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ABSTRACT 

Air permeability (ka) is a viable alternative to water- and texture-based methods to 

rapidly map saturated hydraulic conductivity (Ksat).  Previous research established a 

correlation between ka and Ksat for agricultural soils based on ex situ measurements.  The 

ability to measure this important hydraulic property without the use of more cumbersome 

and time-consuming direct methods may provide a practical approach to generate more 

complete data to describe hydrologic conditions.  This study presents the development of 

a field-based air permeameter which is suitable for use in gravelly desert soils.  The Soil 

Corer Air Permeameter (SCAP) is compatible with a standard soil corer to facilitate 

insertion into desert soils and also employs digital components to measure flowrates 

under low-pressure gradients to improve accuracy, ease of use, and portability.  SCAP 

allows for the extraction of undisturbed soil samples for laboratory analysis, providing 

direct comparisons of ka with other soil physical and hydraulic properties.  The 

applicability of a regression equation to estimate Ksat from field-measured ka using SCAP 

was examined in unburned and burned soils.  Ex situ field ka and laboratory Ksat 

measurements were compared and air to water permeability (ka/kw) ratios were calculated 

to determine structural changes due to water saturation.  For soils that could be extracted 

with minimal structural changes, a correlation between in situ ka and Ksat was found and 

the correlation was in reasonable agreement with previously published results.  

Furthermore, the study characterizes changes in permeability due to fire in woodland-

chaparral and coniferous soils.  Results show ka and Ksat measurements for unburned and 

burned soils were within the 95% confidence intervals of a ka-Ksat regression developed 
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for agricultural soils.  However, correlations for in situ ka measurements in some burned 

soils showed a decrease in accuracy and may be attributed to soil anisotropy.  A three-

dimensional steady-state finite element air flow model was developed using FEMLAB 

3.0A to consider the effects of anisotropy on in situ ka measurements.  Results show that 

anisotropic conditions can introduce an error as high as a factor of 2 especially for air 

permeameters with high diameter to height (D/H) ratios, however, the error is much 

smaller than the anisotropy ratio.  If anisotropy is important to characterize, it was shown 

that paired measurements of in situ and ex situ ka can be used to infer the anisotropy ratio.  

This approach is more sensitive for larger D/H ratios, and when horizontal permeability is 

lower than vertical permeability.  Field application of this method showed qualitative 

agreement but anisotropy alone was not able to fully explain the difference between in 

situ and ex situ permeability measurements. 
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1. INTRODUCTION 

1.0 Research Motivation 

In the western United States, the frequency, severity, burned acreage, and 

duration of reported fires have increased in the past 34 years (Westerling et al., 2006).  

The cause and severity of these large, stand-replacing crown fires have been attributed to 

drought conditions and accumulated fuel loads due to land-use changes and wildfire 

suppression (Savage and Swetnam, 1990; Neary et al., 1999; Westerling and Swetnam, 

2003).  In addition to the immediate damage to natural resources and infrastructure, 

wildfires can lead to damaging hydrologic effects, ranging from flooding to extensive 

erosion (White and Wells, 1979; Neary et al., 1999; Robichaud et al., 2000; Wilson et al., 

2001).  Improved ability to predict the hydrologic effects of wildfires is a critical 

component of developing effective mitigation strategies.   

Prediction of the hydrologic effects of fire requires an understanding of the 

physical, chemical, and biological changes caused by fire and how these local changes 

affect the aggregate response of a watershed.  Physically, the combustion of litter and 

duff into ash and charcoal can seal soil pores (Morin and Benyamini, 1977; Neary et al., 

1999).  In addition, the removal of organic matter, destroys soil structure through 

disaggregation and loss of large pores resulting in a decrease in total porosity and an 

increase in bulk density (DeBano, 1981).  This sealing and loss of macropores can lead to 

decreases in permeability and infiltration rates (Fuller et al., 1955; Scott and Burgy, 1956; 

Barfield et al., 1985), potentially increasing runoff and erosion.   



16 

As part of a larger project to study the effects of the Aspen Fire on the hydrology 

of Sabino Canyon Watershed, a Soil Corer Air Permeameter (SCAP) was developed to 

rapidly assess soil air permeability (ka) in the field, in both unburned and burned soils, 

while retaining a standard soil sample that can be subjected to further laboratory analyses.  

SCAP was designed for insertion into desert soils, which are often too hard to allow for 

manual insertion and too gravelly to allow for surface measurements (Chief et al., 2006).  

The instrument provides measurements of ka, which may be of direct importance for 

understanding plant recovery and may also be useful for estimating the saturated 

hydraulic conductivity (Ksat) (Loll et al., 1999; Iversen et al., 2001a).   

The ability to assess Ksat quickly and without the need to apply water to the soil 

would offer practical advantages over more cumbersome, time-consuming direct 

measurements of this important hydraulic property and may aid in improving the 

predictions of hydrologic models in post-fire scenarios.  However, regression equations 

using ka to estimate Ksat were formulated based on measurements made in agricultural 

soils.  The applicability of the Loll et al. (1999) regression for burned soils was examined 

for two environments: woodland-chaparral and coniferous soils.  Iversen et al. (2003) 

posed that in situ ka could prove to be a promising tool to estimate Ksat and to characterize 

spatial variability.  However, the decrease in accuracy for predicting Ksat may be a result 

of anisotropic effects and in situ and ex situ measurements can be used to identify 

anisotropy and, in some cases, to infer both the vertical and horizontal permeabilities. 
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1.1 Research Objectives 

The objectives of this research, arranged according to the presentation of three 

research manuscripts, are as follows: 

• Develop an air permeameter that is portable and suitable for desert soils. 

• Present an analysis of the performance and accuracy of the Soil Corer Air 

Permeameter (SCAP) under field conditions. 

• Examine the applicability of published shape factors to the SCAP design 

for determining in situ ka. 

• Determine whether more readily collected ka measurements can be used to 

estimate changes in the long-term value of Ksat. 

• Examine whether previously-developed correlations between these 

properties, based on agricultural soils, could be applied to burned soils.   

• Characterize soil physical changes due to fire in woodland-chaparral and 

coniferous vegetation zones. 

• Examine the potential impact of anisotropy on in situ air permeability 

measurements. 

• Demonstrate that in situ and ex situ measurements can be used to identify 

anisotropy and, in some case, to infer vertical and horizontal 

permeabilities. 
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1.2 Theory 

Air permeability is defined as the ability of soil to transmit air through 

interconnected air-filled pores under an imposed air pressure gradient.  Like hydraulic 

conductivity, air permeability is a function of volumetric water content, porosity, pore 

size distribution, and pore geometry (Roseberg and McCoy, 1990).  Unlike water flow, 

the flow of gases through porous media has been shown to exhibit non-Darcian “slip 

flow” in that velocities near the pore wall are non-zero (Klinkenberg, 1941).  Weeks 

(1978) demonstrated that slip flow is only significant for soils with air permeability less 

than 0.01 μm2 such as soils with high silt and clay fractions (Springer et al., 1995).  For 

most soils, air permeability can be measured by imposing controlled, isothermal, steady-

state, laminar air flow conditions, and applying Darcy’s law.   

This dissertation focuses on the use of SCAP for the direct measurement of air 

permeability using a one-dimensional Darcian air flux equation for dry soils.  The 

Darcian air flux density, q [L/T], can be related to the measured air permeability, ka [L2], 

fluid dynamic viscosity, η [M/LT], and sum of the change in pressure, P [M/LT2], over a 

distance, z [L], and the product ρg where ρ is the fluid density [M/L3], and g is the 

acceleration due to gravity [L/T2]: 

⎟
⎠
⎞

⎜
⎝
⎛ +−= g

dz
dPkq a ρ

η
.    [1] 

Because gases have a very low density, the gravitational term ρg is usually less than 1% 

of the pressure term and is negligible (Springer et al., 1995), so Eq. [1] can be simplified 

to 
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.    [2] 

The flux can be expressed as the flow, Q [L3/T], per unit area perpendicular to flow, As 

[L2], through a path length, L [L].  The pressure gradient can be defined using the discrete 

pressure difference between the inlet and outlet of a permeameter, Pi and Po.  Solving for 

ka gives 

( )ois
a PP

H
A

Qk
−

=
η .    [3] 

With SCAP, air permeability measurements can be made in situ, with the 

instrument inserted in the soil, or ex situ, after the soil corer has been removed from the 

soil (Figure 1).  For ex situ measurements, the outlet pressure is atmospheric pressure.  

For in situ conditions, the outflow pressure is higher than atmospheric, and air only 

reaches atmospheric pressure after flowing back up to the soil surface.  As a result, the 

path length, L, over which the pressure decreases from the inlet pressure to atmospheric 

pressure, is not equal to the inserted height of the column (H).  Given the design of the 

SCAP, which facilitates the extraction of soil samples for other measurements, ex situ 

measurements can be made rapidly in the field, requiring little more time than in situ 



20 

measurements.  

 

Figure 1: Air flow lines associated with ex situ and in situ air permeability 
measurements.  Ex situ measurement is made on a stand, as shown. 
 

The effects of divergent flow beyond the outflow end of an inserted air 

permeameter are addressed by assuming that the flow paths are the same for all 

measurement conditions, allowing for the introduction of a constant shape factor, A [L].  

The shape factor is defined as As/L, reducing equation [3] to 

PA
Qka Δ

=
η .     [4] 

For in situ measurements, Liang et al. (1995) developed a finite element air flow model 

(ANSYS F) to estimate the shape factor based on the air permeameter diameter and 

height of insertion into a homogeneous and isotropic medium (valid for diameter to 

height ratios less than 10).  More recently, Jalbert and Dane (2003) used a two-

dimensional unsaturated flow finite element model (HYDRUS2D) (Šimùnek et al., 1996) 

to estimate the shape factor in a larger simulation volume, leading to 
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where D is the diameter of the ring [L] and H is the height of ring inserted into the soil 

[L].   

In addition to the effects of slip-flow, air permeability under air-saturated 

conditions, ksa, is generally higher than water permeability under water-saturated 

conditions, ksw, due to air entrapment, shrinkage, and crack formation (Al-Jibury and 

Evans, 1965; Gullich and Werner, 1984).  Reeve (1953) demonstrated through field and 

laboratory experiments that the ratio of air to water permeability (ka/kw) is related to the 

stability of the soil structure.  Specifically, a ratio greater than one indicates that the soil 

has experienced slaking, swelling, dispersion, or other processes during wetting.  These 

considerations suggest that while air permeability may be used to estimate the intrinsic 

permeability, and therefore the saturated hydraulic conductivity, site-specific conditions 

can lead to a complex relationship between these properties. 

1.3 Literature Review 

1.3.0 Field Air Permeameters 

There has been a large amount of research using controlled laboratory air 

permeameters over field air permeameters; using contact probe air permeameters over 

insertion air permeameters; and measuring ex situ air permeability rather than in situ 

permeability.  One of the first air permeameters measured ex situ and in situ air 

permeability and was designed by Kirkham (1946) and Evans and Kirkham (1949).  The 
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air permeameater discussed by Kirkham (1946) consisted of an air tank with a tire pump 

which pumps the air tank to a specified pressure measured by a water manometer.  Air is 

permitted through the soil sample and the decrease in pressure with time was recorded 

using a stop watch.  The slope of this rate in decrease was used in a formulation to 

calculate ka.  Ex situ measurements were made on soil samples with diameters ranging 

from 2.75 to 3.8 cm and 10 to 24 cm in length.  The insertion air permeameter measured 

in situ ka on soil volumes with a diameter of 13 cm and length of 13.3 cm.  Evans and 

Kirkham (1949) modified the earlier Kirkham (1946) insertion air permeameter into a 

surface air permeameter to minimize disturbance to the soil.  The shape factor was 

calculated using analytical derivations of electrolytic flow.   

Steinbrenner (1959) and Rid (1960) were the first to present portable insertion air 

permeameters which were similar in design.  The diameter of the Steinbrenner (1959) air 

permeameter was 3.02 cm and air was released at a regulated flow rate while pressure 

was measured.  This air permeameter was carried on the back of the operator.  The 

pressure readings were calibrated to percent pore space which was read on a dial.  Grover 

(1955) developed an insertion air permeameter that eliminated the need for a water 

manometer and flow regulator.  The basic design consisted of a can cylinder float with 

the open bottom resting on a water reservoir.  For this design, the air enters the soil 

through an inner cylinder as the float falls.  Air permeability is measured by the rate that 

the float falls.  The different dimensions of this air permeameter had diameters ranging 

from 10.2 to 12.7 cm and an insertion depth of approximately 15.2 cm.   
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Van Groenewoud (1968) incorporated a mercury manometer and flowrator meter 

to improve the accuracy of ex situ air permeability measurements by measuring flowrates 

at specified pressure differentials.  Van Groenewoud (1968) recognized the dependency 

of shape factors on insertion depths in addition to the diameter of soil samples.  To avoid 

the mathematical complication of computing a shape factor, van Groenewoud (1968) 

made measurements on ex situ soil samples and measured vertical and horizontal air 

permeabilities.   

Fish (1994) designed a simple insertion field air permeameter as a rapid indicator 

of functional soil pore space by calibrating ka to a functional pore space score.  This 

design was based on the Steinbrenner (1959) air permeameter and employed a digital 

manometer.  The measured soil volume had a diameter of 18 cm and an insertion depth of 

5 cm.  The pressure differential was measured for a specified flowrate.   

Davis et al. (1994) designed a portable mini air permeameter for rapid in situ field 

measurements.  This air permeameter is a contact air permeameter and was shown to be 

useful for outcrops.  The air permeameter employs a falling mechanical piston which 

supplies a small constant pressure, and the flowrate is calibrated according to the time it 

takes for the piston to fall.  Iversen et al. (2001b) developed a field air permeameter with 

a diameter of 20 cm and an insertion depth of 10 cm.  Flowrate measurements are taken 

using three range mechanical rotameters and the pressure is measured using a water 

manometer.  The Iversen et al. (2001b) air permeameter utilize the Liang et al. (1995) 

shape factor.  Jalbert and Dane (2003) developed a contact surface air permeameter (inner 

diameter = 2.5 cm and outer diameter = 6.5 cm) and an insertion air permeameter 
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(diameter = 9.5 cm and insertion depth = 2.5 cm).  The Jalbert and Dane (2003) air 

permeameter utilizes a battery powered air pump with a pressure transducer and 

voltmeter.  The voltmeter is calibrated to a pressure differential-flowrate ratio which is 

used to calculate ka.  In addition, Jalbert and Dane (2003) developed a new model to 

determine a shape factor.   

1.3.1 Fire in the Southwest 

It has been well documented that fire suppression in the Southwest has 

transformed open forests with low fine fuel load into dense forests with heavy 

accumulation of understory fuels as illustrated in Figure 2 (Savage and Swetnam, 1990).  

The alteration of frequent and low intensity surface fires has resulted in catastrophic hi-

intensity crown fires.  Before European settlement and fire suppression, forests and 

grasslands were frequently ignited by lightening or deliberately by Native Americans, 

thus preventing fuel accumulation.  During the early 19th century, Arizona experienced 

fires that burned millions of acres of land; however, forest stands survived because the 

relatively short flame lengths only reached the base of the tree and not into the crown of 

the forest.  But at the beginning of the 20th century, increased fire detection and 

extermination, as well as, intense grazing, prevented frequent low intensity surface fires.  

Figure 3 illustrates a 400-year fire history that shows the pre-settlement era experienced 

frequent fires, whereas fire suppression is evident in the last century.   
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Figure 2: Vegetation change and fuel accumulation in western U.S. forests (Grieggs, 
2000). 

 
Figure 3: 400-year fire history based on tree-ring studies (Swetnam and Betancourt, 

1998). 

Near present day Tucson, Arizona, fire occurred two to three times every decade 

in the Santa Catalina Mountains.  The first major fire in the Santa Catalinas that was 

fought by local residents, occurred in May 1900.  Government surveyors fought a fire, 

that burned 10,000 acres of land using make-shift shovels and flame-beaters.  Since that 

time, the increase in effective fire detection and suppression has prevented another large-

scale fire from occurring for over a century.  However, the high fuel loads inevitably 

caused a devastating high-intensity fire in 2002, called the Bullock Fire.  Flames reaching 
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over 200 feet in length and reaching the crowns of the trees burned over 30,000 acres of 

land.  In 2003, another catastrophic fire occurred called the Aspen Fire and burned over 

80,000 acres.  Fire suppression and heavy fuel accumulation combined with dry climatic 

conditions resulted in these devastating fires (Swetnam, 2003).   

Ignition of dense forests results in high intensity crown fires that cripple the 

ecosystem and cause an increase in flooding and mass movement (Norris, 1990; Agee, 

1993).  Particularly in the Southwest, severe fires can destroy as much as 90% of the 

vegetation and litter cover (Robichaud et al., 2000).  As a result, exposed burned soils are 

highly vulnerable to intense monsoon rains, leading to increases in surface runoff, peak 

flows, and erosion rates (Anderson et al., 1976; Campbell et al., 1977; Neary et al., 

1999).  Research indicates post-fire hydrologic conditions in the Southwest can result in 

as high as a 1400% increase in surface runoff and 9600% increase in peak flows.  In 

addition, erosion rates can increase by three orders of magnitude, reducing soil 

productivity and transporting high sediment loads to streams, negatively impacting 

aquatic habitats.  Furthermore, the drastic increase in water yield can cause flash floods 

and endanger human lives and property.   

1.3.2 Formation of Hydrophobic Soils 

In addition to pore clogging and loss of vegetation from the forest floor to the 

canopy, fire-induced hydrophobic soil is one of the main causes for increased surface 

runoff and reduced infiltration.  Water repellency or hydrophobicity is defined as lacking 

affinity for water.  This condition can occur naturally under various plant and soil 

conditions, but in particular, hydrophobic conditions can be fire-induced.  In a fire, a 
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hydrophobic layer is created when the vegetation (mainly aliphatic hydrocarbons) is 

ignited and the organic material is volatized by the heat.  The volatized organic material 

will move down into the soil due to large temperature gradients and condense onto soil 

particles at cooler temperatures.  The organic material will cover the soil particles and 

prevent the natural affinity of water molecules to the soil particles (Figure 4).   

The depth at which this condensation occurs depends on the degree of soil 

heating.  Hot fires that move slowly will heat the soil to higher temperatures causing a 

deeper deposition (2-6 inches) of the condensed organic matter.  Conversely, cooler fires 

that move fast will cause volatized organic matter to condense near the soil surface 

(Scholl, 1975; MacDonald and Stednick, 2003).  It has also been shown that soils with 

higher moisture content will result in deeper hydrophobic layers when exposed to fire 

(Robichaud and Hungerford, 2000).   

The degree of hydrophobicity is also dependent on fire intensity, burn severity, 

initial soil moisture content, vegetation type, soil texture, and time since burning.  High 

severity fires will combust more organic matter and create a larger and more continuous 

hydrophobic layer.  In addition, lower soil moisture content results in severely water 

repellent soils at low fire temperatures but hydrophobicity will decrease with increasing 

temperature.  Studies have shown that hydrophobic behavior was eliminated at moisture 

contents of 1.75% for dune sands (Dekker and Ritsema, 1994a) and 28% moisture 

content in soils under eucalyptus trees (Doerr and Thomas, 2000).  Also, Dekker and 

Ritsema (1994b) defined the critical soil water content, which is the moisture content 

which, below and above this value, water repellency or wettability will occur.  Finally, 
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this hydrophobic layer can be intensified if soil temperature is increased between 175 and 

200 oC and that layer is destroyed between 280 and 400 oC (DeBano et al., 1976; Nakaya, 

1982).   

Furthermore, depending on the vegetation type and the amount and type of 

hydrophobic residues which it produces, the fire-induced water repellency can be 

enhanced.  Studies have been completed on chaparral and ponderosa forests.  It has also 

been shown that soils with higher contents of sand will result in higher degrees of 

hydrophobicity.  Sand has a lower surface area and for a given amount of applied 

hydrophobic compound, relatively more soil particles will be covered.  Finally, 

hydrophobicity will decrease over time as the soil recovers from the effects of the fire.  

Hydrophobicity of soils can persist anywhere from 1 to 6 years after a fire (Reeder and 

Jurgensen, 1979; Giovannini et al., 1987).  Overall, the greatest correlation between 

hydrophobicity is burn severity and percent sand (Huffman et al., 2001).   

 
Figure 4: The process in which fire-induced hydrophobic soils are formed (DeBano, 
2000a). 
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1.3.3 Hydrologic Impacts of Hydrophobic Soils 

Hydrophobic soils have a major impact on hydrological processes because of their 

resistance to wetting, resulting in increased runoff and erosion.  Hydrophobic soils result 

in an uneven or “mosaic” wetting of soils due to the formation of non-uniform water 

repellent layers (Dekker and Ritsema, 2000).  Laboratory studies of hydrophobic soils 

reveal an unstable wetting front where the wetting front advances rapidly in random areas 

resulting in “finger” flow.  Unstable wetting fronts also occurred when the flux was less 

than the saturated hydraulic conductivity (Glass et al., 1989).  Finger flow of hydrophobic 

soils results in rapid solute travel and can lead to contamination of groundwater 

reservoirs. 

Water will infiltrate into hydrophobic soils when the Water Drop Penetration 

Time (WDPT) is exceeded or if depth of ponded water (ho) exceeded the air entry 

pressure (hp).  If the water repellent layer exists at depth, L, infiltration occurred when 

(ho+L)/hp was greater than 1.  An unstable wetting front resulted when the ratio was 1 to 

1.5 and a stable wetting front developed when the ratio was greater than 1.5 (Carrillo et 

al., 2000; Letey, 2001).  However, some studies show that stable wetting fronts occurred 

when the water repellent layer was very deep (Hendrickx et al., 1993).  Carrillo et al. 

(2000) and Feng et al. (2001) also found that the hydraulic conductivity of hydrophobic 

soils increased as ho increased in a constant head flow-through experiment.  Lower values 

of hydraulic conductivity were attributed to lower moisture contents at lower values of ho. 



30 

Laboratory experiments on uniform hydrophobic soils have revealed that 

infiltration through hydrophobic soils acted very differently than through non-

hydrophobic soils in that the initial infiltration rate was small but then increased with 

time.  The reverse behavior was common in wettable soils where infiltration rate was 

large and then decreased to a stable value through time.  Also, in hydrophobic soils, the 

infiltration rate of moist hydrophobic soils was faster than in dry hydrophobic soils.  The 

reverse was also true for non-hydrophobic soils.  Moreover, water movement through 

hydrophobic soils was difficult to model because, in the field, the hydrophobic layer was 

not uniform and was often distributed in a “mosaic” pattern.   

After a fire, erosion increases due to increased overland flow.  Two main 

processes of erosion are rill formation and raindrop splash.  Rill formation occurs when a 

wettable layer above a hydrophobic layer is completely saturated with water and pore 

pressures build up, causing failure.  The wettable soil will move downslope with gravity 

thus exposing the hydrophobic layer at depth.  This non-wettable layer will then 

breakdown and expose the wettable layer beneath it, forming rills (Figure 5).  The second 

erosion process, raindrop splash, occurs when sediment is transported by the impact of 

intense rain.  Wettable soils are not susceptible to raindrop splash because the attraction 

of soil to water will allow the soil to compact rather than be transported.  Finally, 

completely combusted tree and plant roots will enhance erosion because they can no 

longer provide stability to the soil.  The cavities remaining can also contribute to 

preferential flow in soil macropores.   
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Figure 5: Post-fire rill formation after intense rainfall (DeBano, 2000a, b). 

1.3.4 Anisotropy 

In the real world, soils are often not homogeneous in nature but rather more 

heterogeneous and anisotropic.  Homogeneous soils are soils in which a sample volume 

taken at any point will be the same or similar to a sample volume at another location.  

Heterogeneous soils are soils in which the soil particles are different at different 

locations.  Furthermore, field soils are often anisotropic rather than isotropic in nature.  A 

soil is isotropic when soil properties are independent of direction and anisotropic when 

dependent on the direction of measurement (Freeze and Cherry, 1979).  Therefore, it is 

important to consider the anisotropy of soils in the field and effects of anisotropy on 

theoretical assumptions and field measurements. 
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Factors contributing to anisotropy are soil structure, grain orientation, and 

layering (Dabney and Selim, 1987).  Anisotropy was also shown to be dependent on 

saturation in laboratory and field experiments (Stephens and Heermann, 1988; McCord et 

al., 1991).  Specifically, Glass et al. (2005) demonstrated that anisotropy, or the ratio of 

hydraulic conductivity in the horizontal direction to the vertical direction, increased with 

decreasing saturation or increasing water tension.   

Structured soils were found to exhibit higher ka values than poorly structured soils 

which may be attributed to large inter-aggregate flow channels typical of structured soils.  

In a study by McCarthy and Brown (1992), measurements in three of four soils 

demonstrated anisotropy in which horizontal ka was higher than vertical ka and this was 

most likely due to the soil’s alluvial origin where horizontal orientations of fine particles 

caused a barrier to vertical air flow.  Student t tests on regression equations demonstrated 

a significant difference between slopes for horizontal and vertical measurements at the 

0.05 confidence interval.  In three of the four soils, the horizontal regression slope was 

greater than the vertical regression slopes.  This result indicated that the air filled porosity 

increased horizontal permeability at a faster rate than vertical permeability.  Again, it was 

shown that when moisture increased, differences between horizontal and vertical 

permeabilities decreased significantly.  The effects of anisotropy on ka measurements are 

important because it was shown that in strongly structured soils, the structure of porous 

media has a greater influence on ka measurements, whereas, in poorly structured soils, 

particle size had a greater influence on ka (McCarthy and Brown, 1992).   
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In effect, Iversen et al. (2001a) stated that structured soils have a scale effect and 

the sample volume for which a representative measurement can be taken, or the 

representative elementary volume (REV) was approximately 100 cm3 or less for 

unstructured soils but was much higher for structured soils (Kutílek and Nielson, 1994).  

As a result, Iversen et al. (2003) emphasized the need to use large REVs for structured 

soils.  On the other hand, Bouwer and Rice (1967) found little differences between 

horizontal and vertical hydraulic conductivity values in a well structured loam.  

Furthermore, laboratory studies by Bouwer and Rice (1967) showed that vertical 

hydraulic conductivity was larger than horizontal hydraulic conductivity measurements.   

Yeh et al. (1985a, b, c) obtained a relationship showing that anisotropy increased 

significantly with desaturation.  Yeh et al. (1985a, b, c) also demonstrated that anisotropy 

varied with direction and magnitude of the hydraulic gradient.  The studies conducted by 

Yeh et al. (1985a, b, c) and Mantoglou and Gelhar (1987) accounted for spatial 

correlation of anisotropy whereas Mualem (1984) did not consider this.  However, all 

three researchers agreed that state-dependent anisotropy should be more pronounced in 

coarser textured materials than in finer textured soils.  Furthermore, they agreed that at 

several bars of suction, anisotropy was several orders of magnitude larger than at 

saturation.  The spectral stochastic method of Yeh et al. (1985a, b, c) indicated anisotropy 

ratios which were much greater at relatively low suctions (100 to 200 cm H2O) than those 

obtained by the statistical method of Mualem (1984).  Mualem, (1984) analyzed several 

hypothetical, and not very realistic soils.  Bear et al. (1987) validated their capillary tube 

model using previously published data on a glass bead packing and applied the model to 
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a hypothetical anisotropic medium.  Bear et al. (1987) predicted that the principal axes 

may change as the saturation varies.  For example, the major axis of the hydraulic 

conductivity tensor at specific saturation may be the minor axis at a different saturation. 

