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Abstract

Infiltration capacity influences the ability of aikto absorb and transmit water through
macropores and micropores of the soil structurdiltration is primarily influenced by the soll
type, which is dependent on a number of factorkidiog parent material, climate, biological
activity, and topography. Spatial controls of larsg, land cover, soil texture, slope position,
slope gradient and slope aspect are a few of thablas influencing infiltration capacity within
a uniform soil type.

The goals of the thesis are to (1) quantify thdiapdistribution of soil hydraulic
properties at the surface of a hillslope using measurement method - the automated mini-disk
tension infiltrometer - and several analysis meth@¢#) determine the dependence of depth on
soil hydraulic properties using two measurementhiogs, and (3) compare the results of the
investigation with information from the soil survagd soil investigations.

First, automated mini-disk infiltrometers were usedetermine soil hydraulic properties
at ten sites along a hillslope in Konza PrairielXalt Research Area. Several analysis methods
were used to extract hydraulic conductivity andgpsieity values from the infiltration data. Next,
large intact soil cores were extracted from thedeed sites at the same hillslope and analyzed
at six depths using a large disk infiltrometerndfly, the six segments of the large soil cores
were analyzed using the same methods as the fieddunements with the mini-disk
infiltrometers.

The results of the field investigation at the teassshow a variability of soil hydraulic
properties over an assumed homogeneous landséagevalues of hydraulic conductivity and
sorptivity are dependent on the method of analyais.empirically based approach produced
more realistic values than a physically based apgiro

The results of the laboratory investigation of tiheee extracted soil cores also show a
dependence of method of analysis and measurenreatldition, the results show a complex
relationship among landscape position, depth, andsucture.

Finally, while soil surveys and soil descriptiom@rovide detailed information on soil
properties, an infiltration investigation at a diets spatial scale provides quantitative values for

soil hydraulic properties.
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CHAPTER 1 - Introduction

Objective

A primary resource for any hydrologic investigatisrihe soil survey. Three databases
representing different soil geographic scales tmen established by the Natural Resources
Conservation Service (NRCS) of the U.S. Departroéstgriculture (USDA). The three
databases are, in increasing scale, (1) the Nat8mbhGeographic Data Base (NATSGO), (2)
State Soil Geographic Data Base (STATSGO), anth@¥oil Survey Geographic Data Base
(SSURGO). The SSURGO with the largest scale, batviel2,000 and 1:31,680, provides the
most detail. Tabular data of the soil propertieslmked to maps providing a spatial reference.
Soil survey information from SSURGO is adequatenfimist applications in agronomy or
engineering, but additional information is neededrnderstand land use impact or the natural
variation of the soil at a finer spatial scale.

Infiltration capacity influences the ability of aikto absorb and transmit water through
macropores and micropores of the soil structurdiltration is primarily influenced by the soll
type, which is dependent on a number of factorkidiog parent material, climate, biological
activity, and topography. Spatial controls of larsg, land cover, soil texture, slope position,
slope gradient and slope aspect are a few of thablas influencing infiltration capacity within
a uniform soil type.

The hydrologic response to the infiltration-runpfoperties of the land cover are seen in
the hydrograph. For a downstream response tocipiegion event in an impermeable
watershed, all precipitation becomes runoff. Théragraph is a sheep peak with a high
discharge followed by a steep recession. For gbtetely permeable watershed, where the
infiltration capacity of the soil exceeds the ppétation rate, all precipitation infiltrates intbd
soil. Assuming subsurface return flow, the coroegiing hydrograph is longer with a shallower
slope and small peak discharge. In reality, mgdtdiogic responses lie between these two
extremes. With less infiltration capacity, theajer the runoff and the greater the peak
discharge downstream.

Part of the job of the civil engineer is to man#wgerunoff response by offsetting
development which typically decreases infiltrate@apacity, with best management practices that

reduce or maintain the peak discharge. For lanthgeement applications, the higher runoff that



produces higher peak discharge result in greatsiar potential of both the soil on the land and
the stream and river channels downstream.

The goals of the thesis are to (1) quantify thdiapdistribution of soil hydraulic
properties at the surface of a hillslope using measurement method - the automated mini-disk
tension infiltrometer - and several analysis meth@¢#) determine the dependence of depth on
soil hydraulic properties using two measurementiods, and (3) compare the results of the
investigation with information from the soil survagd soil investigations.

First, automated mini-disk infiltrometers were usedetermine soil hydraulic properties
at ten sites along a hillslope in Konza PrairieuxatResearch Area (KPRNA), a tallgrass prairie
and a long-term ecological research station nearhdtian, KS. Several analysis methods were
used to extract hydraulic conductivity and sorpyiwialues from the infiltration data. Next, large
intact soil cores were extracted from three setesites at the same hillslope and analyzed at six
depths using a large disk infiltrometer. Finathg six segments of the large soil cores were
analyzed using the same methods as the field me&asuats with the mini-disk infiltrometers.

The results of the field investigation at the teassshow a variability of soil hydraulic
properties over an assumed homogeneous landsapevalues of hydraulic conductivity and
sorptivity are dependent on the method of analyais.empirically based approach produced
more realistic values than a physically based aqgro

The results of the laboratory investigation of tihee extracted soil cores also show a
dependence on the method of analysis and measuremeaddition, the results show a complex
relationship among landscape position, depth, andsucture.

Finally, while soil surveys and soil descriptiom@rovide detailed information on soil
properties, an infiltration investigation at a dietd spatial resolution provides quantitative
values for soil hydraulic properties.

Hydraulic conductivity varies over an assumed hoemegus landscape, in this case a
tallgrass prairie in Konza Prairie Research NatArah. By using automated mini-disk tension
infiltrometers, several measurements of the unatgdrhydraulic conductivity at the surface can
be collected quickly and easily at various landsgapsitions within a watershed. Unsaturated
hydraulic conductivity is a function of soil moiséuor tension, K) or K(h). From the data set,

a statistical analysis produces a mean, standatdta®, and groupings of the data. In addition



to characterizing the spatial distribution of tlieface hydraulic conductivity, a comparison of
analysis methods can be made from the infiltratiata.

Unsaturated hydraulic conductivity varies overrgeof applied tensions or water
pressure heads. By measuring infiltration oveargge of tensions and at a several depths,
information on the soil texture and soil structoaam be inferred. That information can be used
to create unsaturated flow models to charactehedltix of water through the soil, and the

change in soil moisture and pressure head.

Organization of the Thesis
The thesis is broken into three independent expgrisa The first is the field
measurements at all ten sites using the mini-diskrometers. The next two sections are
laboratory measurements using both the mini-dikriometers and large disk infiltrometers on

large extracted soil cores from three selected.site



Background and Previous Studies

Definition of Hydraulic Conductivity
Hydraulic conductivityK, is defined by Darcy’s law and is commonly writis

q=—K" [1-1]

whereq is the specific discharge, or flux, of water thghuhe soilh is the head loss, amds the
length of the soil sample in the direction of sfiedischarge. The hydraulic gradientcan be
substituted for the head loss per unit lenbth, For saturated condition, hydraulic conductivity
is a constant factor that is equal to the spediBcharge per unit hydraulic gradient. Other terms
for hydraulic conductivity are permeability or tBarcy coefficient of permeability. Intrinsic
permeability K, which has also been called permeability, is apoperty, while hydraulic
conductivity is dependent on both the fluid andgbeous medium. Hydraulic conductivity and
intrinsic permeability are related by

K = K9P

U

whereg is the acceleration of gravitg,is the density of the fluid, andis the dynamic viscosity

[1-2]

of the fluid. For this study, water is the fluiinterest. Due to temperature fluctuations
between the field measurements and the laborateasurements, adjustments of the hydraulic
conductivity for temperature are required to haweparable results. The temperature effects

are corrected with the following equation:
K,=K, 2 [1-3]

whereK; andK; are the hydraulic conductivities at temperatreandT,, and/s and/, are the
dynamic viscosities of the fluid @ andT,. The density of the water also changes with
temperature but is considered insignificant comghéoethe change in dynamic viscosity and is

not included in equation [1-3].

Applications for Hydraulic Conductivity
Hydraulic conductivity is used in applications cditer flow through a porous medium.

For an engineer or hydrologist, hydraulic conduttiis used in the creation of detailed



hydrologic models where surface water, typicalligioating from precipitation, is divided into
runoff and infiltration. Runoff is a surface watammponent of the hydrologic cycle. Runoff
from hillslopes flows towards lower elevations adlects in rivers, lakes or other surface water
bodies; it can evaporate back into the atmospheirdiltrate into the ground. Infiltration is

water that percolates into the ground. Infiltratzan be stored in the root zone and used by
vegetation or it can percolate deeper to becomenglwater. The division of precipitation into
runoff and infiltration has applications in hydrgloal, environmental, and geotechnical
investigations (Bronstert 1999). In the vadoseezam the unsaturated zone between the ground
surface and the water table, the prediction oftedi@nsport, design of agricultural systems for
water application or drainage, and environmenskl assessment requires knowledge of
unsaturated soil hydraulic properties (Gribb 2@04). For a soil scientist, a spatial
characterization of soil hydraulic properties isdi$or land management and understanding
erosion-deposition processes. A previous studwgfitration at KPRNA examined the effects of
burning of a prairie on hillslope hydrology. Infdtion decreased, and runoff and sediment loss
increased after burning, but the effects were tearyand disappeared after a few months
(Duell, 1990).

Spatial Variability of Hydraulic Conductivity

The hydraulic properties of soil vary spatiallyseen in the soil surveys where the soils
are classified into soil unit. Each soil unit lessimated values for hydraulic conductivity at the
surface and at depths corresponding to soil hosizatydraulic conductivity varies at the
laterally at the surface and with depth. The hyticgproperties at the surface depend on ground
cover, the slope and aspect (Casanova et al 20@0position along the hillslope (Holden 2009),
and can be affected by land use and land manageraatices (Kechavarzi et al 2009).
Hydraulic properties like hydraulic conductivityyeabeen expressed as an exponential function
of depth (Beven 1997).

Lateral variability of hydraulic conductivity

The hydraulic conductivity of a soil varies latdyat the surface. In crop land, the type
of tillage practice can impact the infiltration eajty of the soil. Minimum tillage and no tillage
preserve the macropores of the soil structure laaicttore have higher K(h) at near saturation

(Kechavarzi et al 2009). Within plots, crop rowsray shown to have greater infiltration than



trafficked interrows since the pore structure wastyed in trafficked rows due to compaction
(Mohanty et al 1994, Kechavarzi et al 2009) andetleancement of infiltration capacity by
vegetation (Thompson et al 2010). Spatial infleeotthe agricultural practices was not as great
as the temporal or season variation in crop laaag,could be due to variation in the soil or
hydric conditions (Heddadj and Gascuel-Odoux 1999).

Natural processes driven by topography are shovafféat hydraulic conductivity.
Topography controls the processes for water digiob in a watershed, and therefore is linked
to some soil attributes. Although a direct linkveeen terrain and soil hydraulic properties are
mixed (Elsenbeer et al 1992, Sobieraj et al 200@hamty and Mousli 2000).

The aspect of the slope has been shown to bea fadtydraulic conductivity and soll
water retention. North facing slopes had loweh&nt the adjacent south facing slope, and K(h)
tended to increase as the slope increased (Casahal/d000). Water retention is as much as
25% more on north facing slopes than on south ¢esliopes (Geroy et al 2011-IN PRESS).

The slope position can affect macropore flow bygbdiment runoff response. Typically
steeper slopes produce more runoff, and runoffsaaidment transport are directly related. As
runoff and sediment are transported down sloperopaces could potentially be filled with
sediment further increasing runoff thereby createwglback loops (Holden 2009).

Variability in the depth of hydraulic conductivity:

The depth dependence of hydraulic conductivityliesen described as being an
exponential relationship in the context of transwisy (Beven 1997).

Reason for the change in hydraulic conductivityhwéspect to depth could be due
directly to the soil horizons. As depth increashs,soil transitions from one layer or horizon to
another in either a continuous or discontinuoussiteon. In the case of independent soil
horizons, a function to describe the hydraulic earidity versus depth is not possible with one
continuous function. A step function with disconiities between layers may be appropriate to
model the hydraulic conductivity versus depth fiorct The soil texture and the soil properties
change as depth increases, and typically the asildss structure or a heavier texture either of
which relates to lower hydraulic conductivity.

A physical reason for the decreased hydraulic cotindty with depth is due to the
overburden of the soil (Rose et al 1965). As thygtll increases, the soil has more mass above it,

compressing it. The overburden compresses th@amabk decreasing the porosity. The pores
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are the areas that would fill and transmit wated therefore as the quantity and size of pores

decrease, the ability of the soil to store anddmaibwater also decreases.

Length Scale

The length scale or the representative elementaregpresentative element volume is
dependent on the variability of soil hydraulic peojes. The concept of the length scale is
important for the development of measuring or samgdtrategies and for modeling the
hydrologic processes. Processes that effect higdi@nductivity may occur at several scales
(Zeleke and Si 2005). Biological activity may ocaiia scale near the size of a shrub (1 m),
while topography or soil texture may be orders afymtude greater (100 m to 1000 m).

The length scale for a particular watershed may eansiderably depending on the type
of model, the hydrologic processes involved inrtiadel, and the variability of the parameters.
A single deterministic length scale for a watersimetpendent of these considerations is not
possible (Seyfried and Wilcox 1995).

Methods for Measuring Hydraulic Conductivity

Various methods are available to measure hydraohcluctivity but all come with
tradeoffs between ease of application, ease ofaisakost, time constraints, and the type of
results obtained (Gribb et al 2004). The methodet@rmine hydraulic conductivity can be
broken into two parts — measurement and analydig measurement can either be conducted in
the field or in the laboratory. The measuremealstatilized in either field or laboratory
measurements have the basic goal of determiningetagonship of the amount of water
entering or passing through the medium with respetime. Analytical procedures use the
measurement output of flux per time and transkateo hydraulic conductivity and other soll

hydraulic properties.

