Solutions, 

2006). 

HRCT-Image Analysis  

A reconstructed 8-bit HRCT-image expresses the voxel ρ with 256 gray-values 

representing volumes of varying ρ. Image analysis on HRCT-scans was done using 

ImageJ (Ver.1.36b) image-processing software (ImageJ  Ver. 1.36b, 2006). The 

software runs on most operating systems. The program can display, edit, analyze, process, 

save and print images and related analysis. ImageJ can calculate area and pixel (picture-

element) value statistics of user-defined selections, and can calculate ρ histograms and 

line profile plots. The source code is available from the author, Wayne Rasband 

(wayne@codon.nih.gov). 

Porosity and HRCT-ρ determined on HRCT-images of the Mexico soil were 

determined by interpolating values to calibrated known densities of (1) moist air, (2) 

nylon, and (3) aluminum metal determined around and within 13.5-mm i.d. sample 
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cylinders. These materials have known densities for moist air, nylon, and aluminum of 

0.001-, 1.02- and 2.71-g cm-3 respectively. For interpolating soil densities, the equation 

developed from a regression of moist air, nylon, and aluminum was applied: 

Density, g cm-3 = (0.0256 * Gray Value) – 0.6859   (r2 = 0.999)  [1] 

For the analysis of seals, this study assumed that the image-slice with the highest 

HRCT-gray value represented the surface seal. This was necessary because the soil 

samples had irregular surfaces, so that the sample cylinders were not completely filled to 

the top, making it necessary to identify the beginning of the seal.  

As part of the sample preparation, all samples were air-dried, causing some 

shrinkage and cracking. These artifact effects needed to be corrected. The coefficients of 

linear extensibility (COLE) were used to adjust the air-dry sample volume to the wet 

volume by assuming isotropic shrinkage. COLE indicates the fractional change in the 

sample dimension from wet to dry conditions (Franzmeier and Ross, 1968; Grossman et 

al., 1968; Holmgren, 1968). COLE values were calculated by assuming the inside 

diameter of soil sampler represented the initial sample wet diameter. An estimated air-dry 

diameter was determined by fitting circular regions of interest around HRCT-images of 

dry soil samples. The COLE equation is:  

1)( 3/1 −=
wet

dry
wsCOLE

ρ
ρ

;       [2] 

where, COLEws is the coefficient of linear extensibility on a whole-soil base (mm 

mm-1), ρdry is the air-dry density, ρwet is the satiated ρ at 33-kPa. To minimize cracking 

artifacts, HRCT-images were divided into sub-areas representing about 1/8th of the 

sample volume over all 600 scans for that sample (Fig. 2). All scans from this volume 

were then viewed to insure that no cracks were present. A minimum of five sub-volumes, 
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were used to determine ρ profiles with depth for each sample. An ImageJ plug-in named 

Z-profiler was used to determine profile plots through the z-axis (URL, 

http://rsb.info.nih.gov/ij/plugins/z-profiler.html). 

 

Fig. 2. An example showing HRCT-image division into sub-volumes using the ImageJ 
image processing program. 

HRCT-measured Porosity, Pore-size Distribution, and Density 

HRCT-analysis of pore-characteristics used 5 slices at 0-, 0.5-, 1.0-, 1.5-, and 2.0-

mm deep from the surface. Sub-volumes were transformed into binary images to analyze 

particles for total porosity and pores-size distribution (Fig. 3). The HRCT-ρ for each 

depth was also determined. Voxels with gray-values representing solids were identified 

and were used for calculation. Voxel values averaged over sub-volumes and replicates 

were calculated. The average HRCT-ρ from the seals to a depth of 2-mm was also 

calculated.  
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C D
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Fig. 3. An example showing transformation of an 8-bit HRCT-image to a binary image 

for determining pore characteristics: (A) original 8-bit HRCT-image, (B) binary image, 
(C) inverted binary image, and (D) pore-outlines. (1260 pores counted, 89.8 mm2 total 
area, 0.071 mm2 average size, and 47.0% area fraction). 

Statistical Analysis 

Data collected from HRCT-images were analyzed with a Model 1: fixed effects 

completely randomized two-factor factorial analysis. The model was: 

ijkijjiijkX εαββαμ ++++=  and ),0(N 2
ijk σε = ; where μ represents the mean, α 

represents the levels of PAM, β represents rainfall duration, and ε represents the error. 
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The standard assumptions of normality were used. Two replicates were used. Linear 

regression for pore-characteristics was studied using the Mixed Procedure of the 

Statistical Analysis Software (SAS Institute, 2004). The model was: 

Xijk = α + β1X1 + β2X2 + β3X3 + ε  and ε = N(0,σ 2); where X1 represents the levels of 

PAM, X2 represents rainfall durations, X3 represents depth, and ε represents the error. For 

this analysis five depths (0-, 0.5- 1-, 1.5, and 2-mm) of the ~136 depths (scans slices) 

were used. The standard assumptions of normality were used and the covariance structure 

of the X variables was modeled. 

RESULTS AND DISCUSSION 

Total Porosity and Pore-Size Distribution of Soil Seals 

Frequency of pore-size classes of 0.01- and 0.1-mm equivalent cylindrical 

diameters (ECDs) from PAM-treated soil was significantly different for the 60-min 

rainfall duration vs. other rainfall durations. No differences were found for other pore-

size classes at other rainfall durations (Fig. 4a). Frequency of pore-size classes of 

untreated soil from 0.1- and 1-mm ECDs were significantly different for the 7.5-min 

rainfall durations vs. other durations. Frequency of pore-size classes from untreated soil 

after 30-min rainfall duration was not different (Fig. 4b). Pore-size frequencies of 

untreated soil rapidly decreased with rainfall duration compared to PAM-treated soil 

which were more stable (Fig. 4a, b). Significant differences were found for the 

comparison of the difference of PAM-treated minus untreated soil for pore-size classes of 

0.01- to 0.1-mm ECDs at 60-min rainfall duration vs. other durations (Fig. 4c). 

Pore-size distribution is potentially related to soil moisture, ρ, total porosity, air 
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permeability, hydraulic conductivity, and internal surface area (Nielson et al., 1984). Past 

studies of pore-sizes were calculated by water retention curves (Tsuji et al., 1975) and 

electron microscopes (McCrea and Gilkes, 1987; Tsuji et al., 1975). Bui et al. (1989) 

found that the combined use of petrographic, the transmission electron microscope, and 

image analysis allows measuring pore-characteristics through measuring average pore-

sizes for three horizons by water retention data and moisture characteristic curves. 

However, the difference of average pore-sizes was up to 200% between two methods. 

This study used <15-μm resolution of CT-scanner with wide-volume images to avoid an 

equivocal measurement of pore-size and assumption. 
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Fig. 4. Frequency of HRCT pore-size classes for (A) 20-kg ha-1 PAM-treated, (B) 
untreated, and (C) the difference of PAM-treated minus the untreated soil from five 
images of 0-, 0.5-, 1-, 1.5-, and 2-mm depths subjected to 0-, 7.5-, 15-, 30-, and 60-min 
simulated rainfall at rainfall intensity of 55-mm hr-1 (±95% CI). 
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Analysis of total porosity for PAM-treated soil showed an initial rapid decline in 

porosity with a slower reduction in porosity of the 60-min of rainfall. A significant 

difference was found for all depths at 0-min rainfall duration (Fig. 5a). No other 

differences were apparent. This fact reflects the rapid rate of seal formation and the 

relative insensitivity of HRCT total-porosity as a measure of sealing.  

Analysis of total porosity for untreated soil also showed a similar initial rapid 

decline in porosity with a slower reduction in porosity of the 60-min of rainfall. A 

significant difference was also found for all depths at 0-min rainfall duration. A 

significant difference was also found at the 60-min rainfall duration for depths of 0-mm 

and 2-mm. The reason for this difference is unclear. This study speculates that it may be 

an artifact related to sample preparation (Fig. 5b).  

Porosities averaged over depth for PAM-treated vs. untreated soil were significantly 

different for both 15- and 30-min rainfall durations, although the average values for the 

PAM-treated soil were always higher (Fig. 5c). These results indicate that use of total 

porosity at only five depths to characterize seal formation was not sensitive enough to 

discriminate the rate of seal formation.  

High porosity increases water permeability and decreases ρ for soils whereas 

raindrop energy decreases infiltration rates by reducing low porosity due to surface seals 

(Bui et al., 1989; Ellison and Slater, 1945; Freebairn et al., 1991; Levin et al., 1991). 

However, PAM improves water permeability, total porosity, ρ on surface seals by 

stabilizing soil aggregates (Peterson et al., 2002; Shainberg and Levy, 1994; Sojka et al., 

1998b; Zhang and Miller, 1996). The rate of PAM solution was optimized at 20-kg ha-1, 

and it maintained high infiltration and pore continuity at high intensity simulated rainfall 
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(Levin et al., 1991; Shainberg et al., 1990; Smith et al., 1990; Sojka et al., 2007). 

However, the effects of increasing amounts on porosity and ρ during rainfall have been 

unknown in the past. This study found that 20-kg ha-1 PAM significantly increased total 

porosity and ρ during simulated rainfall. 
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Fig. 5. HRCT-measured porosity vs. rainfall duration for (A) PAM-treated, (B) untreated 

soil, and (C) average across depth from 0-, 1-, and 2-mm depths for PAM-treated and 
untreated soil subjected to 0-, 7.5-, 15-, 30-, and 60-min simulated rainfall at rainfall 
intensity of 55-mm hr-1 (±95% CI). 
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The 20-kg ha-1 PAM treatment (PAM) for total porosity was significantly different 

at <0.01 level. Rainfall duration (Time) and HRCT-slice depth over 0-, 0.5-, 1.0-, 1.5-, 

and 2.0-mm (Depth) was significantly different for total porosity at <0.01 level or lower. 

The PAM * Depth porosity interaction was significant at 0.05 level (Table 3). 

Table 3. Analysis of variance table (ANOVA) of HRCT-measured total porosity for 
depths of 0-, 0.5-, 1-, 1.5-, and 2-mm for 20-kg ha-1 PAM-treated and untreated soil 
subjected at 0-, 7.5-, 15-, 30-, and 60-min simulated rainfall. 

Total Pore Area
Source df F Value Pr > F

PAM 1 9.51 0.0042 **
Time 4 196.25     < 0.0001 **
Depth 4 15.30     < 0.0001 **
PAM * Time 4 0.94 0.4525
PAM * Depth 4 3.20 0.0227 *

*, ** Significant at the 0.05 and 0.01 level, respectively.
There had 2 replicates at all test.  

Summary 

This study showed the effects of PAM under various rainfall durations on surface 

seals using HRCT-images having >15-μm size voxel from the University of Texas-Austin. 

Pore-size frequency and total porosity for 20-kg ha-1 PAM-treated and untreated soil 

developed during 0-, 7.5-, 15-, 30-, and 60-min simulated rainfall at an intensity of 55-

mm hr-1 were measured. Total porosity and HRCT-ρ profiles with depth for 0- to 2-mm 

determined by interpolating values to calibrated known densities. Pore-size frequencies 

of untreated soil rapidly with rainfall duration compared to PAM-treated soil which were 

more stable sealed more slowly. Total porosities averaged over depth for PAM-treated vs. 

untreated soil were significantly different for both 15- and 30-min rainfall durations, 

although the average values for the PAM-treated soil were always higher. The HRCT-ρ 
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profiles with depth were significantly different at the 0-mm depth. HRCT-ρ increased 

1.6% at 7.5-min rainfall, and 4.6% at 60-min rainfall at 0-mm seal. This study found that 

the use of 20-kg ha-1 PAM solution significantly reduced surface seals, and increased 

total porosity and ρ during intensive rainfall. This study also showed that a thin layer of 

surface seals can be measured effectively using an HRCT-scanner. 
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CHAPTER IV: HIGH-RESOLUTION X-RAY COMPUTED 

TOMOGRAPHY (HRCT) DENSITY OF SURFACE SEALING: 

STRUCTURAL SURFACE SEALING MODELS 

ABSTRACT 

Research of soil surface sealing helps to improve infiltration, increase plant-

available water storage, and reduce runoff. This study hypothesized that the high-

resolution X-ray computed tomography (HRCT) may measure the seal density (ρ) 

profiles in detail without physical limitation. The purpose of this study is to collect 

detailed information of seal ρ profiles, and to investigate several models for 

characterizing these profiles. This study used two levels of PAM (0- and 20-kg ha-1) and 

five levels of simulated rainfall duration of 0-, 7.5-, 15-, 30-, and 60-min at rainfall 

intensity of 55-mm hr-1. Two replicates were used for HRCT-scanning. PAM-treated soil 

reduced sealing up to 20% compared to untreated soil depending on rainfall duration. 

Differences between ρ at 4-mm depth and seal ρ at 0-mm depth were significant with 

rainfall. Seal formations rates determined from ρ at 0- and 4-mm were not different after 

7.5-min rainfall duration. Data were fit to the seal models of the exponential (Mualem 

and Assouline, 1989), sigmoidal (Roth, 1997), and mixed functions (Assouline, 2004). 

This study suggests that the sigmoidal model of Roth (1997) and the mixed model of 

Assouline (2004) were sufficient to describe seal ρ for the silt loam material, and an 

HRCT-scanner was able to measure the seal ρ profile well without any assumptions of 

seal ρ profile for depths of <1-mm. 
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INTRODUCTION 

Management of soil sealing is important for improving infiltration, increasing plant-

available water storage, and reducing runoff and non-point source pollution. In past, soil 

seals have been considered as discrete layers (McIntyre, 1958b). However, it is not easy 

to characterize seal ρ because their scale is small extending only a maximum of 10 mm 

deep. Seal ρ in fact varies continuously rather than categorically and may be influenced 

by rainfall characteristics and soil properties such as aggregation (Farres, 1978; Freebairn 

et al., 1991), soil texture (Ben-Hur et al., 1985; Tarchitzky et al., 1984), electrical 

conductivity (Agassi et al., 1981; Shainberg et al., 1990), organic matter (LeBissonnais 

and Arrouays, 1997), and many other factors know to influence ρ. Mualem and Assouline 

(1989) suggested that seals should be considered as disturbed layers that have gradual 

changes in properties, and that an exponential model could describe the seal ρ profile 

with depth. Recently, researchers (Assouline, 2004; Bresson et al., 2004; Roth, 1997) 

found that the exponential model was not sufficient to explain seal ρ profiles. They found 

a sigmoidal model better described these profiles produced by a 60-minute rainstorm. 

Moss (Moss, 1991a; 1991b) corroborated the idea that the sigmoidal model better 

described seal ρ profiles. Assouline (2004) introduced a combination model and found it 

to be more flexible and cover trends in ρ modeled by both the exponential and sigmoidal 

functions. One need identified by these workers was that only limited data on seal ρ 

profiles is currently available. The development of the HRCT provides a solution to this 

need. The HRCT is able to collect ~15-μm scale profile analysis of the densities of solid 

samples such as soil seals.  

The objective of this study is to collect detailed information of seal ρ profiles, and 
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to investigate several models for characterizing these profiles. This study measured the 

profiles of seals developed on bare Mexico silt loam during simulated rainfall as 

influenced by (1) five levels of rainfall duration of 0-, 7.5-, 15-, 30-, and 60-min at an 

intensity of 55-mm hr-1, and (2) the use of anionic Polyacrylamide (PAM) as a stabilizing 

treatment (20-kg ha-1) compared to a Check treatment of untreated soil (0- kg ha-1). This 

study will apply the three aforementioned models of soil sealing to the detailed scale 

information collected with an HRCT-scanner. This study will also allow the description 

of seal formation as a function of time for both a stabilized and unstable soil. 
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MATERIALS AND METHODS 

Experiment Design 

The study was designed as a completely random two-factor experiment. Factor-one 

consisted of two levels of PAM; 20-kg ha-1 of PAM applied to the soil surface, and no 

PAM addition. Factor-two consisted of five levels of simulated rainfall duration, 7.5-, 15-, 

30-, and 60-min at rainfall intensity of 55-mm hr-1. To facilitate analysis of seal-ρ, 

aluminum cylinders (11.5-mm i.d., by 0.5-mm thickness, and 10-mm length) were used 

to hold seal samples. Two replicates with nine treatments were used (two levels of PAM, 

times four rainfall durations plus one Check with no PAM and no rainfall application). 

The model for seal ρ profile with the exponential (Mualem and Assouline, 1989), 

sigmoidal (Roth, 1997), and flexible function (Assouline, 2004) were applied to data 

collected using an HRCT-scanner. 

Preparation of Soil 

Mexico silt loam (fine, smectitic, mesic Aeric Vertic Epiaqualfs) was selected 

because it is sensitive to sealing. Soil was collected from the Ap horizon and air-dried. 

Four-mm sieved soil was packed to a depth of 120-mm in 160-mm i.d. by 160-mm high 

cylinders with hardware screen bottoms to support soil. To reduce variation, soil was 

packed in four stages to a ρ of 1.09 ±0.02 g cm-3. Each stage used a quarter of the soil and 

was packed using 10-drops of a 2-kg packing hammer through a height of 250-mm, 

having 4.9-N per drop. This process was continued for all stages. To reduce layering 

between stages, the new soil surface was scarified with a fork after packing. The 

complete sample had a length of 120-mm leaving 40-mm of empty cylinder as a 
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boundary to hold water on top. To reduce interfacial flow along the soil-core boundary, a 

bentonite was used. The slurry was prepared by mixing bentonite powder and water in a 

1:8 ratio to obtain a mixture that was injected to a depth from 0- to 50-mm below the soil 

surface. 

A 20-kg ha-1 PAM solution with a concentration of 600-mg L-1 was applied to soil. 

PAM was mixed with tap water, having an electrical conductivity of 0.3 ds m-1, using 

magnetic stirrer for 24 hours at 25℃. The solution was sprayed evenly on the soil surface 

with a hand sprayer. All soil cores were then slow satiated over 24 hours by adjusting a 

Mariotte bottle filled with de-aerated water to provide a change in water level of ~ 30 mm 

hr-1 until water covered the soil.  

Soil cores (two levels of PAM, times four rainfall durations) were then subjected to 

0-, 7.5-, 15-, 30-, and 60-min of simulated rainfall at an intensity of 55-mm hr-1 using the 

rainfall simulator of Regmi and Thompson (2000). Deionized water was used for rainfall. 

The kinetic energy (KE) of rainfall was adjusted to a value of 1.28-kg m2 s-2. To prevent 

ponded-water greater than about 5-mm during rainfall, a vacuum aspirator ring 

constructed of 10-mm tubing fashioned into a loop with 3-mm holes along its length was 

used. 

Collection of HRCT- images 

Small soil sub-sample cores (13.5-mm i.d. by 16.0-mm long) were collected using a 

thin aluminum cylinder after rainfall simulation. Aluminum cylinders were gently 

pressing into the surface seal immediately after rainfall and excavated using a double-

cylinder core method (Dane and Topp, 2002). Sub-sample cores had two levels of PAM, 

times four rainfall durations and were replicated twice. One sub-sample check-sample 
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(33.0-mm i.d. by 18.8-mm long) not treated with PAM or subjected to rainfall was also 

used. Cores were drying for 24 hours at 25°C and sealed in the cylinders and transported 

to the HRCT-scanner. 