In conclusion, there was no real consensus in research literature on how to 

quantify and measure anisotropy, however it was recognized that research should focus 

on determining which theoretical models are most accurate and development of 

techniques to measure anisotropy in the field and laboratory is important.  Furthermore, 

in order to accurately predict and understand fluid flow in porous media, anisotropy must 

be incorporated as a variable in multi-dimensional flow models.   

1.4 Explanation of Dissertation Structure 

This dissertation consists of three original research manuscripts that were 

submitted or accepted for publication in Vadose Zone Journal and Soil Science Society of 

America.  These manuscripts are presented in the appendices of this dissertation.  The 

introduction (Chapter 1) of this dissertation presents the underlying motivation for this 

research, its objectives, and supporting theory.  Chapter 2 summarizes the materials and 

methods used in the laboratory for measuring the saturated hydraulic conductivity as well 

as other soil physical properties.  Chapter 3 highlights and summarizes the important 

research findings associated with each research manuscript.  The first manuscript was 

published in Vadose Zone Journal in November 2006, the second manuscript was 

submitted to Soil Science Society of America Journal in December 2006, and the third 

manuscript was submitted to Vadose Zone Journal in October 2007.   
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These papers and their status at the time of dissertation defense are as follows: 

1. Chief, K., T.P.A. Ferré, and B. Nijssen. 2006. Field testing of a soil corer air 

permeameter (SCAP) in desert soils. Vadose Zone J.  5:1257-1263. 

2. Chief, K., T.P.A. Ferré, and B. Nijissen. Revised and Submitted – 2007. 

Predicting saturated hydraulic conductivity from air permeability in unburned and 

burned soils. Soil Sci. Soc. Am. J. 

3. Chief, K. T.P.A. Ferré, and A.C. Hinnell. Submitted – 2007. The effects of 

anisotropy on in situ air permeability measurements. Vadose Zone J. 
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2. MATERIALS AND METHODS 

2.0 Sabino Canyon Watershed 

The Sabino Canyon watershed is one of the major watersheds that was impacted 

by the Aspen Fire and is on the south-facing slope of the Santa Catalina Mountain Range.  

This watershed is approximately 91 km2 in area and is covered with thin soils where the 

primary parent material is igneous in nature (granite and gneiss) (DuBois, 1959).  Nearly 

75 km2 (or 82%) of the Sabino Canyon watershed was burned by the Aspen Fire, and of 

the burned area 12% was classified as high burn severity, 36% as moderate burn severity, 

and 52% as low burn severity.  Sabino Canyon has a rugged, steep, and rocky terrain with 

elevations varying from less than 850 m to almost 2800 m (Guardiola-Claramonte, 2005).   

The climate in the watershed is controlled by the topography of the region where 

lower elevation is of a semi-arid climate (average precipitation, P , of 300 mm/yr) and 

the higher elevation is of a more humid climate ( P =800 mm/yr) (Guardiola-Claramonte, 

2005).  The precipitation is bimodal.  July through September is characterized by 

convective, localized, short, and high intensity rainstorms typical of the Arizona 

monsoon.  The second mode occurs from November to March and is characterized by 

frontal, regional, long, and low intensity winter storms releasing rain in the lower 

elevations and snow in the higher elevations.   

The vegetation varies from the lower elevations consisting of southwestern desert 

shrub, broadleaf woodland-chaparral between 1300 and 2200 m, coniferous forest 

(transition) between 1900 and 2200 m and coniferous forest (mixed conifer) at elevations 
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greater than 2200 m (Coronado National Forest, 2003; Guardiola-Claramonte, 2005).  

The mean annual temperature in the lower elevations is approximately 17 °C (62 °F) and 

10 °C (50 °F) in the higher elevations (Johnson, 2003).   

2.1 Field Measurements 

2.1.0 Site Selection 

Twenty-two remote unburned and burned sites were selected in and near the 

Sabino Canyon watershed and were located in rugged terrains (Figure 6.  The sites were 

selected to examine the impacts of vegetation, slope, and fuel load/burn severity. The two 

selected vegetation regions are broadleaf woodland-chaparral and coniferous forest 

(transition and mixed).  Low slopes were defined as slopes with 0 to 24 degrees and high 

slopes were those greater than 25 degrees.  For unburned sites, fuel load was categorized 

based on the weight of fuel per surface area (DeBano et al., 1998) using depth of fuel bed 

(Anderson, 1982).  Fuel loads for low, medium, and high fuel loads were defined as less 

than 7 kg/km2, 7 to 15 kg/km2, and greater than 15 kg/km2, respectively.  For burned 

sites, the “vegetation burn severity” or “burn severity” is classified according to infrared 

satellite image and ground and air surveys determining the degree of fuel consumption.  

Low burn severity defines partial fuel consumption at the ground where the majority of 

the vegetation remains green.  Medium burn severity is defined by partial consumption of 

ground vegetation and partial vertical consumption of canopy.  The area is a mosaic of 

green and burned areas and the ground cover has a mixture of ash, leaf litter, and 

unburned organic matter.  High burn severity is defined by complete combustion of 
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ground vegetation and canopy and the ground is covered in ash (Coronado National 

Forest, 2003; Miller and Natharius, 2003).   

 

Figure 6: Unburned and burned sites at varying elevations and burn severities located 
in and around Sabino Canyon Watershed near Tucson, AZ. 
 

2.1.1 Site Sampling Grid 

A 32 ft x 32 ft (9.75 m x 9.75 m) plot is divided into a 25-point grid with 8 ft 

(2.44 m) spacing.  For consistency, the data points were numbered from the upslope most 

left corner and numbered downwards and across as shown in Figure 7.  Air permeability 

measurements were made on the burned sites 3 to 39 days after the wildfire was 

contained; measurements were made 7 to 332 days after containment on the unburned 

sites.  There were six unburned (UNB_WC) and seven burned (BUR_WC) woodland-

chaparral sites and, three unburned (UNB_CON) and six burned (BUR_CON) coniferous 

sites.  This resulted in a total of 513 data points, of which thirteen percent were 

eliminated due to disturbance of soil, presence of rock outcrop, and technical 

complications.  The final data set is comprised of 110 unburned and 144 burned 

woodland-chaparral data points and 65 unburned and 126 burned coniferous data points 

for a total of 445 measurements (Table 1). 

Tucson, AZ 
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Figure 7: Site Grid 
DOWN SLOPE 

2.1.2 Precautions 

Several precautions were taken.  First, care was taken in transporting the digital 

flowmeter.  The flowmeter was kept upright during measurements since this was the 

manner in which it was calibrated.  The digital flowmeter was turned on prior to grid set-

up to allow time for warming and stabilization.  Also, digital instrumentations were kept 

out of direct sunlight to avoid overheating.  To avoid particulate build-up, inlet and 

outlets were kept from submersion in soil and ash.   

2.1.3 Air Permeability Measurements 

The mineral surface was exposed by the removal of ash, pine needles, and surface 

debris.  Three soil retainer cylinders were placed inside the soil corer barrel and the 

handle was screwed on.  Care was taken not to screw the handle on too tightly but rather 

kept slightly loose to avoid difficulty in unscrewing due to increased tightness that 

occurred after pounding.  The soil corer barrel was placed over the soil and gently 
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pounded until the top of the soil corer rested on the soil.  Excessive pounding was 

avoided to minimize soil compaction.  The handle was unscrewed to check if the soil 

inside the barrel was level with the top retainer cylinder or soil retainer cylinder #3 

(Figure 8).  If the retainer cylinder was not flushed with the mineral soil, the handle was 

screwed back on and the barrel was pounded until it was leveled with the mineral surface.  

When the soil was rocky, the measurement point was abandoned and reset to a nearby 

point that was less rocky.   

Once the cylinder retainer was leveled with the mineral surface, the handle was 

removed, and the soil was inspected for gaps along the barrel wall.  If gaps existed, the 

soil was carefully kneaded to avoid preferential flow of air along the cylinder walls.  The 

Soil Corer Air Permeameter (SCAP) was attached and digital flowmeter and manometer 

were connected to its corresponding ports (Figure 8).  Two air permeability 

measurements were taken at pressures less than 10 cm H2O or at 3, 5, 7 or 9 cm of H2O 

(Appendix D).   

2.1.4 Soil Sample Extraction 

For each air permeability measurement, soil sample retainer cylinder #2 was 

extracted (Figure 8).  First, SCAP was removed and the soil corer handle was re-attached.  

The handle was pushed back and forth to loosen the surrounding soil and a shovel was 

used to excavate around the bottom of the barrel.  Once the bottom was exposed, the 

bottom was covered with tin lid to keep the soil core intact.  Keeping the core intact was 

more challenging for very dry soils rather than soils with moisture.  With the tin lid 

covering the bottom of the barrel, the handle was removed.  Then another tin lid was 
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placed on the top of the barrel and the barrel was flipped upside down.  The lid covering 

the bottom of the barrel was removed and the retainer cylinders were gently pushed out 

of the barrel with the fingers.   

Soil retainer cylinder #1 was removed and a spatula was used to gently remove 

excess soil from the bottom of retainer cylinder #2 until soil was flush with retainer 

cylinder #2.  Scraping across the soil was avoided to prevent smearing of organic 

residues but rather small cuts were made across the soil and excess soil was gently 

removed.  Once the soil was flushed and leveled with the retainer cylinder, it was covered 

with a plastic cap.  Next, the soil sample was turned upright and retainer cylinder #3 was 

removed.  Using the same procedure, the excess soil was removed until the soil was 

flushed with top of retainer cylinder #2.  The top of the retainer cylinder #2 was covered 

with a plastic cap and labeled with the site and soil number (Appendix E).   



42 

3 cm
#1
#2
#3

 

Figure 8: Illustration of field set-up for measuring in situ ka using SCAP with insert 
showing extracted soil corer and three soil retainer cylinders. 

2.1.5 Hydrophobic Depth Profile 

At least one hydrophobic depth profile was measured at nine of the thirteen 

woodland-chaparral sites and at all of the nine coniferous sites.  At these profiles, the 

Water Drop Penetration Time (WDPT) (Letey, 1969) was measured at 2.5 cm (1 inch) 

depth intervals to determine the degree of water repellency.  WDPT values were 

determined by measuring the time required for a drop of water to completely infiltrate 

into the soil, higher WDPT values indicate greater hydrophobicity.  The first WDPT 

profile was located near grid point one and additional profiles were made at randomly 

selected grid points.  Measurements were classified as ‘non-hydrophobic’ if WDPT was 

less than 60 seconds and ‘hydrophobic’ if WDPT was 60 seconds or greater (Doerr, 

1998). 
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Table 1: List of unburned and burned sites with varying slope and fuel load or burn 
severity. 

Vegetation Zone Site # Date Name of Site

Fuel 
Load/Burn 

Severity
Slope 
Class†

Degree 
Slope

Percent Pass 
after Data 

Quality Check
Data 

Points
Possible 
Points

1 11/15/03 Prison Camp-1 H L 15 24% 6 25
2 05/27/04 Prison Camp-2 L L 15 40% 10 25
3 06/03/04 Prison Camp-Bicycle Sign M L 20 92% 23 25
4 06/09/04 Prison Camp-Creek 1 M H 32 96% 24 25
5 06/10/04 Prison Camp-Creek 2 L H 30 100% 25 25
6 06/10/04 Prison Camp-Entrance H H 34 96% 22 23
1 07/30/03 Geology Vista Point H H 40 90% 18 20
2 08/01/03 Bear Canyon H H 36 95% 21 22
3 08/12/03 Thimble Peak H L 20 100% 25 25
4 08/14/03 Windy Point M H 30 100% 24 24
5 08/21/03 Prison M L 11 84% 21 25
6 08/22/03 Prison-River L H 36 80% 20 25
7 08/22/03 Prison-Hill L L ? 83% 15 18
1 07/21/03 Mt Bigelow-2 M L 15 92% 23 25
2 11/22/03 Mt Bigelow-3 M L 15 92% 23 25
3 11/01/03 Palisades L H 28 83% 19 23
1 07/17/03 Mt Bigelow-1 L L 13 92% 23 25
2 07/29/03 Rose Canyon H L 20 100% 22 22
3 08/05/03 Summerhaven M L 20 81% 13 16
4 08/08/03 Lemmon Rock Ski Resort M H 26 100% 20 20
5 08/13/03 Carter Canyon H H 33 96% 24 25
6 08/22/03 Spencer Canyon L H 25 96% 24 25

† 0-24 degrees is Low slope (L) and >25 is High slope (H)

Unburned Woodland-
Chaparral 
(UNB_WC)

Unburned Coniferous 
(UNB_CON)

Burned Coniferous 
(BUR_CON)

Burned Woodland-
Chaparral 
(BUR_WC)

 

2.2 Laboratory Measurements 

2.2.0 Preparation 

Soil samples were stored at 5 °C to reduce evaporation and suppress biological 

activity.  Before laboratory procedures were conducted, soil samples were allowed to 

come to room temperature for one to two hours.  Care was taken in handling soil samples 

to minimize disruption of soil structure.  The plastic cap was removed from the top side 

of the soil sample as indicated by the soil sample label.  When necessary, a spatula was 

used to create a smooth level surface.  Gliding over the soil sample with the spatula was 

avoided to prevent smearing of organic residue. 
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2.2.1 Soil Physical Properties 

The mass of the soil sample was measured before the saturated hydraulic 

conductivity was measured.  Once Ksat was measured, the saturated mass of the soil 

sample was measured.  The soil sample was then dried at 105 oC for 24 hours.  The mass 

of the oven dried soil sample was measured, and after the soil sample cooled to room 

temperature, the Water Drop Penetration Time (WDPT) and Molarity of Ethanol Drop 

(MED) of the soil sample was measured.   

2.2.2 Water Drop Penetration Time (WDPT) 

Distilled water at 20 oC was used to measure the Water Drop Penetration Time 

(WDPT) of soil samples (Doerr, 1998).  A drop of distilled water was placed on the soil 

surface using a medicine dropper.  To minimize kinetic force, the drop was placed on the 

smooth surface of the soil with the dropper close to the soil.  The volume of each drop 

was between 0.025 and 0.05 mL.  The drop was placed on the mineral soil and not on 

gravel, roots, or other organic debris.  The time for the drop to completely infiltrate or 

absorb was recorded as the WDPT (Van't Woudt, 1959; 1969; Letey, 1969).  

The mean WDPT was taken from 5 drops which were placed in rapid succession 

and measured at different locations on the soil surface.  Table 2 is a summary of various 

scales of WDPT times.  Table 3 is hydrophobicity classes from (Doerr, 1998) according 

to MED and WDPT values. 
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Table 2: Threshold WDPT times (in seconds) used by various authors to classify soils 
into different repellency classes (Doerr, 1998). 
Classification (Adams 

et al., 
1969) 

(Roberts 
and 
Carbon, 
1971) 

(McGhie 
and 
Posner, 
1981) 

(Ma'shum 
and 
Farmer, 
1985) 

(Bisdom 
et al., 
1993) 

(Doerr 
et al., 
1996) 

Hydrophilic <10 <1 <60 <1 <5 <60 
Slightly 
Hydrophobic 

10-60 1-10 - - 5-60 - 

Strongly 
Hydrophobic 

- 10-60 - - 60-600 - 

Severely 
Hydrophobic 

>60 >60 - - 600-3600 - 

Extremely 
Hydrophobic 

- - - - >3600 >3600 

 
Table 3: Seven Hydrophobicity Classes categorized according to MED and WDPT 
(Doerr, 1998). 
Hydrophobicity Class Descriptive label Ethanol % WDPT 

1 Very Hydrophilic 0 <5 s 
2 Hydrophilic 3 5-60 s 
3 Slightly hydrophobic 5 60-180 s 
4 Moderately hydrophobic 8.5 180-600 s 
5 Strongly hydrophobic 13 600-3600 s 
6 Very strongly hydrophobic 24 1-5 h 
7 Extremely hydrophobic 36 >5 h 

2.2.3 Molarity of Ethanol Drop (MED) 

The Molarity of Ethanol Drop (MED) is a measure of the critical surface tension 

using increasing ethanol concentrations (0, 3, 5, 8.5, 13, 23, 36% ethanol).  The solutions 

were kept free of impurities, stored at 4 oC, and replaced monthly.  Before the MED 

measurement was taken, the ethanol vials were shaken and then a drop of ethanol was 

placed on the soil surface (Doerr, 1998).  When the solution was released, the dropper 

was close to the soil surface.  The time of initial entry was measured rather than the time 

for complete disappearance.  A mean value of five MED measurements was recorded.   
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2.2.4 Constant Head Ksat Experiment 

2.2.4.1 Reynolds rectangular conductivity tank 

An acrylic tank was constructed using 3/8” thick plexiglass with the dimensions of 

4 ft x 1.5 ft x 1 ft.  A dividing wall was constructed at the center of the tank.  On each 

side of the tank, an outlet tube with a rubber stopper served as an outlet.  The tube was 

adjustable and allowed a constant water level to be set.  A dividing wall allows one to 

initiate falling head and/or constant head experiments simultaneously or at different 

times.  At the bottom of the tank was a square woven stainless steel screen and a ruler 

was used to measure water levels.  Figure 9 illustrates the dimensions of the Reynolds 

conductivity tank and Table 4 is a listing of materials needed for the tank (Appendix F).   

 

Figure 9: Reynolds conductivity tank. 
 
Table 4: Reynolds conductivity tank materials. 

Item 
1. Acrylic tank (H = 1feet; W = 1.5 feet; L = 4 feet with ½” OD (>¼” ID) overflow 

tube and drain plugs) 
2. ½” OD Clear Tygon© Tubing for draining through overflow tubes 
3. Square-woven Stainless Steel Screen (2-mm openings 18” x 24” cut in half to 18” 

by 12” or smaller so that if fits into tank)  
4. 1 mm gradation ruler 

4 ft

1 ft 

1.5 ft

outflow tube 
dividing wall
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2.2.4.2 Reynolds End Cap 

The end cap, designed by W.D. Reynolds, is an acrylic funnel-shaped outlet, 

which was attached directly to a soil sample (Reynolds et al., 2002).  The end cap was 

modified to fit a 2¼” OD x 11/8” soil sample.  The soil sample rests on a 21/16” diameter 

perforated PVC disc.  The PVC disc had 57 staggered holes which were 1/8” in diameter, 

resulting in 21% porosity.  Reynolds et al. (2002) recommended 26% porosity or 70 

holes.  However, it is difficult to achieve this number of holes without breaking the 

perforated disc.  The small inside lip of the end cap, which served to center the soil core 

and reduce short circuit flow, was eliminated because it significantly disturbed the soil 

sample.  The inlet or outlet had a ¼” pipe thread so that a ¼” x ¼” brass pipe adapter 

with a barbed fitting could be attached.  Flexible ¼” ID Tygon© tubing was attached to 

the barbed fitting.  A razor blade was used to cut the top off of a 2” OD rubber pipe cap 

which had a gear clamp.  Figure 10 is a design sketch of the Reynolds et al. (2002) end 

cap, and Table 5 is a listing of the needed materials for the end cap (Appendix F).   

Table 5: Reynolds et al. (2002) end cap materials. 
Item 

1. 4” OD circular nylon mesh - 35 μm (390-mesh) obtained from SMS 
2. Stout Rubber Bands (2 ½” x ½”) 
3. 2” OD Rubber Pipe Cap with top cut out 
4. 2 ¼” OD acrylic end cap (W.D. Reynolds Design, Figure 10) 
5. ¼” x ¼” End cap outflow brass pipe adapter with a barbed fitting 
6. Teflon thread tape (wrapped around brass pipe adapter to prevent leakage) 
7. ¼” ID (3/8” OD) Clear Tygon© Tubing 
8. Bench top tubing cutter 
9. Wash bottle to insert water solution into tubing 
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Figure 10: Schematic of acrylic end cap plus aluminum ring for constant head or 
falling head soil core (tank) method (Reynolds et al., 2002). 

2.2.4.3 Calcium Sulfate Solution 

Gypsum water (0.005 M CaSO4•2 H2O) was used for the hydraulic conductivity 

experiments.  To prepare the solution, a 3.5 L beaker was filled with distilled or 

deionized water and placed on a magnetic stirrer with a magnetic stir bar placed inside 

the beaker.  The stirrer plate was set to a speed level between six and nine to create a 

vortex through the entire volume for efficient mixing.  A mass of 3.01 g of CaSO4 was 

poured into the beaker and mixed for two hours (Klute and Dirksen, 1986) and stored in 

15 or 20 L carboy containers.  One experimental run required approximately three to six 

carboys of solution.  An attempt at batch mixing in a carboy did not result in efficient 

mixing.  The calcium sulfate solution was utilized only once per experimental run and 
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then discarded.  Table 6 is a listing of necessary materials to prepare calcium sulfate 

solution (Appendix G). 

Table 6: Calcium sulfate solution materials. 
Item 

1. 5-stage Reverse Osmosis Filtration System 
2. 0.005 M CaSO4 (powder form) 
3. Weighing Balance 
4. Magnetic Stirrer 
5. Stirring Bar 
6. Weighing boats 
7. Spatula 
8. Helium 
9. Kit, Inlet Filter, 2 μm (5A-222. 3ft Teflon Tubing, 1 P-100 fitting) 
10. ¼” ID (3/8” OD) Clear Tygon© Tubing 
11. Reducing Connector (¼” to 3/16” ID) 
12. Thermometer 
13. 4 L glass beaker 
14. Beaker Cleaning Brush 
15. Tongs 
16. 2 μm inlet filters for deaeration 
17. Erlenmyer Flasks 

2.2.4.4 Hydraulic Conductivity Experiment 

The hydraulic conductivity of soils was measured using the constant head 

experiment or falling head experiment.  The constant head experiment measures 

hydraulic conductivity (Ksat) of soils for Ksat values ranging from 10-5 to 100 cm/s.  The 

falling head experiment measures Ksat values ranging from 10-7 to 10-4 cm/s.  The water 

flows from the top of the soil sample to the bottom of the soil.  The major difference 

between these two experiments was the set up for the flow of water.  For the constant 

head experiment, the water source into the soil sample was a constant head reservoir.  For 

the falling head experiment, the water source into the soil was a falling head burette.  

This difference impacted whether the bolting cloth and the end cap was attached to the 
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top or the bottom of the soil sample.  For the constant head experiment, the bolted cloth 

was attached to the top of the soil sample, but for the falling head experiment, the bolted 

cloth was attached to the bottom of the soil sample.  Likewise, for the constant head 

experiment, the end cap was attached to the bottom of the soil sample, but for the falling 

head experiment, the end cap was attached to the top of the soil sample.   

After soil samples were removed from the refrigerator, soils were allowed to 

reach room temperature.  Temperature equilibration was one to two hours.  The top or 

bottom of soil sample for the constant head or falling head experiment, respectively, was 

covered with 53 μm (270-mesh) pore size woven nylon bolting cloth which was held in 

place with a stout elastic band.  The bottom/top end of the soil sample was capped with a 

transparent acrylic end cap.  Electrical tape was used to flush and center the soil sample 

with the end cap and allowed an easier fit when attaching the pipe cap.  Electrical tape 

could also be used over the rubber band to hold the bolting cloth in place.  The pipe cap 

was attached to the outer wall of the soil sample and end cap and gear clamps were 

tightened to create a water-tight seal.  Soil cores were placed in the acrylic tank with the 

“bolting cloth” side touching the stainless steel screen at the bottom of the tank.  

Approximately, 13 to 27 of 2 ¼” ID soil sample cores were placed in the hydraulic 

conductivity tank. 

There are various methods to deair water including helium sparging, boiling, 

autoclaving and aspiration into a vacuum (Degenhardt et al., 2004).  Helium sparging is 

effective but can be costly for large volumes.  Water deaeration occurs as helium bubbles 

absorbs dissolved gases and carries them out of solution.  One precaution is helium 
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saturation which causes similar problems as air saturation, furthermore, helium 

concentration is difficult to measure.   

Helium sparging was chosen as the method of deaeration due to its effectiveness, 

popularity, and availability of helium and equipment.  A ¼” ID plastic tubing was 

connected to a helium tank barbed fitting and connected to a flowmeter.  From the 

flowmeter outlet, an adapter was used to connect ¼” ID tubing with 1/8” ID tubing.  The 

1/8” ID tubing was attached to a 2 μm diffuser (Degehardt et al., 2004).  A 2800 mL 

Erlenmyer flask was filled with calcium sulfate solution and the 2 μm diffuser was 

inserted into the solution.  The top of flask was sealed with a rubber stopper.  The 

solution was filled to the neck of the flask leaving a small head space.  The helium flow 

rate was 2.4 L/min and helium was dissolved into the water for 1.5 minutes to reach a 

USB targeted dissolved oxygen (DO) level of 2.8 mg/L of DO. 

The solution in the 2800 mL Erlenmeyer flask was poured into one side of the 

tank, care being taken to avoid agitation and reaeration, to saturate approximately 1/3 of 

the soil sample height (or approximately 1 cm in height).  The initial time of saturation 

and the temperature were recorded.  The soils were saturated for twelve hours and every 

three hours another 1/3 of the core was saturated with de-aired water.  During saturation, 

outflow tubes from the soil samples were maintained at vertical to prevent open ends 

from going into the water and entrapping air.  At the end of saturation, the end caps 

should be filled with water.  If only partially filled, then the soil has low permeability and 

soil samples should be saturated longer.  After 9 hours of saturation, carboys of solution 

were de-aired with helium flow rate of 2.4 L/min for 10 to 12 minutes and three to six 
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carboys of de-aired water were poured into the tank.  The water level was set by the 

overflow tube level which was set to a height between nine and eleven inches.  Table 7 is 

a listing of materials need for the Ksat experiment. 

Table 7: Materials for Ksat Experiment. 
Item 

1. 5 gallon Nalgene carboy 
2. 8 mm ID tubing to connect carboy to tank 
3. 50 mL standpipe with 7/16” or 11.3 mm ID 
4. ¼” ID (3/8” OD) Clear Tygon© Tubing 
5. Lap Memory Stopwatch 
6. Buret Stand 
7. Buret Stand Clamps for Standpipe 
8. Water Bath Temperature Bath Clamp 

2.2.4.5 Constant Head Experiment 

The end cap and Tygon© tubing from the end cap was filled with water using a 

syringe with a “spaghetti tube” to ensure that air bubbles were minimized.  The Tygon© 

tubing from the end cap was connected to an outflow dripper and attached to the burette 

stand and clamped at a specified height on the side of the tank.  A 25-L carboy with 

deaerated water solution was placed on a wooden stand and jack.  An 8 mm ID tubing 

was connected to the carboy with the outlet dripping into the tank.  The height of the 

reservoir and/or the Marriotte air tube was adjusted so that an equilibrium level was 1-3 

cm below the top of the tank and leveled with the top of the overflow tube.   

The outflow dripper was adjusted so that the drip point was 1 to 2 cm below the 

water level in the tank and adjusted until the drop rate was slower than 1 drop every 0.25 

to 0.5 s and faster than 1 drop every 1 to 2 minutes.  One precaution was not to place the 

drip point too low such that there is a large flow of water.  This causes turbulent flow and 

creates erosion in the soil sample causing particles to flow out of the system.  A few 
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minutes were taken to allow the flow through the core to equilibrate.  The flow rate 

through the core was determined by measuring the volume of water collected for one 

minute.  This was measured five times and recorded each time (Appendix H). 

2.2.4.6 Falling Head Experiment 

The end cap and Tygon© tubing from the end cap was filled with water using a 

syringe with a “spaghetti tube” to ensure that air bubbles were minimized.  The Tygon© 

tubing from the end cap was connected to 50 mL standpipe and attached to the burette 

stand and clamped at a specified height on the side of the tank.  A 25-L carboy with 

deaerated water solution was placed on a wooden stand and jack.  An 8 mm ID. tubing 

was connected to the carboy with the outlet dripping into the tank.  The height of the 

reservoir and/or the Marriotte air tube was adjusted so that an equilibrium level was 1-3 

cm below the top of the tank and level with the top of the overflow tube.   