Laboratory Methods

The laboratory methods are direct applications afc’'s law. In the laboratory the
saturated hydraulic conductivity is commonly meadurne of two ways: (1) constant-head
method and (2) the falling-head method. The cartdtaad method applies a constant hydraulic
head h, to a volume of soil of length, and cross sectional aréa, The total discharg€, is
measured over time, and the saturated hydraulic conductiviKy, is calculate with



_Q ]
sat_hAt [14]

The falling-head method measures the flow entahegsoil sample from a standpipe with the
hydraulic headh, decreasing over time. The saturated hydraulaotivity is calculated with
K = a—"ln(ﬁj [1-5]
Alt,-t,) \h,
where a is the area of the standppend| are the cross sectional area and length of the soi
andh; andh; are the measured heights of water in the standjipendt..

The benefit of these laboratory measurements isdirect application of Darcy’s law
and, they are the standard methods to determingatiyc conductivity. Although the analysis of
the data is simple and straightforward, the drakhb&the amount of time and effort required to
perform the experiment. The soil is extracted fitbmnsite, stored and transported to the
laboratory, and placed in into a device for measar®@. Both methods require soil to be
extracted and the soil samples to be fully satdrafiéhe length of the experiment depends on the
soil texture with less permeable materials takongkr to analyze than more permeable. The
falling head method is typically used for less peafrie soils like clay.

Another laboratory method is the multi-step outflm@thod used for determining
unsaturated hydraulic conductivity. Using a negafiressure head, the flow rate of water
through the soil sample is measured. A relatignbletween unsaturated hydraulic conductivity,
pressure head, and soil moisture is determinethésoil. The multi-step outflow method
allows a direct characterization of unsaturated ff;md an understanding of the non-linear
relationship between hydraulic conductivity, soisture, and pressure head.

In laboratory testing, hydraulic conductivity igert performed on disturbed or repacked
columns with additional disturbances resultinghia transporting and storing of the samples.
Strategies to minimize the disturbance includeagting large samples, encasing to protect

during storage and transport, and controlling teetoee and humidity.

Field Methods
Although field methods for measuring hydraulic coativity can produce less accurate
values due to poorly defined boundary conditionassumptions of unsaturated flow, trade-offs

in cost efficiency, time, and disturbance are ativges.



Field measurements of water infiltration allow foultiple measurements with relative
ease for rapid characterization of the spatialalality of soil hydraulic properties. Field
methods typically measure infiltration from a digknd, trench, or bore hole. An analysis
specific for the measurement method would be usédnslate infiltration into hydraulic
conductivity. Approximate and semi-empirical ars&ymethods are used to characterize the
spatial variability of field soils (Ahuja et al 188 Sprinklers, single- or double-ring
infiltrometer, borehole permeameter, and tensidiltnrometer are a few methods or devices used
in determining infiltration in the field. A briefescriptions of selected devices are shown in
Table 1.1.

Measurement Description Measurement
Device
Borehole Cylindrical borehole capable of Infiltration rate into the cylindrical

permeameter measuring field-saturated hydraulic borehole

conductivity at various depths
Single-ring  Large ring is partially inserted into thelnfiltration rate from a ponded
Infiltrometer ground and water is ponded inside theylindrical source

ring.
Double-ring  Similar to single-ring but with two Infiltration rate from a ponded
Infiltrometer concentric rings where constant headcylindrical source that is bounded by
is supplied by the outer ring. an outer ring, forcing one-
dimensional downward flow
Tension A disk applies a negative pressure Infiltration rate from a disk
infiltrometer head to the soil surface
Sprinkler Simulates rainfall on a defined plot Seent and runoff exiting the plot

Table1l.1. Summary of selected devices used to measur e hydraulic conductivity in the
unsaturated zone

The sprinkler method simulates rainfall over a pMtith a known application rate
verified by rain gauges, the infiltration of wateto the soil can be determined by equating the
simulated rainfall into infiltration and runoff. h€ runoff would be collected with a trough at the
lower end of the plot and measured with a flumer,vee other device capable of measuring
volume over time. The difference in the simulataidfall and the runoff would be the
infiltration. A benefit to the sprinkler methodtise capability to measure sediment loss. A
benefit or drawback to the sprinkler method is thatresults are averaged over the test plot.
Variations within the plot cannot be determinedr finer spatial resolution, point

measurements would be taken with another methedHti& tension infiltrometer.



A tension infiltrometer is a tool that measuresatnsated infiltration rates under a
negative pressure head. Being able to apply atinegaressure head, or tension, is important for
characterizing hydraulic properties of the vadaseezbecause it replicates the unsaturated flow
conditions that occur above the water table. Hylirgroperties of the soils, sorptivity (S) and
hydraulic conductivity (K) can be determined frame infiltration rates (Reynolds and Elrick
1991, Vandervaere et al 2000, Zhang 1997).

Several tension infiltrometer designs have beepgsed and produced, but generally
consist of three components — (1) a porous diskh®isoil-water interface, (2) a water reservoir
for storing the water and measuring the flux ofevaand (3) a head control for managing the
supply pressures (Perroux and White 1988). UaiNMarriott tube in a bubble tower for the
head control allows for measurements at variousspire heads. An alternative to the bubble
tower is a capillary tube near the porous diskthéligh a capillary tube does have advantages
over the bubble tower (Madsen and Chandler 200ig) Jimited in the range of applied
pressures. Typical designs have one capillary tapable of supplying a single negative
pressure head. Measurement at one pressure lipaeseassumptions of soil texture and the
soil moisture characteristic curve in order to deiee soil hydraulic properties.

Automated mini-disk infiltrometers (Madsen and Cdilan 2007) (Figure 1.1) allow for
multiple measurements in the field with relativee@ order to understand both the statistical
and spatial variability of soil hydraulic propedieThe sampling strategy will determine the
statistical or spatial inference of the soil hydiaproperties. Tension infiltrometers have been
used to determine the soil hydraulic propertiesenrifferent field conditions for agricultural
management (Mohanty et al 1994) and rangeland neamexgt (Madsen et al 2008).
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Figure 1.1. Diagram of the automated mini-disk infiltrometer (AMDI) (from Madsen and
Chandler 2007)

Unsaturated flow Theory
Darcy’s law as shown in equation [1-1] is specificéor saturated conditions when the
pores in the soil are completely filled with waserd no air remains. For unsaturated conditions,
Richards equation is used.

96 _ i[K (h)@j + oK () [1-6]
ot o0z 0z 0z

The unsaturated hydraulic conductivity is a funttod soil moisture or tension, BY or
K(h), with saturated hydraulic conductivity being@nstant, kK, Soil moisture and tension are
related through a non-linear soil-water retentianction.

Unsaturated flow through the soil is controlledtbg relationship between tension, water
content, and the unsaturated hydraulic conducthurigtion K(h) or K@). The water content, or
soil moisture§, is either the mass of water per unit mass of soilhe volume of water per unit
volume of soil. Tension, h, is also called mastiction head, pressure head, or soil water
pressure head and has units of length. For examgtés study, tension is expressed in unit of
cm, and for unsaturated flow, h is negative.

Unsaturated flow is subject to hysteresis. Thati@hship between soil moisture and
tension is path dependent. The wetting curve ersthl-water retention function will have a

11



lower tension than the draining curve for a giveih moisture content. Hysteresis does not
affect hydraulic conductivity with respect to swibisture. Measurements of infiltration examine
only the wetting curve of the soil moisture retentfunction, and therefore hysteresis effects are
not applicable to the study of infiltration.

Several relationships have been developed forrikaturated hydraulic conductivity
functions. A common function is the exponentidtienship between pressure head and
unsaturated hydraulic conductivity given by Gardii®58)

K(h)=K_e™ [1-7]
where Kgtis the saturated hydraulic conductivityjs a fitting parameter related to soll
structure, and the tensidm,is negative. The fitting parameter, has also been called the
sorptive number. Other empirical expressions iregdaension to hydraulic conductivity have
been developed and used (Mualem 1986), but then@aexkpression is commonly used because
of its simplicity.

The relationship between tension and soil moistiexpressed through a soil-water
characteristic curve. Several models have begmogen (Russo 1988). A commonly used
model is described by van Genuchten (1980) as

wherea, n andm are fitting parameters that are soil dependens, given byn=1-1/n, and®
is the effective degree of saturation at soil moestgiven by

_6-6
0, -6,

S [1-9]

where§, is the residual soil moisturé, is the soil moisture at saturation.

For the van Genuchten (1980) soil-water charadiegsrve, values foo andn can be
directly determined using a hanging column or presglate measurements or assumed based
on soil texture. Typical values for the van Gertanlparametersi(andn) for various soll
textures have been published in Carsel and Par&88) and Schaap and Leij (1998).

Unsaturated hydraulic conductivity, K(h) or@(for h less than zero artdess than
saturation, is a non-linear function dependent omstare content and tension. The van

Genuchten (1980) model provides@(in the following form:
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Infiltration Analysis Methods

First, the models used in the analysis of infiilmtassume a homogeneous, isotropic soil.
Tension is controlled, and cumulative infiltratisimeasured. The foundation of current the
studies for tension disk infiltrometers (Bodneak2008, Dohnal et al 2010, Reynolds and Elrick
1991, Thompson et al 2010, Vandervaere et al 28ate Wooding (1968) solution to three-
dimensional steady infiltration from a shallow pomldich has been given as the following:

Qs = (GL + 7T Zajrﬂ [1-11]

d
wheregis the Kirchhoff transformation is the soil structure parameter used in the Gardne
equationGy is a fitting parameter, anrds the radius of the pond, disk, or water sourtlee
Kirchhoff transform can be approximated by
K(h)
= 1-12
w== [1-12]

With the Kirchhoff transform, the Wooding solutioan be expressed as

| r 2 -
Qs -[Gda +7T jK(h) [1-13]

and combining with the Gardner equatioelds

Q. :(Gra+"2st‘“em [1-14]
d

With two measurements at differing tensions orirddi;;anda can be determined (Reynolds
and Elrick1991). The Wooding-Gardner equationl4]-does not require measurements of soil
moisture.

From an infiltration measurement, the typical otiiglcumulative infiltration], with
respect to time. Cumulative infiltration is thelwme of that has infiltrated the soil divided by
the area of the disk or contact area and is measananits of length. The simplest form of the
infiltration equation is

| =Cit [1-15]
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whereC, is the infiltration ratei, and is related to the hydraulic conductivityfiltration in the
form of equation [1-15] shall be referred to asrigle infiltration” or “simple linear infiltration”.
The simple infiltration equation neglects any iefhice of early time sorptivity where infiltration
is higher due to the change in soil moisture asthles imbibed. Another expression which
does factor in sorptivity is the two-term expressior cumulative infiltration (Haverkamp et al
1994, Zhang 1997) given by

| =C,Wt +C,t [1-16]
whereC; andC; are coefficients relating to sorptivity and hydragonductivity. Infiltration in

the form of equation [1-16] shall be referred td@smnulative infiltration”. Haverkamp et al

(1994) proposed the following physically based egprons valid for transient infiltration:

Cl =S [1_17]

C, =K, {(%](K - Kn){r(g—{a])ﬂsz (118

Zhang (1997) gives empirical values for the reladlup betweel€; andC, and sorptivity and
hydraulic conductivity dependent on soil hydradilinction, soil type, and infiltrometer
parameters.
An alternate approach (Vandervaere et al 2000differentiated form of [1-16] with
respect to the square root of time and is given as
dl
dVt

Vandervaere et al (2000) uses the same expredsio@s andC, as Haverkamp et al (1994).

=C, +2C,t [1-19]

Infiltration in the form of equation [1-1%hall be referred to as “differential linearizatio

The physically based approach from the VandervaedeHaverkamp methods assumes
flow is dominated by gravitational forces ratheariHateral capillarity forces. With a small disk
radius, the lateral capillary forces are more kel dominate, and therefore the results of their

methods become unreliable (Dohnal et al (2010).
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CHAPTER 2 - Sudy Area

Konza Prairie Research Natural Area (KPRNA), a 3;A8 long-term ecological
research station, is located approximately 5 nategh of Manhattan, Kansas in Riley County.
The mean annual temperature is 13°C with averageaprecipitation of 844 mm based on the
Konza weather station measurements between 198208 The area is divided into
numerous watersheds; the watersheds are subjectadidus burning treatment frequencies or
animal grazing. The watershed for this study isawshed 1D, a 40-ha watershed in the
southeast quarter of KPRNA as shown in Figure Vhtershed 1D is burned annually and is
not subjected to grazing. Watershed 1D is a sublodSwede Creek while most of KPRNA is

within the Kings Creek watershed.
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Figure 2.1. L ocation of Watershed 1D within KPRNA
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In watershed 1D, ten sites had previously beerbksiti@d by the Plant Eco-physiology
laboratory from the Division of Biology of Kansataf University (Figure 2.2). The ten sites
form the sampling strategy for this study. Fosttudy, the sites are classified based on their
topographic position with sites 1, 2, 3, and 4 sifésd as “upland”, sites 5, 6, 7, and 8 classified

as “slope”, and sites 9 and 10 classified as “lodta
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&
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Figure 2.2. Location of reference siteswith topography of water shed 1D.

From a previous study of KPRNA watersheds 1D andSBRotal species of plant were
encountered with the seven most abundant perespeaies being three C4 grasses -
Andropogon gerardii (big bluestem), Sorghastrunansit{indiangrass), and Schizachyrium
scoparium (little bluestem), two C3 forbs - Lespeadeapitata (roundhead lespedeza) and
Vernonia baldwinii (Baldwin’s ironweed) and two slifa3 shrubs - Amorpha canescens
(leadplant) and Ceanothus americanus (New JeragyNepert and Knapp 2007).
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In watershed 1D, the total biomass was dependetiteotopographic position. The
positions were classified as being upland, brelakbes or lowland. For a model with these four
classifications (Model 4), the lowland is defineddsites 9 and 10, the upland is sites 1 and 2, the
break is sites 3, 4, and 6, and the slope are5jtésand 8. Total biomass was highest for the
lowland sites and lowest for the break and uplatas$ s In an alternate model (Model 5), site 5 is
classified as a “seep” (Nippert et al 2011).

The geology of KPRNA consists of layers of limes@nd shale from the Chase Group
and Council Grove Group. A portion of the stredgghic column applicable to KPRNA is
shown in Figure 2.3 (Zeller 1968). The approximatations for the rock layers are shown in
Figure 2.4.