HRCT-images were obtained using image subtraction to isolate X-ray attenuation 

due to water. Scanning collected ~ 650 image-slices for each soil sub-sample core, with 

two replicates and 270 image-slices for the check. Images were fit into a rectangle of 

1024*1024 voxel. X-ray excitation was 180 kV, at 0.088 mA. Images were collected with 

no filter, and an air wedge having no offset. The field of reconstruction was 13.8-mm 

with a maximum field of view of 14.09-mm and was acquired with 27 slices per rotation. 

Images for sub-samples had spatial resolution of 13.5-μm and a slice thickness of 14.8-

μm. Images for sub-samples had spatial resolution of 35.1-μm and a slice thickness of 

40.6-μm. Rotation correction processing was done using the Interactive Data Language 

(IDL) routine “DoRotationCorrection.” (Visual Information Solutions, 2006). 

HRCT-Image Analysis  

Image analysis on HRCT-scans was done using ImageJ (Ver.1.36b) image-

processing software (ImageJ Ver. 1.36b, 2006). The software runs on most computer 

operating systems. The program can display, edit, analyze, process, save and print images 

and related analysis. ImageJ can calculate area and pixel (picture-element) value statistics 

of user-defined selections, and can calculate ρ histograms and line profile plots. An 

ImageJ plug-in named Z-profiler was used to determine profile plots through the z-axis 

(URL, http://rsb.info.nih.gov/ij/plugins/z-profiler.html). The source code is available 

from the author, Wayne Rasband (wayne@codon.nih.gov). 

The ρ on HRCT-images was determined by interpolating values to calibrated known 
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densities of moist air, nylon, and aluminum metal determined around and within 13.5-

mm i.d. sample cylinders. These materials that have known densities of moist air, nylon, 

and aluminum are 0.001-, 1.02- and 2.71-g cm-3 respectively. For interpolating soils 

densities, the equation developed from a regression of moist air, nylon, and aluminum 

was applied: 

Density (ρ), g cm-3 = (0.0256 * Gray Value) – 0.6859   (r2 = 0.999)         [1] 

For the analysis of seals, this study assumed that the image-slice with the highest 

HRCT-gray value represented the surface seal. This was necessary because the soil 

samples were not perfectly flat having irregular surfaces, so that the sample cylinders 

were not completely filled to the top, making it necessary to identify the beginning of the 

seal.  

Air-drying caused some shrinkage and cracking. These artifact effects were 

corrected in the following way. The coefficient of linear extensibility (COLE) values was 

used to adjust the air-dry sample volume to the initial wet volume by assuming isotropic 

shrinkage (Franzmeier and Ross, 1968; Grossman et al., 1968; Holmgren, 1968). COLE 

values were calculated by assuming the inside diameter of soil sampler represented the 

initial sample wet diameter. An estimated air-dry diameter was determined by fitting 

circular regions of interest around HRCT-images of dry soil samples. The COLE 

equation is:  

1)( 3/1 −=
wet

dry
wsCOLE

ρ
ρ

;      [2] 

where, COLEws is the coefficient of linear extensibility on a whole-soil base (mm mm-1), 

ρdry is the air-dry density, ρwet is the satiated ρ at 33-kPa. To minimize cracking artifacts, 

HRCT-images were divided into sub-areas representing about 1/8th of the sample volume 
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~ 650 images for that sample (Fig. 7). All images from this volume were then viewed to 

insure that no cracks were present. A minimum of five sub-volumes such as this, were 

used to determine ρ profiles with depth for each sample.  

Analysis of HRCT-ρ used 272 slices of 0- to 4-mm depths. Voxels with gray-values 

representing solids were identified and were used for calculation. Voxel value averaged 

over sub-volumes and reps were calculated. The average HRCT-ρ from of the seals to a 

depth of 4-mm was also calculated. 

 

Fig. 6. An example demonstrating HRCT-image division into sub-volumes using ImageJ 
image processing program. 

Models of ρ Profile 

Measurement of HRCT-ρ profile is necessary for prediction of the degree of sealing, 

infiltration, and the management of sealed soils. Mualem and Assouline, (1989) describe 

seal ρ profile with ρ being highest at the soil surface and decreasing exponentially with 
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depth, (h), to that of undisturbed soil (Mualem and Assouline, 1989). 

Zhhh −=−Δ+= );exp()( 0 γρρρ  [3] 

where, ρ is the density, h is the depth, Z is the depth taken positive upward, Δρ0 is the 

maximum change in density at the soil surface (h=0), and γ is a characteristic parameter 

of the soil rainfall interaction.  

Roth (1997) suggested that a sigmoidal function would be better for describing the 

ρ profile since once the maximum compaction at the surface has been attained, further 

raindrop impact may cause increased compaction at increasing depth.  

)/11(
0

)1(
)( vvvh

h −+
Δ

+=
α

ρ
ρρ  [4] 

where, α and v = constants related to the soil-rainfall system. 

The exponential model of Mualem and Assouline (1989) can be modified to include 

the case where the maximum compaction extends beyond the surface. The expression for 

this is: 

)exp()( 0
nhh βρρρ −Δ+=  [5] 

where, β and n are the constants related to the soil-rainfall system (Assouline, 2004). 

The model of Assouline (2004) is more flexible and fits both models of Mualem and 

Assouline (1989) and Roth (1997) . The model of Assouline adds a constant related to the 

soil-rainfall system that define a more complex profile function which better fits near 

surface density.  
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RESULTS AND DISCUSSION 

Fitting HRCT-ρ Profile to Seal Models  

Data were fit to the seal models of the exponential (Mualem and Assouline, 1989), 

sigmoidal (Roth, 1997), and mixed functions (Assouline, 2004). Seal ρ profiles of both 

the sigmoidal and mixed models were not greatly different for HRCT-image for a 60-min 

rainfall (Fig. 8). The data were well described with both the sigmoidal and mixed models. 

The exponential model was unsuitable in the 0- to 0.5-mm depth. The ρ profiles below 

the 0.5-mm depth were nearly the same for all models. However, seal models must be 

chosen for the entire profile considered depending on a depth of the seal, suggesting that 

the exponential model was not suitable for this soil. Assouline (2004) suggested that the 

sigmoidal model may not be flexible enough on the surface for some soils. However, 

limited data of seal ρ of <1-mm depth were available for their study. This study measured 

seal ρ data of <1-mm depth using an HRCT-scanner (actually14.8-μm thick for each 

slice). The sigmoidal model was found to be sufficient to describe seal ρ for the Mexico 

silt loam, and an HRCT-scanner was able to measure seal ρ profile well without any 

assumptions of seal ρ profile for depths of <1-mm. 
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Fig. 7. Comparison of seal models of Mualem and Assouline (1989), Roth (1997), and 

Assouline (2004) fit to Mexico silt loam seals measured using HRCT-ρ profiles created 
from 60-min of simulated rainfall. 

The effect of 20-kg ha-1 PAM on Mexico soil was easily detected with the HRCT in 

the 0- to 4-mm depths. The ρ profiles for both PAM- and untreated-soil increased with 

rainfall duration (Table 4 and Fig. 9). Thickness of seals exponentially increased with 

rainfall duration. Seal ρ for PAM-treated soil increased more slowly, whereas seal ρ for 

untreated soil rapidly increased within the 0- to 4-mm depth. Differences between ρ at 4-

mm, assumed not to have been affected by sealing, and seal ρ at 0-mm were significant 

for all rainfall durations. Seal ρ at 0-mm increased up to eight times after 7.5-min rainfall 
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duration (slope = 0.00387 g cm3 min-1), and subsequently increased slowly (slope = 

0.00046 g cm3 min-1). However, the ρ at 4-mm increased very slowly with rainfall 

duration (slope = 0.00033 g cm3 min-1). Seal formations rates determined from ρ at 0- 

and 4-mm were not different after 7.5-min rainfall duration (Fig. 10).  

Raindrop impact induce the soil surface aggregates to breakdown and form a 

compaction, sealing soil (Agassi et al., 1994; Hudson, 1973;1995; Mohammed and Kohl, 

1987; Morin et al., 1981). Seals often cause in a dense surface layer having a lower 

infiltration rates with a higher ρ (Edwards and Larson, 1969; Morin and Benyaminy, 

1977; Moss, 1991b; Remley and Bradford, 1989; Shainberg et al., 1992). This study 

showed a seal ρ of each HRCT-image slice having 14.8-μm thick in detail with various 

rainfall durations. However, past studies had little detailed information on the nature of 

the seal ρ. 

In our study, PAM-treated soil reduced sealing up to 20% compared to untreated 

soil depending on rainfall duration. PAM decreases densification of seals, and stabilizes 

soil aggregates by enhancing particle cohesion (Ajwa and Trout, 2006; Jian et al., 2003; 

Sojka et al., 1998b; Wallace and Wallace, 1986). Zhang and Miller (1996) found that 

PAM reduced soil loss in 48 to 66% and increased infiltration in 15 to 50%. However, the 

effect of PAM on seal ρ profile had not been studied. For our data, average values of R-

square for PAM-treated and untreated soil were 0.60 and 0.50 over rainfall durations. 

PAM was effective to stable a soil aggregation. The sigmoidal model of Roth (1997) 

(r2=0.68) and the mixed model of Assouline (2004) (r2=0.67) also described well seal ρ 

profiles for a Mexico silt loam. This study shows that an HRCT-scanner is the valuable 

equipment for obtaining seal-ρ profiles. This information is useful for fitting to models of 
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seals. 
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Table 4. Fitted parameters of HRCT-ρ profile for PAM-treated and untreated soil 
subjected to 0-, 7.5-, 15-, 30-, and 60-min rainfall durations for seal ρ models of Roth’s 
study (1997). 

Rainfall
PAM Duration †ρ0 ‡ρs α v

kg ha -1 min g cm -3 g cm -3

20 0 1.097 1.140 0.90 2.0
7.5 1.129 1.241 0.63 2.8
15 1.168 1.248 0.62 3.5
30 1.219 1.253 0.56 5.4
60 1.243 1.304 0.48 8.0

0 0 1.097 1.140 0.90 2.0
7.5 1.132 1.270 0.86 2.9
15 1.174 1.287 0.91 3.4
30 1.231 1.298 0.95 3.5
60 1.263 1.357 0.97 4.0

¶Diff. 0 0.000 0 0
g cm -3 7.5 0.003 0.029 0.230

15 0.006 0.039 0.290
30 0.012 0.045 0.390
60 0.020 0.053 0.490

ρ0† = HRCT-ρ  at 4-mm depth, ρs‡ = HRCT-ρ  at 0-mm depth, Diff.¶ = Check-PAM.
α  and v  = constants related to the soil-rainfall system.

Parameters
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Fig. 8. Predicted HRCT-ρ by fitted parameter of Roth’s model (1997) subjected to 0-, 7.5-, 

15-, 30-, and 60-min rainfall durations at an intensity of 55-mm hr-1 for (A) 20-kg ha-1 
PAM-treated soil and (B) untreated soil by sigmoidal model; n=204 for 7.5-,15-, 30-, 
and 60-min rainfall durations, n=73 for no rainfall. 
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Fig. 9. Difference between ρ at 0-mm depth and ρ at 4-mm below from sealed surface for 

PAM-treated and untreated soil subjected to 0-, 7.5-, 15-, 30-, and 60-min rainfall 
duration (n=204 for 7.5-, 15-, 30-, and 60-min rainfall durations, n=73 for no rainfall). 
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Summary 

This study showed the seal ρ profiles in detail using an HRCT-scanner having 14.8-

μm thick and several models to investigate characteristics of these profiles. This study 

used two levels of PAM (0- and 20-kg ha-1) and five levels of simulated rainfall duration 

of 0-, 7.5-, 15-, 30-, and 60-min at rainfall intensity of 55-mm hr-1. Two replicates were 

used for HRCT-scanning. Data was fit to the seal models of the exponential (Mualem and 

Assouline, 1989), sigmoidal (Roth, 1997), and mixed functions (Assouline, 2004).  

Seal ρ profiles of both the sigmoidal (r2=0.68) and mixed (r2=0.67) models well 

described. The exponential model was unsuitable in the 0- to 0.5-mm depth. This study 

found that the sigmoidal model was sufficient to describe seal ρ for the Mexico silt loam, 

and an HRCT-scanner was able to measure seal ρ profile well without any assumptions of 

seal ρ profile for depths of <1-mm. The effect of 20-kg ha-1 PAM and rainfall durations 

on Mexico soil was easily found with the HRCT in the 0- to 4-mm depths. Seal ρ for 

PAM-treated soil increased more slowly, whereas seal ρ for untreated soil increased 

rapidly within the 4-mm depth. PAM-treated soil reduced sealing up to 20% compared to 

untreated soil depending on rainfall duration. Thickness of seals exponentially increased 

with rainfall duration. Differences between ρ at 4-mm depth and seal ρ at 0-mm depth 

were significant with rainfall. Seal formations rates determined from ρ at 0- and 4-mm 

was not different after 7.5-min rainfall duration. This study suggests that the sigmoidal 

model of Roth (1997) (r2=0.68) and the mixed model of Assouline (2004) (r2=0.67) 

described well the seal ρ profiles for a Mexico silt loam. 
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CHAPTER V: SUMMARY & CONCLUSIONS 

Seal formation is a complex phenomenon involving density (ρ), porosity, pore-

continuity, pore-size, etc. Soil sealing is influenced by rainfall amount, duration, intensity, 

runoff rate, soil type, ground cover, slope, and other factors. A proper understanding of 

the nature of soil seals is necessary for prediction of the degree of sealing, infiltration and 

the management of sealed soils. This study used a 4-mm sieved Mexico silt loam and two 

factors; (1) an untreated soil or a soil amended with 20-kg ha-1 PAM, and (2) five levels 

of simulated rainfall duration 0-, 7.5-, 15-, 30-, and 60-min at an intensity of 55-mm hr-1.  

 

1. The values of Ksat were highly significant for PAM, rainfall, and an interaction of 

PAM and rainfall durations were all highly significant. Over time the PAM effect and 

PAM vs. untreated ratio increased to a value of 2.03 (17.7-mm hr-1 vs. 8.7-mm hr-1) at 

60-min. 

2. The study of Ksat showed that the surface sealing developed through a raindrop 

impact, and decreased infiltration rates and Ksat at least until 60-min rainfall duration. 

3. Pore-size frequencies of untreated soil rapidly with rainfall duration compared to 

PAM-treated soil which were more stable sealing more slowly.  

4. Total porosities averaged over depth for PAM-treated vs. untreated soil were 

significantly different for both 15- and 30-min rainfall durations, although the average 

values for the PAM-treated soil were always higher.  

5. HRCT-ρ profiles with depth were significantly different at 0-mm depth. HRCT-ρ 

increased 1.6% at 7.5-min rainfall, and 4.6% at 60-min rainfall at 0-mm seal.  

6. Seal ρ profiles of both the sigmoidal (r2=0.68) and mixed (r2=0.67) models well 
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described. The exponential model was unsuitable in the 0- to 0.5-mm depth.  

7. The sigmoidal model was sufficient to describe seal ρ for the Mexico silt loam, and 

an HRCT-scanner was able to measure seal ρ profile well without any assumptions of 

seal ρ profile for depths of <1-mm. 

8. HRCT-ρ profiles for PAM-treated soil reduced sealing up to 20% compared to 

untreated soil depending on rainfall duration.  

9. Thickness of seals exponentially increased with rainfall duration. Seal formations 

rates determined from ρ’s at 0- and 4-mm were not different after 7.5-min rainfall 

duration. 

10. This study found that the use of 20-kg ha-1 PAM solution significantly reduced 

surface seals, and increased total porosity and ρ during intensive rainfall. This study 

also showed that a thin layer of surface seals can be measured effectively using an 

HRCT-scanner. 
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CHAPTER VI: FUTURE RESEARCH 

This study evaluated the interaction of rainfall duration related to soil surface 

sealing. In addition, an evaluation of anionic polyacrylamide was used to determine its 

benefits related to surface studies. A valuable future study related to this research would 

be to evaluate the efficiency of PAM in field studies. Another issue would be to determine 

the interaction between PAM and rainfall duration for various types of soil at different 

temperature and moisture conditions. This research used only the Mexico soil series for 

one temperature and moisture condition. However, applying PAM treatments for various 

conditions may change the results. Mathematical modeling with measured saturated 

hydraulic conductivity (Ksat) and computed-tomography (CT) image predicted Ksat would 

also be valuable study. Furthermore, the issue of soil sample size for CT-scanning 

remains. The analysis of soil properties using CT-scanner may be restricted by the voxel 

size of CT-scanner. It is not clear yet how much volume would be best to evaluate soil 

properties (what’s should be the representative elementary volume; REV). Finding the 

best methods for CT-analysis must be determined to help interpret the hydraulic 

properties in soils. 
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APPENDICES 

Appendix A. Mexico Soil Series Description 
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Appendix B. Diagram of 160 mm (i.d.) by 160 mm (height) white PVC soil core at the 

Top view 

 

 
 

Appendix C. Diagram of the used hammer for packing (4.9 N per drop) 
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Appendix D. Multiple cores Ksat determination system 
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Appendix E. Data of laboratory Ksat (mm hr-1) measurements with 0- and 20-kg ha-1 PAM 

treatments for no rainfall. 

 

REP.† = Replicate
Duration PAM † REP. K sat

min kg ha -1 # mm hr -1

0 0 1 63.497
0 0 2 84.827
0 0 3 79.716
0 0 4 71.975
0 0 5 63.191
0 0 6 70.64
0 0 7 68.564
0 0 8 83.032
0 0 9 92.363
0 0 10 69.569
0 0 11 59.255
0 0 12 68.148
0 20 1 89.181
0 20 2 98.124
0 20 3 117.485
0 20 4 111.205
0 20 5 120.689
0 20 6 118.247
0 20 7 116.619
0 20 8 97.586
0 20 9 89.181
0 20 10 110.429
0 20 11 89.282
0 20 12 102.15  
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Appendix E. (Continued) Data of laboratory Ksat (mm hr-1) measurements with 0- and 20-

kg ha-1 PAM treatments for 7.5 min rainfall duration (intensity = 55-mm hr-1). 

 

REP.† = Replicate
Duration PAM † REP. K sat

min kg ha -1 # mm hr -1

7.5 0 1 26.548
7.5 0 2 29.395
7.5 0 3 27.454
7.5 0 4 35.461
7.5 0 5 29.648
7.5 0 6 31.844
7.5 0 7 31.684
7.5 0 8 29.615
7.5 0 9 30.187
7.5 0 10 32.922
7.5 0 11 26.892
7.5 0 12 28.308
7.5 20 1 39.915
7.5 20 2 38.67
7.5 20 3 43.314
7.5 20 4 35.09
7.5 20 5 41.071
7.5 20 6 37.192
7.5 20 7 39.663
7.5 20 8 40.267
7.5 20 9 37.11
7.5 20 10 34.175
7.5 20 11 36.717
7.5 20 12 33.88  
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Appendix E. (Continued) Data of laboratory Ksat (mm hr-1) measurements with 0- and 20-

kg ha-1 PAM treatments for 15 min rainfall duration (intensity = 55-mm hr-1). 

 

REP.† = Replicate
Duration PAM † REP. K sat

min kg ha -1 # mm hr -1

15 0 1 21.569
15 0 2 22.333
15 0 3 21.044
15 0 4 21.82
15 0 5 22.558
15 0 6 22.164
15 0 7 20.487
15 0 8 22.738
15 0 9 21.497
15 0 10 20.483
15 0 11 23.106
15 0 12 21.542
15 20 1 30.092
15 20 2 30.366
15 20 3 31.299
15 20 4 30.997
15 20 5 35.521
15 20 6 32.89
15 20 7 28.707
15 20 8 30.805
15 20 9 31.139
15 20 10 29.916
15 20 11 31.509
15 20 12 32.598  
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Appendix E. (Continued) Data of laboratory Ksat (mm hr-1) measurements with 0- and 20-

kg ha-1 PAM treatments for 30 min rainfall duration (intensity = 55-mm hr-1). 