The standpipe was adjusted so that the zero water level in the standpipe was at the 

same level as water in the tank.  This set the water level in the tank as the datum.  A 

meter stick was placed next to the standpipe to measure the height of the water in the 

standpipe.  The time it took for the water to fall to water levels of H1, H2, H3, H4, H5 

where Hi/Hi+1 was no larger than 1.1 and Hi ranged from 50 to 100 cm.  The first few 

readings were discarded to allow the flow through the core to equilibrate (Appendix I).   
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3. PRESENT STUDY 

3.0 Statement of Candidate’s Contribution to Papers 

Throughout the research period of the candidate’s doctoral program, the primary 

advisor, Dr. Ty P.A. Ferré, provided guidance and direction in the proposed research and 

editorial review of three research manuscripts.  In the beginning of the research period, 

three members of the doctoral committee, Dr. Ty P.A. Ferré, Dr. Bart Nijssen, and Dr. 

Brenda Ekwurzel, provided close guidance and actively participated in the conceptual 

design of the Soil Corer Air Permeameter (SCAP) and in the development of a field 

methodology that was implemented immediately after the Aspen Fire occurred.   

For the research work presented in the first manuscript, the candidate contributed 

50% to the conceptual design of SCAP, 85% of the mechanical design of SCAP, and 

80% of the field methodology for instrument calibration measurements.  The candidate 

presented three prototypes of SCAP to the primary advisor and worked closely with 

Instrument Shop Senior Supervisor, Lorenzo Lujan of the University of Arizona, 

Department of Chemical and Environmental Engineering, to optimize the design and 

manufacture specifications of SCAP.  The candidate researched and ordered digital 

components and supplementary equipment that was suitable for use in the field.  With 

available research funding, the candidate obtained the assistance of one graduate student, 

Jesus Gastelum, to collect air permeability data for SCAP calibration.  The candidate 

conducted 75% of the data analysis for the collected calibration data and 75% of the 

writing of the first research manuscript. 
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For the research presented in the second manuscript paper, the candidate 

contributed 75% to the design of the field methodology for data collection of air 

permeability in unburned and burned soils.  The candidate initiated 85% and delegated 

95% of the field campaign.  With available research funding, the candidate obtained the 

assistance of seven graduate students including Maite Guardiola-Claramonte, Kazungu 

Maitaria, Aleix Capdevila-Serrat, Ben Zimmerland, Leland Fuhrig, Susan Hill, and 

Stephanie Hermann; one undergraduate student, Scott Salmond; and one high school 

student, Jinaabah Showa.  Air permeability measurements of unburned and burned soils 

in the Sabino Canyon Watershed were collected from July 17, 2003 to June 11, 2004.  

The candidate oversaw and delegated an efficient field data campaign.  The candidate 

conducted 85% of the analysis of air permeability and hydraulic conductivity data and 

wrote 85% of the second research manuscript.  

For the research conducted for the third research manuscript, the candidate 

contributed to 50% of the conceptual design of the three dimensional numerical design of 

air flow through anisotropic media.  With training and assistance from fellow doctoral 

candidate, Andrew C. Hinnell, the candidate contributed to 90% of the set-up and design 

of the three dimensional FEMLAB model.  The candidate worked closely with the 

primary advisor in the direction of the analysis of results from the three dimensional 

model and contributed to 65% of the writing of the third research manuscript.  
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3.1 Summary of Paper #1: Field testing of a soil corer air permeameter (SCAP) in desert 

soils 

The objective of the research reported in the first paper was to develop an air 

permeameter that could rapidly measure air permeability of desert soils in remote 

locations.  This objective was accomplished 1) through designing an air permeameter 

smaller in diameter than existing designs and that was compatible with standard soil 

corers and 2) through employing a digital manometer and flowmeter for easier and 

accurate readings.   

The primary conclusions of this first research publication were: 

• The performance of SCAP was analyzed through comparisons of air 

permeability measurements taken with digital and mechanical flowmeters.  

Digital flowmeters proved to be more accurate and easier to read than 

mechanical flowmeters.  Also, installing an air filter and a moisture trap 

minimized the sensitivities of digital components to particulates and 

moisture in the field.   

• Although the spanner wrench holes were very small and covered the 

inside the corer barrel with soil retainer cylinders, the spanner wrench 

resulted in short circuit flow requiring that the spanner wrench holes be 

sealed while taking air permeability measurements. 

• The in situ and ex situ air permeability measurements were compared to 

validate the theoretical shape factor.  The Jalbert and Dane (2003) shape 
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factor had a lower root mean square error and proved to more applicable 

than the Liang et al. (1995) theoretical shape factor.   

• Unstructured tilled soils demonstrated a correlation between ex situ air 

permeability and hydraulic conductivity measurements. 

3.2 Summary of Paper #2: Predicting saturated hydraulic conductivity from air 

permeability in unburned and burned soils 

The objectives of the second research manuscript were to determine 1) the 

applicability of the Loll et al. (1999) regression equations used to estimate Ksat from in 

situ ka measurements in unburned and burned soils, 2) to characterize the changes in the 

frequency distributions of air and water permeability due to fire in woodland-chaparral 

and coniferous soils.  These objectives were accomplished through an extensive field 

campaign of air permeability measurements using a 25-point grid sampling method at 

field sites in coniferous and woodland-chaparral vegetation zones in and around Sabino 

Canyon watershed.  After in situ air permeability was measured, the soil samples were 

extracted, and preserved for further laboratory testing of soil properties including 

hydrophobic characteristics and saturated hydraulic conductivity.   

The primary conclusions presented from the research of the second manuscript 

were: 

• The correlation of ka and Ksat for all unburned and burned soils samples 

were within the 95% confidence intervals of Loll et al. (1999) regression. 

• The median air permeability measurements for coniferous soils decreased 

significantly but only decreased slightly in woodland-chaparral soils. 
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• The median water permeability for woodland-chaparral soils increased 

while decreasing in coniferous soils. 

• Air permeability proved useful in indicating changes in soil properties due 

to a wildfire. 

• The correlation between ka and Ksat for burned soils was less correlated 

than unburned soils. 

3.3 Summary of Paper #3: The effects of anisotropy on in situ air permeability 

measurements 

The primary objectives of this third manuscript were 1) to examine the impact of 

anisotropy of in situ air permeability measurements and based on this investigation, show 

that paired measurements of in situ and ex situ air permeability measurements can be 

used to identify anisotropy and, in some cases, to infer vertical and horizontal 

permeabilities.  This was accomplished through the development of a three dimensional 

steady state finite element air flow model in homogeneous and anisotropic porous 

medium using FEMLAB 3.0A (Comsol, Inc., Los Angeles, CA). 

The primary conclusions of this paper were: 

• Anisotropic conditions can introduce an error as high as a factor of 2 in air 

permeability estimates especially for air permeameters with high D/H 

ratios, such as surface permeameters.   
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• However, this error will always be much smaller than the anisotropy ratio 

of the soil, and the error is minimized for permeameters with low D/H 

ratios, such as SCAP.   

• If anisotropy is important to characterize for a specific application, it was 

shown that paired measurements of in situ and ex situ air permeability can 

be used to infer the anisotropy ratio and is more sensitive for larger D/H 

ratios.   

• For any given permeameter, the approach will be more sensitive if the 

horizontal permeability is lower than the vertical permeability, which is 

not common under field conditions.   

• Anisotropy alone was not able to explain fully the differences between in 

situ and ex situ permeability measurements. 
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Abstract 

Measurements of air permeability are useful both directly, to assess gas phase 

movement through soils, and indirectly as a proxy for soil hydraulic conductivity.  

Several designs have been presented for field-based air permeameters; however, none are 

suitable for use in gravelly desert soils.  We designed an air permeameter compatible 

with a standard soil corer to facilitate insertion into desert soils.  The soil corer air 

permeameter (SCAP) employs digital components to measure flowrates under low-

pressure gradients to improve accuracy, ease of use, and portability.  SCAP allows for the 

extraction of undisturbed soil samples for laboratory analysis, providing direct 

comparisons of air permeability (ka) with other soil physical and hydraulic properties.  

The soil sample can be extracted before measuring ka, thus removing the need for a shape 

factor to account for divergent flow.  We present an analysis of SCAP’s performance.  

Field testing showed that digital components operate well under field conditions; 

however, spanner wrench insertion holes must be sealed to provide correct ka 

measurements.  The Jalbert and Dane (2003) shape factor for in situ ka is applicable for 

tilled, unstructured soils.  However, significant soil-specific variability exists in the shape 

factor, so we recommend measuring ex situ ka in the field, where possible.  Ex situ field 

ka and laboratory hydraulic conductivity (Ksat) measurements were compared and air to 
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water permeability ratios were calculated to determine structural changes due to water 

saturation.  For soils that could be extracted with minimal structural change, we found 

good correlation between ka and Ksat and reasonable agreement with previously published 

results. 

Introduction 

Air permeability describes the ability of air to move through the subsurface and 

gives indirect information about the hydraulic properties and structure of the soil 

(Klinkenberg, 1941; Reeve, 1953; Fish and Koppi, 1994; Loll et al., 1999).  

Quantification of air permeability can be important for the design of soil vapor extraction 

efforts and for providing optimal aeration of agricultural soils (Glinski and Stepniewski, 

1985; Moldrup et al., 1998).  In addition to these direct uses, it may be possible to 

estimate the saturated hydraulic conductivity based on air permeability measurements 

(Iversen et al., 2001a).  This offers practical advantages over more cumbersome, time-

consuming direct measurements of this important hydraulic property.  Several designs 

have been described for air permeameters (Grover, 1955; Steinbrenner, 1959; Green and 

Fordham, 1975; Fish and Koppi, 1994; Iversen et al., 2001b; Jalbert and Dane, 2003). 

Iversen et al. (2001b) designed an insertion air permeameter that makes use of a 

relatively large diameter (20 cm diameter by 20 cm height) hand-driven ring for 

characterizing agricultural soils.  Jalbert and Dane (2003) designed a surface contact air 

permeameter as well as an air permeameter which is inserted into the soil.  We present an 

alternative design for an air permeameter that has been designed for insertion into desert 

soils, which are often too hard to allow for manual insertion and too gravelly to allow for 
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surface measurements.  The Soil Corer Air Permeameter (SCAP) was developed to work 

with commercially available soil corers, making use of their driving mechanisms and 

sample retainer cylinders.  In addition to being suitable for use in desert soils, this design 

provides a standard soil sample that can be subjected to further laboratory measurements.   

We present an analysis of the performance of the SCAP.  First, we examine the 

accuracy of using digital flowmeters under field conditions and determine measurement 

errors due to instrumentation specifically the effects of spanner wrench insertion holes 

common in standard soil corer barrels.  We then examine the applicability of published 

shape factors to the SCAP design for determining in situ ka.  Finally, we compare air 

permeability measurements made with SCAP to hydraulic conductivity measurements 

made on soil samples recovered with SCAP to determine whether there is a correlation 

between these parameters.   

Theory 

Air permeability is defined as the ability of soil to transmit air through 

interconnected air-filled pores under an imposed air pressure gradient.  Like hydraulic 

conductivity, air permeability is a function of volumetric water content, porosity, pore 

size distribution, and pore geometry (Roseberg and McCoy, 1990).  Unlike water flow, 

the flow of gases through porous media has been shown to exhibit non-Darcian “slip 

flow” in that velocities near the pore wall are non-zero (Klinkenberg, 1941).  Weeks 

(1978) demonstrated that “slip flow” is only significant for soils with air permeability 

less than 0.01 μm2 such as soils with high silt and clay fractions (Springer et al., 1995).  
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For most soils, air permeability can be measured by imposing controlled, isothermal, 

steady-state, laminar air flow conditions and applying Darcy’s law.   

This paper focuses on the use of SCAP for the direct measurement of air 

permeability using the Darcian air flux equation for soil moisture at field capacity or 

drier.  Assuming that the air permeability is equal to the intrinsic permeability under 

relatively dry conditions, the Darcian air flux density, q [L/T], can be related to the 

measured air permeability, ka [L2], the fluid dynamic viscosity, η [M/LT], and the sum of 

the change in pressure P [M/LT2] over a distance, z [L] and the product ρg where ρ is the 

fluid density [M/L3] and g is the acceleration due to gravity [L/T2]: 

⎟
⎠
⎞

⎜
⎝
⎛ +−= g

dz
dPkq a ρ

η
.    [A-1] 

Because gases have a very low density, the gravitational term ρg is less than 1% of the 

pressure term and is negligible (Springer et al., 1995), so Eq. [A-1] can be simplified to: 

⎟
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⎞

⎜
⎝
⎛−=

dz
dPkq a

η
.    [A-2] 

The flux can be expressed as the flow, Q [L3/T], per unit area perpendicular to flow, As 

[L2] through a path length, L [L].  The pressure gradient can be defined using the discrete 

pressure difference between the inlet and outlet of a permeameter, Pi and Po.  Solving for 

ka gives:  

( )ois
a PP

H
A

Qk
−

=
η .    [A-3] 

With SCAP, air permeability measurements can be made in situ, with the 

instrument inserted in the soil, or ex situ, after the soil corer has been removed from the 
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soil (Figure A-1).  For ex situ measurements, the outlet pressure is atmospheric pressure.  

For in situ conditions, the outflow pressure is higher than atmospheric, and air only 

reaches atmospheric pressure after flowing back up to the soil surface.  As a result, the 

path length, L, over which the pressure decreases from the inlet pressure to atmospheric 

pressure, is not equal to the inserted height of the column (H).  Given the design of the 

SCAP, which facilitates the extraction of soil samples for other measurements, ex situ 

measurements can be made rapidly in the field, requiring little more time than in situ 

measurements.  

 

Figure A-1: Air flow lines associated with ex situ and in situ air permeability 
measurements.  Ex situ measurement is made on a stand, as shown. 
 

The effects of divergent flow beyond the outflow end of an inserted air 

permeameter are addressed by assuming that the flow paths are the same for all 

measurement conditions, allowing for the introduction of a constant shape factor, A [L].  

The shape factor is defined as As/L, reducing Eq. [A-3] to:  
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Qka Δ

=
η .     [A-4] 

For in situ measurements, Liang et al. (1995) developed a finite element air flow model 

(ANSYS F) to estimate the shape factor based on the air permeameter diameter and 

height of insertion into a homogeneous and isotropic medium (valid for diameter to 

height ratio less than 10).  More recently, Jalbert and Dane (2003) used a two 

dimensional unsaturated flow finite element model (HYDRUS2D) (Šimùnek et al., 1996) 

to estimate the shape factor in a larger simulation volume, leading to:  
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where D is the diameter of the ring [L], and H is the height of ring inserted into the soil 

[L].   

In addition to the effects of slip-flow, air permeability under air-saturated 

conditions, ksa, can be higher than water permeability under water-saturated conditions, 

ksw, due to air entrapment, shrinkage, and crack formation (Al-Jibury and Evans, 1965; 

Gullich and Werner, 1984).  Reeve (1953) demonstrated through field and laboratory 

experiments that the ratio of ka to water permeability, kw, is related to the stability of the 

soil structure.  Specifically, a ratio greater than one indicates that the soil has experienced 

slaking, swelling, dispersion or other processes during wetting.  These considerations 

suggest that while air permeability may be used to estimate the intrinsic permeability, and 

therefore the saturated hydraulic conductivity, site-specific conditions can lead to a 

complex relationship between these properties. 
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Materials and Methods 

Air permeameter 

The SCAP design is based on the air permeameter presented by Iversen et al. 

(2001b) with modifications to address the difficulty that we experienced in inserting their 

relatively large diameter ring (20 cm) into the rugged terrain that is typical of the semi-

arid southwestern United States.  Further modifications were made to improve the 

portability of the system for use on remote sites.  The SCAP prototype was designed for 

use with any standard 5.175 cm (2¼ in.) outer diameter (OD) soil core sampler (Figure 

A-2) (Soil Core Sampler Product No. 200, Soilmoisture Equipment Corp., Santa Barbara, 

CA).  Specifically, SCAP is a custom-made stainless steel 8.255 cm (3¼ in.) OD cap that 

threads onto the soil corer barrel, using a rubber O-ring to achieve an air-tight seal.  The 

cap has 0.635 cm (¼ in.) OD air inlet and pressure measurement ports with Tygon© 

tubing.  A diffuser is placed at the bottom of the air inlet port to minimize disruption of 

the soil surface during measurement (Figure A-3). 

 

Figure A-2: Standard Soil Core Sampler with 3 cm length soil retainer cylinders. 
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Figure A-3: SCAP attached to a soil corer barrel. Top insert: Inner SCAP showing air 
diffuser and rubber O-ring. Bottom insert: Underside view of SCAP showing air 
diffuser and pressure port. 
 

The first steps when using SCAP are identical to those followed for standard soil 

core sampling.  First, three soil retainer cylinders of 3 cm (1.181 in.) length are inserted 

into the soil corer barrel and the handle is screwed on.  After surface litter is removed, the 

barrel is carefully pounded to be perpendicular to the surface so that horizontal 

movement is minimized (Figure A-4 and A-5).  The handle is then removed and the soil 

is packed around the outside and inside edges of the inserted barrel to minimize 

preferential flow along the barrel (Figure A-6).  Then, SCAP is attached to the soil barrel 

and the digital manometer and flowmeter are attached to their corresponding ports 

(Figure A-4 and A-7) (Catalog No. A-68603-00, Cole Palmer, Vernon Hills, IL; Model 

50SD and Model No. 50-12-1, McMillan Co., Georgtown, TX).  Air is released at a low 

rate by adjusting the outflow of the tank until the pressure stabilizes at a pressure less 

than 10 cm of water.  This step is quick and usually takes less than 30 seconds.  Then, the 

corresponding flow rate is noted.  Laminar flow conditions can be confirmed by taking 
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measurements at different pressures to ensure that there is a linear relationship between 

flow rate (Q) and pressure (P). 

 

Figure A-4: Illustration of field set-up for measuring in situ ka using SCAP. 

 
Figure A-5: Gently 
pounding soil corer 
barrel into soil. 

 
Figure A-6: Connecting 
SCAP to soil corer 
barrel. 

 
Figure A-7: Connection 
of digital instruments to 
SCAP.

 

SCAP has an inserted depth (H) of 10.5 cm, inside diameter (D) of 5.3 cm, and a 

volume of 231.7 cm3.  A typical flow rate for a low permeability soil (10 μm2) is 0.3 

L/min at a pressure of 5 cm of water.  A typical flow rate for a high permeability soil 

(201 μm2) at the same pressure is 6 L/min.  SCAP measures air permeability values from 

a large range from approximately 1 to 1000 μm2.  Once the air permeability 
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measurements are completed, the undisturbed soil sample is removed following the 

procedures described for the soil core sampler.  The retrieved sample can be analyzed 

further in the laboratory (e.g. for gravimetric moisture content or particle size 

distribution). 

Field measurements 

Air permeability measurements were taken at the soil surface (Horizon A) on four 

agricultural soils and one alluvial deposit in Tucson, Arizona.  These measurements were 

made on soils with moisture contents at field capacity or drier.  The soils sampled were: 

Anthony very fine sandy loam (VFSL); Vinton fine sandy loam (FSL); Gila very fine 

sandy loam (VFSL); Pima loam (L); and Rillito Creek (stream-channel deposits) gravelly 

coarse sand (GCS).  At the subgroup level, the agricultural soils are classified as “Typic 

Torrifluvents.”  Anthony and Gila belong in the “coarse-loamy, mixed, calcareous, 

thermic, Typic Torrifluvent” family taxonomic classification.  The Vinton soil belongs in 

the “sandy, mixed (calcareous), thermic Typic Torrifluvent” and the Pima soil belongs in 

the “fine-silty, mixed (calcareous), thermic Typic Torrifluvent” classification.  Table A-1 

provides detailed information regarding the five sites and taxonomic identifications (Soil 

Survey Staff, 1993).  At each agricultural site, in situ air permeability measurements were 

taken along a 14-18 m transect at a 2 m interval; the measurement interval at the alluvial 

site was 3 m along a 24 m transect.  At each measurement point, air permeability was 

measured at five pressures (3-7 cm of water).  There were four field campaigns during 
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which the air permeability was measured at the sites (referred to as “Data Set 1”, “Data 

Set 2”, “Data Set 3”, and “Data Set 4”).   

For Data Sets 1 and 2 at the agricultural sites, in situ measurements were made 

with a mechanical flowmeter and a digital flowmeter at each sampling location.  Many 

standard soil corers have holes in the sides of the corer barrels to allow for insertion of a 

spanner wrench to remove a tightly screwed handle.  (The model tested has two 3.5 mm 

diameter, one on each side of the corer barrel).  To determine the effects of these small 

insertion holes on an unaltered soil corer, in situ measurements for Data Sets 1 and 2 

were made with the holes in the corer barrels left uncovered.  Ex situ measurements were 

made with the holes unsealed and temporarily sealed by placing a fingertip over each 

hole.  Each of the first two field campaigns produced four transects with seven to ten air 

permeability measurements points for each.   

Two soil corer barrels were used for Data Set 3 to measure in situ and ex situ air 

permeability for the agricultural soils.  The first barrel was the standard unsealed type 

used with soil corers and the second barrel was sealed semi-permanently with J-B WELD 

(Product No. 8265-S, J-B WELD Co., Sulphur Springs, TX).  The third field campaign 

resulted in 8 transects (2 parallel transects per site) with 10 measurements points per 

transect.  Data Set 4 only consists of in situ air permeability measurements for the Rillito 

Creek stream-channel deposits along a nine-point transect (Table A-2). 
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Table A-1: Site information and taxonomic identification of four agricultural soils and 
one alluvial deposit in Tucson, AZ. 

Site Dates Soil 
Series 

Textural 
Class. 

Family 
Taxonomic 

Classification 
Horizon Depth Structure 

       Cm  
1)  Jul. 13, 2005 Ap1 0-5 strong very 

coarse 
cloddy 

2)  Sept. 30, 2005 Ap2 5-9 strong fine 
granular & 

strong 
medium to 

coarse 
cloddy 

A. NRCS 
Tucson 
Plant 
Materials 
Center (N) 

3)  Nov. 16-17, 
2005 

Anthony VFSL Coarse-
loamy, 
mixed, 

calcareous, 
thermic 
Typic 

Torrifluvents 

Ap3 9-18 strong 
coarse 
cloddy 

1)  Sept. 15, 2005 Ap1 0-12 weak coarse 
granular & 

weak 
medium 

subangular 
blocky 

2)  Sept. 29, 2005 Ap2 12-17 Massive 

B. NRCS 
Tucson 
Plant 
Materials 
Center (S) 

3)  Nov. 18, 2005 

Vinton FSL Sandy, mixed 
(calcareous), 

thermic 
Typic 

Torrifluvents 

   

1)  Sept. 13, 2005 Ap1 0-10 weak coarse 
& very 
coarse 

granular 

2)  Oct. 7, 2005 Ap2 10-20 weak 
medium & 

coarse 
cloddy 

C. Univ. of AZ 
Campus 
Agricultural 
Center (W) 

3)  Dec. 20-21, 
2005 

Gila VFSL Coarse-
loamy, 
mixed, 

superactive, 
calcareous, 

thermic 
Typic 

Torrifluvents 
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1)  Sept. 14, 2005 Ap1 0-4 strong 

coarse & 
very coarse 

cloddy 

2)  Oct. 10. 2005 Ap2 4-8 strong fine 
& medium 

cloddy 

D. Univ. of AZ 
Campus 
Agricultural 
Center (E) 

3)  Dec. 22, 27, & 
28, 2005 

Pima L Fine-silty, 
mixed 

(calcareous), 
thermic 
Typic 

Torrifluvents 

Ap3 8-20 Massive 

E. Rillito at 
Dodge Blvd. 

1)  Nov. 16, 2003   GCS       Massive 

 
Table A-2: Measurement descriptions for Data Sets 1 through 4. 
  Measurement 1 Measurement 2 Measurement 3 Measurement 4 

unsealed in situ ka unsealed in situ ka 
Unsealed ex situ 

ka 
sealed ex situ ka 

Data 
Sets 1 
& 2 with mechanical 

flowmeter 
with digital 
flowmeter 

with digital 
flowmeter 

with digital 
flowmeter 

unsealed in situ ka unsealed ex situ ka sealed in situ ka sealed ex situ ka 
with digital 
flowmeter 

with digital 
flowmeter 

with digital 
flowmeter 

with digital 
flowmeter 

Data 
Set 3 

(using barrel 1) (using barrel 1) (using barrel 2) (using barrel 2) 

sealed in situ ka Data 
Set 4 with digital 

flowmeter 

-- -- -- 

Laboratory measurements 

The middle soil retainer cylinder was collected for each in situ air permeability 

measurement for all field campaigns.  The volume of soil recovered was 66 cm3.  Bulk 

density (ρb), gravimetric moisture content (θm), volumetric moisture content (θw), and 

porosity (φ) were determined for each soil sample based on oven-drying.  The soil 

samples collected for Data Sets 3 and 4 were analyzed for particle size distribution (PSD) 
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according to the USDA classification scheme.  Percent organic matter was measured for 

all samples except the Rillito Creek stream-channel deposits.  The saturated hydraulic 

conductivity (Ksat) was measured using the Reynolds soil core tank method (Reynolds et 

al., 2002), which allows batch soil sample saturation for either falling head or constant 

head permeameter measurements.  Helium sparging was used to de-aerate gypsum water 

(0.005 M CaSO4•2 H2O) and soil samples were saturated slowly for twelve hours from 

below.  No biological inhibitors were added. 

Table A-3: Soil properties and particle size distribution of four agricultural soils and 
one alluvial deposit in Tucson, AZ for Data Sets 3 and 4. 

Clay Silt 
Very 
Fine 
Sand 

Fine 
Sand 

Medium 
Sand 

Coarse 
Sand 

Very 
Coarse 
Sand 

Gravel 
Soil Series n Org. 

matter 
<2 
μm 

2-50 
μm 

50-125 
μm 

125-250 
μm 

250-500 
μm 

500-1000 
μm 

1000-
2000 μm 

>2000 
μm 

   ----------------------------------------------------------%---------------------------------------------------------- 

1 Anthony 20 1.0 10.2 26.9 26.6 23.0 9.5 3.2 0.7 0.5 

2 Vinton 20 0.7 8.4 13.4 26.0 32.6 13.2 5.3 1.2 0.5 

3 Gila 20 1.1 11.7 29.9 26.0 19.3 6.1 4.6 2.5 3.1 

4 Pima 20 1.6 23.1 40.7 17.7 7.2 4.7 4.4 2.1 2.4 

5 Rillito 9 -- <0.01 <0.01 0.4 2.7 10.5 38.7 47.1 20.1 

Results and Discussion 

Confirmation of laminar flow conditions 

At each measurement point, flowrate (Q) and pressure (P) were measured at five 

pressures (3-7 cm of water) to confirm laminar flow conditions.  All measurements 

revealed linear relationships between Q and P.  Figure A-8 is an example confirming a 

laminar flow regime for in situ ka measurements along the Anthony transect.   
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Figure A-8: Linear relationships of pressure and Darcian flow for in situ ka 
measurements at ten points along the Anthony transect (Data Set 3).  All R2 values 
exceed 0.999. 