Florence Ls, Mbr. Barneston Limestone
Blue Springs Sh. Mbr,
== _ o
Kinney Limestone Mbr. Matfield Shale 3
Wymore Shale Member KE
_Schroyer Ls. Wb | 2
Havensville Shale Mbr, Wreford Limestone | =
Threemile Ls. Mbr, ©
Speiser Shale =
Funston Limestone | ©
Blue Rapids Shale | <
a
Crouse Limestone 2
Easly Creek Shale | &5
Middleburg Ls. Mbr. == _G
Hooser Shale Member Bader Limestone B
Eiss Limestone Member 3|
Stearns Shale
Morrill Limestone Mbr.
Florena Shale Member Beattie Limestone
g — - Cottonwood Ls. Mbr

Figure 2.3. Stratigraphic column of Konza Prairie (from Zeller 1968)

The change in elevation of watershed 1D is abouh3@th the sites covering about 20
m of topographic relief (Figure 2.2). The averalgpe along the transect is 4.8% with the local
slopes typically being greater (Figure 2.4). Conmgpwatershed 1D to adjacent watersheds, the
pathway from watershed 1D to the Kansas River wadg Creek is much longer than the
adjacent watersheds (N1B, N20B, K4B) of Kings Cre€hke topography of 1D has gentler

slopes, less erosion potential, and less expos#dtinen the watersheds of Kings Creek.
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Figure 2.4. Elevations of the 10 sites within watershed 1D showing local slopes (in

parentheses) and major rock layers

The thicknesses of each limestone and shale lagey taken from Jewett (1941), and
approximated in Figure 2.4 based on field obseowatif the location of the Florence limestone
layer. The Florence limestone layer forms a pr@mirbench in watershed 1D, and the rock
outcropping is observed between sites 4 and 5mHne cross section of the watershed in Figure
2.5, a significant drop in elevation occurs betwsiées 4 and 5 due to the limestone bench. The
local slope at each site is also shown in Figude Zhe smallest local gradients are found in the

upland area of the watershed and the largest aheislope.
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Soil Descriptions

The soils in the watershed are classified as ylsidgtm and a silty clay loam. From the
county soil survey at scale 1:24,000 (USDA), wdteds1D at KPRNA contains the soill
complexes Dwight-lrwin, Benfield-Florence and Tullyhe landscape position of these three
soil types is consistent with the Benfield-Floremassociation. From the soil survey, 79% of the
watershed is within the Benfield-Florence soil, 18%ithin the Tully, and 5% is within the
Dwight-Irwin. Of the ten sites in the hillslopetesl is within the Dwight-Irwin, and the
remaining nine are within the Benfield-Florenceond are located within the Tully (Figure 2.5).
The Benfield-Florence complex is a silty clay loatthe surface with an estimated hydraulic
conductivity of 3.0um/s. The Dwight-Irwin complex is a silty loam aetsurface with an
estimated hydraulic conductivity of 9n/s. The Tully is a silty clay loam at the surfagén
an estimated hydraulic conductivity of Jufn/s.

In the spring of 2011, a soil description was penfed at selected sites relating roughly
to the uplands, slope, and lowlands of watershed Tie following tables (Tables 2.1, 2.2, 2.3
and 2.4) are the results of the soil descriptimestigation with additional details found in
Appendix A. In addition to sites 1, 2, 6 and 9adtempt to describe site 3 was made, but the
large amount of stone fragments near the soil saniaevented extraction by the soil probe.
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Tully silty clay loam, 3 to 7 percent slopes

0 50 100 150 200
Meters

Figure 2.5. Location of reference sites and soil types within watershed 1D

KPRNA Watershed 1D, Site 1 Soil Pedon Properties
Structure Matrix Color

Horizon Depth Texturet % Clay

Gradet Size  Type§ Moist

cm
A 0-33 SIL 22 3 Medium GR 10 YR 3/1
Btl 33-51 SICL 38 2 Fine SBK  10YR3/3
Bt2 51-66 SICL 38 2 Fine SBK  7.5YR4/3
2Bt3 66-81 SIC 44 2 Fine PR 5YR 3/4
2Bt4  81-86+ SIC 44 2 Fine PR 5YR 4/4

Table2.1. Site 1 Soil Pedon Properties.
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KPRNA Watershed 1D, Site 2 Soil Pedon Properties

Horizon Depth Texturet % Clay Structure Matrix Color
cm Gradet Size  Type§ Moist
Al 0-15 SIL 24 3 Fine GR 10 YR 2/1
A2 15-30 SICL 28 § Fine =BK 10 YR 3/2
Pt2 Medium GR
Bt1 30-43 SICL 35 2 Fine SBK  10YR 4/3
Bt2 43-53  SICL 39 2 Fine PR 7.5 YR 4/3
2Bt3  53-66 SIC 42 2 Fine PR 5YR 3/3

Table2.2. Site 2 Soil Pedon Properties.

KPRNA Watershed 1D, Site 6 Soil Pedon Properties

Horizon Depth Texturet % Clay Structure Matrix Color
cm Gradet Size  Type§ Moist
A 0-20 SIL 20 Medium GR 10 YR 2/1
BA 20-32 SIL 22 2 SBK 10 YR 2/1
Bt 32-47 SICL 34 2 PR 10 YR 3/2
2Btl 47-60 SICL 38 2 Medium PR 7.5YR 3/3
2Bt2 60-90 SIC 42 2 Medium SBK 7.5 YR 3/4
2Bt3  90-110+ SIC 48 2 Medium PR 5YR 3/3

Table 2.3. Site 6 Soil Pedon Properties.
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KPRNA Watershed 1D, Site 9 Soil Pedon Properties

Horizon Depth Texturet % Clay Structure Matrix Color
cm Gradef Size Type§ Moist
Al 0-25 SIL 17 3 Medium GR 10 YR 2/1
Bt1 25-36 SICL 28 2 Very Fine SBK 10 YR 3/2
Bt2 36-50 SICL 38 2 Fine PR 10 YR 3/3
Bt3 50-90+ SIC 44 2 Medium PR 10 YR 5/4

Table 2.4. Site 9 Soil Pedon Properties.
Notes: 1 SIL = silt loam, SICL= silty clay loam,GF silty clay

¥ 1 = weak, 2= moderate, 3 = strong
8 GR = Granular, SBK = Sub Angular Blocky, PR #sRatic

1 Moist colors described in Munsell © notation &lialue, Chroma)

All of the site descriptions have a similar sokttge profile with silt loam on the surface
transitioning to a silty clay loam and finally dtgiclay. The moist matrix color has a similar
consistent transition for three of the four sitesatibed with a black or very dark gray A horizon
transition to a brown and to a reddish brown fer Bhhorizon. For site 9, the A horizon moist
matrix color is also black but transition to a g&lish brown in the B horizon.

For site 9, the pedon description is similar to Todly series. For the Al horizon, the
soil survey classifies the soil as a silty clayntowith a moderate structure, but the structure size
and type, the moist matrix color, and the depthafzon are similar to description of the site.
The description of the B horizon for site 9 is adsmilar to the Tully description with slight
variations of the color, structure, and horizontep Although from the soil map, Site 9 is
within the boundaries of the Benfield-Florence egrit is similar to the Tully series and should
be considered a Tully soil.

Sites 1, 2, and 6 have a similar pedon descrigiahcould be classified as Benfield-
Florence soils. With a high prevalence of stomagtnents encountered during soil sampling,

sites 1 and 2 could also be considered Dwight-Iisaith
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CHAPTER 3 - Field Measurementswith Mini-Disk Infiltrometers

Materials
Automated Mini-disk Infiltrometers (AMDIs) were fabated in-house with differential
pressure transducers and wireless motes to autalatteollection. The design is similar to the
devices used in Madsen and Chandler (2007) andseoweof a product produced by Decagon

Devices Inc. (Pullman WA).

”_7_7_7'_7_7_7_,'_,_;)
Figure 3.1. Automated mini-disk infiltrometers deployed in thefield.

The AMDI has a capillary tube to control tensiongddrom previous laboratory testing
that tension was determined to be 3 cm and vatyyngbout £ 0.3 cm. The volume of the
reservoir tube for all devices is 96.7 twith an inside diameter of 2.52 cm and a heigHt®f
cm. The outside diameter of the tube and the modisk is 3.16 cm. The differential pressure
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transducers (SenSym ASCX01DN, Honeywell, Freeploythave an operating pressure range
between 0 and 1 psi equating to a water heighterah@pproximately 70 cm. Each differential
pressure transducer was attached to a 3-holedrghijgoer. The two pressure ports occupied
two of the holes with port B measuring the basthefwater column of the infiltrometer via a
tube and port A measuring the top of the waterroolu The third hole was used for filling the
infiltrometer and contained a short tube used t@robthe maximum height of the water and
therefore the volume of water in the infiltrometdihe infiltrometer was filled by aspirating air
through a tube attached to a one-way value conthéattine third hole in the rubber stopper
while the base of the infiltrometer was submergedater.

AMDIs were connected to wireless miniature datayérg, or “motes” which were
housed in solar panel bases with rechargeablerieatteTwo motes were employed for the field
measurements, and their identifying numbers ar@nt013. Each mote served a network of
seven infiltrometers with six of the seven infilimeter being used for the measurements. Figure
3.1 shows one network of infiltrometers deployethia field. The motes excited the pressure
transducers on time intervals of approximately Beeonds and wirelessly transmitted data to a
receiver that was linked to a laptop computer.

Soil moisture was measured with a ThetaProbe (Oela&vices, Cambridge, England).

The device was powered by a 9-volt battery, andikimeter measured sensor output voltage.
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M ethods

Unsaturated infiltration tests were performed & shmmer of 2009 at ten sites along a
diagonal transect from hilltop to stream alongehset side of watershed 1D (Figure 2.2). At
each site, fine silica sand was placed on thesswilice to ensure proper contact at the disk-soll
interface. Two sets of six measurements were delieat a tension of 3 cm. Both sets were
taken at the same time under dry initial conditions

Soil moisture was determined at one measuremeatidocfor each site prior to the
infiltration test and two measurements for each fmllowing the infiltration test period to
determine the change in soil water content. Aitrany location within 2 m of a set of
previously defined observation points was chosemhi® initial measurement. The center of one
of the six wetted bulbs was chosen for the finahsueement after infiltration had ended. The

voltage from the ThetaProbe was converted to saiéncontent.
Data Analysis

Converting Voltage to Soil Moisture
The voltages taken with the Theta Probe were coed@nto volumetric water content or
soil moisture in two steps. First, the voltagewas converted into real permittivitg/, from
Blonquist et al (2005):

1 0105+ 9134 [3-1]

£ W
From the user manual of the ThetaProbe Soil MasBensor (ML2x-UM-1.21), the real

permittivity term was converted to soil moistide,

=Y "3
a,

The user manual provides values for the coeffisiémt mineral soils and organic soils.

[3-2]

For mineral soils, the soil type for this studye ttoefficients foeyanda; are 1.6 and 8.4,

respectively.
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Converting Voltage to Volume
The raw data collected with the AMDIs is in voltagelhe voltages relate to the relative
height of water in the infiltrometer tube. Theldwing from Madsen and Chandler (2007)
converts the voltage to volume:
V(1) =V {1——"0 (©) = Vo } [3-3]
Vinax ~ Vimin
Wherevy(t) is the voltage at timg Vimax is the maximum voltage,, is the minimum
voltage,Vi IS the total volume infiltrated, angt) is the volume of water infiltrated at tinhe
For the mini-disk infiltrometers used in this stutlye total volume of water in the reservoir is
96.7 cm. Since all infiltration runs ended with the rassrs being exhausted of water, the total

volume of water infiltration is equal to the resagrwolume.

Converting Volumeto Infiltration

The collected data was analyzed with the spreatisbéevare (Excel, Microsoft Inc,
Redmond, WA). Each infiltration test lasted appmoately between 15 and 30 minutes.
Sequential calculations of time from the starthef test, square root of time from the start of the
test, cumulative infiltration, and two terms foetdifferential linearization analysis were
computed to analyze the infiltration data. Cumukainfiltration was computed by taking the
volume at timd, V(t), from [3-3] and dividing by the area of the poralisk.

The two terms for the differential linearizationgiMlervaere et al 2000) are the
differential of the cumulative infiltration verstise square root of time and the geometric mean
of the square root of time, where the first terrgiigen by

d Al 1,

AV AVE ot

The corresponding square root of time term in [8s4he geometric mean of the square root of

[3-4]

time given by

ve=[ie]” (35

Converting Infiltration to Hydraulic Conductivity and Sorptivity
Three graphs were produced for each infiltratiomsoeement. The simple infiltration

analysis (Figure 3.2) examines the cumulativetnafilon versus time with a linear regression.
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The start time for the simple infiltration was mibelil to remove the early time values dominated
by sorptivity. The data series window for the esggion analysis was adjusted to optimize the
linearity of the sample by adjusting the start tinméil a maximum R-squared value was found.
The cumulative infiltration analysis (Figure 3.Xaenines the cumulative infiltration versus the
square root of time with a second order polynomagtession with a fixed point at the origin.
The differentiated linearization analysis (Figuré)®&xamines the change in infiltration over the
change in the square root of time versus the sqoateof time with a linear regression. The
coefficients on the regressed lines are used icdlaulations for hydraulic conductivity and

sorptivity at the applied tension of -3 cm.

12 | y=7.8E-03x- 4.8E-01
R = 9.9E-01

0 ol T T T
0 500 1000 1500 2000

time (sec)

Figure3.2. Simpleinfiltration for Site 2, Mote 10, Channel 1
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Figure 3.3. Cumulative infiltration for Site 2, Mote 10, Channel 1

27



y = 1.9E-02x - 7.4E-02

0 10 20 30 40 50
{08 (seco's)

Figure 3.4. Differential linearization for Site 2, Mote 10, Channel 1

The differential linearization consistently proddaevery small R This is a result of
the electronic noise from the pressure transduegbamplified with the differential
linearization analysis. As the volume of watetha reservoir tube decreased, the voltage output
from the pressure transducer tended to decrease &l residual noise produced from the
electronics was typically greater than the deceaseltage that was measured at five second
intervals. In other words, from one time stepht® next, the voltage may increase or decrease,
but it tended to decrease. The very smal&ue shown in Figure 3.4 for the differential
linearization process is primarily due to the alecic noise.