 

REP.† = Replicate
Duration PAM † REP. K sat

min kg ha -1 # mm hr -1

30 0 1 14.069
30 0 2 13.713
30 0 3 14.37
30 0 4 14.553
30 0 5 12.627
30 0 6 15.246
30 0 7 13.441
30 0 8 11.917
30 0 9 13.685
30 0 10 12.599
30 0 11 13.397
30 0 12 14.758
30 20 1 19.74
30 20 2 22.28
30 20 3 23.695
30 20 4 22.734
30 20 5 21.494
30 20 6 23.129
30 20 7 23.181
30 20 8 20.713
30 20 9 21.764
30 20 10 22.332
30 20 11 21.341
30 20 12 22.324  
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Appendix E. (Continued) Data of laboratory Ksat (mm hr-1) measurements with 0- and 20-

kg ha-1 PAM treatments for 60 min rainfall duration (intensity = 55-mm hr-1). 

 

REP.† = Replicate
Duration PAM † REP. K sat

min kg ha -1 # mm hr -1

60 0 1 8.561
60 0 2 9.202
60 0 3 7.449
60 0 4 9.544
60 0 5 9.361
60 0 6 9.874
60 0 7 7.356
60 0 8 7.564
60 0 9 8.11
60 0 10 8.987
60 0 11 9.607
60 0 12 9.372
60 20 1 17.351
60 20 2 16.231
60 20 3 16.441
60 20 4 16.668
60 20 5 17.498
60 20 6 19.129
60 20 7 16.11
60 20 8 18.653
60 20 9 19.274
60 20 10 17.189
60 20 11 19.345
60 20 12 18.38  
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Appendix F. SAS Coding for Ksat analysis 
 

1          title PAM Study 10Feb06; 

2           **************************************; 

3           * Rep 1, 2, ... 12,completely random *; 

4           * PAM 0,  20 kg/ha                   *; 

5           * RainRate 55 mm/h                   *; 

6           * Dur, min                           *; 

7           * Ksat, mm/h                         *; 

8           **************************************; 

9          Title1 'Ksat Measurement by Sang Soo Lee'; 

10         data one; 

11         input Dur PAM Rep Ksat; 

12           lKsat = log(Ksat); 

13         *if Dur = 0 and PAM = 0 and Rep = 9 then lksat = . ; 

14         *if Dur = 15 and PAM = 20 and Rep = 5 then lksat = . ; 

15         cards; 

137         

138        * Rain   PAM     Reps      Ksat  *; 

139        *  min   kg/ha    #        mm/hr *; 

140         

141        proc glm; 

142             class dur PAM rep; 

143             model lksat = dur PAM dur*PAM; 

144             lsmeans dur PAM dur*PAM/PDIFF; 

145        Output out=out1 p=p r=r student=student l95m=l95m u95m=u95m; 

146        proc print; 

147         

148        Proc Plot; 

149         plot lksat*dur=PAM p*dur='p' l95m*dur='-' u95m*dur='+'/overlay; 

150         plot R*dur=rep/vref=0; 

151        proc univariate plot normal; 

152          by PAM; 

153              var r; 

154        run; 
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Appendix G. The nomographise for determining soil shrinkage: (A) Fine-earth fabric 

volume percent, (B) Linear extensibility and linear shrinkage (Holmgren, 1968).  
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Appendix H. An example demonstrating the relationship between the ImageJ voxel 

histogram and zones of (a) air-“out of the cylinder”, (b) air-“in the cylinder”, (c) 

solids-“in and including the cylinder”, and (d) manganese concretions-“in the 

cylinder.” 

 A

C D

BDCBA

 
 

 

Appendix I. Geological information of HRCT located for determining the density of 

moisture air. 

Given from †UHCT Location Density of Moist air
Elevation 550 ft RH 0.58
D0 1.2929 kg/m3 B 760 torr
Temp. 24 ℃ T 287.13 K
Pressure 760 torr e@24℃ 12.9804 torr
Dd 0.001188468 Mg/m3 Dm 0.001085494 Mg/m3
The University of Texas at Austin, Department of Geological Sciences†  
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Appendix J. Density calibration of gray values and the adjustment of scanned gray values 

for soil sample length using ρg of nylon and aluminum soil sampler.. 

Density n

Mg m-3

†Scanned ‡Adjusted

Moist Air 58%RH at 24 °C 0.001085 27.90 27.90 376

Nylon 1.02 64.94 64.94 376

Aluminum 2.71 133.17 133.17 277

Soil 1N 0.85 70.81 64.07 1

Soil 4N 0.824 74.70 65.30 1

Soil 1A 0.756 65.10 60.97 1

Soil 4A 0.81 61.21 58.22 1

Soil sample length adjusted for scanning at the University of Texas at Austin†
Soil data adjusted to correct sample length‡ 

Gray Values

0-255
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Appendix K. Density calibrations of gray values for determining CT-ρ using knowable 

materials such as aluminum, nylon, and Air: (A) scanned values and (B) adjusted 

sample-length values. 
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Appendix L. SAS Coding for CT-measured Porosity analysis 

 
filename in1 'C:₩Documents and Settings₩Sang Soo Lee₩My Documents₩My SAS Files₩poro.dat'; 

*options ls=200 ps=140; 

title Sealing Study Sang Soo 12June06          ; 

/************************************ 

trt       0 kg/ha PAM 

         20 kg/ha PAM 

time      7.5 min 

         15.0 min 

         30.0 min 

         60.0 min 

depth     0.0 mm 

          0.5 mm 

          1.0 mm 

          1.5 mm 

          2.0 mm 

rep       1 

          2 

TOTAL = 80 = 2*4*5*2 

********************************************* */ 

data one; 

infile in1 firstobs=4; 

input rep pam time depth pore size; 

*endsas; 

proc glm data=one; 

 class pam time depth; 

  ods output LSMeans=out1; 

  model pore=pam time depth pam*time pam*depth; 

  lsmeans  pam time depth pam*time pam*depth/adjust=tukey cl PDIFF; 

  proc print; 

run;
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Appendix L-1. SAS Output for CT-measured Porosity analysis 
 

                                       The GLM Procedure 

                                    Class Level Information 

 

                     Class         Levels    Values 

                     pam                2    0 20 

                     time               5    0 7.5 15 30 60 

                     depth              5    0 0.5032 1.0064 1.5096 2.0128 

 

                            Number of Observations Read          50 

                            Number of Observations Used          50 

 

                                       The GLM Procedure 

Dependent Variable: pore 

                                              Sum of 

      Source                      DF         Squares     Mean Square    F Value    Pr > F 

      Model                       17      0.03720547      0.00218856      51.33    <.0001 

      Error                       32      0.00136431      0.00004263 

      Corrected Total             49      0.03856978 

 

                       R-Square     Coeff Var      Root MSE     pore Mean 

                       0.964628      1.220132      0.006530      0.535148 

 

      Source                      DF       Type I SS     Mean Square    F Value    Pr > F 

      pam                          1      0.00040524      0.00040524       9.51    0.0042 

      time                         4      0.03346882      0.00836721     196.25    <.0001 

      depth                        4      0.00260872      0.00065218      15.30    <.0001 

      pam*time                     4      0.00016061      0.00004015       0.94    0.4525 

      pam*depth                    4      0.00056208      0.00014052       3.30    0.0227 

 

 

      Source                      DF     Type III SS     Mean Square    F Value    Pr > F 

      pam                          1      0.00040524      0.00040524       9.51    0.0042 

      time                         4      0.03346882      0.00836721     196.25    <.0001 

      depth                        4      0.00260872      0.00065218      15.30    <.0001 

      pam*time                     4      0.00016061      0.00004015       0.94    0.4525 

      pam*depth                    4      0.00056208      0.00014052       3.30    0.0227 

 

                                       The GLM Procedure 
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                                      Least Squares Means 

                           Adjustment for Multiple Comparisons: Tukey 

 

                                                      H0:LSMean1= 

                                                        LSMean2 

                               pam     pore LSMEAN       Pr > |t| 

                              0        0.53230129         0.0042 

                               20       0.53799510 

 

                        pam     pore LSMEAN      95% Confidence Limits 

                        0          0.532301        0.529641     0.534961 

                        20         0.537995        0.535335     0.540655 

 

                               Least Squares Means for Effect pam 

                                  Difference         Simultaneous 95% 

                                     Between      Confidence Limits for 

                      i    j           Means       LSMean(i)-LSMean(j) 

                      1    2       -0.005694       -0.009456    -0.001932 

 

                                       The GLM Procedure 

                                      Least Squares Means 

                           Adjustment for Multiple Comparisons: Tukey 

 

                                                          LSMEAN 

                                time     pore LSMEAN      Number 

 

                                0         0.58292120           1 

                                7.5       0.53645568           2 

                                15        0.52782166           3 

                                30        0.52256389           4 

                                60        0.50597852           5 

 

                              Least Squares Means for effect time 

                              Pr > |t| for H0: LSMean(i)=LSMean(j) 

 

                                    Dependent Variable: pore 

           i/j              1             2             3             4             5 

              1                      <.0001        <.0001        <.0001        <.0001 

              2        <.0001                      0.0428        0.0004        <.0001 

              3        <.0001        0.0428                      0.3908        <.0001 

              4        <.0001        0.0004        0.3908                      <.0001 
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              5        <.0001        <.0001        <.0001        <.0001 

 

                       time     pore LSMEAN      95% Confidence Limits 

                       0           0.582921        0.578715     0.587127 

                       7.5         0.536456        0.532250     0.540662 

                       15          0.527822        0.523616     0.532028 

                       30          0.522564        0.518358     0.526770 

                       60          0.505979        0.501773     0.510184 

 

                              Least Squares Means for Effect time 

                                  Difference         Simultaneous 95% 

                                     Between      Confidence Limits for 

                      i    j           Means       LSMean(i)-LSMean(j) 

                      1    2        0.046466        0.038028     0.054903 

                      1    3        0.055100        0.046662     0.063537 

                      1    4        0.060357        0.051920     0.068795 

                      1    5        0.076943        0.068505     0.085380 

                      2    3        0.008634        0.000197     0.017071 

                      2    4        0.013892        0.005454     0.022329 

                      2    5        0.030477        0.022040     0.038914 

                      3    4        0.005258       -0.003180     0.013695 

                      3    5        0.021843        0.013406     0.030280 

 

                                       The GLM Procedure 

                                      Least Squares Means 

                           Adjustment for Multiple Comparisons: Tukey 

 

                              Least Squares Means for Effect time 

                                  Difference         Simultaneous 95% 

                                     Between      Confidence Limits for 

                      i    j           Means       LSMean(i)-LSMean(j) 

                      4    5        0.016585        0.008148     0.025023 

 

                                       The GLM Procedure 

                                      Least Squares Means 

                           Adjustment for Multiple Comparisons: Tukey 

                                                           LSMEAN 

                               depth      pore LSMEAN      Number 

                               0           0.52697879           1 

                               0.5032      0.52846888           2 

                               1.0064      0.53356141           3 
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                               1.5096      0.54092269           4 

                               2.0128      0.54580919           5 

 

                              Least Squares Means for effect depth 

                              Pr > |t| for H0: LSMean(i)=LSMean(j) 

                                    Dependent Variable: pore 

           i/j              1             2             3             4             5 

              1                      0.9857        0.1864        0.0003        <.0001 

              2        0.9857                      0.4227        0.0015        <.0001 

              3        0.1864        0.4227                      0.1110        0.0018 

              4        0.0003        0.0015        0.1110                      0.4639 

              5        <.0001        <.0001        0.0018        0.4639 

 

                      depth      pore LSMEAN      95% Confidence Limits 

                      0             0.526979        0.522773     0.531185 

                      0.5032        0.528469        0.524263     0.532675 

                      1.0064        0.533561        0.529356     0.537767 

                      1.5096        0.540923        0.536717     0.545129 

                      2.0128        0.545809        0.541603     0.550015 

 

                              Least Squares Means for Effect depth 

                                  Difference         Simultaneous 95% 

                                     Between      Confidence Limits for 

                      i    j           Means       LSMean(i)-LSMean(j) 

                      1    2       -0.001490       -0.009927     0.006947 

                      1    3       -0.006583       -0.015020     0.001855 

                      1    4       -0.013944       -0.022381    -0.005507 

                      1    5       -0.018830       -0.027268    -0.010393 

                      2    3       -0.005093       -0.013530     0.003345 

                      2    4       -0.012454       -0.020891    -0.004017 

                      2    5       -0.017340       -0.025778    -0.008903 

                      3    4       -0.007361       -0.015799     0.001076 

                      3    5       -0.012248       -0.020685    -0.003810 

 

                                       The GLM Procedure 

                                      Least Squares Means 

                           Adjustment for Multiple Comparisons: Tukey 

 

                              Least Squares Means for Effect depth 

 

                                  Difference         Simultaneous 95% 
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                                     Between      Confidence Limits for 

                      i    j           Means       LSMean(i)-LSMean(j) 

                      4    5       -0.004887       -0.013324     0.003551 

 

                                       The GLM Procedure 

                                      Least Squares Means 

                           Adjustment for Multiple Comparisons: Tukey 

 

                                                             LSMEAN 

                            pam    time     pore LSMEAN      Number 

                            0      0         0.58292120           1 

                            0      7.5       0.53406481           2 

                            0      15        0.52370827           3 

                            0      30        0.51727214           4 

                            0      60        0.50353999           5 

                            20     0         0.58292120           6 

                            20     7.5       0.53884655           7 

                            20     15        0.53193505           8 

                            20     30        0.52785564           9 

                            20     60        0.50841706          10 

 

                            Least Squares Means for effect pam*time 

                              Pr > |t| for H0: LSMean(i)=LSMean(j) 

 

                                    Dependent Variable: pore 

 i/j         1        2        3        4        5        6        7        8        9       10 

    1            <.0001   <.0001   <.0001   <.0001   1.0000   <.0001   <.0001   <.0001   <.0001 

    2   <.0001            0.3021   0.0094   <.0001   <.0001   0.9737   0.9999   0.8809   <.0001 

    3   <.0001   0.3021            0.8576   0.0010   <.0001   0.0261   0.6102   0.9899   0.0238 

    4   <.0001   0.0094   0.8576            0.0588   <.0001   0.0004   0.0346   0.2755   0.5122 

    5   <.0001   <.0001   0.0010   0.0588            <.0001   <.0001   <.0001   <.0001   0.9702 

    6   1.0000   <.0001   <.0001   <.0001   <.0001            <.0001   <.0001   <.0001   <.0001 

    7   <.0001   0.9737   0.0261   0.0004   <.0001   <.0001            0.8015   0.2318   <.0001 

    8   <.0001   0.9999   0.6102   0.0346   <.0001   <.0001   0.8015            0.9910   0.0001 

    9   <.0001   0.8809   0.9899   0.2755   <.0001   <.0001   0.2318   0.9910            0.0017 

   10   <.0001   <.0001   0.0238   0.5122   0.9702   <.0001   <.0001   0.0001   0.0017 

 

                    pam    time     pore LSMEAN      95% Confidence Limits 

                    0      0           0.582921        0.576973     0.588869 

                    0      7.5         0.534065        0.528117     0.540013 

                    0      15          0.523708        0.517760     0.529656 
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                    0      30          0.517272        0.511324     0.523220 

                    0      60          0.503540        0.497592     0.509488 

                    20     0           0.582921        0.576973     0.588869 

                    20     7.5         0.538847        0.532899     0.544795 

                    20     15          0.531935        0.525987     0.537883 

                    20     30          0.527856        0.521908     0.533804 

                    20     60          0.508417        0.502469     0.514365 

 

                                       The GLM Procedure 

                                      Least Squares Means 

                           Adjustment for Multiple Comparisons: Tukey 

 

                            Least Squares Means for Effect pam*time 

 

                                   Difference         Simultaneous 95% 

                                      Between      Confidence Limits for 

                      i     j           Means       LSMean(i)-LSMean(j) 

                      1     2        0.048856        0.034835     0.062878 

                      1     3        0.059213        0.045192     0.073234 

                      1     4        0.065649        0.051628     0.079670 

                      1     5        0.079381        0.065360     0.093402 

                      1     6               0       -0.014021     0.014021 

                      1     7        0.044075        0.030054     0.058096 

                      1     8        0.050986        0.036965     0.065007 

                      1     9        0.055066        0.041044     0.069087 

                      1    10        0.074504        0.060483     0.088525 

                      2     3        0.010357       -0.003665     0.024378 

                      2     4        0.016793        0.002772     0.030814 

                      2     5        0.030525        0.016504     0.044546 

                      2     6       -0.048856       -0.062878    -0.034835 

                      2     7       -0.004782       -0.018803     0.009239 

                      2     8        0.002130       -0.011891     0.016151 

                      2     9        0.006209       -0.007812     0.020230 

                      2    10        0.025648        0.011627     0.039669 

                      3     4        0.006436       -0.007585     0.020457 

                      3     5        0.020168        0.006147     0.034189 

                      3     6       -0.059213       -0.073234    -0.045192 

                      3     7       -0.015138       -0.029159    -0.001117 

                      3     8       -0.008227       -0.022248     0.005794 

                      3     9       -0.004147       -0.018168     0.009874 

                      3    10        0.015291        0.001270     0.029312 
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                      4     5        0.013732       -0.000289     0.027753 

                      4     6       -0.065649       -0.079670    -0.051628 

                      4     7       -0.021574       -0.035596    -0.007553 

                      4     8       -0.014663       -0.028684    -0.000642 

                      4     9       -0.010583       -0.024605     0.003438 

                      4    10        0.008855       -0.005166     0.022876 

                      5     6       -0.079381       -0.093402    -0.065360 

                      5     7       -0.035307       -0.049328    -0.021285 

                      5     8       -0.028395       -0.042416    -0.014374 

                      5     9       -0.024316       -0.038337    -0.010295 

                      5    10       -0.004877       -0.018898     0.009144 

                      6     7        0.044075        0.030054     0.058096 

                      6     8        0.050986        0.036965     0.065007 

                      6     9        0.055066        0.041044     0.069087 

                      6    10        0.074504        0.060483     0.088525 

                      7     8        0.006911       -0.007110     0.020933 

                      7     9        0.010991       -0.003030     0.025012 

                      7    10        0.030429        0.016408     0.044451 

                                       The GLM Procedure 

                                      Least Squares Means 

                           Adjustment for Multiple Comparisons: Tukey 

 

                            Least Squares Means for Effect pam*time 

 

                                   Difference         Simultaneous 95% 

                                      Between      Confidence Limits for 

                      i     j           Means       LSMean(i)-LSMean(j) 

                      8     9        0.004079       -0.009942     0.018101 

                      8    10        0.023518        0.009497     0.037539 

                      9    10        0.019439        0.005417     0.033460 

 

                                       The GLM Procedure 

                                      Least Squares Means 

                           Adjustment for Multiple Comparisons: Tukey 

 

                                                              LSMEAN 

                           pam    depth      pore LSMEAN      Number 

                           0      0           0.52087817           1 

                           0      0.5032      0.52251448           2 

                           0      1.0064      0.53060251           3 

                           0      1.5096      0.53857370           4 
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                           0      2.0128      0.54893758           5 