Validating the accuracy of digital flowmeter used in the field 

The digital flowmeter has an accuracy 1.5% of the full scale whereas a typical 

mechanical flowmeter has an accuracy 5% of the full scale.  The use of a digital 

flowmeter allows for improved accuracy as well as easier field operation.  However, the 

electrical components of digital flowmeters can be sensitive to moisture and particulate 

matter that may exist in the applied air.  To reduce the effects of these environmental 

factors, a moisture trap and a particulate air filter were installed in the tubing connected 

to the digital flowmeter (Figure A-4).  Although, there were some slight differences for 

the lowest permeability values, there is a strong 1:1 relationship (r=0.998) between 

measurements made using digital and mechanical flow meters (Figure A-9), 

demonstrating that the digital meters could be used under field conditions.   
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Figure A-9: Comparison of air permeability values obtained using mechanical and 
digital flowmeters for Data Sets 1 and 2 (n=71). 

Measurement errors due to instrumentation (soil corer) 

Although, the retainer cylinders inside the barrel actually cover the spanner 

wrench insertion holes along the barrel, the presence of the holes significantly impacted 

the air permeability measurements (Figure A-10).  Measurements made in the Anthony 

soil during the first measurement campaign and in the Pima soil for both campaigns show 

good agreement among the sealed and unsealed measurements.  We suspect that all other 

measurement conditions were impacted by increased short-circuit flow through the holes 

in the corer barrels, leading to higher ka values for the unsealed corers.  As a result, we 

recommend that the holes in the soil corer be sealed when using the SCAP.   
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Figure A-10: Comparison of air permeability values obtained from an unsealed soil 
corer and a sealed soil corer for Data Sets 1 and 2 (n=71). 

Applicability of the Jalbert and Dane (2003) shape factor 

The Iversen et al. (2001b) permeameter, which has D:H ratio equal to 2, is well 

described by the Liang et al. (1995) shape factor.  However, the D:H ratio of SCAP is 

0.5, which tests the lower bounds of the applicability of the Liang’s shape factor 

(hereafter referred to as “LSF”) (Liang et al., 1995).  In contrast, the Jalbert and Dane 

(2003) shape factor has been shown to approach the ex situ shape factor as the D:H ratio 

approaches 0.  Therefore, the Jalbert and Dane’s shape factor (hereafter referred to as 

“JDSF”) should be more applicable to the SCAP design.  The LSF calculated for SCAP is 

0.0068 m and the JDSF is 0.0186 m.  The best fit (minimum root mean squared error) of 

all paired in situ and ex situ sealed-barrel measurements gave a shape factor of 0.0102 m.  

Soil-specific calibration for the Anthony, Vinton, Gila, and Pima soils gives shape factors 



85 

of: 0.0091; 0.0183; 0.0157, and 0.0086 m, respectively.  All of these fitted values are less 

than the JDSF, which would lead to underestimation of ex situ ka using the JDSF (Figure 

A-11).  However, closer examination shows that the JDSF agrees most closely with the 

soil-specific values determined for the Vinton and Gila soils.  These sites were being 

used during the experiments, so the soils had been tilled, leading to more homogeneous 

conditions than for the fallow Anthony soil and heavy Pima loam.  That is, the JDSF, 

which was developed for homogeneous soils, gives reasonable values for homogeneous 

conditions.  However, the JDSF may underestimate in situ ka for the more structured 

soils.  Based on these results, we recommend site-specific calibration or ex situ 

measurement, where possible.  However, if it is likely that extraction will cause 

unacceptable structural damage to the sample, or if maximizing data collection rate is 

critical, we recommend using JDSF, especially in relatively homogeneous soils.  
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Figure A-11: In situ versus ex situ ka measurements for four agricultural soils in 
Tucson, AZ for Data Set 3 (n=40) using the Jalbert and Dane (2003) shape factor. 

Predicting Ksat from ka 

Previous research has shown a correlation between laboratory-measured ka and 

Ksat values made on the same soil sample volume in the range of -50 cm to -100 cm of 

water (Loll et al., 1999; Iversen et al., 2001a).  Comparison of the SCAP-measured ex 

situ field ka (sample volume of 232 cm3) and the laboratory-measured Ksat (sample 

volume of 66 cm3) showed mixed results (Table A-4).  In general, it can be assumed that 

the sample volumes for ka and Ksat determination are comparable.  However, caution 

should be taken if measurements are made in highly structured soils or across distinct soil 

horizons.  For our measurements, the air to water permeability ratios (ka/kw) for the Gila 

and Pima soils are very high, indicating that structural changes occurred during water 

saturation (Reeve, 1953; Whelan et al., 1995).  The remaining soils (Anthony, Vinton, 
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and Rillito Creek) show reasonable agreement (Figure A-12) with the findings of Iverson 

et al. (2001a). 

Table A-4: Mean and standard deviation for air and water permeabilities and soil 
properties for Data Sets 3 and 4.  Values in parentheses are the range of +1 standard 
deviation for the geometric mean. 

  In situ ka
† Ex situ ka

† kw 
† ka/kw 

Bulk 
Density 

Vol. 
Moisture 
Content Porosity‡ 

 
----------------------------μm2---------------------------- - g cm-3 -----------cm-3 cm-3----------- 

 (Data Set 3) 

Anthony 7.3 (5.1-10.4) 12.7 (6.2-26.0) 4.7 (3.9-5.7) 2.9 + 2.6 1.38 + 0.04 0.05 + 0.02 0.48 + 0.02 

Vinton 12.3 (7.7-19.7) 12.2 (7.3-20.4) 5.2 (3.5-7.6) 3.0 + 3.2 1.47 + 0.06 0.05 + 0.01 0.44 + 0.02 

Gila 29.7 (16.9-52.1) 41 (27.0-62.1) 2.7 (1.9-3.9) 17.3 + 10.7 1.33 + 0.04 0.11 + 0.02 0.50 + 0.02 

Pima 43.6 (25.5-74.5) 115.5 (76.8-173.6) 2.9 (1.5-5.9) 45.1 + 50.3 1.40 + 0.13 0.19 + 0.03 0.47 + 0.05 
† Geometric mean 
‡ Porosity = 1-(bulk density/2.65) 

 

 
Figure A-12: Log ka versus Log Ksat graphs for ex situ measurements for four 
agricultural soils and in situ measurements for one alluvial deposit (n=38). 
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Conclusion 

We present an analysis of the performance of the soil corer air permeameter 

(SCAP), designed for simultaneous measurement of air permeability and extraction of 

soil samples in desert soils.  Field testing showed that the digital components of the 

SCAP operate well under field conditions.  But, the spanner insertion holes on the sides 

of standard soil corer barrels must be sealed to provide meaningful in situ air 

permeability measurements.  The shape factor described by Jalbert and Dane (2003) 

gives a good approximate correction for in situ measurements for tilled, unstructured 

soils.  However, there is significant soil-specific variability in the shape factor, so we 

suggest that measurements be made ex situ, where possible.  Finally, we compared ex 

situ field air permeability and laboratory hydraulic conductivity measurements.  The 

results can be used to identify soils that experience structural changes during water 

saturation.  For those soils that do not show these effects, we found good correlation 

between ka and Ksat and reasonable agreement with previously published results.   
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Addendum 

Although manuscript #1 was already published, the Ph.D. committee suggested 

the following revisions. 

1. In applying the Darcian flux equation for air permeabililty, it is not necessary to 

assume that air permeability is equal to intrinsic permeability. 

2. Measurements were made on soils with very low moisture contents and moisture 

contents that were much drier than at field capacity.   Therefore, the term “field 

capacity” should not be used. 
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APPENDIX B: EXAMINATION OF THE APPLICABILITY OF A LINEAR 

CORRELATION BETWEEN LOG AIR PERMEABILITY AND LOG SATURATED 

HYDRAULIC CONDUCTIVITY FOR BURNED SOILS 

Karletta Chief, Ty P.A. Ferré, and Bart Nijssen 

Submitted for publication in Soil Science Society of America Journal (January 2007) 

Abstract 

Previous research has shown a linear correlation between log air permeability (ka) 

measured at –50 and –100 cm of water and log saturated hydraulic conductivity (Ksat) in 

agricultural soils.  We examined the applicability of the Loll et al. (1999) regression for 

burned soils.  Specifically, we measured in situ air permeability using a Soil Corer Air 

Permeameter and Ksat in the laboratory on extracted soil samples for two environments: 

woodland-chaparral and coniferous soils.  The median ka was lower and the median kw 

was higher in burned compared to unburned woodland-chaparral soils.  The median ka 

and kw were lower in burned coniferous soil than in unburned coniferous soils.  Despite 

these effects, the 95% confidence intervals of Loll et al. (1999) log ka-log Ksat regression 

developed for agricultural soils includes 80% of the results for burned soils.  The RMSE 

for the Loll et al. (1999) predicted log Ksat and the measured log Ksat was 0.371, 0.552, 

0.588, and 0.511 log (m day-1) for unburned woodland-chaparral burned woodland-

chaparral soils, unburned coniferous, and burned coniferous, respectively.  In comparison 

the RMSE of measurements in agricultural soils by Iversen et al. (2001a) was 0.654 log 



93 

(m day-1).  The overall RMSE for unburned and burned soils, including the Iversen et al. 

(2001a) data was 0.551 log (m day-1).  This suggests that the Loll et al. (1999) log ka-log 

Ksat regression for agricultural soils is applicable for burned soils for in situ air 

permeability measurements. 

Introduction 

In the western United States, the frequency, severity, burned acreage, and 

duration of reported wildfires have increased in the past 34 years (Savage and Swetnam, 

1990).  The cause and severity of these large, stand-replacing crown fires have been 

attributed to drought conditions and accumulated fuel loads due to land-use changes and 

wildfire suppression (Savage and Swetnam, 1990; Neary et al., 1999; Westerling and 

Swetnam, 2003).  In addition to the immediate damage to natural resources and 

infrastructure, wildfires can lead to damaging hydrologic effects, ranging from flooding 

to extensive erosion (White and Wells, 1979; Neary et al., 1999; Robichaud et al., 2000; 

Wilson et al., 2001).  Improved ability to predict the hydrologic effects of wildfires is a 

critical component of developing effective mitigation strategies.   

This research was part of a larger project to study the hydrologic effects of the 

Aspen Fire, which burned 343 km2 (84,750 acres) of the Santa Catalina District of the 

Coronado National Forest located northeast of Tucson, Arizona, in the summer of 2003. 

The objective of this study was to determine whether more readily collected ka 

measurements can be used to estimate changes in the long-term value of Ksat. 
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Furthermore, we examined whether previously-developed correlations between these 

properties, based on agricultural soils, could be applied to burned soils.  To achieve this, 

we used a Soil Corer Air Permeameter (SCAP) (Chief et al., 2006) to assess the in situ 

soil air permeability (ka), in both unburned and burned soils.  The SCAP recovers a 

standard soil sample, which we used to determine the value of Ksat after prolonged water 

saturation.   

Theory 

The permeability, k [L2], can be related to the fluid flow, Q [L3] across an area, As 

[L2], the fluid dynamic viscosity, η [M/LT], and the change in pressure ΔP [M/LT2] over 

a distance, z [L]: 

( )P
L

A
Qk

s Δ
=

η .     [B-1] 

For many conditions, the air and water permeability are equal and are referred to 

as the intrinsic permeability.  But, the air permeability under air-saturated conditions can 

be higher than water permeability under water-saturated conditions due to slip flow, air 

entrapment, shrinkage, and crack formation (Al-Jibury and Evans, 1965; Gullich and 

Werner, 1984).  Furthermore, Reeve (1953) demonstrated through field and laboratory 

experiments that the ratio of air to water permeability (ka/kw) can be greater than one if a 

soil has experienced slaking, swelling, dispersion or other processes during wetting.  

These considerations suggest that while air permeability may be used to estimate the 
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intrinsic permeability, and therefore the saturated hydraulic conductivity, site-specific 

conditions can lead to a complex relationship between these properties. 

For in situ air permeability measurements, the effects of divergent flow beyond 

the outflow end of an inserted air permeameter are addressed by applying a device-

specific shape factor, A [L] (Grover, 1955; Jalbert and Dane, 2003).  The shape factor is 

defined based on the ratio of As to L, reducing Eq. [B-1] to:  

PA
Qka Δ

=
η .     [B-2] 

In this study, we measurede the saturated hydraulic conductivity in the laboratory.  

The saturated hydraulic conductivity, Ksat, is related to the water permeability, kw, as: 

kw = Ksat
η
ρg

.     [B-3] 

Materials and Methods 

Field measurements 

The Sabino Canyon Watershed is approximately 91 km2 in area and is covered 

with thin soils where the primary parent material is igneous in nature (granite and gneiss) 

(DuBois, 1959).  Nearly 75 km2 (or 82%) of the Sabino Canyon Watershed was burned 

by the Aspen Fire, and of the burned area 12% was classified as high burn severity, 36% 

as moderate burn severity, and 52% as low burn severity (Figure B-1).  Sabino Canyon 

has a rugged, steep, and rocky terrain with elevations varying from less than 850 m to 

almost 2800 m (Guardiola-Claramonte, 2005).  The vegetation varies from the lower 
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elevations consisting of southwestern desert shrub, broadleaf woodland-chaparral 

between 1300 and 2200 m, coniferous forest (transition) between 1900 and 2200 m, and 

coniferous forest (mixed conifer) at elevations greater than 2200 m (Coronado National 

Forest, 2003; Guardiola-Claramonte, 2005).   

 

Figure B-1: Unburned and burned sites at varying elevations and burn severities 
located in and around Sabino Canyon Watershed near Tucson, AZ. 
 

Twenty-two unburned and burned sites were selected in and near the Sabino 

Canyon Watershed and were located in rugged terrains for which the portability of SCAP 

proved to be very useful (Figure B-1).  Six unburned and seven burned sites were located 

in broadleaf woodland-chaparral and three unburned and six burned sites were located in 

coniferous forest (transition and mixed).  At each site, a 100 m2 plot was subdivided into 

a 25-point square grid upon which in situ ka was measured with the Soil Corer Air 

Permeameter or SCAP (Chief et al., 2006) using the field setup shown in Figure B-2.  

SCAP is a custom-made, stainless steel, 8.26 cm (3¼ in.) outer diameter (OD) cap that 

threads onto a soil corer barrel.  SCAP was designed for use with any standard 5.72 cm 

(2¼ in.) OD soil core sampler (Soil Core Sampler Product No. 200, Soilmoisture 

Phoenix

Tucson
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Equipment Corp., Santa Barbara, CA).  SCAP has a 0.64 cm (¼ in) OD air inlet and 

pressure measurement ports with Tygon© tubing connecting to a digital manometer, 

digital flowmeter and pressurized air tank.   

3 cm

 

Figure B-2: Illustration of field set-up for measuring in situ ka using SCAP with insert 
showing extracted soil corer and three soil retainer cylinders. 
 

SCAP measured in situ ka of very dry soils with corer barrel volume of 232 cm3 

(5.3 cm inner diameter (ID) by 10.5 cm length).  Chief et al. (2006) recommended 

making ex situ measurements unless, as in this case due to safety and environmental 

risks, rapid data collection was necessary.  In situ ka was determined for the SCAP 

measurements using the Jalbert and Dane (2003) shape factor, which was shown to apply 

for tilled, unstructured soils (Chief et al., 2006).  The middle soil retainer of 5.3 cm ID 
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(2.09 in ID) by 3 cm (1.18 in.) length or 66 cm3 sample was trimmed and retained for 

further laboratory analysis.   

Air permeability measurements were made at the burned sites 3 to 39 days after 

the wildfire was contained; measurements were made 7 to 332 days after containment at 

the unburned sites.  There were six unburned (UNB-WC) and seven burned (BUR-WC) 

woodland-chaparral sites and, three unburned (UNB-CON) and six burned (BUR-CON) 

coniferous sites.  This resulted in a total of 513 data points, of which 13% were 

eliminated due to disturbance of soil, presence of rock outcrop, or technical 

complications.  The final data set was comprised of 110 unburned and 144 burned 

woodland-chaparral data points and 65 unburned and 126 burned coniferous data points 

for a total of 445 measurements. 

Laboratory measurements 

For each retained undisturbed 66 cm3soil sample, the saturated hydraulic 

conductivity (Ksat) was measured using the Reynolds soil core tank method (Reynolds et 

al., 2002), which allows simultaneous saturation of multiple soil samples for either falling 

head or constant head permeameter measurements.  Helium sparging was used to de-

aerate gypsum water (0.005 M CaSO4–H2O) and soil samples were saturated slowly for 

12 h from below.  No biological inhibitors were added.  It should be noted that this 

laboratory method gives a measure of Ksat that would apply after prolonged saturation; in 
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situ water permeability measurement would be more appropriate for estimating the 

hydraulic properties of the soil in response to initial wetting after a fire. 

A bulk soil sample was collected at the surface at each site, and analyzed for 

particle size distribution (PSD) according to the United States Department of Agriculture 

(USDA) classification scheme and percent total organic carbon using the Nitrogen-

carbon-sulfur (NCS) analysis.  Bulk density (ρb), gravimetric moisture content (θm), 

volumetric moisture content (θv), and porosity (φ) were determined for each undisturbed 

soil sample based on oven drying.  Dry bulk density was calculated by the ratio of the 

oven dry soil mass and total soil volume.  Gravimetric moisture content was calculated 

by the difference of the initial soil mass and the oven dry soil mass.  The volumetric 

moisture content was calculated by multiplying the θm by the ratio of ρb and water 

density (ρw).  Percent organic matter was calculated by multiplying percent total organic 

carbon by two (Schwarzenbach et al., 1993).  Particle density (ρs) was approximated 

using the regression equation for ρs based on percent organic matter (Rühlmann et al., 

2006).  Porosity was determined by the difference of 1 and the ratio of ρb and ρs. 

Statistical analysis 

Air permeability and hydraulic conductivity were shown to be log-normally 

distributed (Ball, 1981; Russo and Bouton, 1992; Schjønning et al., 1995).  The Lilliefors 

(1967) test was used to evaluate the hypothesis that log transformed ka or Ksat of 

unburned and burned soils were normally distributed at the 5% level.  This test is similar 
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to the Kolmogorov-Smirnov test, but it adjusts for the fact that the parameters of the 

normal distribution are estimated from log ka or log Ksat rather than specified in advance.  

The p-values of the Lilliesfors (1967) test for log ka or log Ksat were computed such that p 

less than 0.05 indicated a distribution that was not normal.  The confirmation of a normal 

distribution of air and water permeability requires log-transformed values before 

statistical analysis is performed and before correlation between variables is determined.  

To show the impacts of fire, log cumulative frequency distributions of air and water 

permeability are shown for unburned and burned ka (circles) and kw (lines) in each 

vegetation zone. 

Linear correlation of log ka and log Ksat 

Prior research demonstrated a correlation between ka and Ksat for air permeability 

measured at –50 and –100 cm of water (Loll et al., 1999; Iversen et al., 2001a).  Loll et 

al. (1999) presented a robust and accurate log ka and log Ksat relationship for 1614 

samples in nine different soil types and three horizons.  For 100 cm3 soil samples, Loll et 

al. (1999) found a relationship of log Ksat [log (m day-1)] = 1.27 log ka [log (m2)] + 14.11 

with an R2 of 0.75 for laboratory ka measurements at a matric water potential of –100 cm 

of water.  The Loll et al. (1999) regression had 95% confidence intervals which indicated 

a prediction accuracy better than +0.7 order of magnitude.  Loll et al. (1999) 

acknowledged possible limitations for very sandy organic soils and for soils at depths in 
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the B/C horizons.  Ball and Schjønning (2002) highlight the ka and Ksat regression by Loll 

et al. (1999) because of its accuracy and extensive supporting data.   

Iversen et al (2001a) also found a good relationship between log ka and log Ksat in 

three of four soil types for large (6280 cm3) and small (100 cm3) soil samples.  For the 

same volume size as Loll et al. (1999), Iversen et al. (2001a) found a similar relationship 

of log Ksat [log (m day-1)] = 1.29 log ka [log (m2)] + 14.55 with an R2 value of 0.77.  

These laboratory ka measurements were measured at –50 cm of water for 171 samples.  

The Iversen et al. (2001a) regression had 95% confidence intervals that indicated an 

accuracy better than +1.2 orders of magnitude.  Structured soils exhibited greater 

variability in air and water permeabilities than in sandy soils.  Also, a poor relationship in 

one sandy soil emphasized the importance of sufficient drainage for soils with a 

significant number of medium-sized pores.  The Iversen et al. (2001a) regression matched 

the correlation presented by Loll et al. (1999) very well and the two regressions were 

very similar in slope and y-intercept despite the fact that the soil samples were drained to 

different matric potentials.   

To determine whether a correlation exists for in situ ka and Ksat in unburned and 

burned soils, measurements were compared to the Loll et al. (1999) regression equation.  

The data in this study was also compared to and combined with measurements from 

Iversen et al. (2001a) study (n=169).  The root mean square error for log Ksat predicted by 

the Loll et al. (1999) regression and the measured log Ksat was calculated to examine how 

well the regression model of Loll et al. (1999) fits Ksat measurements in burned soils.  
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The site-specific linear regression for log ka and log Ksat was found using ordinary least 

squares.  Using the statistical analysis presented by Loll et al. (1999) to determine the 

uncertainty of site-specific relationships, the 95% confidence interval associated with the 

linear regression was used as a graphical indicator of the prediction quality.   

Because regression confidence interval requires well-behaved parameter 

distributions, a more robust non-parametrical statistical analysis was also performed to 

compare site-specific regressions and to evaluate regression performance.  This was 

accomplished by determining the non-parametric 95% confidence interval using a bias 

corrected and accelerated (BCa) percentile bootstrapping method (Efron and Tibshirani, 

1993).  Two indicators, slope (α) and location were evaluated according to the detailed 

bootstrap method described by Loll et al. (1999) for 1000 bootstrap runs.  Location, a 

more meaningful physical parameter, is defined instead of evaluating the regression 

intercept.  Location is the difference between the average log Ksat predicted from the Loll 

et al. (1999) regression and the average log Ksat predicted from the site-specific 

regression.  This analysis was completed using S-PLUS ® 7.0 Student Edition for 

Windows, Trial Version, Mathsoft, Inc.   

Results and Discussion 

Soil physical properties 

The majority of the unburned and burned soils were classified as sandy loams 

(Table B-1).  The organic matter of the soils ranged from 1.7 to 17.2% for unburned 
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woodland chaparral soils and 1.1 to 14.7% for burned woodland chaparral soils.  The 

organic matter of unburned and burned coniferous soils ranged from 6.3 to 20.9% and 2.1 

to 8.3%, respectively.  The coniferous soils had higher organic matter contents than 

woodland-chaparral soils and the organic matter in coniferous soils decreased after the 

fire.  Because of the range in organic matter of the soils, the particle density used to 

determine porosity was estimated based on the percent organic matter content (Rühlmann 

et al., 2006).   

The combustion of organic matter destroys the aggregate soil structure often 

leading to an increase in bulk density and a decrease in porosity after a fire.  This was 

evident in the post-fire soil physical properties of coniferous soils (Table B-1).  For 

woodland-chaparral soils, there was no significant change in bulk density and porosity 

(Kolmogorov-Smirnov two-sample test, p>0.05).  However, for coniferous soils, there 

was a significant increase in bulk density and a significant decrease in porosity 

(Kolmogorov-Smirnov two-sample test, p<0.05).  All soils had very low moisture 

contents. 
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Table B-1: Texture, percent organic matter and particle size distribution measured on 
bulk soil samples collected at each site and soil properties measured on individual 
retained soil samples. 

Clay Silt Sand
<2 μm 2-50 μm 50-2000 μm

Mg m-3

UNB-WC Sandy Loam 5.3 + 5.3 9.3 + 2.9 24.6 + 4.8 66.0 + 6.1 1.32 + 0.19 0.40 + 0.09 0.05 + 0.07
BUR-WC Sandy Loam 5.2 + 4.9 6.3 + 3.7 18.1 + 3.7 75.7 + 9.1 1.35 + 0.18 0.41 + 0.12 0.08 + 0.09
UNB-CON Sandy Loam 13.6 + 10.3 10.1 + 9.2 32.0 + 6.6 58.0 + 16.3 1.09 + 0.26 0.55 + 0.13 0.07 + 0.05
BUR-CON Sandy Loam 5.5 + 5.5 11.3 + 2.6 21.1 + 9.5 67.7 + 11.0 1.31 + 0.28 0.46 + 0.13 0.09 + 0.08

Category Texture
Organic 
matter‡

Bulk 
density Porosity§

Moisture 
Content

-----------m-3 m-3--------------------------------------%---------------------------

‡Percent organic matter calculated by multiplying percent total organic carbon by two (Schwarzenbach et al., 
1993).
§ Porosity = 1-(Bulk Density/Particle Density), where Particle Density is based on % Organic Matter (Rühlmann 
et al., 2006)
Bulk Density = Oven Dry Soil Mass/Total Volume
Volumetric Moisture Content = (Initial Soil Mass - Oven Dry Soil Mass)*(Bulk Density/Density of Water)  

Air and water permeability 

Previous research found that distributions of air and water permeability are 

skewed and are log-normally distributed.  Table B-2 lists the statistical results for log ka 

and log Ksat measurements of unburned and burned woodland-chaparral and coniferous 

soils.  The p-value for the Lilliefors (1967) test of lognormality shows that ka was log-

normally distributed in all of the soils except for the burned coniferous soils.  Ksat was 

log-normally distributed in the burned (p=0.08) and unburned (p=0.05) woodland-

chaparral soils.  The unburned and burned coniferous soils failed to show a normal 

distribution.  In general, these results indicated that statistical analyses of log-transformed 

values of ka and Ksat was required and results were consistent with prior research (Ball, 

1981; Russo and Bouton, 1992; Schjønning et al., 1995).  The cumulative frequency 

distribution analysis and determination of correlation were performed on log transformed 

ka and Ksat in unburned and burned soils. 
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Table B-2: Range, mean, standard deviation, and p-value for Lilliefors (1967) test of 
lognormality for ka and Ksat measurements for individual data sets of unburned and 
burned soils and the entire combined data set. 

Category/Soil Type n μ σ p -value μ σ p -value

UNB-WC 110 -10.80 -9.29 -10.02 0.33 >0.95 0.10 2.73 1.32 0.58 0.05
BUR-WC 144 -11.07 -9.20 -10.09 0.41 0.07 0.39 2.73 1.54 0.47 0.08
UNB-CON 65 -10.69 -9.09 -9.82 0.33 >0.95 0.37 2.94 1.77 0.49 <0.01
BUR-CON 126 -11.67 -9.30 -10.04 0.42 <0.01 0.03 2.34 1.41 0.65 <0.01
All Sabino Soils 445 -11.67 -9.09 -10.02 0.39 0.04 0.03 2.94 1.48 0.57 <0.01
Iversen et al. (2001a) 169 -13.22 -10.00 -11.21 0.86 <0.01 -3.21 2.09 0.13 1.26 <0.01
NA-Not Applicable

Range

-------------------log (m2)-------------------

Log K sat

----------log (m day-1)----------

Range
Log k a

 

The low clay content of these coarse-textured soils (Table 1) resulted in a narrow 

range of log ka and log Ksat values.  The ranges (maximum minus minimum) of log ka and 

log Ksat for all unburned and burned measurements were similar and were 2.6 log (m2) 

and 2.9 log (m day-1), respectively (Table 2).  Specifically, SCAP log ka ranged from –

11.7 to –9.1 log (m2).  In contrast, the Iversen et al. (2001a) data had a larger log ka range 

of 3.2 log (m2) with a minimum log ka of –13.2 log (m2) to a maximum log ka of –10.0 

log (m2).  Because of the narrow range of unburned and burned sandy loams, extending 

the correlation of log ka and log Ksat in finer-textured burned soils could not be evaluated.   