In order to utilize the differential linearizatid@chnique and have confidence in the
results, the data was resampled using the resaltsthe cumulative infiltration analysis as
shown in Figure 3.3. Using the data from Site »t&110, Channel 1 as an example, the
equation shown in Figure 3.3 was used to populleteaw cumulative infiltration daté, The
resampled cumulative infiltration data is a repnéagon of the original data but without the
electronic noise. If the resampled infiltratiortalas analyzed with the differential linearization
analysis, then the results produce a much higheaRie as shown in Figure 3.5. The
coefficients from the resampled differential lingation and the cumulative infiltration are
similar as expected.

Another problem with the differential linearizatiamethod is a negative term relating to
the sorptivity in the regression equation. Thisdparate from the smalf Ralue that was
remedied with resampling, and it is not uniquehi differential linearization method because

the negative sorptivity term is also seen in thealative infiltration method.
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Figure 3.5. Differential linearization with resampled data for Site 2, Mote 10, Channel 1

Sample calculations are shown in Appendix B. Tolgrmpmial regression of the
cumulative infiltration versus the square rootiofé for the cumulative infiltration analysis
produces an equation of the form

| =Ct+C,t [3-6]

This is equivalent to the following expression saeRigure 3.3 with x equal to the
square root of time:

y =C,x* +C,X [3-7]
where theC; term relates to hydraulic conductivity and teterm relates to sorptivity through
dimensionless coefficients in the following equasp

S(h,) =C, /A, [3-8]

K(hy)=C,/A [3-9]

From Zhang (1997), the empirically determined guifytcoefficient for a soil with the
van Genuchten (1980) type soil-water retention fionds

_ 14b%(6, - ) ** exf3(n - 19)ah,]
(ar)™*

wherea andn are the retention parameters identified in vanugkten (1980) and are based on

A [3-10]

the soil texture.q and & are the initial and final soil moistures. Theedies of the AMDI
havehy equal to -3 cm and equal to 1.58 cm. Thvalue is in the range of 0 to 1, but often
assumed to be 0.55 (Warrick and Broadbridge, 1988m Zhang (1997), the equation for the

empirically determined hydraulic conductivity caeiént for a soil with the van Genuchten
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(1980) type soil-water retention function is depeamdon the value af and given by the

following:
p - 11680 0290 -19an] (g [3-11]
(ary)
A = 1165n®* ‘(16)):[)705;” ~1.9)ah,] forn<1.9 [3-12]

Soils with high sand content hamereater than 1.9 and use equation [3-11], and soil
dominated by silts and clays havéess than 1.9 and use equation [3-12]. The sumofahe
sites is in Table 3.2 for the cumulative infilt@tianalysis from Zhang (1997) with the
parameterst andn taken from Carsel and Parish (1988).

An alternate method for determining the hydraubaductivity and sorptivity uses the
differentiated linearization analysis proposed an®fervaere et al (2000). This analysis
differentiates [3-6] with respect to the squaret midime and arrives at the following:

a C, +2Ct [3-13]

dvt
The sorptivity and hydraulic conductivity are detéred from expressions proposed by

Haverkamp et al (1994) using coefficie@sandC..

C,=S [3-14]
_ 2
c,=2Pk+_ 15 [3-15]
3 o (Ho - H| )
Solving for K yields
2
K =i C, _L [3-16]
2-b o (90 - 9. )

wherey is assumed equal to 0.75, but ranges betweem@.6.8 (Haverkamp et al 1994).

A third method for determining the hydraulic contivity uses the simple infiltration rate
and an assumption of the radius of the wetted foisthe dry and wet initial conditions. The
radius of the wetted disk,q, for the dry initial condition is assumed to bB 8m and for
subsequent measurements, the wet condition isd.5Fzom a linear infiltration expression

| =Cit [3-17]
K'is found by multiplyingC; in [3-17] by the ratio of the radii squared.
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K = Cl(r_oj [3-18]

rwd
Sample calculations for the three analysis metlaoel$n Appendix B using the data from
Site 2, Mote 10, Channel 1 as shown in Figures®33,and 3.5.

Statistical Analysis
Descriptive statistics were determined for eaclosatdraulic conductivity values. The

mean, standard deviation, and standard error vedcelated for each site. The data passes the
Kolmogorov-Smirnov test for normality and therefoli@a transforms are not needed in order to
make data inferences. The size of all sets isai2 ploints (n = 12). Paired t-tests were
completed for all combinations in order to groue $ites into statistically similar groups. To
determine the t value for each pair, first the géad deviation of the population (S) is calculated
using the standard deviations for each data sein(® $) and the number of data points for each

data set (pand n):

SZ = (nl _1)8.1.2 + (nz _1)822 [3_19]
n+n,-2

with n, = n, for all pairs[3-19] reduces to

2 + 2
S? = % [3-20]
The calculation for the t value is
t= _Xim Xy [3-21]

Sy¥n, +¥n,
where X and X% are the means for each data set. Witk n, for all pairs,[3-21] reduces to

tle_xz

T [3-22]

With 12 data points for each site, the degreesegidom, v, is 22 (v = 2n-2). The level of
significance, is selected as 0.05. Using a t-distributiongatiie critical t-value is 2.07 for a

two-sided test. For sites with paired t-valueswmithe critical values<t,, <t <t_,), the pair

had no evidence of differences and are said tondas; for the t-values outside the critical

values, there is evidence of differences, and #ies are said to be different. Based on the
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similarities and differences of the pairs, thessftl into one or two of the four groups — a, b, ¢

and d. Additional similarities exist between sieand 8 and between sites 4, 7 and 9.

Results

Site 6; 6n 65, 6; AO
0.34 0.41 0.43 0.42 26%
0.37 0.46 0.45 0.45 22%
0.34 0.43 0.42 0.42 24%
0.33 0.38 0.38 0.38 16%
0.40 0.47 0.46 0.47 16%
0.35 0.43 0.45 0.44 25%
0.37 0.46 0.46 0.46 23%
0.35 0.43 0.44 0.44 26%
0.37 0.46 0.46 0.46 23%
10 0.37 0.43 0.45 0.44 21%
Table 3.1. Initial moisture content, 6;, and final moistur e contents, 6:; and 6, with the

OCoO~NOOUIDE WNPE

average final moisture content, 6, and percent change in soil moisture content, A@, for the
ten sitesat KPRNA watershed 1D.

The soil moisture increases between 16% and 26% @mibten sites during the
infiltration tests. The average initial moistuantent of the ten sites is 0.36, and the average
final moisture content is 0.44. On average, tHame of the soil that is occupied by water was
initially 36% before the infiltration test and 4486the end of the infiltration tests.

Using the method from Zhang (1997) with the paramsstrom Carsel and Parish (1988)
for a silt loam, the results of all 120 measurersamé presented in Table 3.2. K(h) for all ten
sites along the hillslope of watershed 1D at KPR#Ages from a low of 0.23 cniss10° at site
7 to a high of 1.6 cm-x10° at site 6. The mean values range from 0.44 txi@° at site 10 to
1.18 cm-8x10°2 at site 6 (Table 3.3).
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Site 1 2 3 4 5 6 10
0.68 0.75 0.58 0.85 0.92 1.47 1.03 0.71 0.60 0.38
0.59 0.62 0.72 0.59 1.03 1.29 0.51 1.00 0.36 0.33
0.64 0.87 0.77 0.69 0.77 1.57 0.85 0.70 0.47 0.82
064 0.63 0.70 0.61 0.86 140 0.61 1.26 0.36 0.27
0.66 0.67 0.61 0.54 0.77 0.76 0.84 0.55 0.49 0.37
K 0.83 0.66 0.72 0.49 0.83 131 0.90 0.57 0.48 0.37
0.62 0.68 0.89 0.51 1.31 090 0.53 0.87 0.44 047
0.70 1.04 0.61 0.44 0.98 1.20 0.60 0.88 0.45 0.48
0.91 0.81 0.80 0.53 0.82 1.17 0.37 0.66 0.47 0.41
0.55 0.92 0.69 0.95 1.56 1.01 0.78 0.95 0.72 0.46
0.98 0.67 0.75 0.44 1.02 0.89 0.23 0.82 0.46 0.40
0.97 0.87 0.85 0.61 0.92 1.17 0.66 0.91 0.78 0.52

Table 3.2. Unsaturated hydraulic conductivity, K (h=-3cm) (cm s* x 10°%) using the method

from Zhang (1997) with parametersfrom Carsel and Parish (1988)

Site SD SE
1 0.73 0.15 0.043
2 0.77 0.13 0.039
3 0.72 0.093  0.027
4 0.61 0.16 0.045
5 0.98 0.24 0.068
6 1.18 0.25 0.072
7 0.66 0.23 0.067
8 0.82 0.20 0.058
9 0.51 0.13 0.037
10 0.44 0.14 0.040

Table3.3. Statistical summary of the hydraulic conductivity, K (h=-3cm) (cm s* x 10°%)

valuesin table 3.1 showing the mean (X), standard deviation (SD), and standard error

(SE).

The results of the paired t-tests show the diffeesrand similarities between the sites

(Table 3.4) and allow for the sites to be organimad groups (Figure 3.6).
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Site 2 3 4 5 6 7 8 9 10
1 -0.62 0.10 197 -315 -534 0.87 -1.30 391 489
2 - 088 268 -279 -506 137 -0.84 484 584
3 - - 1.99 -331 -556 0.83 -1.43 4.07 5.10
4 - - - -462 -6.73 -0.68 -296 1.70 273
5 - - - - -1.98 340 1.78 6.17 6.89
6 - - - - - 529 383 831 896
7 - - - - - - -1.85 2.02 2.83
8 - - - - - - - 461 543
9 - - - - - - - - 1.21

Table 3.4. Paired t-valuesfor sites 1 through 10. Bold indicates evidence of a difference
between paired sites (a=0.05).
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Figure 3.6. Unsaturated hydraulic conductivity, K (h=-3cm) using the method from Zhang
(1997) with parameters from Carsel and Parish (1988).

Notes: One standard deviation from the group nieahown by the vertical bars and significant
differences ¢=0.05) among groups are identified by letters &, land d. Additional similarities between sites a

shown with £ and t. Approximate location of thadistone bench is shown as a dashed line betwesmsind 5.
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The results of analysis using the simple linearhmeétand the Vandervaere et al (2000)
methods to determine K(h) are shown in FiguresaB/3.8. Sorptivity values using the Zhang
(1997) with parameters from Carsel and Parish (1888shown in Figure 3.9, and Figure 3.10
shows the sorptivity using the Vandervaere et @@ method.

Additional data, analysis, and comparisons of tl@-alisk infiltrometers are found in

Appendix C.
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Figure 3.7. Unsaturated hydraulic conductivity K(h=-3cm) using the smplelinear method.
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Figure 3.10. Sorptivity using resampled data and the method from Vandervaere et al
(2000).

Discussion
Considering K(h) using the Zhang (1997) method v#rsel and Parish (1988)
parameters, there are significant differences antioagen sites in watershed 1D of KPRNA.
The hypothesis of a spatial variability of infilti@n over an assumed homogeneous landscape is

confirmed.

Analysis Methods

Using the mean value of K(h) for each site, theltesof the linear analysis (Figure 3.7)
are 2 to 3 times higher than what the Zhang (188thodology produces. The assumed radius
of the wetted disk may be underestimated.

The Zhang (1997) and the linear methods producediibst consistently reliable results
for hydraulic conductivity while the Vandervaereaé{2000) method does not produce reliable
results for hydraulic conductivity. From [3-16],iKdependent on S, and for a large values of S
(Czin [3-14]) or a small value of in [3-15]) the resulting K is negative. In thbahg (1997)

and linear methods, hydraulic conductivity is nependent on sorptivity.
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For sorptivity, the Zhang (1997) analysis produseth positive and negative values. For
negative results, this is due to the second tertheopolynomial regression of the cumulative
infiltration (Figure 3.2) being negative. A negatisorptivity would indicate a negative
infiltration for very early times, but this is nphysically possible. A negative value could be a
result of a lower infiltration rate for early timas compared to the later, near steady-state,
infiltration. It is expected that the infiltratiomould be higher at early times due to the
combination of the transmission of water through gbil and the increasing water content of the
soil. Rather than accepting a physically imposgsiBkult, a negative value of sorptivity will be
considered negligible or effectively zero.

One explanation for the negative values for soifgtinegative values for {n [3-6] and
[3-13], could be the change in soil moisture. From Talile tBe soil moisture increases on
average about 22% for all sites with site 4 ané®ry the least change and sties 1 and 8 having
the greatest change in measured soil moisturethéthetaProbe. Sorptivity is dependent on
the change in soil moisture. The initial soil nore content is relatively high and increases
slightly during the infiltration experiment. It possible that the initial water content of thd soi
was too high to measure significant sorptivity eféefor the applied tension. The change in soll
moisture might be too small for the adequate ddtetion of sorptivity. Further test that
control for the initial soil moisture content areedled to better understand the relationship
between sorptivity and soil moisture of heavy teatusoils representative of the soils in
KPRNA.

An alternate analysis for determining the sorpgivihile still using the Zhang method is
to segment the cumulative infiltration into thedar and nonlinear pieces where sorptivity
dominates the nonlinear portion and hydraulic catigity dominates the linear, steady-state
portion. The combined approach was shown to p@duare consistent results than the
partitioned (Madsen and Chandler, 2007). Altex@a#inalyses similar to this approach are
shown in Appendix D.

The sorptivity, S, and hydraulic conductivity, Kpduced from the Vandervaere et al
(2000) analysis and shown in Figures 3.10 and&speactively are not realistic. The negative
values for K and S are not physically possible e phsitive values computed for K and S are

outside the range of what is expected and quiteréifit from the results of the simple linear
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analysis or the Zhang (1997) analysis. Any spatference of K or S from the Vandervaere
method is inappropriate.

The initial R values were consistently low for all linear regiess of the differential
linearization method. While this does not prodacsfidence in the results of this method, it
could be a consequence of electronic noise fronatik@mation which seems to be amplified by
this approach. Resampling the infiltration datarfrthe cumulative infiltration regression
equation as seen for example in Figure 3.3, reBulistter R values for the differential
linearization method. Both the linear and the tewm polynomial approach have consistently
high R values (near or above 0.99).