                           20     0           0.53307942           6 

                           20     0.5032      0.53442328           7 

                           20     1.0064      0.53652031           8 

                           20     1.5096      0.54327168           9 

                           20     2.0128      0.54268081          10 

 

                            Least Squares Means for effect pam*depth 

                              Pr > |t| for H0: LSMean(i)=LSMean(j) 

 

                                    Dependent Variable: pore 

 

 i/j         1        2        3        4        5        6        7        8        9       10 

    1            1.0000   0.3841   0.0053   <.0001   0.1318   0.0652   0.0192   0.0002   0.0003 

    2   1.0000            0.6318   0.0149   <.0001   0.2776   0.1520   0.0504   0.0007   0.0010 

    3   0.3841   0.6318            0.6499   0.0035   0.9998   0.9943   0.9074   0.1040   0.1400 

    4   0.0053   0.0149   0.6499            0.3012   0.9387   0.9898   1.0000   0.9765   0.9905 

    5   <.0001   <.0001   0.0035   0.3012            0.0168   0.0377   0.1183   0.9270   0.8762 

    6   0.1318   0.2776   0.9998   0.9387   0.0168            1.0000   0.9974   0.3223   0.4013 

    7   0.0652   0.1520   0.9943   0.9898   0.0377   1.0000            1.0000   0.5132   0.6054 

    8   0.0192   0.0504   0.9074   1.0000   0.1183   0.9974   1.0000            0.8214   0.8856 

    9   0.0002   0.0007   0.1040   0.9765   0.9270   0.3223   0.5132   0.8214            1.0000 

   10   0.0003   0.0010   0.1400   0.9905   0.8762   0.4013   0.6054   0.8856   1.0000 

 

                   pam    depth      pore LSMEAN      95% Confidence Limits 

                   0      0             0.520878        0.514930     0.526826 

                   0      0.5032        0.522514        0.516566     0.528463 

                   0      1.0064        0.530603        0.524654     0.536551 

                   0      1.5096        0.538574        0.532626     0.544522 

                   0      2.0128        0.548938        0.542990     0.554886 

                   20     0             0.533079        0.527131     0.539027 

                   20     0.5032        0.534423        0.528475     0.540371 

                   20     1.0064        0.536520        0.530572     0.542468 

                   20     1.5096        0.543272        0.537324     0.549220 

                   20     2.0128        0.542681        0.536733     0.548629 

 

                                       The GLM Procedure 

                                      Least Squares Means 

                           Adjustment for Multiple Comparisons: Tukey 

 

                            Least Squares Means for Effect pam*depth 
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                                   Difference         Simultaneous 95% 

                                      Between      Confidence Limits for 

                      i     j           Means       LSMean(i)-LSMean(j) 

                      1     2       -0.001636       -0.015657     0.012385 

                      1     3       -0.009724       -0.023745     0.004297 

                      1     4       -0.017696       -0.031717    -0.003674 

                      1     5       -0.028059       -0.042081    -0.014038 

                      1     6       -0.012201       -0.026222     0.001820 

                      1     7       -0.013545       -0.027566     0.000476 

                      1     8       -0.015642       -0.029663    -0.001621 

                      1     9       -0.022394       -0.036415    -0.008372 

                      1    10       -0.021803       -0.035824    -0.007782 

                      2     3       -0.008088       -0.022109     0.005933 

                      2     4       -0.016059       -0.030080    -0.002038 

                      2     5       -0.026423       -0.040444    -0.012402 

                      2     6       -0.010565       -0.024586     0.003456 

                      2     7       -0.011909       -0.025930     0.002112 

                      2     8       -0.014006       -0.028027  0.000015283 

                      2     9       -0.020757       -0.034778    -0.006736 

                      2    10       -0.020166       -0.034187    -0.006145 

                      3     4       -0.007971       -0.021992     0.006050 

                      3     5       -0.018335       -0.032356    -0.004314 

                      3     6       -0.002477       -0.016498     0.011544 

                      3     7       -0.003821       -0.017842     0.010200 

                      3     8       -0.005918       -0.019939     0.008103 

                      3     9       -0.012669       -0.026690     0.001352 

                      3    10       -0.012078       -0.026099     0.001943 

                      4     5       -0.010364       -0.024385     0.003657 

                      4     6        0.005494       -0.008527     0.019515 

                      4     7        0.004150       -0.009871     0.018172 

                      4     8        0.002053       -0.011968     0.016075 

                      4     9       -0.004698       -0.018719     0.009323 

                      4    10       -0.004107       -0.018128     0.009914 

                      5     6        0.015858        0.001837     0.029879 

                      5     7        0.014514        0.000493     0.028535 

                      5     8        0.012417       -0.001604     0.026438 

                      5     9        0.005666       -0.008355     0.019687 

                      5    10        0.006257       -0.007764     0.020278 

                      6     7       -0.001344       -0.015365     0.012677 

                      6     8       -0.003441       -0.017462     0.010580 
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                      6     9       -0.010192       -0.024213     0.003829 

                      6    10       -0.009601       -0.023622     0.004420 

                      7     8       -0.002097       -0.016118     0.011924 

                      7     9       -0.008848       -0.022870     0.005173 

                      7    10       -0.008258       -0.022279     0.005764 

 

                                       The GLM Procedure 

                                      Least Squares Means 

                           Adjustment for Multiple Comparisons: Tukey 

 

                            Least Squares Means for Effect pam*depth 

 

                                   Difference         Simultaneous 95% 

                                      Between      Confidence Limits for 

                      i     j           Means       LSMean(i)-LSMean(j) 

                      8     9       -0.006751       -0.020772     0.007270 

                      8    10       -0.006161       -0.020182     0.007861 

                      9    10        0.000591       -0.013430     0.014612 

 

                                                           Probt              LSMean 

  Obs    Effect       Dependent    pam          LSMean      Diff    time      Number    depth 

    1    pam            pore       0        0.53230129    0.0042                   . 

    2    pam            pore       20       0.53799510     _                       . 

    3    time           pore                0.58292120     .        0              1 

    4    time           pore                0.53645568     .        7.5            2 

    5    time           pore                0.52782166     .        15             3 

    6    time           pore                0.52256389     .        30             4 

    7    time           pore                0.50597852     .        60             5 

    8    depth          pore                0.52697879     .                       1    0 

    9    depth          pore                0.52846888     .                       2    0.5032 

   10    depth          pore                0.53356141     .                       3    1.0064 

   11    depth          pore                0.54092269     .                       4    1.5096 

   12    depth          pore                0.54580919     .                       5    2.0128 

   13    pam_time       pore       0        0.58292120     .        0              1 

   14    pam_time       pore       0        0.53406481     .        7.5            2 

   15    pam_time       pore       0        0.52370827     .        15             3 

   16    pam_time       pore       0        0.51727214     .        30             4 

   17    pam_time       pore       0        0.50353999     .        60             5 

   18    pam_time       pore       20       0.58292120     .        0              6 

   19    pam_time       pore       20       0.53884655     .        7.5            7 

   20    pam_time       pore       20       0.53193505     .        15             8 
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   21    pam_time       pore       20       0.52785564     .        30             9 

   22    pam_time       pore       20       0.50841706     .        60            10 

   23    pam_depth      pore       0        0.52087817     .                       1    0 

   24    pam_depth      pore       0        0.52251448     .                       2    0.5032 

   25    pam_depth      pore       0        0.53060251     .                       3    1.0064 

   26    pam_depth      pore       0        0.53857370     .                       4    1.5096 

   27    pam_depth      pore       0        0.54893758     .                       5    2.0128 

   28    pam_depth      pore       20       0.53307942     .                       6    0 

   29    pam_depth      pore       20       0.53442328     .                       7    0.5032 

   30    pam_depth      pore       20       0.53652031     .                       8    1.0064 

   31    pam_depth      pore       20       0.54327168     .                       9    1.5096 

   32    pam_depth      pore       20       0.54268081     .                      10    2.0128 

 

                                                           Probt              LSMean 

  Obs    Effect       Dependent    pam          LSMean      Diff    time      Number    depth 

 

    1    pam            pore       0        0.53230129    0.0042                   . 

    2    pam            pore       20       0.53799510     _                       . 

    3    time           pore                0.58292120     .        0              1 

    4    time           pore                0.53645568     .        7.5            2 

    5    time           pore                0.52782166     .        15             3 

    6    time           pore                0.52256389     .        30             4 

    7    time           pore                0.50597852     .        60             5 

    8    depth          pore                0.52697879     .                       1    0 

    9    depth          pore                0.52846888     .                       2    0.5032 

   10    depth          pore                0.53356141     .                       3    1.0064 

   11    depth          pore                0.54092269     .                       4    1.5096 

   12    depth          pore                0.54580919     .                       5    2.0128 

   13    pam_time       pore       0        0.58292120     .        0              1 

   14    pam_time       pore       0        0.53406481     .        7.5            2 

   15    pam_time       pore       0        0.52370827     .        15             3 

   16    pam_time       pore       0        0.51727214     .        30             4 

   17    pam_time       pore       0        0.50353999     .        60             5 

   18    pam_time       pore       20       0.58292120     .        0              6 

   19    pam_time       pore       20       0.53884655     .        7.5            7 

   20    pam_time       pore       20       0.53193505     .        15             8 

   21    pam_time       pore       20       0.52785564     .        30             9 

   22    pam_time       pore       20       0.50841706     .        60            10 

   23    pam_depth      pore       0        0.52087817     .                       1    0 

   24    pam_depth      pore       0        0.52251448     .                       2    0.5032 

   25    pam_depth      pore       0        0.53060251     .                       3    1.0064 
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   26    pam_depth      pore       0        0.53857370     .                       4    1.5096 

   27    pam_depth      pore       0        0.54893758     .                       5    2.0128 

   28    pam_depth      pore       20       0.53307942     .                       6    0 

   29    pam_depth      pore       20       0.53442328     .                       7    0.5032 

   30    pam_depth      pore       20       0.53652031     .                       8    1.0064 

   31    pam_depth      pore       20       0.54327168     .                       9    1.5096 

   32    pam_depth      pore       20       0.54268081     .                      10    2.0128 
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Appendix M. SAS Coding for CT-measured Pore-size analysis 

 
filename in1 'C:₩Documents and Settings₩Sang Soo Lee₩My Documents₩My SAS Files₩poro.dat'; 

*options ls=200 ps=140; 

title Sealing Study Sang Soo 12June06          ; 

/************************************ 

trt       0 kg/ha PAM 

         20 kg/ha PAM 

time      7.5 min 

         15.0 min 

         30.0 min 

         60.0 min 

depth     0.0 mm 

          0.5 mm 

          1.0 mm 

          1.5 mm 

          2.0 mm 

rep       1 

          2 

TOTAL = 80 = 2*4*5*2 

********************************************* */ 

data one; 

infile in1 firstobs=4; 

input rep pam time depth pore size; 

*endsas; 

proc glm data=one; 

 class pam time depth; 

  ods output LSMeans=out1; 

  model size=pam time depth pam*time pam*depth; 

  lsmeans  pam time depth pam*time pam*depth/adjust=tukey cl PDIFF; 

  proc print; 

run; 
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Appendix M-1. SAS Output for CT-measured Pore-size analysis 
 

                                       The GLM Procedure 

                                    Class Level Information 

 

                     Class         Levels    Values 

                     pam                2    0 20 

                     time               5    0 7.5 15 30 60 

                     depth              5    0 0.5032 1.0064 1.5096 2.0128 

 

                            Number of Observations Read          50 

                            Number of Observations Used          40 

 

                                       The GLM Procedure 

Dependent Variable: size 

                                             Sum of 

      Source                      DF         Squares     Mean Square    F Value    Pr > F 

      Model                       15      0.00488940      0.00032596       9.67    <.0001 

      Error                       24      0.00080900      0.00003371 

      Corrected Total             39      0.00569840 

 

                       R-Square     Coeff Var      Root MSE     size Mean 

                       0.858030      43.98400      0.005806      0.013200 

 

      Source                      DF       Type I SS     Mean Square    F Value    Pr > F 

      pam                          1      0.00004000      0.00004000       1.19    0.2868 

      time                         3      0.00395720      0.00131907      39.13    <.0001 

      depth                        4      0.00053015      0.00013254       3.93    0.0136 

      pam*time                     3      0.00023080      0.00007693       2.28    0.1048 

      pam*depth                    4      0.00013125      0.00003281       0.97    0.4404 

 

 

      Source                      DF     Type III SS     Mean Square    F Value    Pr > F 

      pam                          1      0.00004000      0.00004000       1.19    0.2868 

      time                         3      0.00395720      0.00131907      39.13    <.0001 

      depth                        4      0.00053015      0.00013254       3.93    0.0136 

      pam*time                     3      0.00023080      0.00007693       2.28    0.1048 

      pam*depth                    4      0.00013125      0.00003281       0.97    0.4404 

 

                                       The GLM Procedure 

                                      Least Squares Means 
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                           Adjustment for Multiple Comparisons: Tukey 

 

                                                      H0:LSMean1= 

                                                        LSMean2 

                               pam     size LSMEAN       Pr > |t| 

                               0        0.01220000         0.2868 

                               20       0.01420000 

 

                        pam     size LSMEAN      95% Confidence Limits 

                        0          0.012200        0.009521     0.014879 

                        20         0.014200        0.011521     0.016879 

 

                               Least Squares Means for Effect pam 

                                  Difference         Simultaneous 95% 

                                     Between      Confidence Limits for 

                      i    j           Means       LSMean(i)-LSMean(j) 

                      1    2       -0.002000       -0.005789     0.001789 

 

                                       The GLM Procedure 

                                      Least Squares Means 

                           Adjustment for Multiple Comparisons: Tukey 

                                                          LSMEAN 

                                time     size LSMEAN      Number 

 

                                7.5       0.03030000           1 

                                15        0.00930000           2 

                                30        0.00590000           3 

                                60        0.00730000           4 

 

                              Least Squares Means for effect time 

                              Pr > |t| for H0: LSMean(i)=LSMean(j) 

 

                                    Dependent Variable: size 

                  i/j              1             2             3             4 

                     1                      <.0001        <.0001        <.0001 

                     2        <.0001                      0.5660        0.8670 

                     3        <.0001        0.5660                      0.9485 

                     4        <.0001        0.8670        0.9485 

 

                       time     size LSMEAN      95% Confidence Limits 

                       7.5         0.030300        0.026511     0.034089 
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                       15          0.009300        0.005511     0.013089 

                       30          0.005900        0.002111     0.009689 

                       60          0.007300        0.003511     0.011089 

 

                              Least Squares Means for Effect time 

 

                                  Difference         Simultaneous 95% 

                                     Between      Confidence Limits for 

                      i    j           Means       LSMean(i)-LSMean(j) 

                      1    2        0.021000        0.013837     0.028163 

                      1    3        0.024400        0.017237     0.031563 

                      1    4        0.023000        0.015837     0.030163 

                      2    3        0.003400       -0.003763     0.010563 

                      2    4        0.002000       -0.005163     0.009163 

                      3    4       -0.001400       -0.008563     0.005763 

  

                                       The GLM Procedure 

                                      Least Squares Means 

                           Adjustment for Multiple Comparisons: Tukey 

 

                                                           LSMEAN 

                               depth      size LSMEAN      Number 

                               0           0.00737500           1 

                               0.5032      0.01137500           2 

                               1.0064      0.01425000           3 

                               1.5096      0.01475000           4 

                               2.0128      0.01825000           5 

 

                              Least Squares Means for effect depth 

                              Pr > |t| for H0: LSMean(i)=LSMean(j) 

 

                                    Dependent Variable: size 

           i/j              1             2             3             4             5 

              1                      0.6470        0.1587        0.1147        0.0080 

              2        0.6470                      0.8570        0.7719        0.1587 

              3        0.1587        0.8570                      0.9998        0.6470 

              4        0.1147        0.7719        0.9998                      0.7482 

              5        0.0080        0.1587        0.6470        0.7482 

 

                      depth      size LSMEAN      95% Confidence Limits 

                      0             0.007375        0.003138     0.011612 



 

 106

                      0.5032        0.011375        0.007138     0.015612 

                      1.0064        0.014250        0.010013     0.018487 

                      1.5096        0.014750        0.010513     0.018987 

                      2.0128        0.018250        0.014013     0.022487 

 

                              Least Squares Means for Effect depth 

 

                                  Difference         Simultaneous 95% 

                                     Between      Confidence Limits for 

                      i    j           Means       LSMean(i)-LSMean(j) 

                      1    2       -0.004000       -0.012552     0.004552 

                      1    3       -0.006875       -0.015427     0.001677 

                      1    4       -0.007375       -0.015927     0.001177 

                      1    5       -0.010875       -0.019427    -0.002323 

                      2    3       -0.002875       -0.011427     0.005677 

                      2    4       -0.003375       -0.011927     0.005177 

                      2    5       -0.006875       -0.015427     0.001677 

                      3    4       -0.000500       -0.009052     0.008052 

                      3    5       -0.004000       -0.012552     0.004552 

 

                                       The GLM Procedure 

                                      Least Squares Means 

                           Adjustment for Multiple Comparisons: Tukey 

 

                              Least Squares Means for Effect depth 

 

                                  Difference         Simultaneous 95% 

                                     Between      Confidence Limits for 

                      i    j           Means       LSMean(i)-LSMean(j) 

                      4    5       -0.003500       -0.012052     0.005052 

 

                                       The GLM Procedure 

                                      Least Squares Means 

                           Adjustment for Multiple Comparisons: Tukey 

 

                                                             LSMEAN 

                            pam    time     size LSMEAN      Number 

                            0      7.5       0.03300000           1 

                            0      15        0.00580000           2 

                            0      30        0.00540000           3 

                            0      60        0.00460000           4 
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                            20     7.5       0.02760000           5 

                            20     15        0.01280000           6 

                            20     30        0.00640000           7 

                            20     60        0.01000000           8 

 

                            Least Squares Means for effect pam*time 

                              Pr > |t| for H0: LSMean(i)=LSMean(j) 

 

                                    Dependent Variable: size 

  i/j           1          2          3          4          5          6          7          8 

     1                <.0001     <.0001     <.0001     0.8149     0.0003     <.0001     <.0001 

     2     <.0001                1.0000     1.0000     <.0001     0.5598     1.0000     0.9399 

     3     <.0001     1.0000                1.0000     <.0001     0.4929     1.0000     0.9071 

     4     <.0001     1.0000     1.0000                <.0001     0.3682     0.9996     0.8149 

     5     0.8149     <.0001     <.0001     <.0001                0.0098     0.0001     0.0015 

     6     0.0003     0.5598     0.4929     0.3682     0.0098                0.6612     0.9936 

     7     <.0001     1.0000     1.0000     0.9996     0.0001     0.6612                0.9730 

     8     <.0001     0.9399     0.9071     0.8149     0.0015     0.9936     0.9730 

 

                    pam    time     size LSMEAN      95% Confidence Limits 

                    0      7.5         0.033000        0.027641     0.038359 

                    0      15          0.005800        0.000441     0.011159 

                    0      30          0.005400     0.000041145     0.010759 

                    0      60          0.004600       -0.000759     0.009959 

                    20     7.5         0.027600        0.022241     0.032959 

                    20     15          0.012800        0.007441     0.018159 

                    20     30          0.006400        0.001041     0.011759 

                    20     60          0.010000        0.004641     0.015359 

 