In the cumulative frequency distribution, the burned woodland-chaparral soils had 

a lower median ka (80 μm2) than unburned woodland-chaparral soils (96 μm2), however, 

this decrease was not significant and too small to be evident in Figure B-3A 

(Kolmogorov-Smirnov two-sample test, p>0.05).  For the coniferous vegetation zone, 

there was a significant difference in ka between the burned (111 μm2) and unburned (150 

μm2) measurements (Figure B-3B) (Kolmogorov-Smirnov two-sample test, p<0.05).  For 

all unburned and burned soils, kw was generally higher than ka (Figure B-3A and B-4B).  
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Unlike the small decrease of ka in burned woodland-chaparral soils, the median kw of the 

burned soil (429 μm2) was significantly higher than that of the unburned soil (196 μm2) 

(Figure B-3A) (Kolmogorov-Smirnov two-sample test, p<0.05). In contrast, the median 

kw was significantly lower in the burned coniferous zone (478 μm2) than in the unburned 

(862 μm2) (Figure B-3B) (Kolmogorov-Smirnov two-sample test, p<0.05).  Furthermore, 

the indicator of structural stability of the soil, the ratio of ka to kw, decreased significantly 

from 0.54 + 0.42 to 0.33 + 0.42 for the woodland-chaparral soils (Kolmogorov-Smirnov 

two-sample test, p<0.05).  For the coniferous soils, there was essentially no significant 

change from 0.56 + 1.34 to 0.59 + 0.92 (Reeve, 1953) (Kolmogorov-Smirnov two-sample 

test, p>0.05). 
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Figure B-3: Cumulative frequency distributions for ka and kw for unburned and 
burned sites in each vegetation zone. 
 

The change in air to water permeability ratio for woodland-chaparral soils 

indicates structural change between air and water permeability measurements.  The 

increased shift of kw was likely due to cracks formed during the extraction of extremely 

dry burned soils which were more vulnerable to structural disturbance.  These cracks 

would lead to preferential flow in kw measurements resulting in an increase in kw (Al-

Jibury and Evans, 1965; Gullich and Werner, 1984).  Preferential flow due to a 
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macropore network from burned-out roots is also a consideration for increased kw values 

after a fire.   

The air to water permeability ratio for coniferous soils did not change and 

structural disturbance was not an issue for the burned soils.  As expected, both ka and kw 

decreased in coniferous soils.  Coniferous soils had high levels of organic matter and the 

decrease of in situ ka from unburned and burned coniferous soils was attributed to the 

disaggregation of large pores due to combustion of organic matter.  This led to a more 

distinct decrease in ka for coniferous soils than for woodland-chaparral soils.  

Furthermore, post-fire coniferous soils increased in bulk density and decreased in 

porosity and these post-fire soil physical changes led to a decrease in kw in burned 

coniferous soils.  High amounts of ash were also observed in the field for coniferous soils 

and it is likely that the relocation of ash or fines in larger pores contributed to decreased 

kw measurements.   

Predicting Ksat from ka 

To determine the goodness of fit for each vegetation type, the unburned and 

burned log ka and log Ksat for each vegetation zone is shown individually in Figure B-4.  

Of the four categories, the unburned woodland-chaparral exhibited the strongest 

correlation between log ka and log Ksat with a 95% prediction accuracy of +1.3 orders of 

magnitude.  The burned coniferous soils also exhibited a correlation with a 95% 

prediction accuracy of +1.5 orders of magnitude.  Although, the ranges of log ka for the 
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woodland-chaparral in the unburned and burned measurements were similar, the burned 

woodland-chaparral did not exhibit a strong correlation.  The variability of Ksat in the 

burned woodland-chaparral soils was very high.  The unburned coniferous soils exhibited 

the poorest correlation with an extremely large 95% prediction interval of +3.8 orders of 

magnitude (where the upper interval is outside the Ksat range on the graph).  The high 

variability of Ksat for the unburned coniferous soils contributed to a poor prediction.  

 

Figure B-4: Log ka versus Log Ksat graphs for in situ measurements for A) unburned 
woodland-chaparral, B) burned woodland-chaparral, C) unburned coniferous, and D) 
burned coniferous soils. 
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The predictive relationship for all soils including the Iversen et al. (2001a) data 

demonstrated a strong correlation with a 95% confidence interval of +0.7 orders of 

magnitude (Figure B-5).  The predictive relationship was similar to that of Loll et al. 

(1999) except in the lower log ka range where the prediction relationship was higher than 

the Loll et al. (1999) prediction.  The 95% confidence interval was similar to the 

confidence interval of Loll et al. (1999) and the lower 2.5% confidence interval was 

within the 2.5% confidence interval of Loll et al.(1999).  Overall, 80% of the burned data 

was within the 95% confidence interval of Loll et al. (1999). 
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Figure B-5: Log ka versus Log Ksat graphs for in situ measurements for unburned and 
burned woodland-chaparral and coniferous soils and Iversen et al. (2001a) 
agricultural soils. 
 

To compare and evaluate the performance of site-specific regressions and 

applicability of the Loll et al. (1999) predictive relationship to burned soils, the 95% 

confidence intervals for the slope (α) and location was computed using the BCa percentile 

bootstrap method (Figure B-6).  The dotted line in Figure B-6A indicates the slope of 

1.27 for the Loll et al. (1999) prediction and the 95% confidence interval for the 

unburned and burned woodland-chaparral and coniferous soils and Iversen et al. (2001a) 

soils.  The slope of the unburned woodland-chaparral was very close to the α of Loll et al. 



112 

(1999) and the 95% confidence interval of α encompassed the α of Loll et al. (1999) 

(Figure B-6A).  In addition, the location values demonstrated that the Loll et al. (1999) 

provided the best estimates of log Ksat for the unburned woodland chaparral (Figure B-

6B) with a slight log Ksat overestimation of +0.07 orders of magnitude.  The α of the 

burned coniferous soils was near the α of Loll et al. (1999) but the 95% confidence 

interval did not include the α of Loll et al. (1999).  However, the location indicated that 

the Loll et al. (1999) provided a close estimate of log Ksat for burned coniferous soils with 

a slight log Ksat underestimation of -0.06 orders of magnitude.   

 

Figure B-6: Comparison of Slope (A) and Location (B) and BCa estimates of the 95% 
confidence interval for unburned and burned woodland-chaparral and coniferous, and 
Iversen et al. (2001a) agricultural soils. 
 

The poorest performance was exhibited by the burned woodland-chaparral and 

unburned coniferous soils, where the slope of the unburned coniferous was the smallest 

slope and its 95% confidence interval was drastically far from the slope of Loll et al. 
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(1999) prediction.  Furthermore, the location for burned woodland-chaparral and that the 

Loll et al. (1999) prediction was the worst and resulted in -0.28 orders of magnitude of 

underestimation.  Nevertheless, with all the soils combined, the overall α was close to the 

slope of Loll et al. (1999) prediction with 95% confidence interval marginally missing the 

inclusion of the α of Loll et al. (1999).  However, the location for all soils did not 

seriously underestimate log Ksat (-0.15 orders of magnitude) and the 95% confidence 

interval included the Loll et al. (1999) prediction.   

Overall, the correlation of log ka and log Ksat was the best for unburned woodland 

chaparral soils with a 95% prediction accuracy of +1.2 orders of magnitude, a slope close 

to the slope of the Loll et al. (1999) prediction, and a small overestimation of log Ksat by 

Loll et al. (1999) as demonstrated by the location.  However, the accuracy of this 

prediction decreased in burned woodland-chaparral soils where there was a high 

variability in log Ksat and the slope for the site-specific relationship was very low.  

Furthermore, the Loll et al. (1999) prediction underestimated log Ksat by 0.28 orders of 

magnitude.  The air to water permeability ratio indicates that a poor correlation of log ka 

and log Ksat and the opposing shifts of ka and kw due to structural disturbance during soil 

extraction or wetting of burned soil samples, contributed to this poor correlation. 

Although, both ka and kw decreased in burned coniferous soils, the correlation 

between ka and Ksat was not as strong as the unburned woodland-chaparral soils.  The 

burned coniferous soils had the second strongest correlation with a slope closer to one 

and a location that indicated a small underestimation of log Ksat (-0.06 orders of 
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magnitude) by the Loll et al. (1999) prediction.  However, the correlation for unburned 

coniferous soil was the poorest with an extremely low slope and 95% prediction accuracy 

of +3.8 orders of magnitude.   

Despite the post-fire soil physical changes and structural disturbances, the 95% 

confidence intervals of the Loll et al. (1999) linear relationship between log ka and log 

Ksat developed for agricultural soils included 80% of the results for burned soils.  The 

RMSE for log Ksat predicted from log ka using the preexisting correlation is 0.371, 0.552, 

0.588, and 0.511 log (m day-1) for unburned woodland-chaparral, burned woodland-

chaparral soils, unburned coniferous, and burned coniferous, respectively.  The RMSE of 

the Iversen et al. (2001a) data was 0.654 log (m day-1) and the overall RMSE for 

unburned and burned soils including the Iversen et al. (2001a) data was 0.551 log (m day-

1).  Despite the fact that air permeability was measured in situ rather than ex situ with 

defined boundary conditions under controlled laboratory matric potentials, the Loll et al. 

(1999) log ka-log Ksat regression for agricultural soils was applicable for burned soils 

within reasonable limits. 

Conclusion 

The Loll et al. (1999) log ka-log Ksat regression proved to be a reasonable 

predictor of long-term Ksat for in situ ka measurements in burned soils.  As a result, in situ 

air permeability measurements collected soon after a fire provided useful information for 

the immediate fire-induced changes in soil physical properties and the long term impacts 
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on Ksat.  However for certain burned soils (e.g. woodland-chaparral soils), structural 

instability due to extraction or wetting is an important consideration that can lead to 

errors in estimating Ksat.  A comparison of in situ air and water permeability 

measurements will allow for predicting and determining the immediate impacts of fire on 

the hydrologic response of soil upon initial rewetting and could have more direct impacts 

to estimating runoff generation. 
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Addendum 

Although manuscript #2 was already revised and re-submitted to Soil Science 

Society of America Journal, the Ph.D. committee suggested the following revisions. 

1. Under the second paragraph of “Laboratory measurements,” the particle size 

distribution (PSD) analysis according to USDA needs a better description. 

2. For Table B-1, define + standard deviation. 

3. Explain and define p values. 

4. For Figure B-4, restate “graphs” as “scatterplots.” 
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Abstract 

Air permeability (ka) is a viable alternative to water and textured based methods 

to rapidly map saturated hydraulic conductivity (Ksat).  Previous research established a 

correlation between log ka and log Ksat for agricultural soils based on ex situ 

measurements.  However, in situ ka measurements in non-agricultural soil showed a 

decrease in accuracy for correlations and may be attributed to soil anisotropy.  We 

developed a three-dimensional steady-state finite element air flow model using FEMLAB 

3.0A to consider the effects of anisotropy on in situ ka measurements.  Results show that 

anisotropic conditions can introduce an error as high as a factor of 2 especially for air 

permeameters with a high diameter to height (D/H) ratio, however, the error is much 

smaller than the anisotropy ratio.  If anisotropy is important to characterize, we showed 

that paired measurements of in situ and ex situ ka can be used to infer the anisotropy ratio.  

This approach is more sensitive for larger D/H ratios, and when horizontal permeability is 

lower than the vertical permeability.  Field application of this method showed qualitative 

agreement but anisotropy alone was not able to fully explain the difference between in 

situ and ex situ permeability measurements. 
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Introduction 

Air permeameters can provide rapid measurements of the permeability of near 

surface sediments (Steinbrenner, 1959; van Groenewoud, 1968; Iversen et al., 2001b).  

Based on the demonstrated log-log correlation between air permeability (ka) and saturated 

hydraulic conductivity (Ksat) (Iversen et al., 2001a; Loll et al., 1999), these measurements 

can be used to estimate Ksat without the need to apply water to the soil.  The ability to 

measure this important hydraulic property without the use of more cumbersome, time-

consuming direct methods may provide a practical approach to generate more complete 

data for use in distributed hydrologic models.   

Research indicating a log-log correlation between ka and Ksat is based on ex situ ka 

with well-defined boundary conditions.  For agricultural soils, the Loll et al. (1999) 

regression had 95% confidence intervals which indicated a prediction accuracy better 

than +0.7 order of magnitude.  Iversen et al (2001a) also found a good relationship 

between log ka and log Ksat with a regression that had 95% confidence intervals which 

indicated an accuracy better than +1.2 orders of magnitude.  Iversen et al. (2003) posed 

that in situ ka could prove to be a promising tool to estimate Ksat and characterize spatial 

variability.  Chief et al. (Revised and Submitted – 2007) tested the applicability of this 

log-log linear correlation for in situ ka and laboratory Ksat in non-agricultural soils 

resulting in site specific regressions which had 95% confidence intervals as high as +3.8 

orders of magnitude and as low as +1.2 orders of magnitude.  Chief et al. (Revised and 

Submitted – 2007) hypothesized that this decrease in the accuracy of the ka versus Ksat 
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relationship in some burned soils may have been due in part to soil anisotropy.  In this 

study, we examine the potential impacts of anisotropy on in situ air permeability 

measurements.  In addition, we show that in situ and ex situ measurements can be used to 

identify anisotropy and, in some cases, to infer both the vertical and horizontal 

permeabilities. 

Theory 

Air permeability is defined as the ability of soil to transmit air through 

interconnected air-filled pores under an imposed air pressure gradient.  Like hydraulic 

conductivity, air permeability is a function of volumetric water content, porosity, pore 

size distribution, and pore geometry (Roseberg and McCoy, 1990).  Unlike water flow, 

the flow of gases through porous media has been shown to exhibit non-Darcian “slip 

flow” in that velocities near the pore wall are non-zero (Klinkenberg, 1941).  Weeks 

(1978) demonstrated that “slip flow” is only significant for soils with air permeability 

less than 0.01 μm2 such as soils with high silt and clay fractions (Springer et al., 1995).  

For most soils, air permeability can be measured by imposing controlled, isothermal, 

steady-state, laminar air flow conditions and applying Darcy’s law.   

Assuming negligible air density, the air flux, q [L/T], under an applied vertical 

pressure gradient, dP/dz [-] with a dynamic viscosity of air of η [M/LT] can be described 

as: 
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The air permeability, ka [L2], can be determined with in situ paired measurements 

of the pressure gradient and the air flow, Q [L3/T] at steady-state as:   

( )ois
a PP

Q
A
Hk

−
=

η    [C-2] 

where the area perpendicular to flow, As [L2], is the inner area of the air permeameter and 

the path length, H [L], is the length of the inserted cylinder.  The air pressures at the top 

and bottom of the inserted cylinder are Pi and Po [M/LT2], respectively.   

Several designs have been described for surface and insertion air permeameters to 

measure the air permeability of in situ and ex situ soil samples (Grover, 1955; Corey, 

1957; Steinbrenner, 1959; Davis et al., 1994; Fish and Koppi, 1994; Iversen et al., 2001b; 

Jalbert and Dane, 2003).  The Soil Corer Air Permeameter (SCAP) is an alternative 

design for an air permeameter that has been designed for insertion into desert soils, which 

are often too hard to allow for manual insertion and too gravelly to allow for surface 

measurements (Chief et al., 2006).  SCAP was developed to work with commercially 

available soil corers, making use of their driving mechanisms and sample retainer 

cylinders.  This design also allows for in situ and ex situ measurements of air 

permeability (Figure C-1).   
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Figure C-1: Air flow lines associated with ex situ and in situ air permeability 
measurements for insertion air permeameters. 
 

For in situ measurements the air flow through the soil beyond the end of the air 

permeameter is not one-dimensional.  The effects of this divergent flow beyond the 

outflow end of an inserted air permeameter can be addressed by applying a shape factor 

(Grover, 1955; Liang et al., 1995).  Frevert (1948) and Grover (1955) used experimental 

data from electrolytic models to estimate the shape factor for various diameters and 

insertion depths of air permeameters.  Kirkham et al. (1958) and Boedicker (1972) later 

modified Grover’s (1955) nomograms.  Liang et al. (1995) and Jalbert and Dane (2003) 

used finite element models to improve shape factor estimates for different air 

permeameters.  These shape factor models apply a single shape factor for in situ air 

permeability measurements in homogeneous and isotropic soils, which is only dependent 

on the geometry of the air permeameter. 

Assuming zero gauge pressure at the ground surface, the shape factor is used to 

relate the known applied flow and input pressure to the air permeability by multiplying 
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the inserted length of the air permeameter by a constant unitless factor, Λ [-].  This gives 

an expression for the air permeability as: 

is
a P

Q
A
Hk η

Λ=     [C-3] 

The multiplier can be combined with the height and diameter, D [L], of the air 

permeameter to form a dimensionless shape factor, G: 

H
DG

Λ
=

π25.0     [C-4] 

Then, the air permeability can be calculated as: 

i
a GDP

Qk η
= .    [C-5] 

Liang et al. (1995) developed a two-dimensional finite element air flow model for a 

homogenous and isotropic medium in cylindrical coordinates (using a finite element 

method from ANSYS FEA 5.0, Swanson Analysis Systems, Inc., Canonsburg, PA, Field 

size model entitled “ANSYS F”) to estimate the shape factor.  The shape factor is 

dependent on the diameter and insertion height of the air permeameter and is valid for 

diameter to height ratios less than ten.  More recently, Jalbert and Dane (2003) developed 

the same two dimensional air flow finite element model using HYDRUS2D (Šimùnek et 

al., 1996) but with a larger simulation volume and increased triangular density near the 

bottom insertion edges.  The Jalbert and Dane (2003) shape factor estimate as a function 

of the diameter to height (D/H) ratio of the air permeameter is:  
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where D [L] is the diameter of the ring, and H [L] is the height of ring inserted into the 

soil.  None of the previous studies have considered the possible impacts of anisotropy on 

the instrument response. 

Materials and Methods 

A radially symmetric model (e.g. Jalbert and Dane, 2003) could be used to 

investigate vertical and horizontal anisotropy.  However, we chose to develop a three-

dimensional model, which could be extended to consider the effects of non-horizontal 

layers and heterogeneous property distributions.  The three-dimensional steady-state 

finite element air flow model was developed using FEMLAB 3.0A (Comsol, Inc., Los 

Angeles, CA).  The flux through the permeameter for an applied pressure was determined 

by integrating the normal component of the calculated boundary flux over the soil surface 

within the permeameter.   

Field measurements 

Chief et al. (2006) measured air permeability at the soil surface (Horizon A) on 

four agricultural soils.  These measurements were made on soils with very low moisture 

contents.  We show results for these soils: Anthony very fine sandy loam (VFSL); Vinton 

fine sandy loam (FSL); Gila very fine sandy loam (VFSL); and Pima loam (L).  At the 

subgroup level, the agricultural soils were classified as “Typic Torrifluvents.”  Anthony 
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and Gila belong in the “coarse-loamy, mixed, calcareous, thermic, Typic Torrifluvent” 

family taxonomic classification.  The Vinton soil belongs in the “sandy, mixed 

(calcareous), thermic Typic Torrifluvent” and the Pima soil belongs in the “fine-silty, 

mixed (calcareous), thermic Typic Torrifluvent” classification.  At each agricultural site, 

ex situ and insitu air permeability measurements were taken along a 14-18 m transect at a 

2 m interval (Chief et al., 2006). 

FEMLAB model 

FEMLAB consists of a graphical and MATLAB scripting interface that can be 

used individually or together to build and execute the solver.  The applicable partial 

differential equation, model domain, boundary conditions, initial conditions, material 

properties, sources, and fluxes are defined within the FEMLAB model.   

We solve the steady-state flow problem which can be expressed as:  

,F
dt
dPda =Γ•Δ+    [C-7] 

where P is the pressure, t is time, da is the inverse of the diffusion coefficient, Γ is the 

spatial flux vector in terms of P, and F is the internal source term.  For our conditions, da 

and F are set to zero.  Neumann boundary conditions define the flux normal to the 

boundary according to: 

fGn =Γ•− ,    [C-8] 
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where n is the normal vector and Gf is the flux across the boundary.  Gf is zero for 

impermeable boundaries.  Within FEMLAB, a Dirichlet boundary condition defines the 

potential at the boundary as: 

μ
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f P
RGn ⎟
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⎞

⎜
⎝
⎛

∂
∂

+=Γ•− ,  [C-9] 

where R is the specified potential, T is the transpose, and μ is the Langrangian multiplier.  

In FEMLAB, a constant applied pressure, Pi, for a Dirichlet boundary is defined as: 

R = Pi - P.    [C-10] 

We solve the steady-state air flow problem expressed as: 
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where Pe is the excess pressure above atmospheric pressure (gauge pressure).  Allowing 

for different air permeabilities in the vertical (kaz) and horizontal (kax and kay) directions, 

we solve: 
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where kax is the air permeability in the x-direction, kay is the air permeability in the y-

direction, kaz is the air permeability in the z-direction, and η is the air viscosity.  We 

assume that the air permeabilities in the x and y directions, kax and kay, are equal.  We 

relate the permeability in the vertical direction to the horizontal permeability as: kaz = 10a 

kax. We consider anisotropy ratios ranging from 0.06 to 15.8 which are represented by a 
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values ranging from -1.2 to +1.2 at 0.3 increments.  An isotropic medium has an a of 

zero.  The internal diameter of the air permeameter was kept constant at 5.3 cm with a 

wall thickness equal to D/20.  The length of SCAP was varied to simulate D/H ratios of 

0.25, 0.5, 1, 2, 4, 6, 8, and 10.   

 

 

Figure C-2: Three-dimensional finite element mesh for entire domain and the region 
near the permeameter walls (shown in inset). 
 

The size of the cylindrical domain was chosen by increasing the height and width 

of the domain until the domain was large enough that the pressure distribution near 

permeameter was insensitive to the domain size.  This analysis confirmed that the domain 

size used by Jalbert and Dane (2003) was sufficiently large.  For consistency, we adopted 

the same domain size as Jalbert and Dane (2003), fixing the lateral extent to be the larger 

of 25*D and 20*H; the vertical extent was the larger of 15*D and 10*H.  The triangular 

mesh density is greater within the air permeameter (Figure C-2).  The outside boundaries 

of the simulation volume (excluding the soil surface) and the SCAP walls were set to no-
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flow Neumann boundaries.  The soil surface within SCAP was set to a Dirichlet 

boundary with inlet pressure equal to 264.4 Pa (2.7 cm H20).  The soil surface outside of 

SCAP was defined as a Dirichlet boundary equal to 0 gauge pressure.  The properties of 

the soil, air, and SCAP are defined in Table C-1. 

Table C-1: Properties of the soil, air, and SCAP. 
Property Variable Value Reference 

Air permeability kax, kay 1x10-7 cm2 Clean Sand; Freeze 
and Cherry (1979) 

SCAP wall permeability ko 1x10-100 cm2 -- 
Acceleration due to gravity g 980.665 cm/s2 Street et al. (1996) 
Viscosity of Air at 15 °C η 1.789x10-7 kg/s•cm Street et al. (1996) 
Inlet Pressure Pi 2.644 kg/s2-cm Liang et al. (1995) 
Diameter D 5.3 cm Chief et al. (2006) 

Results 

Model validation 

Jalbert and Dane (2003) developed an algebraic expression for the shape factor 

based on results from a two-dimensional radially symmetric model.  To validate the 

FEMLAB numerical model, the shape factor calculated from our results was compared to 

the Jalbert and Dane (2003) shape factor model (Figure C-3).  The shape factor, G, was 

determined using a rearranged Eq. [C-5]:  

iaz P
Q

Dk
G η

= .    [C-13] 

The applied pressure is defined by the boundary condition at the ground surface within 

the air permeameter.  The flow is calculated as a boundary integral of the flux over the 

area at the soil surface within the air permeameter.  Results were calculated for a range of 
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permeameter diameter to heights ratios.  Figure C-3 shows that the FEMLAB model 

agreed with the findings of Jalbert and Dane (2003), showing an increasing shape factor 

for increasing D/H ratios.  
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Figure C-3: The dimensionless shape factor, G, for insertion air permeameters for 
Jalbert and Dane (2003) model and FEMLAB model for increasing D/H ratios. 

Anisotropic effects 

The validated FEMLAB model was used to investigate the effects of anisotropy 

on in situ air permeability measurements.  The value of kaz was held constant while kax 

and kay were varied as described above.  To examine the potential error in interpretation 

that may occur due to neglecting anisotropy, we used the FEMLAB-calculated flux that 

would be measured in situ and applied the shape factor for an isotropic soil to determine 

an apparent permeability, kin situ.  The permeability measured ex situ, kex situ, should be 

equal to kaz.  The ratio of kin situ to kex situ defines the error that would occur if the 

measurements made in an anisotropic medium were interpreted using the shape factor 

determined for an isotropic soil.  This error can be as large as a factor of 2 for large D/H 
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ratios and strongly anisotropic media (Figure C-4).  For smaller D/H ratios and less 

anisotropic media, anisotropic effects were the least significant.  

 

Figure C-4: FEMLAB model results for the ratio of the in situ and ex situ 
permeabilities, each calculated assuming the shape factor that applies to an isotropic 
medium, as a function of the anisotropy for a series of D/H ratios. 
 

Given that distributed hydraulic conductivity values are often only inferred within 

an order of magnitude, the impact of anisotropy on the measured air permeability may 

not be critical for larger scale studies.  However, for detailed studies, anisotropy can have 

important impacts on water flow and solute transport (Beckwith et al., 2003a, b).  For 

these conditions, the results shown on Figure C-4 can also be used as a nomograph to 

estimate the anisotropy ratio from paired in situ and ex situ measurements, which can be 

collected easily using SCAP.  Specifically, the permeability can be estimated for both 

measurements assuming that the isotropic shape factor applies.  The known D/H ratio 

defines the response curve.  Then, the anisotropy ratio that corresponds with the ratio of 
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the in situ and ex situ permeabilities can be determined from the figure.  The sensitivity 

of the measurement of anisotropy can be defined as the change in the instrument response 

(the ratio of in situ to ex situ permeability) as a function of the change in the property of 

interest (anisotropy).  This result suggests that the method will be more sensitive when kax 

is less than kaz.  Furthermore, the measurement sensitivity increases with increasing D/H 

ratio.  

This variable sensitivity can be explained by considering each flow path to be 

divided into a region within the permeameter that experiences vertical flow, a short 

region at the base of the permeameter that experiences predominantly horizontal flow, 

and a third section of predominantly vertical flow returning to the ground surface.  These 

sections can be considered to be placed in series.  Therefore, the equivalent permeability 

of each flow tube will be dominated by the section with the lowest permeability.  That is, 

it will be more sensitive to kax if the horizontal permeability is less than the vertical 

permeability, and vice versa.  As the D/H ratio increases, the length of the horizontal flow 

path section becomes longer relative to that of the vertical flow path sections, which 

magnifies this effect. 

The ratio of kax to kaz measured in four field soils are shown in Table C-2.  There 

is considerable scatter in the data and some values appear either too high or too low to be 

explained by anisotropy alone.  However, the mean ratio for each soil type indicates that 

three of the soils are anisotropic, with kax<kaz.  The exception is the Vinton soil, which 

was visibly less structured than the other soils.   
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Table C-2: SCAP measured kin situ and kex situ ratios for agricultural soils (D/H=0.50). 
Data 
Point 

Anthony 
VFSL 

Vinton 
FSL 

Gila 
VFSL 

Pima 
L 

1 0.18 0.73 0.34 0.20 
2 0.19 0.75 0.44 0.23 
3 0.37 0.84 0.47 0.30 
4 0.57 0.92 0.72 0.32 
5 0.57 1.04 0.78 0.35 
6 0.60 1.08 0.93 0.43 
7 0.71 1.13 0.94 0.48 
8 0.85 1.27 0.96 0.54 
9 0.91 1.36 0.96 0.59 
10 1.23 1.44 1.04 0.60 

Average 0.62 1.06 0.76 0.40 
  

Sample Volume as a Function of Anisotropy and D/H Ratio 

In addition to examining the dependence of the air permeameter response on the 

D/H ratio and the anisotropy, we also investigated the change in the sample volume.  We 

used the approach of Ferré et al. (1998), who defined the sample volume of a measuring 

device as the volume with the highest local measurement sensitivity that contributes a 

certain percentage of the total measurement sensitivity.  The percent sample volume is 

obtained by integrating the local weighting factors of the model cells in order of 

decreasing local sensitivity until a defined percentage or fraction, f, is reached, according 

to: 

∫∫
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where ω1 is the highest value and ωi is the lowest value of the weighting function whose 

sum defines a specified fraction that contributes to the total response.  This approach 

uniquely defines the smallest sample area that contributes the specified fraction of the 

total response.  The sample volume for an ex situ sample is simply the volume of soil in 

the measuring device.  However for in situ measurements, the sample volume will 

depend on the distribution of pressure head within and around the permeameter.   