By resampling the differential linearization datarh the cumulative infiltration, the
regression fitness improves, but the results withMandervaere analysis remain unrealistic. In
Figure 3.8, K(h) ranges from -280 ci % 10° to 34 cm & x 10°. From Vandervaere (2000),

gravity is the dominant force when

2
kLG 323
o (90 - 9. ) 2
and lateral capillarity dominates when
2
_ e LG 324
o (90 - 9. ) 2

When flow is driven by the lateral capillary forcéisen [3-16] may produce unreliable results.
The large values of Grersus G, small disk radius, or small change in soil maistcould
produce a flow dominated by lateral capillary farc& he radius of the disk on the AMDIs is
smaller than the disk radii shown in the exampieégandervaere et al (2000). The AMDIs have
a disk radius of 15.8 mm, and the smallest radivgandervaere et al (2000) is 24.25 mm.
For the Vandervaere analysis, the hydraulic condticis dependent on sorptivity.
From the regression analysis of the cumulativdtiafion and the differential linearization
equations, the value of sorptivity is sometimesatieg. A negative value for sorptivity is not
physically possible for an infiltration test. Egthsorptivity from the infiltration runs is
negligible and therefore can be considered zertheproposed methods for determining
sorptivity are invalid for the experimental condiis. If the value for sorptivity is invalid, then
the sorptivity dependent value for hydraulic corteiity from the Vandervaere analysis would

also be invalid.
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The analysis of the infiltration using the diffetiahlinearization method proposed by
Vandervaere et al (2000) is either not appropffiatéhe AMDIs due to the small disk radius or
not appropriate for the soils in KPRNA due to thegh clay content and initial soil moisture.
The cumulative infiltration method with the empai@nalysis proposed by Zhang (1997) is a
much more robust process to determine hydraulidectivity using the AMDIs. The
determination of sorptivity from the cumulativeiltrition equation is as reliable as the
differential linearization equation due to the nagasorptivity coefficients produced. The
linear method from the simple infiltration analypi®duces realistic, quantitative values for
hydraulic conductivity but overestimates hydrawaiaductivity compared to the cumulative
infiltration analysis. The linear method is nopahle of determining sorptivity since it only

examines the steady infiltration rate.

Spatial Controls

From Figure 3.6, the ten sites can be organizedfamir main groups. Groups a and b
with sites 1, 2, 3, 4, 7, an 8 have mid-range \&foe K(h) between about 0.6 cil s 10°to 0.8
cm s* x 10°. Group c with sites 5 and 6 has the highest mehre for K(h) with values near
1.0 cm & x 103, and group d with sites 9 and 10 has the lowesinmvalue for K(h) with values
near 0.45 cmsx 10%. Group c has a mean K(h) more than twice thatrofip d.

The sites are spatially arranged in a line fromttipeof watershed 1D to the bottom with
a spacing of 50 m between sites. From the soiestithree soil units are defined over a
watershed of length of about 1,200 m with the spits separated by about 500 m measured
along the transect. From the statistical analythe AMDI measurements, the significance
differences between sites occur at about 100 mrspad o put it another way, two adjacent
sites within 100 m of each other are likely to beilar but not three adjacent sites that are
farther than 100 m apart. The length scale ofstdeershed with respect to K(h) is about 100 m
or about 5 times smaller than the scale of inforomegiven in the soil survey. Measuring K(h)
at a length scale less than 100 m would producgratginally better results, and it is expected
that the variability within a 100 m area can becadgely represented either stochastically or
homogeneously (Seyfried and Wilcox 1995).

The length scale of 100 m applies to watershedahi,it is expected that similar

watershed would have a similar length scale. Taemghed 2D directly to the east has a similar
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topography, and it is expected that a length sal®0 m would adequately represent this
watershed. In contrast, the watersheds to thé nioat are part of the Kings Creek system may
be adequately represented by a length scale teataller than 100 m. It is expected that a
smaller length scale would be more appropriateéHerKings Creek watersheds since the

topographic change is much greater, and topograpeysome influence on K(h).

Topographic Controls

Sites 1 through 4 are at the top of the hillslope eassified as upland. The top of the
slope has limestone fragments near the surfaceard be associated with either the Dwight-
Irwin complex or the Benfield-Florence complex.

Sites 5 through 8 are located in the middle oftifislope, are associated with the
Benfield-Florence complex, and are classified apesl Sites 5 and 6 are near a “slip” where a
mass of soil has broken free from the surroundiagenml and is being eroded and transported
down slope. From the soil investigation and treailts of the laboratory measurements in the
following sections, the mass movement could besalr®f soil piping or an increase in pore
water pressures. In the area near sites 5 aih@ Gutface infiltration is high relative to the
surrounding area and compared to the hydraulic wandty below the surface as the soil
transitions from a silty loam to a clay loam. Watdiltrates the surface readily, but encounters
resistance to downward flow less than a meter bét@wsurface. Since downward flow is
impaired, the water seeps laterally. The increagseér content and pore water pressure
decreases the strength of the soil. Subsurfacsgoera the form of soil piping may form if the
subsurface lateral flow becomes concentrated biggnetial flow paths. The subsurface flow
could be eroding the soil near the boundary of lopegmeability. Mass movement in the form
of a “slip” occurs.

Sites 7 and 8 are similar in infiltration to sitethrough 4, but the relationship could be
coincidental rather than evidence of similariti€sail type or texture. Sites 7 and 8 can be
considered a transition section from the highattiation of sites 5 and 6 to the lower infiltratio
of sties 9 and 10.

The slope position of the site could contributéhi® soil hydraulic properties. Slopes
susceptible to overland tended to have lower maxeflow and therefore lowerdlg (Holden
2009). Areas at the bottom of the slope are mkedylto be saturated than along the slope or on

the top of the watershed. This higher degree tofrgion at the bottom of the watershed could
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result in a greater occurrence of the saturatiareex overland flow and therefore lowegK

The gradual decrease in K(h) from the high neach@' x 10° at sites 5 and 6 to the lows near
0.45 cm & x 10° at sites 9 and 10 may be partially explained leydgree of saturation and the
frequency of overland flow.

The lowland area of sites 9 and 10 has the lowésiration as well as the lowest
elevation of all the sites. The erosion proces$dise hillslope could explain the low infiltration
rate at the bottom of the hill. The upland arethattop of the watershed is a source of erodible
material, although with the small gradients of libeal slope, the process to drive erosion is
comparatively smaller than the slope area of &tésough 8. The slope could experience
erosion, deposition, or transmission of sedimérite mass of soil from the "slip” that was
observed near sites 5 and 6 is a source for emdibterial. The lowland area could also
experience erosion, deposition, or transmissidme [dwland area of sites 9 and 10 has less
topographic relief compared to the slope resuliing greater probability of deposition. The
sediment particles transported from the slope amets lowland areas of sites 9 and 10 may be
clogging the macropores at the surface furtheredestng K, (Holden 2009).

The local slopes as shown in Figure 2.4 may haweesmpact on K(h). Site 6 has the
greatest value for K(h) and the greatest localesktl4.9%. The slopes at the bottom of the
watershed are 5.0% for site 9 and 8.3% for siteah@,sites 9 and 10 also have considerably
lower K(h). While K(h) tends to decrease from &itt® site 10, the local slopes vary. The local
slope at site 5 at 9.0% is just slightly more thanlocal slope at site 10 at 8.3%, but the
difference in K(h) is much greater (0.98 cthxs10° for site 5 compared to 0.44 ci s 10° for
site 10).

From Nippert et al (2011), total biomass was largethe lowlands, negating the idea of
plant biomass being directly related to K(h) (Thamp et al 2010). Further investigations
between K(h) and biological activity are neededdtermine if biomass or other biological

variables could be used as a predictor for K(h).

Geologic Controls

The Florence limestone bench divides the upland froen the slope area. The upland
area has a relatively constant K(h) for sites dugh 4 (about 0.7 cm's< 10°). Below the
limestone bench, K(h) is significantly higher aesi5 and 6 (about 1.0 cil % 10°) but tends to

decrease as the elevation decreases. The lowlaadhsites 9 and 10 has the lowest values for
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K(h). The lower layers of shale and limestone shawfigure 2.4 do not appear to influence
K(h) as much as the Florence limestone locatekeatdp of the watershed.

In Nippert et al (2011) an alternate classificatidisite 5 was "seep"”. Site 5 was nearest
to the outcropping of the limestone bench withssitehrough 4 perched on top of the Florence
limestone layer. The interface of the Florenceebtone and the Blue Springs Shale may be
creating a perched groundwater layer. The hydranductivity of the limestone is assumed to
be much greater than the shale. Any water thairtiidtsated at the top of the watershed and into
the limestone layer might be transported laterafige it reached the less permeable shale layer.
For these assumptions, some groundwater is experthdcharge near site 5 rather than
percolate though the shale layer. The additioefyroundwater seeps to the hydrology at site
5 might explain the subsurface erosion processgésa@uld also be related to the jump in K(h)
relative to site 4. The mechanics relating thesauiace flows to K(h) are unclear and require

further study.

Statistical Variability
The computed values of K(h) from the Zhang (199@&jhud produced a set of values
that are normally distributed based on the KolmogeBSmirnov test for normality. The normal
distribution of K(h) is in contrast to the assuroptof a logarithmic distribution of hydraulic
conductivity (Freeze 1975). A normal distributioihhydraulic conductivity would have
implications for a stochastic model of the watedshe

Conclusion

Using topography, geology, soil maps, or plant esmmay help to explain the
mechanisms resulting in the spatial variability<gh), but the relationship is unclear. It does not
appear that one variable can be used to predistaive of K(h), and K(h) may be dependent on
all of these factors plus additional inputs thateweot considered in this study.

For the determination of K(h) from the infiltrationeasurements, the Zhang (1997)
analysis method and the linear method producednadre values for K(h) while the
Vandervaere (2000) method did not. The root ofpitedolem lies with sorptivity. The change in
soil moisture for the field measurements was doiedue to the high initial moisture content in
the silty loam soils. Since sorptivity is greatlgpendent on the change in soil moisture, the

small changes in soil moisture produced unreliabl@accurate values for sorptivity. While the
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Zhang (1997) method produces reliable values ftw) K{ does not produce reliable values for
sorptivity. The values for sorptivity produced ity Vandervaere (2000) method are equally as
unreliable as the Zhang (1997) approach. The aades (2000) method produces unreliable
values for hydraulic conductivity since the modeks$ sorptivity to hydraulic conductivity.
According to Vandervaere et al (2000), hydraulinawctivity is dependent on sorptivity, and
since the values for sorptivity are unreliable,ta&ies for hydraulic conductivity are equally

unreliable.
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CHAPTER 4 - Laboratory Measurements of Extracted Soil Cores

Introduction

In order to determine the variability of hydrautionductivity with depth and with
tension, large soil cores were extracted from idlel and tested in the laboratory. By extracting
soil from the field and taking measurements inléimratory, more tests can be performed in a
controlled environment. By measuring the infililoatrates at several tensions, the saturated and
unsaturated hydraulic conductivity can be deterchipr@viding inference on soil structure. By
measuring the infiltration rates at several depties relationship between depth and hydraulic
conductivity can be determined. The saturatedduyldr conductivity is a constant soll
parameter, and unsaturated hydraulic conductigigyfunction of soil moisture and tension.

The diameter of the soil core is about the sammeliar as the large disk on the SMS
infiltrometer. It is expected that the infiltratiavill be one-dimensional for the large disk
infiltrometers. For the AMDIs, it is assumed tkia¢ diameter of the soil cores is large enough
for the same three-dimensional infiltration anasysseed for the field measurements. The length
of the soil core at 60 cm long enough to captueevidriability in the A horizon and part of the B

horizon while still being small enough to manage shmple in the laboratory.

Collection and Preparation of the Soil Samples

The ten stations in watershed 1D at KPNRA wereddidiinto four groups based on the
statistical analysis of the field measurementsyofr&ulic conductivity (Figure 3.6). Large soill
cores, 60 cm in length and 9 cm in diameter, weteaeted for three of the ten sites
corresponding to middle-range values of hydrauicduictivity (group a), high values (group c)
and low values (group d). One sample was extrdobea sites 2, 6, and 9. An attempt was
made to extract a sample from site 4, corresponmirggoup b, but large rock fragments near the
surface would have prevented sampling of an irdeuwt.

Samples from sites 6 and 9 were collected in th@f&009 and were stored in a 4 inch
PVC pipe with expandable urethane foam sealane urbthane foam sealant would bond to
both the soil and the PVC pipe providing an air aader tight seal around the soil without
compressing the soil. The sample from site 2 vadleated in the spring of 2010 and was

contained in a plastic soil tube liner. The plasbil tube liner is a clear plastic liner provided
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with the core sampling equipment. The primary psgof the plastic soil tube liner is to
contain the soil to prevent soil and soil moistios.

The initial plan for the two samples collectedhe fall of 2009 was a saturated hydraulic
conductivity test. The samples were sealed witbasie caulk to a porous base plate. Tubes
with porous cups to act as piezometers were irgsante the side of the soil sample at 10 cm
depth intervals. The samples were then filled ftbmbottom with a deaired Cag&blution.

The soil cores in the PVC pipes could not be coteptesealed to prevent external
leakage; therefore the measured discharge valuesnegéreliable. The head measurements of
the piezometers indicated significant bypass fldvere water would flow around the soil and
not through the soil. The bypass flow resultednexpected measurements of little to no head
difference within the soil core between depthsaddition to the head measurements of the
piezometers, the response time for the piezomaiageach equilibrium also indicated bypass
flow. For example, after adjusting the head gnaijithe piezometer at depth 40 cm would reach
a constant value after 15 minutes while the piezerseat shallower depth would take several
hours. In addition, the head at 40 cm would béérighan the shallower depth by a few
centimeters even though it was expected to be lowéth the leakage and bypass flow, the
results were determined to be unreliable, anddh&ated hydraulic conductivity tests were
abandoned and replaced by unsaturated hydraulguctimity tests with tension infiltrometers.