                                       The GLM Procedure 

                                      Least Squares Means 

                           Adjustment for Multiple Comparisons: Tukey 

 

                            Least Squares Means for Effect pam*time 

 

                                  Difference         Simultaneous 95% 

                                     Between      Confidence Limits for 

                      i    j           Means       LSMean(i)-LSMean(j) 

                      1    2        0.027200        0.015039     0.039361 

                      1    3        0.027600        0.015439     0.039761 

                      1    4        0.028400        0.016239     0.040561 
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                      1    5        0.005400       -0.006761     0.017561 

                      1    6        0.020200        0.008039     0.032361 

                      1    7        0.026600        0.014439     0.038761 

                      1    8        0.023000        0.010839     0.035161 

                      2    3        0.000400       -0.011761     0.012561 

                      2    4        0.001200       -0.010961     0.013361 

                      2    5       -0.021800       -0.033961    -0.009639 

                      2    6       -0.007000       -0.019161     0.005161 

                      2    7       -0.000600       -0.012761     0.011561 

                      2    8       -0.004200       -0.016361     0.007961 

                      3    4        0.000800       -0.011361     0.012961 

                      3    5       -0.022200       -0.034361    -0.010039 

                      3    6       -0.007400       -0.019561     0.004761 

                      3    7       -0.001000       -0.013161     0.011161 

                      3    8       -0.004600       -0.016761     0.007561 

                      4    5       -0.023000       -0.035161    -0.010839 

                      4    6       -0.008200       -0.020361     0.003961 

                      4    7       -0.001800       -0.013961     0.010361 

                      4    8       -0.005400       -0.017561     0.006761 

                      5    6        0.014800        0.002639     0.026961 

                      5    7        0.021200        0.009039     0.033361 

                      5    8        0.017600        0.005439     0.029761 

                      6    7        0.006400       -0.005761     0.018561 

                      6    8        0.002800       -0.009361     0.014961 

                      7    8       -0.003600       -0.015761     0.008561 

                                       The GLM Procedure 

                                      Least Squares Means 

                           Adjustment for Multiple Comparisons: Tukey 

 

                                                              LSMEAN 

                           pam    depth      size LSMEAN      Number 

                           0      0           0.00600000           1 

                           0      0.5032      0.01175000           2 

                           0      1.0064      0.01575000           3 

                           0      1.5096      0.01300000           4 

                           0      2.0128      0.01450000           5 

                           20     0           0.00875000           6 

                           20     0.5032      0.01100000           7 

                           20     1.0064      0.01275000           8 

                           20     1.5096      0.01650000           9 

                           20     2.0128      0.02200000          10 
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                            Least Squares Means for effect pam*depth 

                              Pr > |t| for H0: LSMean(i)=LSMean(j) 

 

                                    Dependent Variable: size 

 i/j         1        2        3        4        5        6        7        8        9       10 

    1            0.9154   0.3817   0.7824   0.5628   0.9995   0.9620   0.8140   0.2894   0.0195 

    2   0.9154            0.9912   1.0000   0.9995   0.9990   1.0000   1.0000   0.9723   0.3184 

    3   0.3817   0.9912            0.9995   1.0000   0.7824   0.9723   0.9990   1.0000   0.8702 

    4   0.7824   1.0000   0.9995            1.0000   0.9866   1.0000   1.0000   0.9966   0.4875 

    5   0.5628   0.9995   1.0000   1.0000            0.9154   0.9966   1.0000   1.0000   0.7133 

    6   0.9995   0.9990   0.7824   0.9866   0.9154            0.9999   0.9912   0.6766   0.0843 

    7   0.9620   1.0000   0.9723   1.0000   0.9966   0.9999            1.0000   0.9337   0.2367 

    8   0.8140   1.0000   0.9990   1.0000   1.0000   0.9912   1.0000            0.9944   0.4510 

    9   0.2894   0.9723   1.0000   0.9966   1.0000   0.6766   0.9337   0.9944            0.9337 

   10   0.0195   0.3184   0.8702   0.4875   0.7133   0.0843   0.2367   0.4510   0.9337 

 

                   pam    depth      size LSMEAN      95% Confidence Limits 

                   0      0             0.006000     0.000008618     0.011991 

                   0      0.5032        0.011750        0.005759     0.017741 

                   0      1.0064        0.015750        0.009759     0.021741 

                   0      1.5096        0.013000        0.007009     0.018991 

                   0      2.0128        0.014500        0.008509     0.020491 

                   20     0             0.008750        0.002759     0.014741 

                   20     0.5032        0.011000        0.005009     0.016991 

                   20     1.0064        0.012750        0.006759     0.018741 

                   20     1.5096        0.016500        0.010509     0.022491 

                   20     2.0128        0.022000        0.016009     0.027991 

 

                                       The GLM Procedure 

                                      Least Squares Means 

                           Adjustment for Multiple Comparisons: Tukey 

 

                            Least Squares Means for Effect pam*depth 

 

                                   Difference         Simultaneous 95% 

                                      Between      Confidence Limits for 

                      i     j           Means       LSMean(i)-LSMean(j) 

                      1     2       -0.005750       -0.020019     0.008519 

                      1     3       -0.009750       -0.024019     0.004519 

                      1     4       -0.007000       -0.021269     0.007269 
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                      1     5       -0.008500       -0.022769     0.005769 

                      1     6       -0.002750       -0.017019     0.011519 

                      1     7       -0.005000       -0.019269     0.009269 

                      1     8       -0.006750       -0.021019     0.007519 

                      1     9       -0.010500       -0.024769     0.003769 

                      1    10       -0.016000       -0.030269    -0.001731 

                      2     3       -0.004000       -0.018269     0.010269 

                      2     4       -0.001250       -0.015519     0.013019 

                      2     5       -0.002750       -0.017019     0.011519 

                      2     6        0.003000       -0.011269     0.017269 

                      2     7        0.000750       -0.013519     0.015019 

                      2     8       -0.001000       -0.015269     0.013269 

                      2     9       -0.004750       -0.019019     0.009519 

                      2    10       -0.010250       -0.024519     0.004019 

                      3     4        0.002750       -0.011519     0.017019 

                      3     5        0.001250       -0.013019     0.015519 

                      3     6        0.007000       -0.007269     0.021269 

                      3     7        0.004750       -0.009519     0.019019 

                      3     8        0.003000       -0.011269     0.017269 

                      3     9       -0.000750       -0.015019     0.013519 

                      3    10       -0.006250       -0.020519     0.008019 

                      4     5       -0.001500       -0.015769     0.012769 

                      4     6        0.004250       -0.010019     0.018519 

                      4     7        0.002000       -0.012269     0.016269 

                      4     8        0.000250       -0.014019     0.014519 

                      4     9       -0.003500       -0.017769     0.010769 

                      4    10       -0.009000       -0.023269     0.005269 

                      5     6        0.005750       -0.008519     0.020019 

                      5     7        0.003500       -0.010769     0.017769 

                      5     8        0.001750       -0.012519     0.016019 

                      5     9       -0.002000       -0.016269     0.012269 

                      5    10       -0.007500       -0.021769     0.006769 

                      6     7       -0.002250       -0.016519     0.012019 

                      6     8       -0.004000       -0.018269     0.010269 

                      6     9       -0.007750       -0.022019     0.006519 

                      6    10       -0.013250       -0.027519     0.001019 

                      7     8       -0.001750       -0.016019     0.012519 

                      7     9       -0.005500       -0.019769     0.008769 

                      7    10       -0.011000       -0.025269     0.003269 

 

                                       The GLM Procedure 



 

 111

                                      Least Squares Means 

                           Adjustment for Multiple Comparisons: Tukey 

 

                            Least Squares Means for Effect pam*depth 

 

                                   Difference         Simultaneous 95% 

                                      Between      Confidence Limits for 

                      i     j           Means       LSMean(i)-LSMean(j) 

                      8     9       -0.003750       -0.018019     0.010519 

                      8    10       -0.009250       -0.023519     0.005019 

                      9    10       -0.005500       -0.019769     0.008769 

 

                                                           Probt              LSMean 

  Obs    Effect       Dependent    pam          LSMean      Diff    time      Number    depth 

    1    pam            size       0        0.01220000    0.2868                   . 

    2    pam            size       20       0.01420000     _                       . 

    3    time           size                0.03030000     .        7.5            1 

    4    time           size                0.00930000     .        15             2 

    5    time           size                0.00590000     .        30             3 

    6    time           size                0.00730000     .        60             4 

    7    depth          size                0.00737500     .                       1    0 

    8    depth          size                0.01137500     .                       2    0.5032 

    9    depth          size                0.01425000     .                       3    1.0064 

   10    depth          size                0.01475000     .                       4    1.5096 

   11    depth          size                0.01825000     .                       5    2.0128 

   12    pam_time       size       0        0.03300000     .        7.5            1 

   13    pam_time       size       0        0.00580000     .        15             2 

   14    pam_time       size       0        0.00540000     .        30             3 

   15    pam_time       size       0        0.00460000     .        60             4 

   16    pam_time       size       20       0.02760000     .        7.5            5 

   17    pam_time       size       20       0.01280000     .        15             6 

   18    pam_time       size       20       0.00640000     .        30             7 

   19    pam_time       size       20       0.01000000     .        60             8 

   20    pam_depth      size       0        0.00600000     .                       1    0 

   21    pam_depth      size       0        0.01175000     .                       2    0.5032 

   22    pam_depth      size       0        0.01575000     .                       3    1.0064 

   23    pam_depth      size       0        0.01300000     .                       4    1.5096 

   24    pam_depth      size       0        0.01450000     .                       5    2.0128 

   25    pam_depth      size       20       0.00875000     .                       6    0 

   26    pam_depth      size       20       0.01100000     .                       7    0.5032 

   27    pam_depth      size       20       0.01275000     .                       8    1.0064 
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   28    pam_depth      size       20       0.01650000     .                       9    1.5096 

   29    pam_depth      size       20       0.02200000     .                      10    2.0128 

 

                                                           Probt              LSMean 

  Obs    Effect       Dependent    pam          LSMean      Diff    time      Number    depth 

 

    1    pam            size       0        0.01220000    0.2868                   . 

    2    pam            size       20       0.01420000     _                       . 

    3    time           size                0.03030000     .        7.5            1 

    4    time           size                0.00930000     .        15             2 

    5    time           size                0.00590000     .        30             3 

    6    time           size                0.00730000     .        60             4 

    7    depth          size                0.00737500     .                       1    0 

    8    depth          size                0.01137500     .                       2    0.5032 

    9    depth          size                0.01425000     .                       3    1.0064 

   10    depth          size                0.01475000     .                       4    1.5096 

   11    depth          size                0.01825000     .                       5    2.0128 

   12    pam_time       size       0        0.03300000     .        7.5            1 

   13    pam_time       size       0        0.00580000     .        15             2 

   14    pam_time       size       0        0.00540000     .        30             3 

   15    pam_time       size       0        0.00460000     .        60             4 

   16    pam_time       size       20       0.02760000     .        7.5            5 

   17    pam_time       size       20       0.01280000     .        15             6 

   18    pam_time       size       20       0.00640000     .        30             7 

   19    pam_time       size       20       0.01000000     .        60             8 

   20    pam_depth      size       0        0.00600000     .                       1    0 

   21    pam_depth      size       0        0.01175000     .                       2    0.5032 

   22    pam_depth      size       0        0.01575000     .                       3    1.0064 

   23    pam_depth      size       0        0.01300000     .                       4    1.5096 

   24    pam_depth      size       0        0.01450000     .                       5    2.0128 

   25    pam_depth      size       20       0.00875000     .                       6    0 

   26    pam_depth      size       20       0.01100000     .                       7    0.5032 

   27    pam_depth      size       20       0.01275000     .                       8    1.0064 

   28    pam_depth      size       20       0.01650000     .                       9    1.5096 

   29    pam_depth      size       20       0.02200000     .                      10    2.0128 
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Appendix N. Division of real size and location for L0-155 

 

Boundary Circlet 1 Circlet 2 Circlet 3 Circlet 4 Circlet 5 Circlet 6 Circlet 7
Cycle

pixel pixel

Width 830 275 275 275 275 275 275 275
Height 830 275 275 275 275 275 275 275
X Coordinate 127 405 643 643 405 166 166 405
Y Coordinate 57 58 195 471 643 473 195 334

mm

29 9.6667 0.0352 0.0406

mm mm mm
Dia. of Boundary Circle Dia. of small circlet x y per picxel voxel
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Appendix N. (Continued) Division of real size and location for p7.5-1D-256 

 

Boundary Region 1 Region 2 Region 3 Region 4 Region 5 Region 6 Region 7
Region

pixel pixel

Width 804 270 270 270 270 270 270 270
Height 804 270 270 270 270 270 270 270
X Coordinate 99 366 596 596 366 134 134 366
Y Coordinate 101 100 235 503 637 503 235 368

voxel
mm

0.01480.0135

mm

10.96 3.6533

Dia. of Subregions
mm

Dia. of Boundary Region x y per picxel
mm
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Appendix N. (Continued) Division of real size and location for 7.5-1D-233 

 

Boundary Circlet 1 Circlet 2 Circlet 3 Circlet 4 Circlet 5 Circlet 6 Circlet 7
Cycle

pixel pixel

Width 774 259 259 259 259 259 259 259
Height 774 259 259 259 259 259 259 259
X Coordinate 154 413 634 634 413 187 187 413
Y Coordinate 99 99 227 485 614 485 227 357

10.53 3.5100 0.0135 0.0148

mm mm mm mm
Dia. of Boundary Circle Dia. of small circlet x y per picxel voxel
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Appendix N. (Continued) Division of real size and location for p15-1D-226 

 

Boundary Circlet 1 Circlet 2 Circlet 3 Circlet 4 Circlet 5 Circlet 6 Circlet 7
Cycle

pixel pixel

Width 770 258 258 258 258 258 258 258
Height 770 258 258 258 258 258 258 258
X Coordinate 134 390 614 614 390 167 167 390
Y Coordinate 99 99 227 484 612 482 226 355

10.47 3.4900 0.0135 0.0148

mm mm mm mm
Dia. of Boundary Circle Dia. of small circlet x y per picxel voxel

 
 

 



 

 117

Appendix N. (Continued) Division of real size and location for 15-1D-150 

 

Boundary Circlet 1 Circlet 2 Circlet 3 Circlet 4 Circlet 5 Circlet 6 Circlet 7
Cycle

pixel pixel

Width 690 231 231 231 231 231 231 231
Height 690 231 231 231 231 231 231 231
X Coordinate 150 378 577 577 378 181 181 378
Y Coordinate 163 163 278 507 622 507 278 393

9.39 3.1300 0.0135 0.0148

mm mm mm mm
Dia. of Boundary Circle Dia. of small circlet x y per picxel voxel
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Appendix N. (Continued) Division of real size and location for p30-1D-173 

 

Boundary Circlet 1 Circlet 2 Circlet 3 Circlet 4 Circlet 5 Circlet 6 Circlet 7
Cycle

pixel pixel

Width 759 254 254 254 254 254 254 254
Height 759 254 254 254 254 254 254 254
X Coordinate 113 366 585 585 366 146 146 366
Y Coordinate 156 157 282 534 662 534 282 410

10.32 3.4400 0.0135 0.0148

mm mm mm mm
Dia. of Boundary Circle Dia. of small circlet x y per picxel voxel
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Appendix N. (Continued) Division of real size and location for 30-1D-126 

 

Boundary Circlet 1 Circlet 2 Circlet 3 Circlet 4 Circlet 5 Circlet 6 Circlet 7
Cycle

pixel pixel

Width 742 248 248 248 248 248 248 248
Height 742 248 248 248 248 248 248 248
X Coordinate 142 390 603 603 390 175 175 390
Y Coordinate 159 158 282 528 653 528 282 405

10.1 3.3667 0.0135 0.0148

mm mm mm mm
Dia. of Boundary Circle Dia. of small circlet x y per picxel voxel
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Appendix N. (Continued) Division of real size and location for p60-1WD-174 

 

Boundary Circlet 1 Circlet 2 Circlet 3 Circlet 4 Circlet 5 Circlet 6 Circlet 7
Cycle

pixel pixel

Width 800 265 265 265 265 265 265 265
Height 800 265 265 265 265 265 265 265
X Coordinate 112 385 610 610 385 155 155 385
Y Coordinate 110 120 250 510 643 510 250 380

10.8 3.6000 0.0135 0.0148

mm mm mm mm
Dia. of Boundary Circle Dia. of small circlet x y per picxel voxel
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Appendix N. (Continued) Division of real size and location for 60-1WD-230 

 

Boundary Circlet 1 Circlet 2 Circlet 3 Circlet 4 Circlet 5 Circlet 6 Circlet 7
Cycle

pixel pixel

Width 680 227 227 227 227 227 227 227
Height 680 227 227 227 227 227 227 227
X Coordinate 161 387 585 585 387 191 191 387
Y Coordinate 182 183 297 523 634 523 297 408

9.15 3.0500 0.0135 0.0148

mm mm mm mm
Dia. of Boundary Circle Dia. of small circlet x y per picxel voxel
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Appendix N. (Continued) Division of real size and location for p7.5-2D-231 

 

Boundary Circlet 1 Circlet 2 Circlet 3 Circlet 4 Circlet 5 Circlet 6 Circlet 7
Cycle

pixel pixel

Width 770 255 255 255 255 255 255 255
Height 770 255 255 255 255 255 255 255
X Coordinate 109 365 586 586 365 144 144 365
Y Coordinate 126 127 254 510 640 510 254 384

10.47 3.4900 0.0135 0.0148

mm mm mm mm
Dia. of Boundary Circle Dia. of small circlet x y per picxel voxel
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Appendix N. (Continued) Division of real size and location for 7.5-2D-190 

 

Boundary Circlet 1 Circlet 2 Circlet 3 Circlet 4 Circlet 5 Circlet 6 Circlet 7
Cycle

pixel pixel

Width 788 263 263 263 263 263 263 263
Height 788 263 263 263 263 263 263 263
X Coordinate 115 378 606 606 378 150 150 378
Y Coordinate 78 77 207 470 602 470 207 340

10.74 3.5800 0.0135 0.0148

mm mm mm mm
Dia. of Boundary Circle Dia. of small circlet x y per picxel voxel

 
 

 



 

 124

Appendix N. (Continued) Division of real size and location for p15-2D-293 

 

Boundary Circlet 1 Circlet 2 Circlet 3 Circlet 4 Circlet 5 Circlet 6 Circlet 7
Cycle

pixel pixel

Width 788 263 263 263 263 263 263 263
Height 788 263 263 263 263 263 263 263
X Coordinate 112 374 604 604 374 148 148 374
Y Coordinate 110 110 244 507 635 507 244 372

10.74 3.5800 0.0135 0.0148

mm mm mm mm
Dia. of Boundary Circle Dia. of small circlet x y per picxel voxel
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Appendix N. (Continued) Division of real size and location for 15-2D-267 

 

Boundary Circlet 1 Circlet 2 Circlet 3 Circlet 4 Circlet 5 Circlet 6 Circlet 7
Cycle

pixel pixel

Width 742 248 248 248 248 248 248 248
Height 742 248 248 248 248 248 248 248
X Coordinate 113 360 574 574 360 146 146 360
Y Coordinate 167 167 290 536 662 536 290 414

10.1 3.3667 0.0135 0.0148

mm mm mm mm
Dia. of Boundary Circle Dia. of small circlet x y per picxel voxel
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Appendix N. (Continued) Division of real size and location for p30-2D-107 

 

Boundary Circlet 1 Circlet 2 Circlet 3 Circlet 4 Circlet 5 Circlet 6 Circlet 7
Cycle

pixel pixel

Width 788 263 263 263 263 263 263 263
Height 788 263 263 263 263 263 263 263
X Coordinate 137 399 628 628 399 174 174 399
Y Coordinate 195 195 327 588 720 588 327 458

10.74 3.5800 0.0135 0.0148

mm mm mm mm
Dia. of Boundary Circle Dia. of small circlet x y per picxel voxel
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Appendix N. (Continued) Division of real size and location for 30-2WD-147 

 

Boundary Circlet 1 Circlet 2 Circlet 3 Circlet 4 Circlet 5 Circlet 6 Circlet 7
Cycle

pixel pixel

Width 770 256 256 256 256 256 256 256
Height 770 256 256 256 256 256 256 256
X Coordinate 127 383 604 604 383 162 162 383
Y Coordinate 159 160 286 543 673 543 286 416

10.47 3.4900 0.0135 0.0148

mm mm mm mm
Dia. of Boundary Circle Dia. of small circlet x y per picxel voxel
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Appendix N. (Continued) Division of real size and location for p60-2WD-212 

 

Boundary Circlet 1 Circlet 2 Circlet 3 Circlet 4 Circlet 5 Circlet 6 Circlet 7
Cycle

pixel pixel

Width 788 263 263 263 263 263 263 263
Height 788 263 263 263 263 263 263 263
X Coordinate 158 420 647 647 420 192 192 420
Y Coordinate 70 70 200 463 595 463 200 333

10.74 3.5800 0.0135 0.0148

mm mm mm mm
Dia. of Boundary Circle Dia. of small circlet x y per picxel voxel
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Appendix N. (Continued) Division of real size and location for 60-2WD-088 

 

Boundary Circlet 1 Circlet 2 Circlet 3 Circlet 4 Circlet 5 Circlet 6 Circlet 7
Cycle

pixel pixel

Width 722 242 242 242 242 242 242 242
Height 722 242 242 242 242 242 242 242
X Coordinate 133 373 580 580 373 164 164 373
Y Coordinate 157 158 277 518 639 518 277 398

9.83 3.2767 0.0135 0.0148

mm mm mm mm
Dia. of Boundary Circle Dia. of small circlet x y per picxel voxel
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Appendix O. Determination of gravimetric density as depths. 
 