For D/H equal to 0.50 in isotropic soils, the 90% sample volume is concentrated 

within SCAP (Figure C-5A), which is consistent with the results of Jalbert and Dane 

(2003). (Note that we calculated the sample volume in three dimensions.)  But, for the 

homogeneous and laterally isotropic conditions considered here, the sample volume can 

be shown as a vertical cross section through the center of the permeameter.)  For 

anisotropic soils with relatively high kaz (a<0), the 90% sample volume becomes 

increasingly elongated vertically such that 50% of the total volume is outside of the air 

permeameter.  For positive a values, the 90% volume contracts within the permeameter 

body.  The restriction of the sample volume to the region within the permeameter, where 

flow is forced to be vertical by the permeameter walls, helps to explain the low sensitivity 

of the air permeameter measurements to the horizontal permeability when kax<kaz (the 

ratio of kin situ to kex situ is far smaller than the anisotropy ratio).  The sample volume only 

extends vertically into the underlying medium when kaz is greater than kax.  As D/H 

increases, the absolute maximum extent of the sample volume beneath the permeameter 
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decreases.  But, the fraction of the sample volume that is located outside of the 

permeameter body increases (Figure C-5B).  

 

 

Figure C-5: FEMLAB Results for 90% soil sample volume for varying anisotropic 
media (a=-1.2, -0.9, -0.6, -0.3, 0, +0.3, +0.6, +0.9, +1.2) for D/H ratio of A) 0.50 and B) 
2.0. 

Conclusion 

Field methods to map the saturated hydraulic conductivity rapidly and accurately 

could improve the accuracy of distributed hydrologic models.  Water-based methods are 

cumbersome and time consuming, while texture-based methods lack accuracy.  Air 

permeability has been shown to be a viable alternative.  We show that anisotropic 

conditions can introduce an error as high as a factor of 2 in air permeability estimates 

especially for air permeameters with high D/H ratios, such as surface permeameters.  

However, this error will always be much smaller than the anisotropy ratio of the soil, and 

the error is minimized for permeameters with low D/H ratios, such as SCAP.  For many 
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applications, this error may be considered to be negligible.  However, if anisotropy is 

important to characterize for a specific application, we show that paired measurements of 

in situ and ex situ air permeability can be used to infer the anisotropy ratio.  This 

approach is likely to be more sensitive for larger D/H ratios.  Unfortunately, for any 

given permeameter, the approach will be more sensitive if the horizontal permeability is 

lower than the vertical permeability, which is not common under field conditions.  

Applying the method to a field soil showed qualitative agreement with the expectations 

based on visual inspection.  But, it appeared that anisotropy alone was not able to explain 

fully the difference between the in situ and ex situ permeability measurements. 
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APPENDIX D: SITE DATA SHEET 

Table D-1: Site description and air permeability data sheet. 
Date:   

Site #:   

Instrument Specification:       Yellow Flowmeter / Black Flowmeter  / SCAP 1 / SCAP 2 

UTM Setting:  

Site Northing (m):  

Site Easting (m):  

Elevation (m):  
Location Description: 

Collection Team: 

Burn Severity   (H, M, L):  

Vegetation Cover (T-total, P-Partial, N-None): 

Fuel Load (H/M/L):  

Vegetation Type:  

Vegetation Density:  

Hydrophobic? (Y/N)  

Soil Depth (cm):  

Soil Type :  

% Soil Cover:  

Slope (H/L):  

Aspect:  

Collected 2 bags of loose soil 
sample? (Y/N) 

 

Collected loose ash?  
 

Collected 1 isotopic core?   

Photos:  
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First WDPT Test – Location: close to # 1 
Soil Type :  
Vegetation Type:  

inches seconds 
depth=  t=  
depth=  t=  
depth=  t=  
depth=  t=  
depth=  t=  
depth=  t=  

  
  
  
First WDPT Test (seconds): 
  
  
  
  
  depth=  t=  

Second WDPT Test – Location:  
Soil Type :  
Vegetation Type:  

inches seconds 
depth=  t=  
depth=  t=  
depth=  t=  
depth=  t=  
depth=  t=  
depth=  t=  

  
  
  
Second WDPT Test (seconds): 
  
  
  
  
  depth=  t=  

Third WDPT Test – Location:  
Soil Type :  
Vegetation Type:  

inches seconds 
depth=  t=  
depth=  t=  
depth=  t=  
depth=  t=  
depth=  t=  
depth=  t=  

  
  
  
Third WDPT Test (seconds): 
  
  
  
  
  depth=  t=  
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WDPT test - First WDPT test close to # 1 point. 
WDPT test conducted to at least 7 inches deep. 
If hydrophobic layer is present, determine thickness of hydrophobic layer. 
 
Burn Severity  - Vertical measurement 
Visual assessment of vegetation inside site grid: 
H: Only burned tree trunks remain, no leaves, and almost no branches. 
M: Trees are not completely burned and some partially burned leaves remain. 
L: Upper canopy and leaves are not burned. Some green leaves remain. 
 
Sketch site grid with sample numbers and North arrow: 
 
1 6 11 16 21 

2 7 12 17 22 

3 8 13 18 23 

4 9 14 19 24 

Comments: 

5 10 15 20 25  

Indicate on site grid locations of: 
Manzanita 
 
 
Pine 
 
 
Oak 
 
 
Bush 
 
 
Indicate location of burned root holes:_______________________________________ 
Indicate location of WDPT Tests:___________________________________________ 
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Pnt 
# 

Press. 
(cm 
H20) 

Flowrate 
(L/min) 

Press. 
(cm 
H20) 

Flowrate 
(L/min) 

Soil 
sample 

collected 
(Y/N) 

Soil 
description 

Vegetation 
Type Comments 

1     

   

 

2     

   

 

3     

   

 

4     

   

 

5     

   

 

6     

   

 

7     

   

 

8     

   

 

9     

   

 

10     

   

 

11     

   

 

12     

   

 

13     

   

 

14     

   

 

15     

   

 

16     
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APPENDIX E: SOIL CORER AIR PERMEAMETER MATERIAL LIST 

Table E-1: Soil Corer Air Permeameter (SCAP) Materials List. 
Product Catalog No. Company Contact Price Unit 

1 ¼" ID (3/8" OD) 
Clear Tygon© 
Tubing  

A-06408-50 Cole Parmer 
(http://www.co
leparmer.com) 

625 E. Bunker 
Court, Vernon 
Hills, IL 60061-
1844  (800)323-
4340 

 $55.00 50-ft 
pack 

2 Tube Adapters ¼" 
ID x ¼" Tube size 
Tubing Size of 3/8" 
with Hose ID of ¼" 

4-HC-A-601 Swagelok 4710 E. Elwood 
St. Bldg. 1, Suite 
1, Phoenix, AZ 
85040 (602)268-
4848 

 $7.50 each 

3 0-50 L/min Digital 
Flowmeter with 
display with tubing 
connection of 3/8" 
stainless steel 

50SD-12  McMillian 
Company 
(http://www.m
cmflow.com) 

(800)861-0231  $699.00 each 

4 Portable Battery 
Pack  

50-12-1 McMillian 
Company 
(http://www.m
cmflow.com) 

(800)861-0231  $149.00 each 

5 Reducing Connector 
(¼" to 3/16" ID)  

A-06478-71 Cole Parmer 
(http://www.co
leparmer.com) 

625 E. Bunker 
Court, Vernon 
Hills, IL 60061-
1844  (800)323-
4340 

 $4.50 pack of 
10 

6 0-50 L/min Digital 
Flowmeter with 
display with tubing 
connection of 3/8" 
stainless steel 

50SD-12  McMillian 
Company 
(http://www.m
cmflow.com) 

(800)861-0231  $699.00 each 

7 Barbed Fitting (E) 
Straight Reducers 
¼" to 3/16" to 
connect flowmeter 
tubing to SCAP air 
flow port 

A-06478-71 Cole Parmer 
(http://www.co
leparmer.com) 

625 E. Bunker 
Court, Vernon 
Hills, IL 60061-
1844  (800)323-
4340 

 $4.50 pack 
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8 Tygon Lab Tubing 

3/16" ID; 5/16" OD  
A-06408-03 Cole Parmer 

(http://www.cole
parmer.com) 

625 E. Bunker 
Court, Vernon 
Hills, IL 
60061-1844  
(800)323-4340 

 $47.00 50-ft 
pack 

9 Female Quick 
Disconnect Hose 
Barbs 3/16" ID 
BODIES Straight to 
connect flowmeter 
tubing to SCAP air 
flow tubing  

A-06361-12 Cole Parmer 
(http://www.cole
parmer.com) 

625 E. Bunker 
Court, Vernon 
Hills, IL 
60061-1844  
(800)323-4340 

 $5.25 pack 

10 Male Quick 
Disconnect Hose 
Barbs 3/16" ID 
INSERTS Straight 
to connect 
flowmeter tubing to 
SCAP air flow 
tubing  

A-06360-44 Cole Parmer 
(http://www.cole
parmer.com) 

625 E. Bunker 
Court, Vernon 
Hills, IL 
60061-1844  
(800)323-4340 

 $1.75 pack 

11 SCAP (Soil Corer 
Air Permeameter) 

 University of AZ 
Dept. of 
Hydrology & 
Water Resources 

1133 E. North 
Campus 
Tucson, AZ 
85721 
(520)621-3973 

 $300.00 each 

12 Soil Core Sampler  0200 Soil Moisture 
Equipment Corp 
(http://www.soil
moisture.com) 

POB 30025 
Santa Barbara, 
CA 93139 
(805)964-3525 

 $700.00 each 

13 Kynar reducing 
Barbed connector 
3/16" x 1/8" to 
connect manometer 
orange tubing to 3/8" 
ID Tygon tubing 

A-30703-48 Cole Parmer 
(http://www.cole
parmer.com) 

625 E. Bunker 
Court, Vernon 
Hills, IL 
60061-1844  
(800)323-4340 

 $15.00 pack 

14 Digital Manometer 
with  Backlight 
Display 0 to 5 psi; 
Resolution of 0.003 
psi  

A-68603-00 Cole Parmer 
(http://www.cole
parmer.com) 

625 E. Bunker 
Court, Vernon 
Hills, IL 
60061-1844  
(800)323-4340 

 $143.00 each 
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15 2¼" Soil Sample 

Cylinder (3 cm 
length)  

0206L03 Soil Moisture 
Equipment Corp 
(http://www.soil
moisture.com) 

POB 30025 
Santa Barbara, 
CA 93139 
(805)964-3525 

 $9.00 each 

16 Orange plastic 
cylinder caps for 
extracted soil 
samples (need 2 per 
soil sample)  

0209 Soil Moisture 
Equipment Corp 
(http://www.soil
moisture.com) 

POB 30025 
Santa Barbara, 
CA 93139 
(805)964-3525 

 $2.00 each 

17 Gill-Style Sample 
Cups (188 mL/4oz)  

56778-106 VWR 
International 
(http://www.vwr.
com) 

3745 Bayshore 
Blvd Brisbane, 
CA 94005 1-
800-932-5000 

 $63.00 pack 

18 Soil Retainer 
Cylinders – 3 cm 
length 

0206L03 Soil Moisture 
Equipment Corp 
(http://www.soil
moisture.com) 

POB 30025 
Santa Barbara, 
CA 93139 
(805)964-3525 

 $25.00 each 

19 Soil Retainer 
Cylinders – 3 cm 
length 
2¼" x 0.065 wall SS 
304 Tube (saw to 
1.142" (+0.060”) 

27731-1 Desert Metal 
Works, Inc. 

2465 N. 
Huachuca Dr. 
Tucson, AZ  
85745 
(520)888-4500 

 $4.90 each 

20 Nipple, inlet, 
compressed air, 
CGA 346, W.E. NO 
14-3 

0301 4793 University of AZ 
Procurement & 
Contracting 
Services 
Warehouse 
Operations 

Customer 
Service 21st & 
Warren, Bldg. 
458, Tucson, 
AZ  85721 
(520)621-7975 

 $3.66 each 

21 Nut, inlet, 
compressed air, 
CGA 346, W.E. 
NO. 14-2 

0301 4813 University of AZ 
Procurement & 
Contracting 
Services 
Warehouse 
Operations 

Customer 
Service 21st & 
Warren, Bldg. 
458, Tucson, 
AZ  85721 
(520)621-7975 

 $3.08 each 

22 Regulator, inert gas, 
two stage 200/4000 
gauges, medium 
duty 

0302 4930 University of AZ 
Procurement & 
Contracting 
Services 
Warehouse 
Operations 

Customer 
Service 21st & 
Warren, Bldg. 
458, Tucson, 
AZ  85721 
(520)621-7975 

 $172.01  each 
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23 Air, E type cylinder, 
purchase or 
exchange 

0611 4583 University of AZ 
Procurement & 
Contracting 
Services 
Warehouse 
Operations 

Customer 
Service 21st & 
Warren, Bldg. 
458, Tucson, 
AZ  85721 
(520)621-7975 

 $14.56 each 

24 Nipple, barbed, for 
¼" hose end, for 
AIRCO N2 
regulator 

0301 4769 University of AZ 
Procurement & 
Contracting 
Services 
Warehouse 
Operations 

Customer 
Service 21st & 
Warren, Bldg. 
458, Tucson, 
AZ  85721 
(520)621-7975 

 $2.11 each 

25 Nut, hose end, for 
AIRCO N2 
regulator, W.E. 
N.O. AW14A 

0301 4805 University of AZ 
Procurement & 
Contracting 
Services 
Warehouse 
Operations 

Customer 
Service 21st & 
Warren, Bldg. 
458, Tucson, 
AZ  85721 
(520)621-7975 

 $1.31 each 

 

 
Figure E-1: Soil Corer Air Permeameter (SCAP) field set-up with numbers 
corresponding to material list. 
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Table E-2: Field equipment list. 
Item Quantity 

1. Compressed gas cylinder 2 
2. Flow regulator 1 
3. Digital flowmeter 1 
4. Flowmeter battery 1 
5. Digital manometer 1 

6. 
Soil Corer Air Permeameter 
(SCAP) 1 

7. Soil Core Sampler 2 
8. Spanner wrench 1 
9. Global Positional System 1 
10. Digital camera 1 
11. Data sheets 3 
12. Soil shovel 2 
13. Fluorescent cylinder caps 52 
14. Soil retainers 26 
15. Hammer 1 
16. Wire brush 1 
17. Stakes 4 
18. String 1 
19. Blade 1 
20. Soil can lids 2 
21. Soil bags 5 
22. Penetrometer 1 
23. Spatula 1 
24. Sharpie marker pens 2 
25. Writing utensils 3 
26. Stopwatch 1 
27. Ruler 1 
28. Protractor 1 
29. Measuring tape 1 
30. Flagging tape 1 
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APPENDIX F: SATURATED HYDRAULIC CONDUCTIVITY MATERIAL LIST 

Table F-1: Saturated hydraulic conductivity materials list. 
Product Catalog No. Company Contact Price Unit 

1 4' x 1.5' x 1' Acrylic 
tank with 3/8" wall 
thickness with 
dividing wall and 
½" OD (>¼" ID) 
over flow tubes and 
drain plugs 

-- Chemical & 
Environmental 
Engineering 
Machine Shop 

Lorenzo Lujan 
Harshbarger 
108 Tucson, 
AZ  85721 
(520)621-
60053 

 $120.00 each 

2 Acrylic stepping 
plate (18" x 18" 
with 3 of 3/8" step up 
to 11/8" height) 

-- Chemical & 
Environmental 
Engineering 
Machine Shop 

Lorenzo Lujan 
Harshbarger 
108 Tucson, 
AZ  85721 
(520)621-
60053 

 $10.00 each 

3 ½" OD Clear Tygon 
Tubing for draining 
through overflow 
tubes (5/8" hose 
using metal clamp 
to tighten around 
tube) 

-- PetCo 
(http://www.petc
o.com) 

4625 N. 
Oracle Rd. 
Tucson, AZ 
85710 
(520)887-0111 

 $0.99 4 ft roll 

4 Woven SS screen 
coarse Mesh (24"x 
18" cut into half ) 

-- TA Caid 
Industries 

2275 E Ganley 
Rd. Tucson, 
AZ (520)294-
3126 

 $211.97 each 

5 1 mm gradation 
ruler 

-- University of AZ 
Bookstore 
(http://www.uofa
bookstores.com) 

University of 
AZ Tucson, 
AZ 

 $0.99 each 

6 4" OD Circular 35 
μm (390-mesh) 
nylon mesh and 3.3 
ft x 3 ft material 

-- Soil 
Measurement 
Systems 
(http://www.soil
measurement.co
m) 

7090 N. 
Oracle Rd. 
#178-170 
Tucson,. AZ  
86704 
(520)742-4471 

 $198.11 per 
order 

7 Stout Rubber Bands 
# 82-2 1/2" x 1/2" - 
1 lb box 

-- Office Depot 
(http://www.offi
cedepot.com) 

4215 N. 
Oracle Rd. 
Tucson, AZ  
85705 
(520)293-7989 

 $3.93 per box 

8 Rubber Pipe Cap - 
Fernco 2" Qwik Cap 
(Pqc-102)  

43559 Ace Hardware 
(http://www.aceh
ardware.com) 

975 W. Prince 
Rd. Tucson, 
AZ (520)887-
4381 

 $3.49 each 
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9 2 ¼" OD Reynolds 
Custom- Made 
Transparent Acrylic 
Endcap 

-- Chemical & 
Environmental 
Engineering 
Machine Shop 

Lorenzo Lujan 
Harshbarger 
108 Tucson, 
AZ 85721 
(520)621-
60053 

 $12.00 each 

10 ¼" x ¼" End cap 
Outflow Brass Pipe 
Adapter 

A-30900-10 Cole Parmer 
(http://www.cole
parmer.com) 

625 E. Bunker 
Court, Vernon 
Hills, IL 
60061-1844  
(800)323-4340 

 $8.00 5-pack 

11 Teflon thread tap 
(wrapped around 
brass pipe adapter to 
prevent leakage) 

BH-08782-27 Cole Parmer 
(http://www.cole
parmer.com) 

625 E. Bunker 
Court, Vernon 
Hills, IL 
60061-1844  
(800)323-4340 

 $10.50 pack 

12 ¼" ID (3/8" OD) 
Clear Tygon© 
Tubing 

A-06408-50 Cole Parmer 
(http://www.cole
parmer.com) 

625 E. Bunker 
Court, Vernon 
Hills, IL 
60061-1844  
(800)323-4340 

 $55.00 50-ft 
pack 

13 Benchtop tubing 
cutter 

A-06438-10 Cole Parmer 
(http://www.cole
parmer.com) 

625 E. Bunker 
Court, Vernon 
Hills, IL 
60061-1844  
(800)323-4340 

 $8.75 each 

14 VWR Wash Bottles, 
Low Density 
Polyethylene, 
Narrow Mouth 

16651-165 VWR 
(http://vwr.com) 

(800)932-5000  $28.78 pack of 
6 

15 5-stage Reverse 
Osmosis Filtration 
System 

253306 
Model RO-
TFM 

Sam's Club 
(http://www.sam
sclub.com) 

4701 N Stone 
Ave. Tucson, 
AZ (520)292-
9789 

 $175.21 each 

16 0.005 M 
CaSO4•2H2O 
(powder form) Ar 
Analytical Reagent;  
5 lb, 

4300  Mallinckrodt, 
Inc.(http://www.
mallchem.com) 

222 Red 
School Lane 
Phillipsburg, 
NJ 08865 
(800) 582-
2537  

 $102.00 Glass 
bottle 

17 Mettler PM 6100 
Balance Max=6100 
g d=0.01 g Serial # 
1114161729 

-- Analytical & 
Precision 
Balance Co. Inc 

-- -- -- 

18 Thermolyne Type 
7200 Stirrer 

-- (similar products 
in VWR) 

--  $129.00 each 
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19 VWR Giant Spin 
bar Stirrer Bar, 
Polygon (4 ¼" x 
11/16") 

58948-972  VWR 
(http://vwr.com) 

(800)932-5000  $85.72 each 

20 VWR Polystyrene 
Weigh Boats 

12577-027  VWR 
(http://vwr.com) 

(800)932-5000  $63.75 pack of 
500 

21 Spatula 57952-253  VWR 
(http://vwr.com) 

(800)932-5000  $8.81 each 

22 Helium Tank with 
regulator & barbed 
fittings 

-- University of AZ 
Warehouse 
Operations (Gas) 

Stewart 21st & 
Warren, Bldg. 
458 (520)621-
7975 or 
(520)218-1001 

 $3.58 each 

23 Fish tank bubblers 
Penn -Plax 14" 
Bubble Wall 

BW14 PetCo 
(http://www.petc
o.com) 

4625 N. 
Oracle Rd. 
Tucson, AZ 
85710 
(520)887-0111 

 $6.99 each 

24 3/16" ID (>3/16" OD) 
Clear Tygon© 
Tubing 

-- PetCo 
(http://www.petc
o.com) 

4625 N. 
Oracle Rd. 
Tucson, Az 
85710 520-
887-0111 

 $0.99 roll 

25 AG-8' Airline 
Tubing (5/8" OD) 

-- PetCo 
(http://www.petc
o.com) 

4625 N. 
Oracle Rd. 
Tucson, Az 
85710 520-
887-0111 

 $1.99 roll 

26 Reducing Connector 
( ¼" to 3/16" ID) 

A-06478-71 Cole Parmer 
(http://www.cole
parmer.com) 

625 E. Bunker 
Court, Vernon 
Hills, IL 
60061-1844  
(800)323-4340 

 $4.50 pack of 
10 

27 Thermometer 61013-017 VWR 
(http://vwr.com) 

(800)932-5000  $7.84 each 

28 Double Bend 
Crucible Tongs 
Brass with Chrome 
Finish 

62460-000 VWR 
(http://vwr.com) 

(800)932-5000  $10.35 each 
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29 2 μm inlet filters for 
deaeration 

-- Upchurch 
Scientific 
(http://www.upc
hurch.com) 

1-800-426-
0191 

 $72.55 each 

30 Pyrex Brand Double 
Scale Griffin 
Beaker, Graduated 

13912-364 VWR 
(http://vwr.com) 

(800)932-5000  $279.78 pack of 
6 

31 Beaker, Jar, and 
Cylinder Brush 23/8" 
diameter x 6" 

17190-007 VWR 
(http://vwr.com) 

(800)932-5000  $4.10 each 

32 20 L Nalgene 
carboy 

16334-220 VWR 
(http://vwr.com) 

(800)932-5000  $147.47 each 

33 50 mL standpipe 
with 7/16" or 11.3 
mm ID with 0.1 mL 
gradations going 
upward/ zero on 
bottom 

-- Glastron/Tech 
Glass Co Inc 
(http://www.tech
glassinc.com) 

Sherry 
Schwenger 
sschwenger@t
echglassinc.co
m (877)691-
7846 

 $100.32 each 

34 Lap memory stop 
watch 

-- -- --  $10.00 each 

35 Steel Support 
Rectangular Base 
(Buret Stand) 20" 
rod length 

60110-222 VWR 
(http://vwr.com) 

(800)932-5000  $20.91 each 

36 VWR Talon Double 
Buret Clamp  

17683-258 VWR 
(http://vwr.com) 

(800)932-5000  $34.17 each 

37 VWR Talon Water 
Bath Temperature 
Bath Clamp 

21573-129 VWR 
(http://vwr.com) 

(800)932-5000  $17.30 each 

38 Glass Outflow 
Dripper 

-- University of AZ 
Chemistry Glass 
Shop 

University of 
AZ Tucson, 
AZ 

-- -- 
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APPENDIX G: CALCULATIONS FOR CaSO4•2H2O/THYMOL SOLUTION 
 
Table G-1: Molecular weight for CaSO4•2H2O. 

Element Atomic Mass, AM† n Atoms/Molecule Subtotal Formula 
Ca 40.078 1 40.078 AM*n 
S 32.066 1 32.066 AM*n 
O 15.9994 6 95.9964 AM*n 
H 1.00794 4 4.03176 AM*n 

 Molecular Weight, MW 172.172 
 
Table G-2: Solubility product constants. 

Constant Value Units Formula 

Ksp = [Ca][SO4] = 2.40E-05 † - 

Ksp
1/2 = [Ca] at max solubility = 4.90E-03 mol L-1 ‡ Ksp

1/2 

Mass concentration of Ca at solubility = 0.84 g L-1  Ksp
1/2*MW 

† Harrison (1996)  

‡ Ksp
1/2 is close to 0.005 M CaSO4 solution recommended by Klute and Dirksen (1986) 

 
Table G-3: 0.005 M CaSO4 solution. 

Concentration, C§ Volume, V CaSO4 Mass Formula 
[M] [L] [g] [-] 

0.005 18.9 16.27 C*V*MW 
0.005 22.73 19.57 C*V*MW 
0.005 3.5 3.01 C*V*MW 

§ 0.005 M CaSO4 (Klute and Dirksen, 1986) 
 
Table G-4: Addition of biological inhibitor thymol. 
Thymol Mass, M¶ Volume, V Concentration, C# Formula 

[g] [L] [g/L] [-] 
1 18.9 0.05291 M*V 
1 22.73 0.04399 M*V 
1 3.5 0.28571 M*V 
4 18.9 0.21164 M*V 

1.33 18.9 0.07055 M*V 
¶ Klute & Dirksen (1986) 
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APPENDIX H: CONSTANT HEAD EXPERIMENT DATA SHEET 
Site:  
Date:  
Time: 
Name:  

 
Sample 

ID 
Soil 

Sample 
# 

Initial Soil Mass' 
{w. 1 Fluor. Cap} (g) 

Mass of Flour. 
Cap (g) 

Mass of P. 
Membrane & RB 

(g) 

 1    

 2    

 3    

 4    

 5    

 6    

 7    

 8    

 9    

 10    

 11    

 12    

 13    

 14    

 15    

 16    

 17    

 18    

 19    
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Site:  
Saturation Date and Time for 1/3 Height:  
Saturation Date and Time for 2/3 Height:  
Saturation Date and Time for 3/3 Height:  
Experiment Date and Start Time:  
 

Water 
Temp. 
(oC)          

Date:          
Time:           

Initials:          
Soil 

Sample 
# 

Time 
(sec) 

Head in 
Tank 
(cm) 

Head of 
Outflow 

dripper (cm) 

Delta 
H (cm) 

M#1 
(mL) 

M#2 
(mL) 

M#3 
(mL) 

M#4 
(mL) 

M#5 
(mL) 

1 60         

2 60         

3 60         

4 60         

5 60         

6 60         

7 60         

8 60         

9 60         

10 60         

11 60         

12 60         

13 60         

14 60         

15 60         

16 60         
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Site:  
Date:  
Time: 
Name:  

 
Soil 

Sample 
# 

Saturated Mass' {w. 
porous membrane & 
Rubber Band} (g) 

Mass of Entire 
Tin Can (g) 

Depth 
below top 

(cm) 

Oven Dry Mass' 
{w entire tin can} 

(g) 

Mass of 
Retainer 
Cylinder 

(g) 

1      

2      

3      

4      

5      

6      

7      

8      

9      

10      

11      

12      

13      

14      

15      

16      

17      

18      
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Site:  
Date:  
Time:  
Name:  

 
Please be sure to indicate in comments section, information about soil texture, % rocks, 
color, % organic matter, and any relevant information. 