For the tension infiltrometer tests, another eowgurred in the experimental set-up. The
plastic soil tube liner for the extracted soil ctwesite 2 limited the flow of air out of the soill
resulting in air entrapment and inaccurate measemnésn In unsaturated flow, water flows into
and through the soil, but air also flows througld ant of the soil. After administering the
unsaturated test at several tensions to the susfezaEmple from site 2, no significant change in
the flow rate was observed, but air bubbles exiéinthe top of the sample were observed. This
indicated that the flow rate was not determinedh®ysoil properties or the tension of the
infiltrometer, but the ability of air to exit thegstem. By puncturing several holes in the plastic
soil tube liner, the air pressure inside the tulas able to equilibrate with the air pressure
outside. The PVC pipe with expandable urethanmfsealant did not create the same air
entrapment conditions as the plastic soil tube Jitteis no alterations were needed to equalize

the pressures when conducting infiltration on t@sles for sites 6 and 9. The inability to
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completely seal the PVC system in the attemptadat&d tests was beneficial for the two phase
flow in the unsaturated tests.

The soil samples were placed on an outflow bade plah a porous disk and filter
paper. The base was sealed by either a rubbeetgaiskilicone sealant to prevent leakage.
Steel plates were attached to threaded rods tdiztatihe soil column.

Any vegetation on the top end of the soil core wiasmed, and soil was removed up to a
depth of 1 cm to provide a flat, level surface.n@at material of moist silica sand was placed
on the soil to provide a smooth surface and goodamd between the soil and the infiltrometer
disk.

In order to produce consistent results betweersdingples, and following the instruction
in the SMS infiltrometer user manual, the top & #Hoil sample was positioned level with the
bottom of the infiltrometer. For field measurengrthe infiltrometer would be placed on the
soil surface, level with the soil to be tested.the laboratory, the top of the laboratory tableswa
used as the common elevation. The infiltrometes placed directly on the table top with the
top of the soil sample adjusted to also be levéh wie table top.

The soil sample was divided into 6 segments eaeppfoximately 10 cm in depth.

When segmenting the sample, care was taken natearsthe soil and to instead break the soil
along the aggregate boundaries in order to preskevexisting soil structure. For the large disk
infiltrometer tests, the segments were divided satjally, that is the surface segment was
tested, then 10 cm of soil would be removed, aedstil at depth of 10 cm would be tested. For
the mini-disk infiltrometer tests, the soil coresnalready segmented, and all six segments were
tested simultaneously.

The soil cores were segmented at 10 cm becaube efkpected length scale at depth for
the soils in the watershed. From the soil surni#$mA), the soils found in the watershed have
horizons about every 15 to 20 cm. By samplingvaty 10 cm, the soil horizons should be

represented with additional detail within the horig.
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Large Disk Infiltration

Preparation of the Large Disk I nfiltrometer
The large disk infiltrometer was manufactured by Bmisture Systems, LLC in Tucson,
AZ. The original 20 cm disk head infiltrometer waplaced by an 8 cm disk head to match the
diameter of soil cores which were approximatelyrio diameter. The procedure for using the

device follows the manufacture’s Users Manual.

Filling of the Infiltrometer

The reservoir was filled with tap water at room perature. The disk was submerged in
a pan of water in order to completely wet the nytoembrane and to eliminate air bubbles
within the disk head.

Automated Data Collection

The automation components of the AMDIs used infidld measurements were adapted
for the large disk infiltrometers. A pressure sdncer from Mote 8 was used to monitor
volumetric changes in the infiltrometer reservdiort A of the differential pressure transducer
was connected to the top of the reservoir towetd,@ort B was connected with a T-connection to
the bubbling tube at the bottom of the reservoireio

Measurement

The 8 cm diameter disk was placed on the soil sanmvgh moist silica sand acting as the
contact material to ensure good contact. The itultiee bubble tower was positioned at the
lowest level for maximum tension. The bubble towudre was incrementally raised by 1 cm
until air was pulled into the bubble tower andlindition began. This tension was identified as
the bubble point, the highest tension the soil puill.

Tension was typically set sequentially at -6 cmgr8 -2 cm, -1 cm, and 0 cm. The first
applied tension was the -6 cm with the subseqssians decreasing in magnitude. This
allowed for efficient testing of the soil core. thfe tensions were to have been applied in
increasing magnitude, then the soil would requxteaetime to drain to match the corresponding
moisture content. Altering the sequence of thdiagpensions could possibly produce

hysteresis effects depending of if the soil wagiwgtor drying during the infiltration test. By
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conducting the sequence of experiments in thisquéar order, the infiltrometer would always
be imbibing the soil.

For the site 9 core, the highest tension was -3 ©m.occasions when the soil would not
pull -6 cm of tension, the maximum tension wastrése5 cm or lower as was the case for site
9. The time and reservoir water level were recoatethe start of each infiltration test.

The infiltration test was ended after steady staie achieved. The target time for each
infiltration run was 15 minutes with two exceptioriBue to the “noise” of the pressure
transducer, a minimum of 0.5 cm of height in tharade in water level in the reservoir is
necessary to fit a regressed line on the chartedvdiéh confidence. This required a run time
longer than 15 minutes in some infiltration tesdstigularly at greater tensions. At lesser
tensions, the run time would be shorter due tdithigations of the pressure transducers. Due to
the limitations of the 5 volt power supply, the ggere transducer would only register values
under the 45 cm mark or roughly half of the capeaitthe reservoir. 45 cm of water in the
reservoir corresponds to 11 cm of cumulative irdtlbn. A reservoir change in storage height
greater than 45 cm often occurred in less than ibbites for tensions of -1 cm and 0 cm. Since
steady state infiltration was achieved before raseexhaustion, this was not a critical issue. A
100-year one-hour rainfall event produces less fltaom of precipitation in Riley County,
Kansas. Cumulative infiltration of 11 cm in lebam 15 minutes is not a probably occurrence

with the soils being tested.

Analysis of the Large Disk Data

The infiltration of the large soil cores with thade disk infiltrometer is assumed to be
one-dimensional. In order to test the assumptlmege different analysis methods are used. The
one-dimensional analysis assumes that the infdtmatite at an applied tension, h, is equal to the
unsaturated hydraulic conductivity at the applieasion, K(h). A three-dimensional analysis
from Reynolds and Elrick (1991) uses the Woodingd@ar equation in a piecewise manner to
determine K(h). The third method is the Zhang {@98ethod that was employed to analyze the
field infiltration measurements in the previoustget

The data output for the pressure transducer measmts is voltage and time. The
beginning and ending values of the voltage ardeélt the beginning and ending values of the

height of water in the reservoir. Similar to threqedure for the AMDIs, the voltage att =0 is
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set equal to 0 cm of infiltration, and the voltagehe end of the infiltration run is set equatte
change in reservoir storage. With the beginningjemding conditions known, the relationship
between the change in reservoir storage and timéeaetermined. The change in reservoir
storage can be converted to the infiltration ofevatto the soil by multiplying by the ratio of the
radii squared:

r.2
=8, [4-1]

ls 2
wherelsis the infiltration rate into the sollg is the rate in change of reservoir heigbis the
radius of the soil column, ang is the inside radius of the reservoir. For onaehsional
infiltration, the infiltration rate into the soiialso taken to be the unsaturated hydraulic
conductivity, K(h) at the applied tension, h.

Using Excel, a graph of infiltration versus timendze plotted. A linear regression of the
data provides a slope, intercept arfd/&®ue. The start time was adjusted to eliminiageinitial
sorptivity phase. The start time was increased RAreached its maximum value. In Figure 4.1
the slope of the line is the unsaturated hydrardieductivity at -2 cm tension, K(h=-2 cm), for

site 2 at 1 cm depth.
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Figure4.1. Simpleinfiltration of Site 2, Depth 1 cm, Tension -2 cm
The cumulative infiltration uses the square rodiiok as the x-axis, the cumulative

infiltration on the y-axis with a two-term polynoatiregression to fit the data. The analysis is
similar to the cumulative infiltration method fratme field measurements. The resulting graph
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and regression equation for K(h=-2 cm), for sitg 2 cm depth is shown Figure 4.2 as an

example.
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Figure4.2. Cumulativeinfiltration of Site 2, Depth 1 cm, Tension -2 cm

Calculating a and Kg;

as

Gardner’s (1958) equation relating unsaturated dnyldr conductivity to tension is given

K(h)=K_e™

[4-2]

Using the Gardner format, an exponential equatiasa fit to a graph of tension versus

unsaturated hydraulic conductivity. Figure 4.3wfohe resulting equation for Site 2, Depth 1

cm. By setting the y-axis as the natural log diK6r In K(h), the resulting regression equation

is linear, although the best fit for the data fr8ite 2, Depth 1 cm may not be linear.
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Figure 4.3. Exponential regression of Site 2, Depth 1 cm

Thea and K values were determined from the unsaturated hiidreenductivity at the
applied tensions and fitting a regressed line teaéqn [4-2] (Figure 4.3). Since the relationship
between hydraulic conductivity and applied tensian be non-linear on a natural log scale, the
range of applied tensions was reduced to betweem-and -3 cm (Figure 4.4). The reduced
range would represent the influence of the macegpoontribution to the flow. The macropores
are the larger pores in the soil structure thagjeamom 75um to larger than 5000m (Brewer
1964). The flow through the macropore is mucheiagtan through the smaller micropores. The
larger pore diameters create preferential flow &b water and solute movement for saturated
and near saturated soil conditions.

By only examining this smaller region, the regresdias a better fit, but the regression
model would only apply to this region. Values teninterpolated within -1 cm and -3 cm, but

extrapolation much beyond the region is inappraeria
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Figure 4.4. Exponential regression of the reduced region of Site 2, Depth 1 cm

For three-dimensional infiltration, the Woodingwidn is used with the Gardner

equation. From the Wooding solution for homogen@atropic soil, the steady-state flow rate,
Qs, is given by
Q, = (i o Zaj% [4-3]
G,
whereg is the matrix flux potentialy is the soil texture parameteris the radius of the disk,
andG is a dimensionless shape factor equal to 0.25nTdtteix flux potential can be

approximated by

K (h)

=7 4-4

B=—, [4-4]
Combining the Wooding solution, the matrix flux eotial and the Gardner equation, the

resulting equation, the Wooding-Gardner equati®im the form

Qs :(Gra +nzstate‘”“ [4-5]
d

With a minimum of two measurements@{ at differing tensions, thedanda can be

calculated by first solving fau
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|n[Q(h2)}
Lo

h, -y [4-6]
and then using [4-5] to determingK With multiple measurements at varying tensiens,
modified approach to the Wooding-Gardner solutoproposed by Reynolds and Elrick (1991).
Since K(h) can be non-linear with unique valueskigi anda for pair of tensions, a segmented

approach to determinegl(anda is followed. The following equations and proceslare taken
from Reynolds and Elrick (1991).

K (h) = Rx,y eXF(Ex,yh) [4_7]
rn G, axyQ,
X,y — — )
rlL+G, a7 Q,/Q,) 48
Where x =1,2,3,... and y = x+1, and
" hxh
x Ty [4-9]
And
— _hlQ,/Q)
Xy —— .
h=h, [4-10]

First Ex,y Is calculated from a sequence@@andh values fron{4-10], then with[4-8]

Ky is determined. Withry,and Ky known, equation [4-7] can be used to determing K(h

for a given tension within the applicable range.

Another option for three-dimensional infiltrationaysis is the Zhang (1997) method
that was employed for the previous section forfitld measurements. The method follows the
same procedure as the field measurement analybes difference between the field analysis and
the laboratory analysis are the device parametens. large disk infiltrometer has a larger disk
radius than the AMDI and has the ability to varg #pplied tension. Example calculations for

these two analyses are found in Appendix E.
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Results

One-Dimensional Infiltration
For one-dimensional infiltration, the unsaturatgdraulic conductivity is equal to the

infiltration rate into the soil. Equation [4-1] wapplied to the results of the simple infiltration

analysis (Figure 4.1). The results of the inftitva are shown in Figures 4.5, 4.6, and 4.7 for

sites 2, 6 and 9.

In K (h) (In(cm 1)

Tension, h (cm)

Figure 4.5. Unsaturated hydraulic conductivity, K (h), for thelarge disk at varying depths

and tensionsfor Site 2.

The relationship between K(h) and depth is depeinole the tension for site 2 as seen in
Figure4.5. The soil at depth 51 cm has the highest K(h$ &im tension, but its ranking among
other depths is reversed between -2 cm and O csiptenAt O cm tension, the soil at depth 51
cm has the lowest K(h). Conversely, the soil @tkdé&1 cm has the lowest K(h) at -6 cm tension
and the highest at 0 cm. The reorganization df fanK(h) occurs between -3 cm and 0 cm of
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tension. All depths exhibit a highly non-linealateonship between tension and the natural log
of K(h).

From the regression of the data series shown iteTah, the values for & anda vary
greatly for both the full range of tensions andrd@uced range. Generally, the soil parameters,
Ksatanda, increase as the range of data is reduced, bxt th@o apparent relationship between

the parameters and depth.

-6cmto0Ocm -3cmto-1cm
Depth Ksat a Ksat a
(cm) (ecm$&x10% (cm®) (cm$'x10%  (cm?)
1 34 0.72 3.4 1.0
11 1.7 0.72 0.84 0.67
21 1.1 0.74 2.3 2.0
31 10.3 1.3 50 2.3
41 9.4 1.2 94 2.5
51 51 0.66 12 1.0

Table4.1. K¢ and a for Site 2 at various depths

The reorganization of the rankings of K(h) withpest to depth is less extreme for site 6
than for site 2 as seen in Figure 4.6. While 8igtill exhibits a switching of ranks, the shifte a
more gradual from -6 cm to 0 cm of tension. Exangrthe soil at depth 53 cm, K(h) is the
lowest among all depths for the range of applieditsns. The midrange of soil depths has the
highest K(h) near 0 cm tension.

Similar to site 2, the results of the regressioalysis for site 6 shown in Table 4.2 vary
greatly for both the full range of tensions andb@uced range. The soil parameterg; &da,

increase as the range of data is reduced. Thea@imeters in the midrange depths have the

highest values.
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In K(h) (In(cm )

L 12
7 6 5 4 3 2 1 0

Tension, h (cm)

Figure 4.6. Unsaturated hydraulic conductivity, K(h), for thelarge disk at varying depths

and tensionsfor Site 6.