Cylinder Height = 13.4 mm, Cylinder inside dia. = 11.6 mm, Rainfall Duration = 180 min,
Rainfall Intensity = 89 mm hr-1.
Cyl. Cyl. Ht. Cyl. Vol. Can Can Wt. Cyl. + Can Dry Soil Bulk Density

# mm mm 3 # g g g Mg m -3

1 13.4 1380.18 228 33.98 36.02 1.55 1.123
2 13.4 1407.66 235 33.94 36.15 1.72 1.222
3 13.4 1436.19 42 34.23 36.54 1.81 1.260
4 13.4 1418.23 211 33.82 35.98 1.71 1.206
5 13.4 1442.53 118E 32.86 35.13 1.76 1.220
6 13.4 1458.38 242 34.30 36.47 1.66 1.138
7 13.4 1444.65 68 34.16 36.38 1.75 1.211
8 13.4 1379.12 47 34.06 36.32 1.77 1.283
9 13.4 1414.00 91E 32.14 34.44 1.80 1.273

10 13.4 1418.23 53 34.27 36.49 1.74 1.227

AVE 1.73 1.216
STD 0.08 0.052

 

 

Cylinder Height = 6.7 mm, Cylinder inside dia. = 11.6 mm, Rainfall Duration = 180 min,
Rainfall Intensity = 89 mm hr-1.
Cyl. Cyl. Wt. Cyl. Vol. Can Can Wt. Cyl. + Can Dry Soil Bulk Density

# g mm3 # g g g Mg m-3

1-1 0.496 708.08 2 14.11 15.51 0.97 1.374
2 0.489 708.08 16 14.00 15.33 0.88 1.248
3 0.506 708.08 20 14.22 15.70 1.02 1.443
4 0.447 708.08 28 14.08 15.44 0.99 1.400
5 0.510 708.08 42 14.11 15.64 1.13 1.593
6 0.514 708.08 47 14.14 15.62 1.06 1.494
7 0.465 708.08 48 14.20 15.51 0.92 1.299
9 0.499 708.08 49 14.05 15.45 0.98 1.384

10 0.484 708.08 52 14.29 15.64 0.96 1.357
10-1 0.451 708.08 53e 13.40 14.67 0.89 1.256

AVE 0.98 1.385
STD 0.08 0.107
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Appendix O. (Continued) Determination of gravimetric density as depths. 
 

Cylinder Height = 3.4 mm, Cylinder inside dia. = 11.6 mm, Rainfall Duration = 180 min,
Rainfall Intensity = 89 mm hr-1.
Cyl. Cyl. Wt. Cyl. Vol. Can Can Wt. Cyl. + Can Dry Soil Bulk Density

# g mm3 # g g g Mg m-3

11 0.491 359.32 68 14.17 15.11 0.49 1.375
12 0.495 359.32 82 14.08 15.13 0.61 1.691
13 0.482 359.32 91e 13.46 14.47 0.58 1.608
14 0.481 359.32 118 14.08 15.03 0.50 1.379
15 0.483 359.32 118e 13.42 14.38 0.52 1.459
16 0.474 359.32 209 14.24 15.24 0.58 1.612
17 0.491 359.32 223 14.01 15.00 0.54 1.512
18 0.510 359.32 228 14.00 15.04 0.60 1.658
19 0.521 359.32 235 14.31 15.42 0.64 1.785
20 0.482 359.32 242 14.09 15.08 0.57 1.578

AVE 0.56 1.566
STD 0.05 0.134
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Appendix P. CT image determined density under 0, 7.5, 15, 30, and 60 min simulated 

rainfall durations as depths increased. 

Depth 0 Depth 7.5 15 30 60 7.5 15 30 60
mm min mm min min min min min min min min

0 1.1191 0 1.1424 1.2146 1.1475 1.1878 1.3065 1.1404 1.1399 1.1723
0.0406 1.1189 0.0148 1.1423 1.2144 1.1479 1.1879 1.3063 1.1403 1.1402 1.1725
0.0812 1.1187 0.0296 1.1420 1.2144 1.1477 1.1878 1.3057 1.1402 1.1399 1.1719
0.1218 1.1189 0.0444 1.1422 1.2143 1.1474 1.1873 1.3059 1.1397 1.1399 1.1710
0.1624 1.1198 0.0592 1.1428 1.2151 1.1471 1.1868 1.3046 1.1395 1.1396 1.1703
0.2031 1.1203 0.0740 1.1437 1.2156 1.1471 1.1863 1.3044 1.1395 1.1393 1.1696
0.2437 1.1203 0.0888 1.1439 1.2155 1.1472 1.1860 1.3044 1.1393 1.1388 1.1687
0.2843 1.1200 0.1036 1.1437 1.2148 1.1470 1.1856 1.3048 1.1390 1.1387 1.1685
0.3249 1.1200 0.1184 1.1438 1.2139 1.1463 1.1857 1.3056 1.1392 1.1391 1.1681
0.3655 1.1197 0.1332 1.1414 1.2133 1.1457 1.1854 1.3056 1.1391 1.1392 1.1679
0.4061 1.1191 0.1480 1.1410 1.2125 1.1451 1.1847 1.3037 1.1393 1.1389 1.1670
0.4467 1.1185 0.1628 1.1396 1.2115 1.1445 1.1836 1.3043 1.1396 1.1385 1.1666
0.4873 1.1181 0.1776 1.1398 1.2108 1.1443 1.1832 1.3019 1.1396 1.1380 1.1660
0.5279 1.1185 0.1924 1.1394 1.2096 1.1438 1.1822 1.2998 1.1393 1.1387 1.1653
0.5685 1.1184 0.2072 1.1397 1.2088 1.1430 1.1812 1.2977 1.1389 1.1391 1.1651
0.6092 1.1179 0.2220 1.1395 1.2084 1.1428 1.1817 1.2948 1.1386 1.1391 1.1652
0.6498 1.1182 0.2368 1.1390 1.2084 1.1430 1.1820 1.2909 1.1379 1.1388 1.1653
0.6904 1.1190 0.2516 1.1387 1.2092 1.1430 1.1819 1.2868 1.1371 1.1389 1.1653
0.7310 1.1181 0.2664 1.1378 1.2099 1.1432 1.1815 1.2822 1.1367 1.1392 1.1655
0.7716 1.1173 0.2812 1.1374 1.2098 1.1436 1.1806 1.2789 1.1364 1.1394 1.1658
0.8122 1.1170 0.2960 1.1377 1.2094 1.1436 1.1795 1.2764 1.1362 1.1395 1.1662
0.8528 1.1170 0.3108 1.1375 1.2084 1.1431 1.1791 1.2746 1.1358 1.1396 1.1665
0.8934 1.1168 0.3256 1.1376 1.2088 1.1433 1.1789 1.2741 1.1353 1.1399 1.1665
0.9340 1.1164 0.3404 1.1383 1.2091 1.1436 1.1787 1.2751 1.1351 1.1401 1.1667
0.9746 1.1157 0.3552 1.1384 1.2084 1.1432 1.1786 1.2751 1.1352 1.1405 1.1676
1.0153 1.1155 0.3700 1.1387 1.2072 1.1424 1.1786 1.2757 1.1350 1.1402 1.1681
1.0559 1.1161 0.3848 1.1387 1.2059 1.1416 1.1777 1.2746 1.1346 1.1398 1.1676
1.0965 1.1166 0.3996 1.1386 1.2041 1.1418 1.1772 1.2726 1.1343 1.1393 1.1677
1.1371 1.1161 0.4144 1.1386 1.2026 1.1416 1.1771 1.2694 1.1343 1.1392 1.1674
1.1777 1.1152 0.4292 1.1390 1.2003 1.1411 1.1771 1.2667 1.1343 1.1391 1.1659
1.2183 1.1146 0.4440 1.1392 1.1991 1.1400 1.1770 1.2662 1.1344 1.1393 1.1641
1.2589 1.1125 0.4588 1.1392 1.1967 1.1393 1.1775 1.2647 1.1346 1.1398 1.1627
1.2995 1.1102 0.4736 1.1390 1.1950 1.1388 1.1776 1.2634 1.1349 1.1399 1.1614
1.3401 1.1080 0.4884 1.1391 1.1927 1.1381 1.1772 1.2610 1.1349 1.1397 1.1603
1.3807 1.1058 0.5032 1.1389 1.1924 1.1376 1.1771 1.2588 1.1348 1.1394 1.1593
1.4214 1.1033 0.5180 1.1383 1.1930 1.1372 1.1771 1.2548 1.1354 1.1392 1.1589

PAM, 20 kg/ha CK
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Appendix P. (Continued) CT image determined density under 0, 7.5, 15, 30, and 60 min 

simulated rainfall durations as depths increased. 

Depth 0 Depth 7.5 15 30 60 7.5 15 30 60
mm min mm min min min min min min min min

1.4620 1.1005 0.5328 1.1382 1.1935 1.1362 1.1768 1.2518 1.1354 1.1393 1.1587
1.5026 1.0986 0.5476 1.1370 1.1938 1.1356 1.1762 1.2486 1.1352 1.1395 1.1584
1.5432 1.0968 0.5624 1.1359 1.1947 1.1345 1.1752 1.2462 1.1350 1.1399 1.1584
1.5838 1.0948 0.5772 1.1344 1.1949 1.1343 1.1751 1.2423 1.1352 1.1404 1.1589
1.6244 1.0930 0.5920 1.1322 1.1954 1.1348 1.1742 1.2379 1.1355 1.1411 1.1598
1.6650 1.0917 0.6068 1.1312 1.1956 1.1354 1.1735 1.2336 1.1358 1.1422 1.1603
1.7056 1.0895 0.6216 1.1307 1.1954 1.1355 1.1730 1.2308 1.1361 1.1426 1.1613
1.7462 1.0879 0.6364 1.1306 1.1950 1.1349 1.1722 1.2272 1.1364 1.1426 1.1620
1.7868 1.0850 0.6512 1.1307 1.1943 1.1333 1.1723 1.2241 1.1369 1.1428 1.1626
1.8275 1.0828 0.6660 1.1307 1.1931 1.1323 1.1721 1.2210 1.1369 1.1432 1.1628
1.8681 1.0822 0.6808 1.1310 1.1922 1.1306 1.1717 1.2176 1.1366 1.1429 1.1629
1.9087 1.0807 0.6956 1.1310 1.1926 1.1287 1.1716 1.2135 1.1361 1.1431 1.1627
1.9493 1.0786 0.7104 1.1307 1.1922 1.1269 1.1713 1.2101 1.1356 1.1428 1.1629
1.9899 1.0768 0.7252 1.1307 1.1915 1.1256 1.1710 1.2061 1.1349 1.1428 1.1631
2.0305 1.0754 0.7400 1.1313 1.1904 1.1247 1.1699 1.2039 1.1344 1.1426 1.1637
2.0711 1.0745 0.7548 1.1313 1.1900 1.1241 1.1689 1.2021 1.1344 1.1423 1.1643
2.1117 1.0735 0.7696 1.1314 1.1884 1.1227 1.1681 1.2001 1.1337 1.1424 1.1646
2.1523 1.0732 0.7844 1.1316 1.1865 1.1210 1.1679 1.1985 1.1332 1.1426 1.1649
2.1929 1.0765 0.7992 1.1314 1.1843 1.1199 1.1686 1.1981 1.1330 1.1429 1.1661
2.2336 1.0744 0.8140 1.1308 1.1829 1.1189 1.1687 1.1971 1.1328 1.1436 1.1654
2.2742 1.0718 0.8288 1.1299 1.1821 1.1184 1.1684 1.1971 1.1322 1.1437 1.1650
2.3148 1.0702 0.8436 1.1295 1.1819 1.1185 1.1680 1.2009 1.1321 1.1436 1.1642
2.3554 1.0665 0.8584 1.1294 1.1810 1.1197 1.1672 1.2018 1.1320 1.1435 1.1634
2.3960 1.0635 0.8732 1.1295 1.1810 1.1201 1.1661 1.2009 1.1324 1.1431 1.1624
2.4366 1.0611 0.8880 1.1291 1.1807 1.1206 1.1657 1.2009 1.1324 1.1428 1.1614
2.4772 1.0611 0.9028 1.1286 1.1783 1.1211 1.1655 1.1992 1.1326 1.1428 1.1598
2.5178 1.0599 0.9176 1.1287 1.1767 1.1211 1.1649 1.1981 1.1332 1.1426 1.1581
2.5584 1.0584 0.9324 1.1298 1.1752 1.1228 1.1648 1.1982 1.1338 1.1426 1.1571
2.5990 1.0573 0.9472 1.1292 1.1733 1.1234 1.1643 1.1993 1.1343 1.1425 1.1571
2.6397 1.0579 0.9620 1.1281 1.1720 1.1242 1.1638 1.2014 1.1348 1.1424 1.1576
2.6803 1.0565 0.9768 1.1274 1.1710 1.1245 1.1647 1.2011 1.1346 1.1419 1.1574
2.7209 1.0555 0.9916 1.1269 1.1689 1.1243 1.1645 1.2015 1.1340 1.1415 1.1572
2.7615 1.0537 1.0064 1.1263 1.1661 1.1235 1.1643 1.2047 1.1329 1.1415 1.1575
2.8021 1.0532 1.0212 1.1262 1.1636 1.1233 1.1641 1.2065 1.1326 1.1414 1.1577
2.8427 1.0526 1.0360 1.1262 1.1624 1.1230 1.1639 1.2071 1.1322 1.1412 1.1582
2.8833 1.0499 1.0508 1.1270 1.1617 1.1227 1.1635 1.2065 1.1312 1.1409 1.1589

PAM, 20 kg/ha CK
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Appendix P. (Continued) CT image determined density under 0, 7.5, 15, 30, and 60 min 

simulated rainfall durations as depths increased. 

Depth 0 Depth 7.5 15 30 60 7.5 15 30 60
mm min mm min min min min min min min min

2.9239 1.0456 1.0656 1.1278 1.1602 1.1240 1.1633 1.2054 1.1299 1.1416 1.1591
2.9645 1.0427 1.0804 1.1282 1.1593 1.1238 1.1634 1.2041 1.1282 1.1413 1.1594
3.0051 1.0408 1.0952 1.1274 1.1602 1.1233 1.1637 1.2037 1.1275 1.1413 1.1595
3.0458 1.0406 1.1100 1.1266 1.1588 1.1237 1.1643 1.2026 1.1274 1.1415 1.1598
3.0864 1.0398 1.1248 1.1255 1.1575 1.1237 1.1652 1.1999 1.1273 1.1420 1.1603
3.1270 1.0399 1.1396 1.1236 1.1572 1.1237 1.1655 1.1970 1.1263 1.1423 1.1612
3.1676 1.0408 1.1544 1.1213 1.1573 1.1237 1.1659 1.1937 1.1252 1.1423 1.1621
3.2082 1.0424 1.1692 1.1197 1.1576 1.1243 1.1670 1.1912 1.1242 1.1423 1.1634
3.2488 1.0429 1.1840 1.1181 1.1605 1.1244 1.1679 1.1878 1.1227 1.1422 1.1647
3.2894 1.0462 1.1988 1.1167 1.1608 1.1248 1.1682 1.1843 1.1206 1.1423 1.1659
3.3300 1.0449 1.2136 1.1158 1.1609 1.1248 1.1674 1.1814 1.1192 1.1415 1.1670
3.3706 1.0431 1.2284 1.1157 1.1605 1.1252 1.1668 1.1782 1.1183 1.1407 1.1680
3.4112 1.0420 1.2432 1.1154 1.1599 1.1253 1.1668 1.1745 1.1176 1.1397 1.1687
3.4519 1.0397 1.2580 1.1155 1.1584 1.1250 1.1669 1.1707 1.1168 1.1390 1.1690
3.4925 1.0369 1.2728 1.1145 1.1568 1.1241 1.1660 1.1673 1.1156 1.1383 1.1695
3.5331 1.0345 1.2876 1.1145 1.1550 1.1231 1.1653 1.1663 1.1141 1.1376 1.1698
3.5737 1.0340 1.3024 1.1154 1.1520 1.1228 1.1647 1.1682 1.1130 1.1366 1.1697
3.6143 1.0319 1.3172 1.1165 1.1491 1.1236 1.1640 1.1714 1.1134 1.1356 1.1692
3.6549 1.0304 1.3320 1.1138 1.1467 1.1263 1.1632 1.1770 1.1132 1.1349 1.1690
3.6955 1.0297 1.3468 1.1138 1.1443 1.1264 1.1634 1.1795 1.1128 1.1338 1.1681
3.7361 1.0283 1.3616 1.1124 1.1431 1.1269 1.1638 1.1830 1.1123 1.1338 1.1671
3.7767 1.0281 1.3764 1.1117 1.1425 1.1277 1.1630 1.1830 1.1122 1.1336 1.1659
3.8173 1.0277 1.3912 1.1111 1.1423 1.1281 1.1632 1.1845 1.1114 1.1333 1.1650
3.8580 1.0251 1.4060 1.1101 1.1420 1.1281 1.1633 1.1863 1.1102 1.1336 1.1645
3.8986 1.0232 1.4208 1.1089 1.1418 1.1274 1.1626 1.1891 1.1090 1.1342 1.1640
3.9392 1.0228 1.4356 1.1079 1.1415 1.1270 1.1620 1.1908 1.1080 1.1347 1.1637
3.9798 1.0258 1.4504 1.1064 1.1415 1.1265 1.1624 1.1929 1.1075 1.1352 1.1640
4.0204 1.0270 1.4652 1.1045 1.1406 1.1260 1.1629 1.1948 1.1073 1.1351 1.1644
4.0610 1.0276 1.4800 1.1032 1.1401 1.1259 1.1627 1.1986 1.1070 1.1349 1.1648
4.1016 1.0280 1.4948 1.1032 1.1441 1.1263 1.1628 1.2027 1.1072 1.1349 1.1647
4.1422 1.0280 1.5096 1.1039 1.1446 1.1265 1.1628 1.2060 1.1070 1.1349 1.1644
4.1828 1.0285 1.5244 1.1048 1.1458 1.1271 1.1633 1.2083 1.1068 1.1347 1.1641
4.2234 1.0283 1.5392 1.1048 1.1470 1.1264 1.1633 1.2116 1.1057 1.1340 1.1642
4.2641 1.0284 1.5540 1.1040 1.1471 1.1253 1.1634 1.2151 1.1050 1.1331 1.1642
4.3047 1.0302 1.5688 1.1027 1.1459 1.1247 1.1638 1.2200 1.1045 1.1323 1.1644
4.3453 1.0334 1.5836 1.1018 1.1460 1.1232 1.1639 1.2226 1.1033 1.1315 1.1647

PAM, 20 kg/ha CK
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Appendix P. (Continued) CT image determined density under 0, 7.5, 15, 30, and 60 min 

simulated rainfall durations as depths increased. 