Soil 
Sample 

# 
Before Ksat Exp. Comments After Ksat Exp. Comments 

1   

2   

3   

4   

5   

6   

7   

8   

9   

10   

11   

12   

13   

14  

15   

16   

17   

18   
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APPENDIX I FALLING HEAD EXPERIMENT DATA SHEET 
Site:  
Name:  

 
Soil Sample ID:    
Date and Time:    

Temperature (oC):    

Head in Tank:    
    TRIAL #1 TRIAL #2 

Measurement 
Metric 
Ruler 
(cm) 

Delta 
Height       
(cm) 

Cumulative 
Time        
(sec) 

Cumulative 
Time        
(sec) 

0 17.0 2.7 0.00 0.00 

1 19.7 2.6   

2 22.3 2.5   

3 24.8 2.3   

4 27.1 2.2   

5 29.3 2.1   

6 31.5 2.0   

7 33.5 1.9   

8 35.4 1.8   

9 37.3 1.7   

10 39.0 1.7   
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APPENDIX J: HYDROPHOBIC RESULTS 

Hydrophobic depth profile of vegetation zones using WDPT 

A hydrophobicity profile using WDPT measurements provides insight of existing 

hydrophobicity at unburned sites and the creation of a hydrophobic layer due to a fire at 

burned sites.  The depth and thickness of hydrophobic layers at burned sites is indicative 

of the fire intensity and the nature and amount of litter present before a fire (DeBano et 

al., 1977; Ferreira, 1996).  The depth and thickness of the hydrophobic layers impacts the 

potential degrees of erosion and runoff.  Figures J-1 and J-2 illustrate WDPT 

measurements for each profile with the x-axis labeled with site profile numbers and the y-

axis labeled with depths of measurement location in cm.  Solid circles represent 

hydrophobic measurements (WDPT > 60 seconds) and plus symbols represent non-

hydrophobic measurements (WDPT < 60 seconds).  Sites with no WDPT profile are 

identified with an asterisk next to the site number on the x-axis.  The site profile is 

labeled as the “site # - profile #” since some sites have more than one hydrophobic 

profile. 

Hydrophobic depth profiles were measured at three of the six unburned 

woodland-chaparral sites.  Naturally existing hydrophobicity was evident at the soil 

surface as indicated by solid circles at 0 cm (Figure J-1A, UNB_WC 2-2; 4-2; 5-1; 5-3; 

5-4).  These sites had low and medium fuel loads.  There were no profile measurements 

for UNB_WC 3 with medium fuel load or UNB_WC 1 and 6 with high fuel loads.  The 

maximum depth and thickness of a hydrophobic layer was approximately 8 cm for 
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UNB_WC 4-2 with medium fuel load at Prison Camp Creek-1.  Also, organic matter 

measured at the soil surface for this sand, had the highest organic matter content 

compared to sandy loam at the other two sites.  The maximum depth and thickness is 

indicated by the deepest and longest column of solid circles.   

Hydrophobic profiles were measured for six of the seven burned woodland-

chaparral sites.  A profile was not measured at Geology Vista Point (BUR_WC 1) which 

was a high burn severity site.  The hydrophobic layer for the burned woodland-chaparral 

occurred at deeper depths than the unburned woodland-chaparral (Figure J-1B).  The 

deepest hydrophobic layer occurred at approximately 15 cm for BUR_WC 3-3 at 

Thimble Peak and had a thickness of approximately 5 cm.  This site had a high burn 

severity and the highest organic matter content of the six profiles for soil sampled at the 

surface.  The maximum hydrophobic layer thickness was approximately 6 cm for profile 

BUR_WC 5-2 at Prison, which was classified as medium burn severity.  This 

hydrophobic layer occurred at a shallower depth with a layer extending to approximately 

6 cm.  The hydrophobic measurements for the low (BUR_WC 6-1; 6-2), medium 

(BUR_WC 4-1; 5-1; 5-2; 5-3), and high (BUR_WC 2-1; 2-2; 3-3;) burn severities 

occurred at depths of 3 to 5 cm, 1 to 14 cm, and 0 to 15 cm, respectively.  However for 

the high burn severity sites, hydrophobicity occurred at the soil surface for profile 

BUR_WC 2-2 and at deeper depths for BUR _WC 3-3 which may be explained by a high 

organic matter content than BUR_WC 2-2.   
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Based on the profile measurements in the woodland-chaparral vegetation zone, 

there was increased penetration of the hydrophobic layers with increasing burn severity 

from low to high burn severity.  For one high burn severity site (BUR_WC 2), the 

intensity of the heat may have destroyed the hydrophobic layer at depth due to extreme 

surface temperatures.  The woodland-chaparral vegetation zone may have shown deeper 

heat penetration due to thin litter layers.  Previous research on the effects of fire in 

woodland-chaparral brushlands found that the shallow litter layer prevented soil 

insulation and allowed rapid downward heat transfer during a fire (Ferreira, 1996; 

DeBano, 1981).  Chaparral fires tend to be hotter in temperature than those in forests 

(DeBano et al, 1977).  In comparing the unburned and burned woodland-chaparral 

hydrophobic layers, the burned sites had deeper but thinner hydrophobic layers.  

 
 
Figure J-1: Hydrophobic depth profile of unburned and burned woodland-chaparral 
sites (asterisk '*' on x-axis denotes profile at site was not measured. 
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Hydrophobic profiles were measured at three sites in the unburned coniferous 

zone which had low and medium fuel loads.  The hydrophobicity profiles measured at the 

unburned coniferous sites did not indicate significant hydrophobic layers (Figure J-2A).  

Only one of the seven profiles (UNB_CON 2-2 at Mt. Bigelow-3) had a hydrophobic 

layer, which penetrated to 19 cm in depth and had a thickness of approximately 15 cm.  

This site had a medium fuel load.   

Hydrophobic profiles were measured at all of the six burned coniferous sites for 

low to high burn severities.  Hydrophobicity was detected from 3 to 13 cm in the burned 

coniferous hydrophobic profiles (Figure J-2B).  BUR_CON 5-3, which had a high burn 

severity, had the thickest hydrophobic layer of approximately 6 cm and the highest 

surface organic content for the burned coniferous sites.  This profile at Carter Canyon 

also had the deepest penetration of approximately 13 cm.  At these sites, the hydrophobic 

layer occurred from 4 to 9 cm with an average thickness of approximately 5 cm.  In 

comparing the unburned and burned coniferous sites, the unburned coniferous sites 

exhibited some hydrophobicity at the soil surface; however, the burned coniferous sites 

primarily show deeper hydrophobic layers.  The depth and thickness of the hydrophobic 

measurements did not appear to be a function of the burn severity, which may be 

attributed to thick layers of litter and duff.  Finally, coniferous sites had high organic 

matter which may insulate the soil, resulting in shallower but thicker hydrophobic layers 

than the woodland-chaparral sites.   
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Figure J-2: Hydrophobic depth profile of coniferous sites ('*' on x-axis denotes profile 
at site was not measured). 
 
Table J-1: Seven hydrophobicity classes categorized according to MED and WDPT 
(Doerr, 1998). 
Hydrophobicity Class Descriptive label Ethanol % WDPT 

1 Very Hydrophilic 0 <5 s 
2 Hydrophilic 3 5-60 s 
3 Slightly hydrophobic 5 60-180 s 
4 Moderately hydrophobic 8.5 180-600 s 
5 Strongly hydrophobic 13 600-3600 s 
6 Very strongly hydrophobic 24 1-5 h 
7 Extremely hydrophobic 36 >5 h 

Hydrophobic characteristics of soils 

MED measurements were categorized into seven classes of hydrophobicity from 

very hydrophilic to extremely hydrophobic (Doerr, 1998).  WDPT measurements were 

also categorized into six classes of hydrophobicity from very hydrophilic to very strongly 

hydrophobic (Table J-1).  For unburned and burned soil samples in each vegetation zone, 
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MED and WDPT categories had a strong positive correlation according to the Spearmann 

rank correlation coefficients for non-parametric variables (Table J-2).  Within the 

individual hydrophobic classes, the correlation between MED and WDPT measurements 

was especially high for the highest and lowest classes, but the correlation for intermediate 

ranges was not as strong.  Previous studies have shown that MED and WDPT correlate 

well for highly hydrophobic soils and less well for moderately hydrophobic soils (Doerr, 

1998).   

Table J-2: Frequency of MED and WDPT measurements according to hydrophobic 
classes. 
UNBURNED WOODLAND-CHAPARRAL

% Ethanol Class Descriptive Level <5s 5-59 s 60-179 s 180-599 s 600-3600s >3600 s Total
0 1 Very Hydrophilic 91 6 - - - - 97
3 2 Hydrophilic - 3 1 - - - 4
5 3 Slightly Hydrophobic - - 2 - 1 - 3

8.5 4 Moderately Hydrophobic - - - - - 0
13 5 Strongly Hydrophobic - - 1 2 - - 3
24 6 Very Strongly Hydrophobic - - - - 1 1 2
36 7 Extremely Hydrophobic - - - - - 1 1

Total 91 9 4 2 2 2 110

Hydrophobicity (MED) Hydrophobicity (WDPT)

 

BURNED WOODLAND-CHAPARRAL

% Ethanol Class Descriptive Level <5s 5-59 s 60-179 s 180-599 s 600-3600s >3600 s Total
0 1 Very Hydrophilic 49 31 3 4 - - 87
3 2 Hydrophilic - 8 3 3 - - 14
5 3 Slightly Hydrophobic - 4 2 4 - - 10

8.5 4 Moderately Hydrophobic - - 2 - 2 3 7
13 5 Strongly Hydrophobic - - - 4 3 2 9
24 6 Very Strongly Hydrophobic - - - 1 4 11 16
36 7 Extremely Hydrophobic - - - - - - 0

Total 49 43 10 16 9 16 143

Hydrophobicity (MED) Hydrophobicity (WDPT)

 

UNBURNED CONIFEROUS

% Ethanol Class Descriptive Level <5s 5-59 s 60-179 s 180-599 s 600-3600s >3600 s Total
0 1 Very Hydrophilic 11 3 3 1 2 1 21
3 2 Hydrophilic 1 2 - 1 - - 4
5 3 Slightly Hydrophobic - 1 5 3 1 - 10

8.5 4 Moderately Hydrophobic - 1 - 1 - 2 4
13 5 Strongly Hydrophobic - 1 3 2 2 4 12
24 6 Very Strongly Hydrophobic - - 1 - 2 11 14
36 7 Extremely Hydrophobic - - - - - - 0

Total 12 8 12 8 7 18 65

Hydrophobicity (MED) Hydrophobicity (WDPT)
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BURNED CONIFEROUS

% Ethanol Class Descriptive Level <5s 5-59 s 60-179 s 180-599 s 600-3600s >3600 s Total
0 1 Very Hydrophilic 33 14 2 1 1 - 51
3 2 Hydrophilic - 4 5 1 1 - 11
5 3 Slightly Hydrophobic - - - 2 - 2 4

8.5 4 Moderately Hydrophobic - - - 4 - - 4
13 5 Strongly Hydrophobic - - - 1 2 2 5
24 6 Very Strongly Hydrophobic - - - - 1 41 42
36 7 Extremely Hydrophobic - - - - - - 0

Total 33 18 7 9 5 45 117

Hydrophobicity (MED) Hydrophobicity (WDPT)

 

Verification of WDPT and MED correlation 

The frequency of hydrophobic classes was obtained using MED measurements.  

Classification of hydrophobic soils using MED measurements was faster than WDPT 

since it allowed classification of very strong hydrophobic soils which typically have 

WDPT values greater than one hour.  Previous studies have shown that MED and WDPT 

correlate well for highly hydrophobic soils and less well for moderately hydrophobic 

soils (Doerr, 1998).  To examine this finding for our measurements, we compared the 

MED Classes 1 through 6 and to the six classes of WDPT (Doerr, 1998).  Eliminating 

class 7 did not impact the results because almost no samples were considered ‘extremely 

hydrophobic.’  For the unburned woodland-chaparral soils, 94% of soils classified as 

MED Class 1 were also classified in the lowest WDPT class (<5 s).  For the burned 

woodland-chaparral soils, 92% of MED Class 1 burned woodland-chaparral samples 

were classified in the two lowest WDPT classes (<5 s or 5-59 s).  Also, 69% of the soils 

classified in MED Class 6 were categorized in the sixth highest WDPT category (>3600 

s).  Similarly in the coniferous vegetation zone, 67% of the unburned samples in MED 

Class 1 belonged to the lowest two WDPT categories, and 79% of the samples in MED 
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class 6 belonged to the sixth WDPT category (>3600 s).  Finally, for the burned 

coniferous samples 92% of the MED Class 1 soil samples belonged to the lowest two 

WDPT categories, and 98% of the MED Class 6 belonged to the sixth highest WDPT 

category. 

The Spearmann rank correlation coefficient was used to determine the strength of 

mono-tone association between the non-parametric (or distribution-free) variables of 

WDPT and MED class values.  In general correlation coefficients can range from -1 to +1 

to describe correlations from very strong negative correlations to very strong positive 

correlations.  For each data set, the MED and WDPT categories had a strong positive 

correlation.  The unburned woodland-chaparral (ρ=0.8282, p<0.01, n=110, Spearman 

Rank Correlation) and the burned woodland-chaparral (ρ=0.8054, p<0.01, n=143, 

Spearman Rank Correlation) had similar levels of correlation.  The unburned coniferous 

(ρ=0.7100, p<0.01, n=65, Spearman Rank Correlation) had the lowest correlation of the 

four data sets.  The burned coniferous (ρ=0.9304, p<0.01, n=117, Spearman Rank 

Correlation) had the highest correlation between the MED class and WDPT categories.  

In general, the MED Classes and the WDPT were highly correlated for each data set.  

The correlation was especially high for the highest and lowest MED Classes; the 

correlation for intermediate range was not as strong as was found in previous research 

(Doerr, 1998).  Furthermore, the correlation for the unburned coniferous sites was 

significantly lower than the other three data sets.  Nevertheless, the hydrophobic analysis 

using MED classes was adequate in this study. 
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Table J-3: Spearman rank correlation coefficients for WDPT and MED measurements 
for unburned and burned soil samples in each vegetation zone. 

ρ n
UNB_WC 0.8282 110
BUR_WC 0.8054 143
UNB_CON 0.7100 65
BUR_WC 0.9304 117  

In this study, the frequency of hydrophobic classes was obtained using MED 

measurements instead of WDPT to utilize a greater number of hydrophobic classes.  

WDPT and MED class values were determined for soil samples extracted at an 

approximate depth of 3 to 6 cm.  The frequency bar chart for the MED classes of the 

unburned woodland-chaparral was modal, where the majority of the soil samples (88%) 

were categorized in the lowest class considered “very hydrophilic” (Figure J-3).  Only 

8% of the total soil samples were considered hydrophobic (classes 3 to 7) (Table J-3).  

After the fire, the majority (61%) still occurred in the lowest hydrophobic class, but there 

was an increase in the percentage occurring in the higher hydrophobic classes; 29% of the 

post-burn soils were hydrophobic, representing nearly a four-fold increase.  The MED 

class values for the unburned and burned woodland-chaparral soils show a significant 

difference (Kolmogorov-Smirnov two-sample test, p<0.001).  Therefore, there was an 

increase in hydrophobic soils after a fire for the woodland-chaparral soils.  This could 

also be attributed to a deeper penetration of hydrophobic layer after a burn as seen in the 

hydrophobic profiles measured at the burned woodland-chaparral sites. 
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The frequency MED bar chart for the unburned coniferous samples was bi-modal 

(Figure J-3B) with 38% of samples in the lowest class (MED Class 1) and 22% in the 

second highest class (MED Class 6).  Also, 62% of the pre-burn coniferous soil samples 

were considered “hydrophobic.”  After the fire, the percentage of hydrophobic soil 

samples decreased to 48%.  The fire either caused the soil samples to become more 

hydrophobic and/or “burned off” the existing hydrophobic characteristics of the soil.  

However, the MED values for the unburned and burned soils coniferous soils do not 

show a significant difference (Kolmogorov-Smirnov two-sample test, p<0.001). 

 

Figure J-3: Frequency of measurements within a hydrophobic class for unburned and 
burned woodland-chaparral sites and coniferous sites. 
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Table J-4: Percentage of soil samples for unburned woodland-chaparral (UNB_WC), 
burned woodland-chaparral (BUR_WC), unburned coniferous (UNB_CON), and 
burned coniferous (BUR_CON) categorized as "Hydrophilic" and "Hydrophobic" 
based on MED classes. 

UNB_WC BUR_WC UNB_CON BUR_CON
Hydrophillic 92 71 38 52
Hydrophobic 8 29 62 48  

Air and water permeability results 

The in situ air permeability and laboratory water permeability were measured in 

burned and unburned soils in woodland-chaparral and coniferous vegetation to determine 

the differences between air and water permeability measurements and to determine the 

effects of fire on soil properties.  The air and water permeability measurements are 

illustrated in a cumulative frequency distribution and fitted log-normal distribution for 

unburned and burned log ka (hollow circles) and log kw (solid line) measurements in each 

vegetation zone (Figure J-4).  The results show a greater difference in air permeability for 

coniferous vegetation than woodland-chaparral soils in burned soils.  Also, water 

permeability in burned woodland-chaparral soils increased while it decreased in burned 

coniferous soils when compared to unburned soils.   

As a result of the wildfire in woodland-chaparral soils, there was a slight decrease 

in the median air permeability from 96 to 80 μm2.  This decrease was indistinguishable in 

the cumulative frequency distribution for log ka in woodland-chaparral shown on a log 

scale (Figure J-4A).  There was a greater decrease for the coniferous vegetation zone 
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where the median decreased from 152 to 110 μm2 following the fire and was evident in 

the x-axis shift of the peak in the normal distribution diagram (Figure J-4D).  The range 

for the burned woodland-chaparral was larger than that of the unburned (range of 620 

μm2 and 499 μm2, respectively) (Figure J-4A), whereas, the range for the unburned 

coniferous was larger than that of the burned coniferous (range of 799 μm2 and 501μm2, 

respectively) (Figure J-4C).  The air permeability measurements in the unburned 

coniferous vegetation exhibited the largest variation. 

In general, the water permeability values were larger than the air permeability 

measurements (Figure J-4A and J-4C).  Unlike the small decrease in air permeability in 

burned woodland-chaparral soils, the water permeability of the woodland-chaparral 

increased from 196 to 429 μm2 after the fire (Figure J-4A).  This was evident by the x-

axis shift of the median in the normal distribution of water permeability measurements 

(Figure J-4B).  On the contrary, the median water permeability decreased for the 

coniferous zone from 862 to 478 μm2 after the fire (Figure J-4C).  The range for the 

unburned and burned woodland-chaparral water permeability values were similar (6346 

and 6355 μm2 respectively) (Figure J-4A).  The range for the unburned coniferous was 

significantly larger than the burned coniferous (10,233 and 2,572 μm2 respectively) 
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(Figure J-4C).  

 

Figure J-4: Cumulative frequency distributions and fitted log-normal distributions of 
frequency histograms for ka and kw for unburned and burned sites in each vegetation 
zone. 

Air permeability was measured at very low volumetric moisture contents, 

especially for measurements made immediately after the fire (Table J-5).  The variability 

in air permeability for burned woodland-chaparral and coniferous soils were similar and 

higher than the variability of unburned woodland-chaparral and coniferous soils (which 

were also similar).  This variability in post-fire air permeability measurements may be 

explained by the different post-fire effects ranging from sealing and loss of macropores 

resulting in low permeability to increased root holes from combusted roots and organic 

matter resulting in high permeability.  These post-fire effects were dependent on the 

degree of burn severity, organic matter content, and vegetation type.   
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On the other hand, the variability of water permeability in the burned coniferous 

soils was the highest followed by unburned woodland-chaparral soils in rank.  The 

unburned coniferous and burned woodland-chaparral soils had the least and similar 

variation in water permeability measurements.  The variability of the water permeability 

measured in each vegetation zone was greater than the variability of in situ air 

permeability measurements.  This may be due to the less disruptive in situ air 

permeability measurements compared to the more disruptive water permeability 

measurements made on extracted cores.   

Table J-5: Mean and +1 standard deviation for air and water permeability and soil 
properties for each vegetation zone. 

Site Category ka kw Bulk Density 
Moisture 

Content 
Porosity† 

 -----log(μm2)----- (g/cm3) (cm3/cm3) (cm3/cm3) 

Unburned Woodland-

Chaparral 
1.98+0.33 2.39+0.58 1.49+0.24 0.04+0.06 0.44+0.09 

Burned Woodland-

Chaparral 
1.91+0.41 2.61+0.47 1.49+0.29 0.09+0.12 0.44+0.11 

Unburned Coniferous 2.18+0.33 2.84+0.49 0.99+0.33 0.08+0.05 0.63+0.13 

Burned Coniferous 1.96+0.42 2.49+0.65 1.31+0.30 0.10+0.08 0.50+0.11 

† Porosity = 1-(bulk density/2.65) 

Theoretically, air and water permeability should be equivalent under complete 

saturation of each fluid.  However, other perturbations, such as cracking and shrinkage of 

pores in dry conditions, polar fluid and soil surface attraction, and slip flow can cause 
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these two properties to differ.  Figure J-5 is an illustration of the geometric means of the 

measured in situ air permeability versus the laboratory measured water permeability with 

error bars indicating the standard deviation for each measurement.  Equivalent values of 

air and water permeability will be on the 1:1 dotted line.  For the unburned woodland-

chaparral, Site 2 and 5 are the closest to the ka-kw equivalency line.  Site 1 (UNB_WC 1) 

had a much higher water permeability than air permeability.  At this site, the moisture 

content was higher than at the other sites (θv =0.21 cm3/cm3).  It was possible that this 

soil (sandy loam) had not reached field capacity when the air permeability was measured.  

As a result, the air permeability could have been underestimated.  Figure J-5B shows that 

the water permeability was higher than air permeability by a constant magnitude for the 

burned woodland-chaparral vegetation.  This could be attributed to increased 

hydrophobicity in burned woodland-chaparral soils leading to preferential flow during 

water permeability measurements.  Figure J-5C shows the permeability values for three 

sites measured in the unburned coniferous vegetation.  Site 1 and 2 (UNB_CON 1 and 2) 

have higher water permeability values, whereas Site 3 (UNB_CON 3) had almost a one 

to one ratio of air and water permeabilities.  Figure J-5D shows that Sites 2, 5, and 6 had 

higher water permeability values than air permeability.  It was not suspected that post-fire 

hydrophobic effects had a major impact on the water permeability measurement in 

coniferous soils.  Therefore, the air permeability value may have been underestimated.  

These sites all consist of sandy loam texture.  A combination of above field capacity 
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moisture content and large gravel content may have contributed to the underestimation of 

ka. 

 

Figure J-5: Geometric means and standard deviations of measured in situ air 
permeability and laboratory water permeability in unburned and burned vegetation 
zones. 

For both vegetation zones, the air permeability decreased after the fire (though not 

significantly for the woodland-chaparral).  The degree of decrease in air permeability did 

not correlate with the increased percentage of hydrophobic samples.  For instance, 

although the woodland-chaparral increased in hydrophobic samples after a burn, the 

decrease in air permeability was not significant.  On the other hand, the coniferous zone 

decreased in the number of hydrophobic samples after a burn, but the median air 

permeability value decreased more than the woodland-chaparral zone.  Air permeability 

measurements did not capture the physio-chemical post-fire effect of hydrophobicity.  
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Rather, in-situ ka measurements were more indicative of the immediate structural changes 

after a fire.  That is, the decrease of in-situ ka for coniferous vegetation may be due its 

high organic matter and combustion of this organic matter.  Furthermore, high amounts 

of ash were observed in the field for coniferous soils in comparison to woodland-

chaparral soils at the medium and high burn severity sites.  This is turn, would lead to a 

more distinct decrease in air permeability for coniferous soils than for woodland-

chaparral soils.   

The median water permeability of the woodland-chaparral increased (by 0.3 log 

kw in m2) after a fire, whereas it decreased (by 0.3 log kw in m2) for the coniferous zones.  

This was correlated with the total percentage of hydrophobic samples for each zone.  The 

fire-induced hydrophobicity in the woodland-chaparral zone had a greater impact on the 

measured hydraulic conductivity.   

Previous research indicated that prolonged water saturation in hydrophobic soils 

allowed water to overcome hydrophobic effects (DeBano, 1981; King 1981; Dekker and 

Ritsema, 1996).  This type of soil was considered an ‘unstable water-repellent soil.’  

However, in very strong and extremely hydrophobic soils, soils remained hydrophobic 

even under saturated conditions and was termed a ‘stable water-repellent-soil.’  This was 

shown in laboratory conditions by the application of a stable water repellent substance 

onto soils by Carrillo et al. (2000).  Also, preferential flow in hydrophobic soils was seen 

in laboratory settings and resulted in uneven wetting fronts, finger-flow, and local rapid 
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infiltration (Dekker and Ritsema, 2000).  Preferential flow in hydrophobic soils was also 

attributed to a macropore network due to burned-out roots (Ferreira, 1996). 

Woodland-chaparral soils exhibiting an increase in higher degrees of 

hydrophobicity could be attributed to the increase in water permeability due to post-fire 

flow effects such as preferential flow and possibly an increase in macropore network 

connectivity and/or density.  On the other hand, the decrease in water permeability in 

coniferous zones could be due to the removal of organic matter and the relocation of ash 

or fines in larger pores.  Therefore, Ksat measurements are complicated by the increase 

and strength of hydrophobic woodland-chaparral soils but the slight change in lower 

degrees of hydrophobicity in coniferous soils does not seem to impact Ksat measurements 

significantly in coniferous soils  
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APPENDIX K: FEMLAB MODELS AND MATLAB PROGRAMS 
 

1. SCAP_3DAirflow_Model_Validation.m – Validation of 3D Airflow FEMLAB 

model with the Jalbert and Dane Shape Factor Model. 

2. SCAP_3DAirflow_Model_wf_contours.m – Determines the sample volume for 

varying anisotropy and varying diameter to height ratios by calling up 

SCAP_SAMPLE_VOLUME.m. 

3. SCAP_SAMPLE_VOLUME.m – Executed by 

SCAP_3DAirflow_Model_wf_contours.m, to calculate the sample volume. 

4. SCAP_3DAirflow_Model_Steps.doc - FEMLAB Modeling steps for a steady-

state saturated 3D air flow model 
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SCAP_3DAirflow_Model_Validation.m 
--------------------------------------------------------------------- 
 
clear; 
clc; 
% FEMLAB Model M-file 
% Generated by FEMLAB 3.1 (FEMLAB 3.1.0.157, $Date: 2004/11/12 07:39:54 %$) 
  
flclear fem 
global handles; 
  
% Femlab version 
clear vrsn 
vrsn.name = 'FEMLAB 3.1'; 
vrsn.ext = ''; 
vrsn.major = 0; 
vrsn.build = 157; 
vrsn.rcs = '$Name:  $'; 
vrsn.date = '$Date: 2004/11/12 07:39:54 $'; 
fem.version = vrsn; 
  
% This FEMLAB/MATLAB program is written to determine the effects of anisotropy on 
% in situ air permeability measurements.  Units are cm, s, and kg 
  
% This model is setup after Liang et al. (1995) and Jalbert and Dane (2003).The applied 
% pressure of 264.4 Pa is the same as that used by Liang et al., and the eta was  
% calculated using the equation in Jalbert and Dane (2003) from Mason and Monchick  
% (1965) with viscosity dependent on temperature, temperature is 25 degrees C or 77  
% degrees F.  The diameter of the insertion air permeameter in Liang et al, (1995)  
% ANSYSB is 3.3 cm whereas I use D=5.3 which is the inside diameter of SCAP.   
  