-6 cmto O cm -3cmto-1cm
Depth Ksat a Ksat a
(cm) (cm&x10% (cm?) (cms-1x10) (cm?d)
0 1.0 0.14 1.2 0.16
11 3.7 0.56 2.6 0.61
21 45 0.74 4.6 0.94
31 5.9 0.78 26 15
41 1.6 0.48 5.0 1.1
53 0.52 0.58 0.60 0.70

Table4.2. K and a for Site 6 at various depths

Infiltration for site 9 was only measured betwe8rcm and 0 cm. With less data than
sites 2 and 6, contrasts can still be seen bettesites and depths as shown in Figure 4.7. Site
9 follows the expected trend with respect to Ktahsion and depth. The soil at the surface has
the highest K(h) for all tensions, and the sothat deepest measurement of 51 cm depth has the

57



lowest K(h) for almost all tensions. The midramgpths fall between the two extremes with the

exception of depth 31 cm at O cm tension.

Since the two ranges of data are similar, themoihmeters for site 9 are do not vary
greatly as shown in Table 4.2. Although thereasipparent relationship between the soll
parameters and depth, the values are closer ia.s€alr example, ¥&;varies by a factor of 20
from 0.36 to 6.6 cm/s x 10for site 9 while the range ofsfor site 2 varies by a factor of 100

from 0.84 to 94 cm/s x 10

Depth (cm)

In K (h) (In(cm s%)

-12

-35 -3 -25 -2 -1.5 -1
Tension, h (cm)

Figure4.7. Unsaturated hydraulic conductivity, K(h), for thelarge disk at varying depths

and tensionsfor Site9.
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-3cmto 0 cm -3cmto-1cm

Depth Ksat a Ksat a

(cm) (cm&x10% (cm®) (cmstx10% (cm?)
0 6.6 0.97 4.5 0.80
11 2.6 1.1 0.82 0.63
21 45 1.0 4.3 1.0
31 0.55 0.72 0.69 0.83
41 2.9 0.73 3.5 0.81
51 0.78 1.2 0.36 0.82

Table4.3. Ky and a for Site 9 at various depths

A comparison of K(h) verses depth for the threessét -3 cm tension is shown in Figure
4.8. The values of K(h=-3cm) were calculated fiitie exponential regression equations for the
range of tensions from -3 cm to -1 cm. The tensias chosen to be -3 cm because the AMDIs
have a nominal tension of -3 cm, and later compasgwill be made between the large disk and
the mini-disks. Site 6 has the highest K(h = -3 between the surface and depths up to 30 cm
and generally decreases with depth. Site 2 haewest K(h = -3 cm) for all depths except for
an unexpectedly high value for the depth near 50 The site 9 K(h = -3 cm) fluctuates with
depth but falls between site 2 and 6 for most depth
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K(h=-3cm) (cm s*x 10'3)

0.0 0.2 04 0.6 0.8

Depth (cm)

60

Figure 4.8. K(h=-3cm) for sites 2 (triangles), 6 (diamonds), and 9 (boxes) using thelarge

disk infiltrometer calculated by exponential regression.

Another comparison of K(h) verses depth for theetsites is shown for -1 cm tension in
Figure 4.9. Similar to Figure 4.8, the values @i 1cm) were calculated from the exponential
regression equations for the range of tensions #om to -1 cm. By changing the tension by 2
cm, the resulting figure is vastly different. FEjrhe magnitude of the unsaturated hydraulic
conductivity values for -1 cm tension is one ordeger than -3 cm tension. Second, the values
at and near the surface are close for all thres,ditut they diverge from 30 cm depth and deeper.
Evidence of a high hydraulic conductivity for siet depths 30 cm and deeper can be seen for -
1 cm tension, but the increase in hydraulic congitgtdoes not appear for the -3 cm tension
until 50 cm depth. Site 6 and site 9 have valoe&{h=-1cm) that are quite comparable except
for the 30 cm depth. At 30 cm, K(h=-1cm) is ab®Qttimes more at site 6 than at site 9.
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K(h=-1cm) (cms ™ x 10'3)

0.0 20 4.0 6.0 8.0

Depth (cm)

60

Figure4.9. K(h=-1cm) for sites 2 (triangles), 6 (diamonds), and 9 (boxes) using thelarge

disk infiltrometer calculated by exponential regression.

Three-Dimensional Infiltration

The three-dimensional infiltration was determindthiwo methods. The Reynolds and
Elrick (1991) method is a piecewise applicatiorihef Wooding-Gardner equation. The Zhang
(1997) method is the same empirically derived fdamdior the cumulative infiltration equations
that were used in the analysis of the field measargs. With the Zhang (1997) method, the
value fora has been assumed based on the soil texture, &hdneenor Ksycare calculated with
this analysis method. It is assumed that the foane-dimensional, and the purpose of using a
three-dimensional analysis is to test this asswmnptin addition, by using the same method of
analysis for both the field and the laboratory nneasents, the results may be more easily

compared.
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Depth (cm)

InK (h) (In(cm 1)

-14

Tension, h (cm)

Figure 4.10. Unsaturated hydraulic conductivity, K(h), for thelargedisk at varying depths
and tensionsfor Site 2 using the method from Reynolds and Elrick (1991).

The results of the Reynolds and Elrick (1991) asialyFigure 4.10) method show
similarities to the one-dimensional results foe 9t The values of K(h) for the depths are

dependent on the tension. The ranks of the ddgatbsd on K(h) changes with tension similar to
the one-dimensional analysis, but the shifts areergoadual.

The values for Kyanda from the Reynolds and Elrick (1991) analysis foe & (Table
4.4) show their variability with respect to tensiomd depth. In Table 4.4 Kis represented by
Rx,y anda is represented bg_zx,y for the tension pairand . The K values in Table 4.4 are
the intercept of the K(h)-axis when tension is éqoiaero, and therefore does not have a
practical interpretation for tension ranges out&itlé cm. The values fordanda in Table 4.4

are used in equations [4-5] and [4-7]. There du#sappear to be a consistent trend in the values

for KsatOr o with respect to tension or depth.
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Depth  hy, h axy Ky
(cm) (cm) (cm)  (cm s$'x 10

1 -6, -3 0.31 0.31
-3, -2 0.78 1.88
-2,-1 1.26 5.45
-1,0 1.60 7.98
11 -6, -3 0.36 0.24
-3, -2 0.48 0.38
-2,-1 0.86 1.01
-1,0 2.56 6.68
21 -6, -5 0.05 0.01
-5, -3 0.14 0.03
-3,-1 0.94 0.77
-1,0 3.30 9.89
31 -6, -3 0.48 0.18
-3, -2 2.03 27.7
-2,-1 2.55 79.5
-1,0 1.26 19.8
41 -5, -2 0.88 4.41
-2,-1 2.09 58.5
-1,0 0.41 7.12
51 -6, -3 0.54 2.04
-3, -2 1.29 24.4
-2,0 0.35 2.43

Table4.4. Ks and a for Site 2 at various depths and tension pairsusing the method from
Reynoldsand Elrick (1991)
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Depth (cm)

InK(h) (In(cm 1)

-12

-7 -6 -5 -4 -3 -2 -1 0

Tension, h (cm)

Figure4.11. Unsaturated hydraulic conductivity, K(h), for thelargedisk at varying depths
and tensionsfor Site 6 using the method from Reynoldsand Elrick (1991).

The results for site 6 using the Reynolds and EIfi®91) analysis method as shown in
Figure 4.11 are similar to the one-dimensional gsisl The same types of shifts in order
appear, but there appears to be an aberrant fesdlt cm depth at and near O cm tension. The
values are much lower than expected and do navialhe same pattern as the one-dimensional
analysis. This aberrant result in the piecewisdyams is the result of the near constant value of

K(h) at -1 cm and O cm for the 41 cm depth. Th®uits in ara value that is near zero as seen

in Table 4.5.
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Depth  hy, h Ay Ky

(cm) (cm) (cn?) (cm s' x 10°)
0 -6, -3 0.15 0.46
-3, -2 0.16 0.49
-2,0 0.27 0.84
11 -6, -3 0.26 0.54
-3, -2 0.47 1.38
-2,-1 0.75 2.80
-1,0 1.75 9.21
21 -6, -3 0.42 0.72
-3, -2 0.76 2.55
-2,-1 1.12 5.69
-1,0 1.56 9.50
31 -6, -3 0.54 1.27
-3, -2 1.28 15.13
-2,0 0.63 3.42
41 -6, -3 0.11 0.08
-3, -2 0.86 2.26
-2,-1 1.40 7.37
-1,0 0.04 0.25
53 -5,-3 0.30 0.10
-3, -2 0.95 1.10
-2,-1 0.45 0.32
-1,0 0.84 0.58

Table4.5. K and a for Site 6 at various depths and tension pairsusing the method from
Reynolds and Elrick (1991).

The values for Ky anda from the Reynolds and Elrick (1991) analysis fite § (Table
4.5) show their variability with respect to tensiomd depth. K;anda increase as the tension
increase (becomes less negative), but that trees Wot always hold true for the tension pairs of

-1 and O cm.
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Depth (cm)

InK (h) (In(cm $%)

T -12
-25 -2.0 -1.5 -1.0 -0.5 0.0

-35 -3.0
Tension, h (cm)
Figure 4.12. Unsaturated hydraulic conductivity, K(h), for thelargedisk at varying depths

and tensionsfor Site9 using the method from Reynolds and Elrick (1991).
The results for site 9 using the Reynolds and EIfi®91) analysis (Figure 4.11) method

are very similar to the one-dimensional analyJike shape and position of the K(h) for each
depth are the same in Figure 4.12 as in Figufe %he only difference is the additional points

along the line from the piecewise analysis.
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Depth  hyh Ay Ky

(cm) (cm) (cn?) (cm s' x 10°)
0 -2.9,-1.8 0.80 4.02
-1.8, -0.9 0.80 4.08
-0.9,0 1.44 8.33
11 -3, -2 0.46 0.39
-2,-1 0.80 0.93
-1,0 2.25 4.84
21 -3, -2 1.26 8.69
-2,-1 0.74 2.69
-1,0 1.17 4.62
31 -2.5,-1 0.83 0.63
-1,0 0.53 0.40
41 -3, -2 0.62 1.75
-2,-1 1.00 4.29
-1,0 0.47 2.00
51 -3, -2 0.80 0.31
-2,-1 0.85 0.34
-1,0 1.91 1.17

Table4.6. K and a for Site 9 at various depths and tension pairs using the method from

Reynolds and Elrick (1991).
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Depth (cm)

InK(h) (In(cm 1)

Tension, h (cm)

Figure 4.13. Unsaturated hydraulic conductivity, K(h), for thelargedisk at varying depths
and tensionsfor Site 2 using the method from Zhang (1997).

The results from the Zhang (1997) analysis (Figui&) are different from the one-
dimensional and the Reynolds and Elrick (1991) m@thThere appears to be aberrant data
points for 31 cm depth at tensions -5 and -2 ciine midrange depths still appear highly non-
linear, while the near surface and deepest measmtegppear quite linear. All depths at 0 cm
tension seem to converge near a common K(h) value.

The results from the Zhang (1997) analysis (Figuid) are similar to the one-
dimensional method for site 6 (Figure 4.6). Thee infiltration and the cumulative
infiltration analysis produce similar results fatess. The magnitude of K(h) from the Zhang
(1997) analysis is less than both the one-dimeasimethod and the Reynolds and Elrick (1991)

methods.
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Depth (cm)

InK(h) (In(cm 1)
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Tension, h (cm)

Figure 4.14. Unsaturated hydraulic conductivity, K(h), for thelargedisk at varying depths
and tensionsfor Site 6 using the method from Zhang (1997).

For site 9 with the Zhang (1997) analysis (Figutb), the value at 51 cm depth for -3
cm tension is much lower than expected compardd pvvious results and the other values for
site 9. The aberrant results form 51 cm deptlt@@swere also much lower than expected. For
the heavier textured soils at the bottom of thes@umn, the Zhang (1997) underestimates K(h)
rather than overestimates. Both the Reynolds &nckE1991) and the one-dimensional linear
analysis methods use the same source for theatidh rate (Figure 4.1), while the Zhang
(1997) uses a different method to obtain K(h) (Fegd.2). The remainder of the graph appears
similar to the one-dimensional and the previousdkdimensional analysis except that the values

of K(h) are slightly lower.
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Depth (cm)

In K (h) (In(cm )

-35 -3 -2.5 -2 -1.5 -1 -0.5 0

Tension, h (cm)

Figure 4.15. Unsaturated hydraulic conductivity, K(h), for thelargedisk at varying depths
and tensionsfor Site 9 using the method from Zhang (1997).

Discussion

One-dimensional infiltration
For site 2, the shifts in the K(h) ranking of thepths around -3 and -2 cm tension

indicates a varying influence of macropores andopicres on the flow rate. At tensions near O
cm, macropore flow would dominate, and at tensitee 6 cm micropore flow would dominate.
This indicates a bimodal distribution of macropoased micropores. For the soil at 51 cm depth,
micropore flow dominates the infiltration ratescas be seen when the tension increases
(becomes less negative), K(h) does not increas@amd to the other depths. For the other
depths, macropore flow dominates. K(h) is low-®cm tension and increases dramatically as
tension increases.

K(h) is expected to increase as tension incre&sgshe relationship shown in Figure 4.5

for the one-dimensional analysis of site 2 indisateon-linear relationship between the natural
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log of K(h) and tension. K(h) increases at a gregrdte then the Gardner (1958) model would
permit for the series of data requiring the piesgvgegmentation proposed by Reynolds and
Elrick (1991) in order to properly model the data.

For site 6, the data does not exhibit the same afgéifts as sites 2 indicating a more
unimodal pore distribution. The influence of maumes is less for site 6 indicating that the flux
through the soil is dominated by matrix flow thrbugicropores.

For site 9, while there are a few shifts in theeorof the depths with respect to tension,
the data follows a linear relationship for all dept The Gardner (1958) model without
adjustment could adequately describe the dataywitihthe data is limited to the measured
tension range between -3 and 0 cm.