Depth 0 Depth 7.5 15 30 60 7.5 15 30 60
mm min mm min min min min min min min min

4.3859 1.0395 1.5984 1.1009 1.1444 1.1219 1.1633 1.2266 1.1026 1.1312 1.1643
4.4265 1.0403 1.6132 1.1008 1.1435 1.1214 1.1634 1.2314 1.1024 1.1303 1.1635
4.4671 1.0405 1.6280 1.1002 1.1435 1.1209 1.1631 1.2350 1.1018 1.1290 1.1628
4.5077 1.0400 1.6428 1.0989 1.1443 1.1207 1.1626 1.2387 1.1013 1.1281 1.1616
4.5483 1.0384 1.6576 1.0990 1.1441 1.1198 1.1620 1.2420 1.1011 1.1276 1.1600
4.5889 1.0352 1.6724 1.0994 1.1446 1.1192 1.1603 1.2465 1.1010 1.1273 1.1587
4.6295 1.0331 1.6872 1.1001 1.1431 1.1187 1.1597 1.2502 1.1007 1.1265 1.1581
4.6702 1.0333 1.7020 1.1008 1.1419 1.1185 1.1595 1.2539 1.1007 1.1263 1.1576
4.7108 1.0343 1.7168 1.1004 1.1398 1.1179 1.1590 1.2566 1.1019 1.1263 1.1582
4.7514 1.0360 1.7316 1.1028 1.1378 1.1177 1.1583 1.2583 1.1012 1.1259 1.1581
4.7920 1.0377 1.7464 1.1037 1.1369 1.1166 1.1569 1.2589 1.1002 1.1251 1.1582
4.8326 1.0386 1.7612 1.1039 1.1378 1.1157 1.1555 1.2635 1.0987 1.1241 1.1584
4.8732 1.0378 1.7760 1.1039 1.1395 1.1150 1.1537 1.2633 1.0981 1.1232 1.1581
4.9138 1.0368 1.7908 1.1040 1.1412 1.1147 1.1526 1.2631 1.0975 1.1227 1.1579
4.9544 1.0350 1.8056 1.1049 1.1423 1.1151 1.1512 1.2637 1.0975 1.1227 1.1572
4.9950 1.0333 1.8204 1.1049 1.1423 1.1160 1.1511 1.2660 1.0974 1.1227 1.1571
5.0356 1.0325 1.8352 1.1044 1.1424 1.1160 1.1514 1.2689 1.0974 1.1221 1.1579
5.0763 1.0332 1.8500 1.1033 1.1430 1.1159 1.1514 1.2714 1.0980 1.1209 1.1591
5.1169 1.0334 1.8648 1.1022 1.1430 1.1172 1.1519 1.2737 1.0985 1.1210 1.1598
5.1575 1.0324 1.8796 1.1017 1.1434 1.1173 1.1512 1.2762 1.0992 1.1202 1.1604
5.1981 1.0307 1.8944 1.1009 1.1439 1.1178 1.1509 1.2781 1.0998 1.1196 1.1610
5.2387 1.0306 1.9092 1.0998 1.1417 1.1178 1.1509 1.2785 1.0996 1.1185 1.1613
5.2793 1.0305 1.9240 1.0995 1.1393 1.1182 1.1503 1.2782 1.0987 1.1177 1.1616
5.3199 1.0307 1.9388 1.1005 1.1377 1.1188 1.1494 1.2785 1.0979 1.1169 1.1618
5.3605 1.0321 1.9536 1.1015 1.1362 1.1197 1.1484 1.2783 1.0980 1.1164 1.1618
5.4011 1.0336 1.9684 1.1021 1.1343 1.1211 1.1469 1.2778 1.0976 1.1168 1.1619
5.4417 1.0347 1.9832 1.1034 1.1338 1.1217 1.1456 1.2764 1.0968 1.1175 1.1624

1.9980 1.1048 1.1296 1.1229 1.1457 1.2742 1.0959 1.1182 1.1624
2.0128 1.1060 1.1260 1.1233 1.1462 1.2718 1.0951 1.1186 1.1622
2.0276 1.1065 1.1210 1.1232 1.1462 1.2694 1.0951 1.1193 1.1621
2.0424 1.1064 1.1166 1.1237 1.1471 1.2674 1.0951 1.1199 1.1623
2.0572 1.1063 1.1118 1.1241 1.1478 1.2648 1.0948 1.1198 1.1621
2.0720 1.1056 1.1082 1.1243 1.1476 1.2632 1.0947 1.1195 1.1613
2.0868 1.1054 1.1052 1.1248 1.1479 1.2621 1.0954 1.1184 1.1606
2.1016 1.1045 1.1041 1.1253 1.1480 1.2606 1.0949 1.1173 1.1598
2.1164 1.1036 1.1028 1.1255 1.1487 1.2625 1.0958 1.1170 1.1586

PAM, 20 kg/ha CK
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Appendix P. (Continued) CT image determined density under 0, 7.5, 15, 30, and 60 min 

simulated rainfall durations as depths increased. 

Depth 0 Depth 7.5 15 30 60 7.5 15 30 60
mm min mm min min min min min min min min

2.1312 1.1005 1.1026 1.1273 1.1502 1.2611 1.0945 1.1167 1.1579
2.1460 1.1002 1.1015 1.1272 1.1522 1.2587 1.0929 1.1167 1.1577
2.1608 1.1001 1.1000 1.1268 1.1547 1.2575 1.0925 1.1167 1.1581
2.1756 1.1001 1.0997 1.1269 1.1568 1.2565 1.0930 1.1172 1.1586
2.1904 1.1004 1.0971 1.1274 1.1577 1.2556 1.0931 1.1173 1.1592
2.2052 1.1006 1.0938 1.1280 1.1583 1.2551 1.0929 1.1179 1.1602
2.2200 1.1004 1.0905 1.1280 1.1592 1.2553 1.0918 1.1177 1.1610
2.2348 1.1001 1.0858 1.1277 1.1596 1.2560 1.0909 1.1170 1.1615
2.2496 1.0998 1.0812 1.1277 1.1594 1.2574 1.0904 1.1162 1.1615
2.2644 1.0994 1.0787 1.1277 1.1589 1.2596 1.0902 1.1164 1.1612
2.2792 1.0982 1.0750 1.1277 1.1582 1.2585 1.0885 1.1155 1.1607
2.2940 1.0968 1.0712 1.1272 1.1575 1.2563 1.0878 1.1145 1.1601
2.3088 1.0962 1.0678 1.1269 1.1571 1.2543 1.0868 1.1134 1.1596
2.3236 1.0949 1.0645 1.1265 1.1565 1.2543 1.0857 1.1123 1.1595
2.3384 1.0936 1.0616 1.1266 1.1559 1.2541 1.0855 1.1121 1.1597
2.3532 1.0935 1.0602 1.1263 1.1550 1.2537 1.0848 1.1116 1.1602
2.3680 1.0934 1.0571 1.1254 1.1546 1.2524 1.0837 1.1106 1.1613
2.3828 1.0931 1.0567 1.1246 1.1550 1.2507 1.0824 1.1091 1.1624
2.3976 1.0921 1.0527 1.1243 1.1561 1.2491 1.0810 1.1081 1.1631
2.4124 1.0901 1.0499 1.1239 1.1576 1.2454 1.0804 1.1078 1.1633
2.4272 1.0894 1.0473 1.1240 1.1581 1.2406 1.0806 1.1076 1.1638
2.4420 1.0886 1.0441 1.1240 1.1584 1.2364 1.0818 1.1071 1.1642
2.4568 1.0883 1.0417 1.1235 1.1577 1.2314 1.0824 1.1073 1.1646
2.4716 1.0877 1.0399 1.1233 1.1555 1.2254 1.0826 1.1082 1.1649
2.4864 1.0859 1.0391 1.1228 1.1548 1.2204 1.0834 1.1097 1.1658
2.5012 1.0841 1.0386 1.1224 1.1544 1.2144 1.0838 1.1106 1.1665
2.5160 1.0833 1.0388 1.1220 1.1543 1.2097 1.0844 1.1117 1.1668
2.5308 1.0846 1.0392 1.1225 1.1534 1.2044 1.0831 1.1127 1.1671
2.5456 1.0840 1.0396 1.1219 1.1532 1.1996 1.0819 1.1130 1.1672
2.5604 1.0829 1.0377 1.1216 1.1524 1.1953 1.0824 1.1130 1.1671
2.5752 1.0821 1.0359 1.1215 1.1514 1.1935 1.0825 1.1130 1.1673
2.5900 1.0812 1.0345 1.1213 1.1518 1.1916 1.0825 1.1132 1.1671
2.6048 1.0798 1.0345 1.1212 1.1526 1.1883 1.0822 1.1128 1.1663
2.6196 1.0803 1.0340 1.1215 1.1539 1.1837 1.0820 1.1129 1.1656
2.6344 1.0809 1.0327 1.1208 1.1547 1.1796 1.0817 1.1134 1.1651
2.6492 1.0801 1.0319 1.1199 1.1546 1.1756 1.0813 1.1133 1.1635

PAM, 20 kg/ha CK
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Appendix P. (Continued) CT image determined density under 0, 7.5, 15, 30, and 60min 

simulated rainfall durations as depths increased. 

Depth 0 Depth 7.5 15 30 60 7.5 15 30 60
mm min mm min min min min min min min min

2.6640 1.0794 1.0309 1.1202 1.1544 1.1709 1.0813 1.1134 1.1617
2.6788 1.0797 1.0285 1.1201 1.1548 1.1657 1.0807 1.1131 1.1596
2.6936 1.0794 1.0275 1.1203 1.1554 1.1599 1.0806 1.1129 1.1576
2.7084 1.0782 1.0247 1.1193 1.1556 1.1540 1.0794 1.1126 1.1558
2.7232 1.0776 1.0228 1.1183 1.1550 1.1486 1.0780 1.1123 1.1541
2.7380 1.0770 1.0203 1.1180 1.1543 1.1463 1.0771 1.1121 1.1525
2.7528 1.0751 1.0169 1.1173 1.1538 1.1427 1.0769 1.1113 1.1504
2.7676 1.0721 1.0126 1.1159 1.1538 1.1392 1.0756 1.1102 1.1479
2.7824 1.0693 1.0086 1.1145 1.1542 1.1369 1.0746 1.1091 1.1447
2.7972 1.0682 1.0045 1.1133 1.1541 1.1353 1.0721 1.1079 1.1423
2.8120 1.0670 1.0001 1.1115 1.1541 1.1325 1.0704 1.1069 1.1393
2.8268 1.0659 0.9966 1.1096 1.1543 1.1298 1.0683 1.1060 1.1374
2.8416 1.0640 0.9931 1.1073 1.1546 1.1287 1.0668 1.1046 1.1359
2.8564 1.0635 0.9881 1.1058 1.1551 1.1270 1.0650 1.1031 1.1340
2.8712 1.0636 0.9823 1.1051 1.1531 1.1248 1.0643 1.1027 1.1322
2.8860 1.0642 0.9788 1.1049 1.1515 1.1231 1.0631 1.1023 1.1307
2.9008 1.0645 0.9763 1.1046 1.1509 1.1213 1.0612 1.1023 1.1283
2.9156 1.0648 0.9758 1.1049 1.1507 1.1142 1.0589 1.1023 1.1270
2.9304 1.0668 0.9755 1.1059 1.1509 1.1111 1.0569 1.1012 1.1266
2.9452 1.0659 0.9768 1.1056 1.1514 1.1070 1.0562 1.1003 1.1266
2.9600 1.0639 0.9792 1.1057 1.1514 1.1019 1.0560 1.1000 1.1265
2.9748 1.0635 0.9821 1.1053 1.1514 1.0983 1.0562 1.0995 1.1260
2.9896 1.0602 0.9847 1.1057 1.1512 1.0965 1.0567 1.1000 1.1257
3.0044 1.0590 0.9870 1.1055 1.1513 1.0950 1.0549 1.1004 1.1256
3.0192 1.0579 0.9881 1.1053 1.1512 1.0937 1.0538 1.1006 1.1251
3.0340 1.0562 0.9900 1.1052 1.1512 1.0945 1.0539 1.1002 1.1251
3.0488 1.0544 0.9912 1.1053 1.1518 1.0950 1.0544 1.1004 1.1251
3.0636 1.0523 0.9922 1.1055 1.1523 1.0948 1.0553 1.1008 1.1255
3.0784 1.0510 0.9933 1.1047 1.1531 1.0919 1.0552 1.1003 1.1257
3.0932 1.0502 0.9948 1.1036 1.1535 1.0881 1.0543 1.0999 1.1259
3.1080 1.0479 0.9959 1.1030 1.1534 1.0845 1.0539 1.0987 1.1266
3.1228 1.0457 0.9973 1.1022 1.1532 1.0813 1.0534 1.0968 1.1282
3.1376 1.0432 0.9995 1.1014 1.1524 1.0777 1.0522 1.0952 1.1295
3.1524 1.0420 1.0019 1.1012 1.1514 1.0727 1.0491 1.0941 1.1313
3.1672 1.0420 1.0051 1.1010 1.1505 1.0676 1.0461 1.0931 1.1336
3.1820 1.0431 1.0094 1.1008 1.1494 1.0609 1.0423 1.0925 1.1349

PAM, 20 kg/ha CK

 



 

 138

Appendix P. (Continued) CT image determined density under 0, 7.5, 15, 30, and 60 min 

simulated rainfall durations as depths increased. 

Depth 0 Depth 7.5 15 30 60 7.5 15 30 60
mm min mm min min min min min min min min

3.1968 1.0449 1.0109 1.1012 1.1490 1.0525 1.0393 1.0914 1.1359
3.2116 1.0468 1.0137 1.1014 1.1494 1.0450 1.0370 1.0922 1.1371
3.2264 1.0478 1.0145 1.1019 1.1499 1.0371 1.0356 1.0917 1.1392
3.2412 1.0480 1.0157 1.1021 1.1498 1.0328 1.0349 1.0920 1.1383
3.2560 1.0485 1.0173 1.1029 1.1503 1.0270 1.0353 1.0928 1.1400
3.2708 1.0509 1.0193 1.1031 1.1501 1.0214 1.0363 1.0945 1.1420
3.2856 1.0537 1.0203 1.1038 1.1495 1.0191 1.0371 1.0963 1.1437
3.3004 1.0571 1.0200 1.1049 1.1494 1.0178 1.0377 1.0971 1.1450
3.3152 1.0584 1.0189 1.1055 1.1494 1.0115 1.0390 1.0975 1.1459
3.3300 1.0580 1.0177 1.1071 1.1495 1.0079 1.0390 1.0977 1.1467
3.3448 1.0576 1.0178 1.1074 1.1502 1.0048 1.0384 1.0967 1.1464
3.3596 1.0570 1.0175 1.1080 1.1509 1.0008 1.0385 1.0969 1.1461
3.3744 1.0564 1.0156 1.1087 1.1506 0.9976 1.0404 1.0978 1.1463
3.3892 1.0540 1.0149 1.1087 1.1501 0.9928 1.0428 1.0978 1.1471
3.4040 1.0511 1.0152 1.1077 1.1493 0.9875 1.0445 1.0977 1.1467
3.4188 1.0487 1.0159 1.1076 1.1491 0.9839 1.0459 1.0971 1.1459
3.4336 1.0469 1.0158 1.1068 1.1486 0.9817 1.0473 1.0966 1.1450
3.4484 1.0451 1.0176 1.1067 1.1482 0.9805 1.0495 1.0958 1.1448
3.4632 1.0438 1.0206 1.1075 1.1482 0.9807 1.0513 1.0956 1.1449
3.4780 1.0441 1.0234 1.1078 1.1487 0.9803 1.0530 1.0950 1.1449
3.4928 1.0435 1.0281 1.1070 1.1486 0.9819 1.0554 1.0941 1.1445
3.5076 1.0419 1.0289 1.1067 1.1481 0.9831 1.0572 1.0931 1.1438
3.5224 1.0402 1.0284 1.1061 1.1481 0.9840 1.0581 1.0924 1.1444
3.5372 1.0395 1.0269 1.1060 1.1487 0.9843 1.0584 1.0927 1.1442
3.5520 1.0393 1.0267 1.1066 1.1493 0.9854 1.0596 1.0932 1.1438
3.5668 1.0395 1.0258 1.1071 1.1499 0.9862 1.0596 1.0934 1.1420
3.5816 1.0399 1.0290 1.1075 1.1501 0.9869 1.0588 1.0938 1.1409
3.5964 1.0396 1.0286 1.1080 1.1506 0.9870 1.0581 1.0939 1.1408
3.6112 1.0399 1.0276 1.1083 1.1508 0.9871 1.0576 1.0947 1.1401
3.6260 1.0392 1.0280 1.1085 1.1512 0.9869 1.0572 1.0951 1.1401
3.6408 1.0397 1.0301 1.1090 1.1518 0.9871 1.0573 1.0951 1.1408
3.6556 1.0421 1.0309 1.1095 1.1527 0.9855 1.0584 1.0946 1.1412
3.6704 1.0448 1.0307 1.1096 1.1530 0.9828 1.0592 1.0940 1.1419
3.6852 1.0473 1.0295 1.1097 1.1539 0.9795 1.0589 1.0934 1.1435
3.7000 1.0482 1.0280 1.1098 1.1536 0.9772 1.0584 1.0931 1.1449
3.7148 1.0478 1.0266 1.1099 1.1530 0.9737 1.0593 1.0927 1.1452

PAM, 20 kg/ha CK
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Appendix P. (Continued) CT image determined density under 0, 7.5, 15, 30, and 60 min 

simulated rainfall durations as depths increased. 