% The geometry of the model is taken after Jalbert and Dane (2003) 
% recommendations except that for D/H=0.25.  However the no flow boundary was still 
% valid. 
  
% The geometric factor was calculated using an integration of Q over the soil surface and 
% set a permeability value.  Liang et al. (1995) used the integration of the pressure  
% gradient to calculate G and so permeability was not needed.  However the integration 
% of pressure with the vertical y component results in the same flux. 
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% The mesh was refined according to the model geometry where the SCAP 
% cylinder was finer than the domain.  In addition to this default, the mesh was refined  
% to a 'finer' setting.  This approach is different from Jalbert and Dane where the mesh  
% was refined only around the corners of the air permeameter. 
  
%SCAP_3DAirflow_Model_Validation.m 
  
%BEGIN TIMER 
tic 
  
%Create output file 
fid=fopen('Geometric_Factor_Graph.txt', 'w'); 
fprintf(fid, 'D_H\t G_JDSF\t G_FEM\n'); 
fprintf(fid, '[-]\t [-]\t [-]\n'); 
  
%Geometry of Air Permeameter 
Diameter=5.3; 
handles.Radius=Diameter/2;  
 
% Radius=2.65 cm for SCAP 
% Area=0.25*pi*Diameter^2; %cm^2 
handles.R_ex=handles.Radius+(Diameter/20);  
% The external radius of SCAP %Cylinder = 2.915 cm 
handles.D=[5.3; 5.3; 5.3; 5.3; 5.3; 5.3; 5.3; 5.3];  
% Diameter of SCAP is constant but in a vector form so I can find H values 
handles.D_H=[0.25; 0.5; 1; 2; 4; 6; 8; 10]; %D/H ratios 
handles.H=handles.D./handles.D_H;  
% Determine height of SCAP insertion based on D/H ratio 
handles.R=handles.D/2; 
handles.HPM=[110; 110; 80; 80; 80; 80; 80; 80;];  
% Model Height of Porous Media(HPM) based on Jalbert and Dane's dimensions 
handles.RPM=[110; 110; 80; 80; 80; 80; 80; 80;];  
% Model Radius of Porous Media(HPM) based on Jalbert and Dane's dimensions 
handles.z=handles.HPM-handles.H;  
%This is the z value for the base of SCAP cylinder 
  
%---------------------------------------------------------------------- 
% SET UP 1ST LOOP 
%---------------------------------------------------------------------- 
% The primary purpose of this loop is to great the graph of D/H vs G, the geometric  
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% factor for insertion probes as a function of the probe %D/H for homogeneous porous 
% media.  This was validated against Jalbert and Dane's HYDRUS-2D model. 
  
% Geometry of FEMLAB mesh 
for m=1:8; 
g1=cylinder3(handles.RPM(m),handles.HPM(m),'pos',{'0','0','0'},'axis',{'0','0','1'},'rot','0'); 
g2=cylinder3(handles.R_ex,handles.H(m),'pos',{'0','0',handles.z(m)},'axis',{'0','0','1'},'rot',
'0'); 
g3=cylinder3(handles.Radius,handles.H(m),'pos',{'0','0',handles.z(m)},'axis',{'0','0','1'},'ro
t','0'); 
g4=geomcomp({g2,g3},'ns',{'CYL2','CYL3'},'sf','CYL2-CYL3','face','all','edge','all'); 
g5=geomcomp({g1,g4},'ns',{'CYL1','CO1'},'sf','CYL1+CO1','face','none','edge','all'); 
clear s 
s.objs={g5}; 
s.name={'CO2'}; 
s.tags={'g5'}; 
  
fem.draw=struct('s',s); 
fem.geom=geomcsg(fem); 
  
% Initialize mesh (at a 'finer' degree of mesh) 
fem.mesh=meshinit(fem, ... 
                  'hmaxfact',0.55, ... 
                  'hcutoff',0.005, ... 
                  'hgrad',1.35, ... 
                  'hcurve',0.3); 
%---------------------------------------------------------------------- 
% SET UP 2ND LOOP 
%---------------------------------------------------------------------- 
% Defined vertical air permeability values 
% ka, cm^2 -- This correspond to 1, 5, 10, 50, 100, 500, & 1000 um^2 
% where, 1 cm^2 = 1e8 um^2 
handles.kaz=[1e-8; 5e-8; 1e-7; 5e-7; 1e-6; 5e-6; 1e-5]; 
for n=3; 
%---------------------------------------------------------------------- 
% SET UP 3RD LOOP 
%---------------------------------------------------------------------- 
% anisotropy exponents 
handles.a=[-1.2; -0.9; -0.6; -0.3; 0; 0.3; 0.6; 0.9; 1.2]; 
for i=5;  
% i=5 is for homogeneous porous media 
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%---------------------------------------------------------------------- 
%  Constants 
T=25;  %degrees Celsius or 77 degrees Fahrenheit 
eta=(1717+(4.8*T))*10^-8;   
% 1.8370e-5 Pa*s Taken from Jalbert and Dane (2003) and Mason and Monchick (1965). 
%This is the dry air viscosity dependent on temperature 
handles.eta=eta/100;  %kg/s*cm converting m to cm 
handles.Press=(264.4/98.0065); %2.6978 cm of H2O used by Liang et al. (1995) 
%1 cm H2O = 98.0665 Pa or 98.0665 kg/s^2*m 
handles.delP=(264.4)/100; %kg/s^2*cm -->Liang et al. (1995) used 264.4 Pa in 
%ANSYSB Model 
fem.const={'kaz',handles.kaz(n),'ko','1e-
100','eta',handles.eta,'delP',handles.delP,'a',handles.a(i)}; 
  
% (Default values are not included) 
  
% Application mode 1 
clear appl 
appl.mode.class = 'FlPDEG'; 
appl.dim = {'ha','ha_t'}; 
appl.name = 'air'; 
appl.border = 'on'; 
appl.assignsuffix = '_air'; 
clear bnd 
bnd.r = {'-ha','-ha','delP-ha'}; 
bnd.type = {'neu','dir','dir'}; 
bnd.ind = [1,1,1,2,1,1,1,1,1,1,3,1,1,1,1,1,1]; 
appl.bnd = bnd; 
clear equ 
equ.da = 0; 
equ.f = 0; 
equ.ga = {{{'-(kax/eta)*hax';'-(kay/eta)*hay';'-(kaz/eta)*haz'}},{{'-(ko/eta)*hax';'-
(ko/eta)*hay';'-(ko/eta)*haz'}}}; 
equ.ind = [1,2]; 
appl.equ = equ; 
fem.appl{1} = appl; 
fem.border = 1; 
  
% Subdomain expressions 
clear equ 
equ.ind = [1,2]; 
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equ.dim = {'ha'}; 
equ.expr = {'wf',{'abshax_air^2/ih2',''}}; 
fem.equ = equ; 
  
% Global expressions 
handles.A(i)=10^handles.a(i); 
handles.kax(n)=handles.kaz(n)*handles.A(i); 
handles.kay(n)=handles.kax(n); 
  
fem.expr = {'kay',handles.kay(n),'kax',handles.kax(n),'A',handles.A(i)}; 
  
% Coupling variable elements 
clear elem 
elem{1} = 
struct('elem',{'elcplscalar'},'var',{{'ih2'}},'g',{{'1'}},'src',{{{{},{},{},struct('expr',{{{{},'(
abshax_air)^2'}}},'ipoints',{{{{},'4'}}},'ind',{{{'2'},{'1'}}})}}},'geomdim',{{{}}},'global
',{{'1'}}); 
fem.elemcpl = elem; 
  
% Multiphysics 
fem=multiphysics(fem); 
  
% Extend mesh 
fem.xmesh=meshextend(fem); 
  
% Solve problem 
fem.sol=femlin(fem, ... 
               'solcomp',{'ha'}, ... 
               'outcomp',{'ha'}, ... 
               'linsolver','gmres'); 
  
% Save current fem structure for restart purposes 
fem0=fem; 
  
% Integrate 
Q_insitu(m)=-postint(fem,'nga1', ... 
           'dl',[11], ... 
           'edim',2); 
        
% COMPUTATION OF SHAPE FACTOR G USING FEMLAB FLUX INTEGRATION 
G_FEM(m)=(Q_insitu(m)*handles.eta)/(handles.kaz(n)*Diameter*handles.delP);  
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% Using vertical ka to calculate G 
 
% COMPUTATION OF SHAFE FACTOR G USING JALBERT AND DANE (2003) 
APPROX. 
G_JDSF(m)=(((0.25*pi+handles.D_H(m))*log(1+handles.D_H(m)))/(1+handles.D_H(m)
)); 
%---------------------------------------------------------------------- 
% END LOOPS 
%---------------------------------------------------------------------- 
end 
end 
%---------------------------------------------------------------------- 
% WRITE OUTPUT TO SCREEN 
fprintf('%6.2f\t%6.5f\t%6.5f\n', handles.D_H(m), G_JDSF(m), G_FEM(m)); 
%---------------------------------------------------------------------- 
% WRITE OUTPUT TO FILE 
fprintf(fid, '%6.2f\t%6.5f\t%6.5f\n', handles.D_H(m), G_JDSF(m), G_FEM(m)); 
pause(1); 
end 
%---------------------------------------------------------------------- 
% END PROGRAM 
%---------------------------------------------------------------------- 
fclose('all'); 
fprintf('\n\n\nEND OF PROGRAM\n'); 
%---------------------------------------------------------------------- 
% PLOT SHAPE FACTOR FOR JALBERT AND DANE AND FEMLAB OUTPUT 
%---------------------------------------------------------------------- 
figure(m) 
plot(handles.D_H, G_JDSF, '-k', 'LineWidth',2.0) 
hold on 
plot(handles.D_H, G_FEM, 'ok', 'MarkerFaceColor', 'k') 
xlabel('Diameter to Height Ratio, D/H [-]', 'FontName', 'Helvetica','FontSize', 13) 
ylabel('Geometric Factor, G [-]', 'FontName', 'Helvetica','FontSize', 13) 
title('Geometric factor for insertion probes as a function of D/H', 'FontName', 
'Helvetica','FontSize', 13) 
legend('Jalbert and Dane (2003)', 'FEMLAB 3D','Location', 'northwest') 
set(gca,'XTick',[2 4 6 8 10]) 
set(gca,'YTickLabel',[0.0 0.5 1.0 1.5 2.0 2.5]) 
set(gca,'YTickLabel',{'0.0';'0.5';'1.0';'1.5';'2.0';'2.5'}) 
grid on 
set(gca,'GridLineStyle', '-') 
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hold off 
  
% Time elapsed for program to complete 
time=(toc/60) %minutes 
% This program takes 21 minutes to complete. 
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SCAP_3DAirflow_Model_wf_contours.m 
----------------------------------------------------------------------- 
 
clear; 
clc; 
% FEMLAB Model M-file 
% Generated by FEMLAB 3.1 (FEMLAB 3.1.0.157, $Date: 2004/11/12 07:39:54 $) 
  
flclear fem 
global handles; 
  
% Femlab version 
clear vrsn 
vrsn.name = 'FEMLAB 3.1'; 
vrsn.ext = ''; 
vrsn.major = 0; 
vrsn.build = 157; 
vrsn.rcs = '$Name:  $'; 
vrsn.date = '$Date: 2004/11/12 07:39:54 $'; 
fem.version = vrsn; 
  
% This FEMLAB/MATLAB program is written to determine the effects of anisotropy on 
%in situ air permeability measurements.  Units are cm, s, and kg 
  
% SCAP_3DAirflow_Model_wf_contours.m 
  
% BEGIN TIMER 
tic 
  
% Create output file 
fid=fopen('Anisotropy_Sample_Volume_Results.txt', 'w'); 
fprintf(fid, 'a_exp\t handles.sv.wf\n '); 
fprintf(fid, '[-]\t [-]\n'); 
  
% Geometry of Air Permeameter 
Diameter=5.3; 
handles.Radius=Diameter/2;  
% Radius=2.65 cm for SCAP 
% Area=0.25*pi*Diameter^2; %cm^2 
handles.R_ex=handles.Radius+(Diameter/20);  
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% The external radius of SCAP Cylinder = 2.915 cm 
handles.D=[5.3; 5.3; 5.3; 5.3; 5.3; 5.3; 5.3; 5.3]; %Diameter of SCAP is constant but in a 
% vector form so I can find H values 
handles.D_H=[0.25; 0.5; 1; 2; 4; 6; 8; 10]; %D/H ratios 
handles.H=handles.D./handles.D_H;  
% Determine height of SCAP insertion based on D/H ratio 
handles.R=handles.D/2; 
handles.HPM=[110; 110; 80; 80; 80; 80; 80; 80;];  
% Define Height (HPM) of Cylinder representing porous medium based on Jalbert and  
% Dane's dimensions 
handles.RPM=[110; 110; 80; 80; 80; 80; 80; 80;];  
%Define Radius (RPM) based on Jalbert and Dane's dimensions 
handles.z=handles.HPM-handles.H; %This is the z value for the base of SCAP cylinder 
handles.zmin=handles.HPM-(2*handles.H); 
  
%---------------------------------------------------------------------- 
% SET UP 1ST LOOP 
%---------------------------------------------------------------------- 
% The primary purpose of this loop is to great the graph of D/H vs G, the geometric  
% factor for insertion probes as a function of the probe D/H. This is validated against  
% Jalbert and Dane's HYDRUS-2D model. 
  
% Geometry of FEMLAB mesh 
% for m=1:8; 
for m=2; % m=2 corresponds to the dimensions for SCAP. 
g1=cylinder3(handles.RPM(m),handles.HPM(m),'pos',{'0','0','0'},'axis',{'0','0','1'},'rot','0'); 
g2=cylinder3(handles.R_ex,handles.H(m),'pos',{'0','0',handles.z(m)},'axis',{'0','0','1'},'rot',
'0'); 
g3=cylinder3(handles.Radius,handles.H(m),'pos',{'0','0',handles.z(m)},'axis',{'0','0','1'},'ro
t','0'); 
g4=geomcomp({g2,g3},'ns',{'CYL2','CYL3'},'sf','CYL2-CYL3','face','all','edge','all'); 
g5=geomcomp({g1,g4},'ns',{'CYL1','CO1'},'sf','CYL1+CO1','face','none','edge','all'); 
clear s 
s.objs={g5}; 
s.name={'CO2'}; 
s.tags={'g5'}; 
  
fem.draw=struct('s',s); 
fem.geom=geomcsg(fem); 
  
% Initialize mesh (at a 'finer' degree of mesh) 
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% fem.mesh=meshinit(fem, ... 
%                  'hmaxfact',0.55, ... 
%                  'hcutoff',0.005, ... 
%                  'hgrad',1.35, ... 
%                  'hcurve',0.3); 
  
% Initialize mesh (at a 'fine' degree of mesh) 
fem.mesh=meshinit(fem, ... 
                  'hmaxfact',0.8, ... 
                  'hcutoff',0.008, ... 
                  'hgrad',1.35, ... 
                  'hcurve',0.35); 
%---------------------------------------------------------------------- 
% SET UP 2ND LOOP 
%---------------------------------------------------------------------- 
% Defined vertical air permeability values 
% ka, cm^2 -- This correspond to 1, 5, 10, 50, 100, 500, & 1000 um^2 
% where, 1 cm^2 = 1e8 um^2 
handles.kaz=[1e-8; 5e-8; 1e-7; 5e-7; 1e-6; 5e-6; 1e-5]; 
% for n=1:7; 
for n=3; %n=3 corresponds to k=1e-7 cm^2. 
%---------------------------------------------------------------------- 
% SET UP 3RD LOOP 
%---------------------------------------------------------------------- 
% anisotropy exponents 
handles.a=[-1.2; -0.9; -0.6; -0.3; 0; 0.3; 0.6; 0.9; 1.2]; 
% for i=1:9; 
for i=9; %i=5 corresponds to a=0 for a homogeneous media. 
%---------------------------------------------------------------------- 
  
% Constants 
handles.eta=1.789e-7;  %kg/s*cm from Street et al. (1996) 
handles.delP=2.644 %kg/s^2*cm 
handles.Press=(handles.delP*100)/98.0665;%2.7 cm of H2O (Liang et al., 1995) 
%1 cm H20 = 98.0665 Pa or 98.0665 kg/s^2*m 
  
fem.const={'kaz',handles.kaz(n),'ko','1e-
100','eta',handles.eta,'delP',handles.delP,'a',handles.a(i)}; 
  
% (Default values are not included) 
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% Application mode 1 
clear appl 
appl.mode.class = 'FlPDEG'; 
appl.dim = {'ha','ha_t'}; 
appl.name = 'air'; 
appl.border = 'on'; 
appl.assignsuffix = '_air'; 
clear bnd 
bnd.r = {'-ha','-ha','delP-ha'}; 
bnd.type = {'neu','dir','dir'}; 
bnd.ind = [1,1,1,2,1,1,1,1,1,1,3,1,1,1,1,1,1]; 
appl.bnd = bnd; 
clear equ 
equ.da = 0; 
equ.f = 0; 
equ.ga = {{{'-(kax/eta)*hax';'-(kay/eta)*hay';'-(kaz/eta)*haz'}},{{'-(ko/eta)*hax';'-
(ko/eta)*hay';'-(ko/eta)*haz'}}}; 
equ.ind = [1,2]; 
appl.equ = equ; 
fem.appl{1} = appl; 
fem.border = 1; 
  
% Subdomain expressions 
clear equ 
equ.ind = [1,2]; 
equ.dim = {'ha'}; 
equ.expr = {'wf',{'abshax_air^2/ih2',''}}; 
fem.equ = equ; 
  
% Global expressions 
handles.A(i)=10^handles.a(i); 
handles.kax(n)=handles.kaz(n)*handles.A(i); 
handles.kay(n)=handles.kax(n); 
  
fem.expr = {'kay',handles.kay(n),'kax',handles.kax(n),'A',handles.A(i)}; 
  
% Coupling variable elements 
clear elem 
elem{1} = 
struct('elem',{'elcplscalar'},'var',{{'ih2'}},'g',{{'1'}},'src',{{{{},{},{},struct('expr',{{{{},'(
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abshax_air)^2'}}},'ipoints',{{{{},'4'}}},'ind',{{{'2'},{'1'}}})}}},'geomdim',{{{}}},'global
',{{'1'}}); 
fem.elemcpl = elem; 
  
% Multiphysics 
fem=multiphysics(fem); 
  
% Extend mesh 
fem.xmesh=meshextend(fem); 
  
% Solve problem 
fem.sol=femlin(fem, ... 
               'solcomp',{'ha'}, ... 
               'outcomp',{'ha'}, ... 
               'linsolver','gmres'); 
  
% Save current fem structure for restart purposes 
fem0=fem; 
  
% Integrate 
Q_insitu(n)=-postint(fem,'nga1', ... 
           'dl',[11], ... 
           'edim',2); 
        
%------------------------------------------------------------------------- 
% COMPUTATION OF SHAPE FACTOR G USING JALBERT AND DANE (2003) 
%APPROX. 
G_JDSF(n)=(((0.25*pi+handles.D_H(m))*log(1+handles.D_H(m)))/(1+handles.D_H(m)
)); 
% COMPUTATION OF EFFECTIVE ka USING FEMLAB FLUX INTEGRATION 
eff_ka(n)=(Q_insitu(n)*handles.eta)/(G_JDSF(n)*Diameter*handles.delP);  
%------------------------------------------------------------------------- 
% Execute function to determine value of weighting function corresponding to 
% 25, 50, 75, & 90% sample volume 
sv=SCAP_sample_volume(fem); 
%---------------------------------------------------------------------- 
% WRITE OUTPUT TO SCREEN 
fprintf('%6.5f\t%6.5e\n',  handles.a(i), handles.sv.wf(4)); 
%---------------------------------------------------------------------- 
% WRITE OUTPUT TO FILE 
fprintf(fid, '%6.5f\t%6.5e\n', handles.a(i), handles.sv.wf(4)); 
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%---------------------------------------------------------------------- 
% END LOOPS 
%------------------------------------------------------------------------- 
end 
end 
end 
%------------------------------------------------------------------------- 
% END PROGRAM 
%----------------------------------------------------------------------  
fclose('all'); 
fprintf('\n\n\nEND OF PROGRAM\n'); 
  
%Time elapsed for program to complete 
time=toc; 
actual_time=toc/60 %minutes 
handles.sv.wf(4) 



195 

SCAP_Sample_Volume.m 
--------------------------------------------------------------------- 
function sv = SCAP_Sample_Volume(fem) 
  
global handles; 
% Calculates the isosurface (3D contour interval) that repesents 25%, 50%, 75%, and  
% 90% 
% sample volume and returns them to calling program for plotting 
  
% First, the wf and corresponding volume values are extracted from FEMLAB using 
% posteval for wf and dvol/6.  wf is the weighting function calculated in 
% the calling program.  The variable dvol represents the determinant of a  
% Jacobian that relates the local spatial coordinate values in the element to  
% the global coordinate values. For 3D domains, this is the factor that FEMLAB  
% multiplies volumes by when moving from local coordinates to global coordinates.  
% In 2D and 1D domains, it is an area scaling factor and length scaling factor, 
respectively. 
  
% For a tetrahedral mesh in 3D you change 2 to 6: where posteval('fem','dvol/6').  
% This results from the fact that the standard tetrahedral has a volume of 1/6,  
% and for 2D the area of the standard triangle is 1/2. 
  
wf_save=posteval(fem, 'wf'); %calls and saves wf, the weighting function 
vol_save=posteval(fem, 'dvol/6'); %calls and saves dvol/6, the volume of an element 
data=[wf_save.d; vol_save.d]; 
tdata=data'; %This is the wf, and volume data 
  
% sorting wf and volume values by wf 
tsort_wf=sortrows(tdata,1); 
numcalc=size(tdata); 
  
% This section finds wf corresponding to different percentage samples 
%volumes 
wf_tot=0; 
vol=0; 
for n=1:numcalc(1) 
    wf_tot=wf_tot+tsort_wf(n,1)*tsort_wf(n,2); 
    vol=vol+tdata(n,2); 
end 
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% This section determines wf corresponding to specified percentage volumes 
% for j=1:4 
for j=4   %calculates sample volume only for 90% sample volume  
    m=numcalc(1); 
    k=numcalc(1); 
    sum_wf=0; 
     
    %Setting the sample volume (s.v.) to a certain percentage 
    handles.sv.pc=[25 50 75 90]; 
     
    while ((handles.sv.pc(j)/100)*wf_tot*10^10>(sum_wf*10^10)) & (m>0) 
        sum_wf=sum_wf+tsort_wf(m,1)*tsort_wf(m,2); 
        cell_number(j)=m; 
        m=m-1; 
    end 
    tsv(j)=tsort_wf(cell_number(j), 1); 
    handles.sv.pc_actual=sum_wf./wf_tot*100; 
end 
handles.sv.wf=tsv; 
sv=1; 
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SCAP_3DAirflow_Model_Steps.doc 
 
1. A FEMLAB Model was created for air (file: 3DModelframework.fl) 
2. I chose to use the units of kg, cm, and s. 
3. Choose Stationary analysis of the PDE, General Form, and Stationary Analysis.  I 

labeled my dependent variable ha and my application mode name, air  

 
4. Drew (centered) cylinder to represent the porous medium.  
 

 
 
5. Drew second cylinder to represent the outer wall of SCAP.  The radius is 5.83/2 cm 

or 2.915 cm, which is the internal diameter (D) plus two sidewall widths.  Where the 
thickness of one side wall is D/20.  So, D is 5.3 cm +2*(D/20)=5.83 cm.  The height 
is 10.6 cm. 
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6. Drew third cylinder to extract the inside of SCAP and to create SCAP walls.  The 

radius is (5.3/2) cm or 2.65 cm (which is the internal diameter) and the height is 10.6 
cm.   

 
7. Select all (control-A) and pull-down “Draw” and select “Create Composite Object.”  

In the formula type “CYL2-CYL3. (Note: interior boundaries were not kept!) 

 
 
8. Select all (control-A) and pull-down “Draw” and select “Create Composite Object.”  

Select “Union.” 
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9. Pull down “Mesh” and select “Initialize Mesh.” 

 
 
10. Pull down “Mesh” and select “Mesh Parameters” and selected “Finer” for Predefined 

mesh sizes. 
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11. Pull down “Physics” and select “Subdomain Settings.” Set 

porous medium (Subdomain selection 1) for Γ to -(kax/eta)*hax   -(kay/eta)*hay    
-(kaz/eta)*haz as the Flux vector.  Set SCAP (Subdomain selection 2) for Γ to -

(ko/eta)*hax   -(ko/eta)*hay   -(ko/eta)*haz as the Flux vector;  
 

 

 
 
12. Pull down “Physics” and select “Boundary Settings.” Check the box for the “Interior 

boundaries.”  Then, select all Boundary selections and set all of them to no-flow 
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Neumann boundaries.  Then select Boundary selection 4 and set to a Dirichlet 
boundary.  Boundary selection 4 is ha at the SCAP outlet and is equal to 0 cm and g is 
already set to 0 and r is –ha.  Now select Boundary Selection 11 and set it to a 
Dirichlet Boundary and set r to “2.644-ha”.  This boundary is ha at the inlet of SCAP 
and is equal to 2.644 kg/s2cm.   
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13. Pulled down “Options” and select “Constants.”  Define ka as the permeability of air 

and ko as the permeability of SCAP walls.  Also, defined the acceleration due to 
gravity, eta as the dynamic viscosity of air.   
• kaz = 1.0e-7 cm2 (Note that gravel is 10-3 cm2 from Freeze & Cherry.  I chose ka 

for silty sand) 
• ko = 1.0e-100 cm2 (Note that rock is 10-16 cm2 from Freeze & Cherry.  I chose a 

very low k_o.) 
• eta=1.789e-7 kg/s•cm or 1.789 e-5 Pa•s (Pa=N/m2 and N=kg•m/s2) 
• delP=2.644 kg/s2cm (This is the value that Liang et. al (1995) used in ANSYSB 

model) 
• a=0 

 
14. Pull down “Options”, select “Expressions” and select “Scalar Expressions.”  

• kay=kax 
• kax=kaz*A 
• A=10^a 
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15. Select “Options” and select “Integration Coupling Variables” and select “Subdomain 
Variables.”  Select “Subdomain selection 1.”  For “Name” type “ih2” and for 
“Expression” type “(abshax_air)^2”.  The “Integration order” is 4. 

 
16. Select “Options” and “Expressions” and “Subdomain Expressions.”  Select 

“Subdomain selection 1.”  For “Name” type “wf” and for “Expression” type 
“abshax_air^2/ih2”. 

 
17. Pull down “Solve” and select “Solve Problem.”  
18. Select “Postprocessing” and “Plot Parameters.”  Under the General Tab, Isosurface 

should be checked.   

 
19. Under the Isosurface Tab type ‘wf’ for Expression.  Select Vector with isolevels.  

Type 0.0021803 or the corresponding wf value for 90% volume for the specific a 
value.  Press OK. 
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20. Save as 3DModelframework.m 
21. Select File Export Current Plot as exported_data.txt 
22. Open Microsoft Excel and open file 
23. Select only the %coordinates data, copy and paste into another file.  This coordinates 

correspond to only the selected wf isosurface. 
24. Plot data and use Adobe Illustrator to outline sample volume. 