Depth 0 Depth 7.5 15 30 60 7.5 15 30 60
mm min mm min min min min min min min min

3.7296 1.0491 1.0248 1.1109 1.1529 0.9708 1.0583 1.0931 1.1441
3.7444 1.0493 1.0231 1.1105 1.1526 0.9696 1.0568 1.0945 1.1437
3.7592 1.0490 1.0221 1.1099 1.1520 0.9688 1.0572 1.0955 1.1436
3.7740 1.0485 1.0204 1.1092 1.1521 0.9694 1.0574 1.0971 1.1430
3.7888 1.0476 1.0198 1.1092 1.1525 0.9704 1.0571 1.0988 1.1415
3.8036 1.0469 1.0190 1.1094 1.1536 0.9722 1.0561 1.1001 1.1404
3.8184 1.0464 1.0181 1.1081 1.1545 0.9735 1.0570 1.1019 1.1404
3.8332 1.0442 1.0163 1.1075 1.1559 0.9748 1.0578 1.1034 1.1401
3.8480 1.0423 1.0142 1.1067 1.1570 0.9767 1.0578 1.1055 1.1397
3.8628 1.0408 1.0126 1.1073 1.1579 0.9777 1.0561 1.1069 1.1394
3.8776 1.0391 1.0108 1.1055 1.1581 0.9767 1.0559 1.1075 1.1382
3.8924 1.0368 1.0101 1.1040 1.1583 0.9762 1.0554 1.1074 1.1374
3.9072 1.0343 1.0081 1.1029 1.1587 0.9757 1.0562 1.1066 1.1366
3.9220 1.0321 1.0061 1.1024 1.1595 0.9730 1.0560 1.1055 1.1367
3.9368 1.0300 1.0063 1.1022 1.1602 0.9698 1.0546 1.1048 1.1383
3.9516 1.0294 1.0080 1.1021 1.1601 0.9653 1.0521 1.1043 1.1391
3.9664 1.0279 1.0102 1.1019 1.1599 0.9606 1.0500 1.1035 1.1400
3.9812 1.0259 1.0112 1.1015 1.1601 0.9568 1.0478 1.1017 1.1414
3.9960 1.0243 1.0122 1.1018 1.1598 0.9549 1.0470 1.0998 1.1427
4.0108 1.0244 1.0142 1.1013 1.1601 0.9519 1.0465 1.0982 1.1436
4.0256 1.0250 1.0156 1.1007 1.1602 0.9478 1.0453 1.0966 1.1449
4.0404 1.0236 1.0168 1.1005 1.1598 0.9429 1.0450 1.0957 1.1448
4.0552 1.0244 1.0176 1.1002 1.1588 0.9346 1.0457 1.0948 1.1454
4.0700 1.0251 1.0188 1.1002 1.1577 0.9249 1.0467 1.0942 1.1464
4.0848 1.0258 1.0208 1.1001 1.1565 0.9131 1.0473 1.0942 1.1473
4.0996 1.0266 1.0223 1.1005 1.1549 0.9016 1.0490 1.0944 1.1482
4.1144 1.0285 1.0220 1.1016 1.1544 0.8943 1.0511 1.0951 1.1487
4.1292 1.0311 1.0218 1.1021 1.1546 0.8854 1.0503 1.0962 1.1491
4.1440 1.0333 1.0225 1.1017 1.1547 0.8765 1.0499 1.0971 1.1493
4.1588 1.0354 1.0220 1.1018 1.1546 0.8670 1.0488 1.0973 1.1501
4.1736 1.0370 1.0216 1.1020 1.1538 0.8580 1.0483 1.0984 1.1510
4.1884 1.0387 1.0229 1.1016 1.1537 0.8490 1.0484 1.0993 1.1516
4.2032 1.0386 1.0235 1.1011 1.1524 0.8393 1.0507 1.1000 1.1524
4.2180 1.0385 1.0235 1.0997 1.1515 0.8338 1.0531 1.1008 1.1538
4.2328 1.0379 1.0236 1.0985 1.1509 0.8282 1.0550 1.1019 1.1537
4.2476 1.0371 1.0238 1.0973 1.1501 0.8237 1.0558 1.1028 1.1529

PAM, 20 kg/ha CK
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Appendix P. (Continued) CT image determined density under 0, 7.5, 15, 30, and 60 min 

simulated rainfall durations as depths increased. 

Depth 0 Depth 7.5 15 30 60 7.5 15 30 60
mm min mm min min min min min min min min

4.2624 1.0367 1.0235 1.0973 1.1493 0.8182 1.0580 1.1036 1.1525
4.2772 1.0368 1.0236 1.0969 1.1482 0.8123 1.0593 1.1035 1.1527
4.2920 1.0375 1.0250 1.0961 1.1470 0.8065 1.0604 1.1031 1.1540
4.3068 1.0368 1.0257 1.0952 1.1462 0.7993 1.0620 1.1023 1.1554
4.3216 1.0360 1.0253 1.0952 1.1456 0.7928 1.0649 1.1015 1.1565
4.3364 1.0348 1.0277 1.0946 1.1459 0.7866 1.0668 1.1012 1.1566
4.3512 1.0352 1.0307 1.0943 1.1455 0.7828 1.0688 1.1007 1.1565
4.3660 1.0359 1.0345 1.0939 1.1452 0.7788 1.0696 1.0999 1.1564
4.3808 1.0359 1.0390 1.0922 1.1449 0.7762 1.0710 1.0995 1.1567
4.3956 1.0355 1.0409 1.0906 1.1446 0.7753 1.0721 1.0976 1.1564
4.4104 1.0344 1.0424 1.0886 1.1443 0.7737 1.0734 1.0973 1.1561
4.4252 1.0333 1.0440 1.0873 1.1429 0.7703 1.0734 1.0954 1.1561
4.4400 1.0324 1.0464 1.0859 1.1416 0.7676 1.0731 1.0946 1.1574
4.4548 1.0327 1.0486 1.0848 1.1418 0.7622 1.0727 1.0937 1.1568
4.4696 1.0328 1.0499 1.0844 1.1409 0.7584 1.0726 1.0937 1.1570
4.4844 1.0325 1.0500 1.0840 1.1402 0.7543 1.0732 1.0931 1.1561
4.4992 1.0316 1.0495 1.0828 1.1400 0.7497 1.0733 1.0924 1.1557
4.5140 1.0311 1.0487 1.0820 1.1401 0.7505 1.0742 1.0911 1.1557
4.5288 1.0276 1.0477 1.0809 1.1399 0.7494 1.0745 1.0895 1.1549
4.5436 1.0254 1.0464 1.0795 1.1396 0.7490 1.0746 1.0873 1.1544
4.5584 1.0228 1.0447 1.0782 1.1405 0.7468 1.0749 1.0850 1.1540
4.5732 1.0195 1.0442 1.0779 1.1410 0.7454 1.0752 1.0829 1.1546
4.5880 1.0170 1.0445 1.0783 1.1414 0.7442 1.0752 1.0807 1.1555
4.6028 1.0146 1.0455 1.0785 1.1418 0.7428 1.0759 1.0796 1.1563
4.6176 1.0125 1.0476 1.0781 1.1431 0.7429 1.0765 1.0788 1.1568
4.6324 1.0116 1.0498 1.0771 1.1437 0.7448 1.0767 1.0779 1.1578
4.6472 1.0109 1.0522 1.0770 1.1438 0.7476 1.0773 1.0768 1.1587
4.6620 1.0113 1.0543 1.0779 1.1440 0.7496 1.0799 1.0784 1.1596
4.6768 1.0112 1.0552 1.0781 1.1437 0.7495 1.0803 1.0772 1.1606
4.6916 1.0116 1.0569 1.0776 1.1437 0.7488 1.0818 1.0755 1.1618
4.7064 1.0126 1.0573 1.0765 1.1436 0.7472 1.0827 1.0738 1.1632
4.7212 1.0130 1.0575 1.0761 1.1435 0.7465 1.0842 1.0720 1.1651
4.7360 1.0139 1.0578 1.0755 1.1439 0.7469 1.0850 1.0716 1.1665
4.7508 1.0148 1.0588 1.0754 1.1443 0.7484 1.0861 1.0715 1.1679
4.7656 1.0160 1.0606 1.0753 1.1442 0.7487 1.0881 1.0720 1.1695
4.7804 1.0171 1.0639 1.0741 1.1442 0.7473 1.0902 1.0721 1.1711

PAM, 20 kg/ha CK
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Appendix P. (Continued) CT image determined density under 0, 7.5, 15, 30, and 60 min 

simulated rainfall durations as depths increased. 

Depth 0 Depth 7.5 15 30 60 7.5 15 30 60
mm min mm min min min min min min min min

4.7952 1.0179 1.0656 1.0736 1.1435 0.7463 1.0917 1.0710 1.1723
4.8100 1.0188 1.0666 1.0728 1.1425 0.7454 1.0917 1.0709 1.1726
4.8248 1.0199 1.0681 1.0733 1.1420 0.7453 1.0912 1.0698 1.1730
4.8396 1.0211 1.0682 1.0739 1.1421 0.7461 1.0901 1.0702 1.1726
4.8544 1.0219 1.0684 1.0743 1.1423 0.7480 1.0884 1.0718 1.1724
4.8692 1.0228 1.0683 1.0744 1.1423 0.7496 1.0874 1.0734 1.1726
4.8840 1.0240 1.0691 1.0745 1.1422 0.7522 1.0869 1.0742 1.1730
4.8988 1.0255 1.0698 1.0747 1.1425 0.7534 1.0858 1.0740 1.1733
4.9136 1.0259 1.0704 1.0745 1.1425 0.7501 1.0849 1.0741 1.1733
4.9284 1.0243 1.0707 1.0735 1.1422 0.7521 1.0834 1.0739 1.1734
4.9432 1.0253 1.0716 1.0727 1.1414 0.7530 1.0819 1.0732 1.1728
4.9580 1.0259 1.0732 1.0719 1.1404 0.7534 1.0799 1.0734 1.1725
4.9728 1.0267 1.0738 1.0702 1.1382 0.7551 1.0789 1.0740 1.1723
4.9876 1.0277 1.0749 1.0699 1.1374 0.7561 1.0779 1.0743 1.1725
5.0024 1.0279 1.0752 1.0700 1.1365 0.7569 1.0776 1.0744 1.1722
5.0172 1.0280 1.0743 1.0701 1.1352 0.7587 1.0781 1.0751 1.1715
5.0320 1.0283 1.0731 1.0694 1.1341 0.7608 1.0785 1.0751 1.1711
5.0468 1.0286 1.0715 1.0678 1.1343 0.7610 1.0796 1.0744 1.1711
5.0616 1.0288 1.0690 1.0704 1.1349 0.7614 1.0824 1.0735 1.1716
5.0764 1.0286 1.0673 1.0694 1.1357 0.7604 1.0822 1.0726 1.1719
5.0912 1.0282 1.0675 1.0687 1.1368 0.7597 1.0815 1.0719 1.1717
5.1060 1.0282 1.0671 1.0684 1.1376 0.7580 1.0811 1.0714 1.1714
5.1208 1.0268 1.0671 1.0692 1.1377 0.7568 1.0801 1.0714 1.1708
5.1356 1.0258 1.0675 1.0695 1.1378 0.7555 1.0799 1.0718 1.1705
5.1504 1.0258 1.0689 1.0692 1.1379 0.7543 1.0794 1.0737 1.1703
5.1652 1.0263 1.0710 1.0692 1.1383 0.7535 1.0800 1.0748 1.1705
5.1800 1.0279 1.0728 1.0687 1.1391 0.7530 1.0808 1.0753 1.1710
5.1948 1.0285 1.0744 1.0686 1.1402 0.7516 1.0811 1.0748 1.1712
5.2096 1.0302 1.0765 1.0692 1.1408 0.7498 1.0811 1.0744 1.1711
5.2244 1.0305 1.0774 1.0694 1.1409 0.7489 1.0807 1.0720 1.1704
5.2392 1.0311 1.0775 1.0690 1.1401 0.7480 1.0811 1.0714 1.1695
5.2540 1.0306 1.0762 1.0688 1.1397 0.7474 1.0822 1.0717 1.1690

PAM, 20 kg/ha CK
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Appendix Q. CT-measured Pore characteristics under 7.5, 15, 30, and 60 min simulated 

rainfall durations and untreated soils or 20 kg ha-1 PAM as depths. 

Rainfall Intensity = 55 mm ha-1

PAM, 20 kg ha-1

Depth Count Ave. Area Total Area Perimeter Circularity† Fractal D
mm # mm 2 mm 2 mm

Rainfall Duration, 7.5 min
0 478 0.015 7.06 0.429 0.89 1.81

0.5 422 0.021 8.23 0.521 0.91 1.89
1.0 436 0.023 9.35 0.556 0.87 1.89
1.5 354 0.032 10.52 0.627 0.86 1.88
2.0 291 0.047 12.57 0.841 0.83 1.88

Average 396 0.028 9.545 0.59 0.88 1.87
S.D. (n=5) 74 0.012 2.127 0.16 0.03 0.04

Rainfall Duration, 15 min
0 290 0.008 2.20 0.270 0.94 1.78

0.5 395 0.009 3.67 0.327 0.88 1.78
1.0 408 0.011 4.64 0.368 0.89 1.89
1.5 433 0.014 6.09 0.401 0.84 1.89
2.0 340 0.022 7.48 0.486 0.89 1.87

Average 373 0.013 4.813 0.37 0.89 1.84
S.D. (n=5) 58 0.006 2.055 0.08 0.03 0.06

Rainfall Duration, 30 min
0 266 0.004 1.03 0.209 1.00 1.79

0.5 342 0.006 2.10 0.256 0.98 1.78
1.0 343 0.008 2.88 0.301 0.94 1.78
1.5 342 0.008 2.76 0.285 0.95 1.78
2.0 363 0.006 2.19 0.259 0.94 1.78

Average 331 0.006 2.192 0.26 0.96 1.78
S.D. (n=5) 38 0.002 0.736 0.04 0.03 0.00

Rainfall Duration, 60 min
0 101 0.008 0.85 0.342 0.87 1.82

0.5 130 0.008 1.10 0.290 0.95 1.79
1.0 146 0.009 1.36 0.334 0.90 1.79
1.5 143 0.012 1.68 0.365 0.94 1.79
2.0 159 0.013 1.99 0.382 0.93 1.79

Average 136 0.010 1.396 0.34 0.92 1.79
S.D. (n=5) 22 0.002 0.454 0.04 0.03 0.01
†Circularity = 4π (area / perimeter2)  
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Appendix Q. (Continued) CT-measured pore characteristics under 7.5, 15, 30, and 60 min 

simulated rainfall durations and untreated soils or 20 kg ha-1 PAM as depths. 

Rainfall Intensity = 55 mm ha-1

CK
Depth Count Ave. Area Total Area Perimeter Circularity† Fractal D
mm # mm 2 mm 2 mm

Rainfall Duration, 7.5 min
0 309 0.018 5.68 0.463 0.86 1.85

0.5 268 0.032 8.57 0.662 0.81 1.85
1.0 233 0.052 12.21 0.923 0.81 1.83
1.5 315 0.030 9.58 0.693 0.80 1.85
2.0 277 0.033 9.14 0.727 0.78 1.86

Average 280 0.033 9.038 0.69 0.81 1.85
S.D. (n=5) 33 0.012 2.340 0.16 0.03 0.01

Rainfall Duration, 15 min
0 56 0.003 0.19 0.168 1.15 1.85

0.5 121 0.006 0.74 0.258 0.94 1.82
1.0 247 0.004 1.02 0.212 1.00 1.90
1.5 265 0.008 2.20 0.288 0.99 1.89
2.0 270 0.008 2.07 0.295 0.90 1.80

Average 192 0.006 1.244 0.24 1.00 1.85
S.D. (n=5) 97 0.002 0.868 0.05 0.10 0.04

Rainfall Duration, 30 min
0 119 0.003 0.38 0.188 0.83 1.85

0.5 129 0.004 0.56 0.178 1.13 1.84
1.0 297 0.003 0.91 0.173 1.05 1.82
1.5 307 0.009 2.89 0.314 0.90 1.89
2.0 208 0.008 1.63 0.299 0.90 1.89

Average 212 0.005 1.273 0.23 0.96 1.86
S.D. (n=5) 89 0.003 1.025 0.07 0.12 0.03

Rainfall Duration, 60 min
0 4 0.000 0.00 0.038 1.59 1.89

0.5 71 0.005 0.38 0.276 0.94 1.89
1.0 206 0.004 0.83 0.202 0.99 2.00
1.5 302 0.005 1.65 0.242 1.02 1.88
2.0 345 0.009 3.14 0.308 0.94 1.89

Average 186 0.005 1.201 0.21 1.09 1.91
S.D. (n=5) 146 0.003 1.244 0.11 0.28 0.05
†Circularity = 4π (area / perimeter2)  
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Appendix Q. (Continued) CT-measured pore characteristics under 7.5, 15, 30, and 60 min 

simulated rainfall durations and untreated soils or 20 kg ha-1 PAM as depths. 

Rainfall Intensity = 55 mm ha-1

Diff., CK - PAM
Depth Count Ave. Area Total Area Perimeter Circularity† Fractal D
mm # mm 2 mm 2 mm

Rainfall Duration, 7.5 min
0 -169 0.003 -1.377 0.03 -0.03 0.04

0.5 -154 0.011 0.344 0.14 -0.11 -0.05
1.0 -203 0.029 2.865 0.37 -0.06 -0.06
1.5 -39 -0.002 -0.936 0.07 -0.06 -0.03
2.0 -14 -0.014 -3.430 -0.11 -0.06 -0.02

Average -116 0.006 -0.507 0.10 -0.06 -0.02
S.D. (n=5) 84 0.016 2.323 0.18 0.03 0.04

Rainfall Duration, 15 min
0 -234 -0.004 -2.013 -0.10 0.21 0.07

0.5 -273 -0.003 -2.928 -0.07 0.06 0.04
1.0 -161 -0.007 -3.611 -0.16 0.11 0.00
1.5 -168 -0.006 -3.892 -0.11 0.15 0.01
2.0 -71 -0.014 -5.404 -0.19 0.00 -0.08

Average -181 -0.007 -3.570 -0.13 0.11 0.01
S.D. (n=5) 78 0.004 1.255 0.05 0.08 0.05

Rainfall Duration, 30 min
0 -147 -0.001 -0.650 -0.02 -0.17 0.06

0.5 -213 -0.002 -1.546 -0.08 0.15 0.06
1.0 -46 -0.005 -1.967 -0.13 0.11 0.03
1.5 -34 0.001 0.130 0.03 -0.05 0.11
2.0 -155 0.002 -0.565 0.04 -0.03 0.11

Average -119 -0.001 -0.920 -0.03 0.00 0.07
S.D. (n=5) 76 0.003 0.835 0.07 0.13 0.03

Rainfall Duration, 60 min
0 -98 -0.008 -0.848 -0.30 0.72 0.07

0.5 -59 -0.003 -0.711 -0.01 -0.01 0.10
1.0 60 -0.005 -0.533 -0.13 0.09 0.21
1.5 159 -0.006 -0.026 -0.12 0.07 0.09
2.0 186 -0.003 1.145 -0.07 0.01 0.10

Average 50 -0.005 -0.195 -0.13 0.18 0.11
S.D. (n=5) 127 0.002 0.811 0.11 0.31 0.06
†Circularity = 4π (area / perimeter2)  
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