K(h) should increase as tension becomes less megand it generally does. A few
infiltration runs are in opposition to this assumpt Site 2 at depth 21 cm and tension -2 cm,
depth 41 cm and tension -3 cm and depth 51 cmearsildn 0 cm seem like aberrant results. For
site 6, depth 0 cm at tension -1 cm and depth 3atdension -1 cm are also seem in error. The
sources of the error may be the result of the measent techniques or operator error. Either
the applied tension or the volume of water inftikdhmay have been misapplied or recorded
incorrectly. In addition, the regression analysed to determine the infiltration rates may need
additional adjustments to better capture the ststatg flow rate. Also the infiltrometer may
lack the precision to differentiate between theouss applied tensions and the volume of water
infiltrated.

Aside from some apparent errors seen in the regtiisge 6 as discussed above, the
exponential regression seems adequate for sited © for the range of tensions measured.
Plotted on a log-normal scale, the data points aploeear. If the exponentially regressed line is
adequate to describe the relationship between biydi@onductivity and tension, then a
piecewise analysis as proposed by Reynolds an# Er#91) is unnecessary.

For site 2, the exponential regression does nahdede as good of a fit for the entire
range of data points as compared to sites 6 arich@.non-linearity of the relationship between
tension and hydraulic conductivity on a log-normsedle implies the unsuitability of the Gardner

(1958) equation for Site 2 for the entire rangamblied tensions.
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Comparison between one- and three-dimensional infiltration analyses

The values of K(h) are higher in the one-dimendianalysis than in the Zhang (1997)
analysis but comparable to the Reynolds and E(i®®1) method. It would be expected that
the two methods that utilized a three-dimensionalysis would produce results similar in
magnitude. The three-dimensional method of Reynaltt Elrick (1991) more closely aligns
with the one-dimensional than the other three-dsiaral method of Zhang (1997).

The Wooding-Gardner equatidgd;-5], used in the Reynolds and Elrick (1991) analysis
has a shape parameteg, @at can be modified to match the shape of tkarasd dispersion of
water in the soil. For large values of, G e assumed dispersion decreases as the infloétioe
term r/Ga decreases. The value of ®as chosen to be 0.25, and this value seems to
approximate the one-dimensional analysis more kidkan the Zhang (1997) method does.
The Zhang (1997) method does not have fitting patars and cannot be adjusted to more
closely match the values from the one-dimensionalyeis.

Compared to the one-dimensional analysis, the {tlireensional analyses had some
aberrant results. The differences seen with trengh{1997) method can be explained by the
graphical analysis of the data. Both the one-dsrral and the Reynolds and Elrick (1991)
methods use the data from the simple linear iafithn analysis, while Zhang (1997) uses the
cumulative infiltration with the two term polynonhiaSlightly different results from the two
regression analyses are one explanation for tisgiar results between Zhang (1997) and the
other methods. The aberrant results from the ZIlia9g7) method are lower than expected and
are for the soil segments with already low K(h).

Comparison to field measurements

Figure 4.8 and Figure 4.9 show how depth influerkgs for the sites at two different
tensions. For the -3 cm tensions, the values bdgirom the large disk with one-dimensional
analysis are in a different order compared to ittld measurements. While site 6 has the highest
K(h=-3 cm) from both the laboratory measurementstae field measurements, sites 2 and 9 are
in different positions. Site 2 has a greater Kffan site 9 based on the field measurements, but
the laboratory measurements show site 9 havingrigegter K(h) than site 2.

The differences could be due to the when the laoges were sampled or how the large
cores were extracted and stored. While the fieddsnrements were all conducted during the
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summer time, the extraction of the soil cores ommiover two time periods. Site 6 and 9 were
collected in the fall of the same year the fieldasiw@ements were collected, and site 2 was
collected in the spring of the following year shyé#fter the annual burn treatment. The
differences in the season during extraction, theditmns in the field during extraction, and the
amount of time the cores spent stored in the laboranay have resulted in seasonal or temporal
effects (Heddadj and Gascuel-Odoux 1999) or additidisturbances to the extracted soll

column.

Comparison to soil information and landform

The information on the soil from the soil surveyldhe soil descriptions at the selected
sites indicates that the hydraulic conductivityddadecrease with depth as the soil transitions
from a silty loam to a clay loam. The heavier tegtof the clay loam is expected to be less
permeable than the silty loam. During the fieldastigation for the soil descriptions, the size
and prevalence of the roots and pores decreaseslapth further suggesting that the infiltration
rates would decrease with depth.

From the results of the large soil core data, éhationship between infiltration and depth
is not as clear as the soil descriptions woulddatdi. The assumed exponential relationship
(Beven 1997) between hydraulic conductivity andtdepas not observed. The variations in the
soil textural and structural properties are noteepnted in a simple exponential relationship
with depth similar to how the Gardner equationas adequate in representing unsaturated
hydraulic conductivity over a large range of tensio

As the soil was extracted from the site, it expamelsause it is no longer contained in the
radial direction. As the soil was tested, 10 cns w@quentially removed and eliminated an
additional source of compression, the overburdanhirbothe vertical direction. It is assumed that
the overburden increases as depth increases bestagisater depths, the mass of soil above
increases (Rose 1965). As loads are removedpthexpands, and the porosity increases. As
the porosity increases, the volume available td laold transport water increases. The sampling
strategy to reduce disturbance may inadvertenttpdiuced another source of error.

The soil descriptions are a systematic way to tatately identify soils, but the soil
descriptions cannot capture the complex way thestoicture influences infiltration and

unsaturated flow through the soil.
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The influence of the limestone bench or the larggrhents of fractured limestone
originating from the Florence limestone layer maysken in the site 2 at depth near 50cm. For
site 2, the soil has a higher than expected ureaaihydraulic conductivity for the 51 cm depth.
It is expected that K(h) would decrease with deptli,the depth at 51 cm is the deepest

measured depth and it is also the highest measi{tgdor tensions -2 cm to -6 cm.

Mini-Disk I nfiltration

Preparation

Using the segmented soil columns from the largk @ission infiltrometer, the hydraulic
conductivity was determined using the AMDIs. Betwéhe large disk infiltration tests and
AMDI tests, the soil samples were wrapped in foiptevent drying and stored at room
temperature. To reduce physical disturbance,@gements remained in either the segmented
PVC tubes (for sites 6 and 9) or soil liners (fite ) during storage and AMDI testing.

The segmented soil columns were placed in a traylioh sand. Tripod stands fabricated
for use with the mini-disk infiltrometers were att@d to the outer shell of the soil segments.
Pre-moistened sand was applied to the top of theamples in order to create a uniform contact
surface. Figure 4.16 shows the arrangement afidterials prior to an infiltration run.

Figure 4.16. Experimental set-up of the automated mini-disk infiltrometersfor laboratory
testing. Site2isshown.
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Measurement

The same procedure from the field measurementoseigtirepeated again for the
laboratory measurements of the AMDIs with a feweptmons. Soil moisture was determined
gravimetrically by measuring the mass, of the samples before and after the infiltrations.
After all the infiltration measurements were taklke@ samples were dried in an oven to
determine the dry massy.

g="v"T [4-11]
md
With the measurements of mass and an approximalede for each soil segment, an

approximate dry densitpg, can be computed using the following equation

o=y [4-12]
whereV; is the total volume of the soil. The volume of Hual is a cylinder with an
approximated height of 10 cm for most soil segmantsa diameter of 9 cm.

In a second deviation from the field measuremehts|aboratory infiltration
measurements did not always exhaust all water fhmmeservoir tube; some water in the
reservoir tube remained at the conclusion of tee t&dditionally if infiltration was extremely
slow, the test was terminated after one hour aadhéight of the water remaining in the tube was

recorded. Calculations were then adjusted basebdeomolume of infiltrated water.

Analysis of the mini-disk data
The analysis for the laboratory AMDIs followed tbeme procedure as the field
measurements with the exception of the statistinalysis. The simple infiltration, cumulative
infiltration, and the differential linearizationapwhs for the AMDI measurement at site 2 depth 1
cm are shown in Figures 4.17 — 4.19. With only oreasurement per site and depth, a statistical

analysis was not performed.
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Figure4.17. Simpleinfiltration for site 2 depth 1 cm.
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Figure 4.18. Cumulative infiltration for site 2, depth 1 cm.
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Figure 4.19. Differential linearization for site 2, depth 1 cm.

A resampling strategy using the results of the datiue infiltration for the differential
linearization analysis was not performed for AMBboratory measurements. The analysis of

the field measurements showed that the resammuoigitque was successful in reducing the R-
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squared values an improving the regression fitfress the differential linearization, but the
method still produced values for hydraulic conduittiand sorptivity that were outside the
range of expected values. Vandervaere et al (2808lysis using differential linearization is
inappropriate for the mini-disk infiltrometers.

Results of mini-disk tests
The results of the AMDI tests in the laboratorytbae segmented soil columns are shown
in Figure 4.20 and 4.21. The simple linear metisacshown along with the cumulative
infiltration method for the three sites at the was depths in Figure 4.20, and Figure 4.21 shows

the relationship between the linear method andtimeulative infiltration method.

K(h=-3cm) (cm s'x 10'3)
0.0 05 1.0 00 05 1.0 00 0.5 1.0
0 : —e

30 1

Depth (cm)

40 ~

50 A

60

Figure 4.20. K(h=-3 cm) for sites 2,6 and 9 from the mini-disk measurement in the

laboratory.
Notes: Points are shown for site 2 (trianglegdi@monds), and 9 (boxes), for the Zhang (1997 houbt

with parameters from Carsel and Parish (1988k(fillnarkers) and from the simple linear method (aparkers).

From Figure 4.20, the results of the simple lineathod are consistently higher than the
Zhang (1997) method. The relationship betweerstimgle linear method and the Zhang (1997)
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method are the same as in the field study. Hydraohductivity with respect to depth

fluctuates for sites 2 and 6, but seems consigténil for site 9.
Examining the same data in a different format, Fegti21 also shows that the results of
the simple linear method are consistently highanttine results obtained from the Zhang (1997)

method.
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Figure4.21. Comparison of Zhang (1997) method to linear method in deter mining K (h=-3)

with Mini-Disk infiltrometersfor sites2, 6, and 9.
Notes: Points are shown for site 2 (triangleqJi@monds), and 9 (boxes), and regressed linestansn

for sites 2 (dot), 6 (dash) and 9 (solid). Unibelis shown as thin dashed.

The results of the dry densifyy, analysis are shown in Table 4.7. For all sites,dry
density is the lowest at the surface and tendsdaease as the depth increases. For site 2, the
dry density increases from 0.83 g ¢t the surface to 1.24 g &nat depth of 21 cm and then
decreases to 1.10 g €mat 51 cm depth. For site 6, the soil at the serfaas a dry density of
1.01 g cr?, increases up to 1.26 g ¢rat 41 cm depth, and decreases to 1.09 §ans3 cm
depth. For site 9, the soil near the surface hiry density of 1.23 g cthand gradually
increases to 1.38 g ¢hat 51 cm depth. The dry density at site 9 istgrethan both sites 2 and

6 and continues to increase for all measured values

78



Site Depth Volume M ass Pd
(cm) (cm®) (9) (gem?®)
1 636 528 0.83
11 636 684 1.08
> 21 636 730 1.15
31 636 786 1.24
41 636 755 1.19
51 763 842 1.10
0 700 710 1.01
11 636 720 1.13
6 21 636 770 1.21
31 636 706 1.11
41 636 802 1.26
53 636 697 1.09
11 636 781 1.23
21 636 834 1.31
9 31 636 838 1.32
41 636 860 1.35
51 763 1051 1.38

Table4.7. Approximate dry densities, pq, for thethree sitesat the six segmented depths for

the mini-disk infiltrations.

The soil moisture shown in Table 4.8 is the gravrmoavater content from equation [4-
11]. The percent change in soil moisture rangas #% to 30%. The change in soil moisture is
seen in the soil segments from site 9, and tHikasdue to the relatively low initial soil
moisture. There does not appear to be a pattting soil moisture, either initial or final, to

depth.
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Site  Depth 6 A8
(cm)
1 059 063 5%
11 0.38 044  18%
21 0.40 043 7%

2 31 0.37 0.42 13%
41 039 041 4%
51 0.37 0.40 8%
0 039 045 14%
11 0.44 047 5%
6 21 0.41 0.43 6%

31 0.44 0.45 4%
41 0.39 043 11%
53 0.42 0.45 6%
11 0.21 0.27 30%
21 0.29 0.32 9%
9 31 0.26 0.29 14%
41 0.26 0.30 14%
51 0.23 0.26 11%
Table 4.8. Initial moisture content, 6;, and final moistur e content, 6 for thethree sites at

the six segmented depthsfor the mini-disk infiltrations.

Discussion of Mini-Disk Results

The simple linear method over estimates K(h) comgban the cumulative infiltration
method of Zhang (1997). This is the same conctusiade regarding the field measurements.
The simple linear method assumes a wetted diskisaafi3.5 cm for initially dry conditions and
4.5 cm for wet initial conditions. Figure 4.22 sfeothe theoretically wetting front for the two
methods. The simple linear method assumes a anerdional wetting front where the wetting
front has a constant depth that increases with. tifrftee Zhang (1997) assumes a three-
dimensional wetting front in the shape of a bullit ihcreases in size with time.

In order for the results of the simple linear metho better correlate with the Zhang
method, the assumed wetted disk radius could veased. A wetted disk radius of 6.5 cm
would produce an estimate of K(h) that is compaablthe Zhang method, although the larger

radius may not have any basis in reality. The sfagetted disk radius could also be site
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specific depending on the soil type, and one vatag not be adequate for the range of soil types

encountered in the field.

Infiltrometer
;=138 cm

Soil Core -
r,=4.5 cm =1

Figure4.22. One-dimensional versusthree-dimensional infiltration for the AMDIs

The average values of K(h=-3cm) for all depths gi$ive Zhang method are 1.6x0
cm/s, 1.9x1d cm/s, and 3.1xIDcm/s for sites 2, 6, and 9 respectively. Theedéffice between
sites is not apparent with sites 2 and 6, but Kgh}kite 9 is less.

A decrease in K(h) with depth is expected, but rtgtionship between K(h) and depth
is not evident with the mini-disk measurementsr gt 9, the values below depth 11 cm
increase slightly. For sites 2 and 6, the relatom between depth and K(h) appears random
with the values at depth 20 cm being especiallyrabé The values for sites 2 and 6 near depth
20 cm are either much lower (site 2) or much higege 6) than would be expected.

One reason for the unexpected relationship betw€lenand depth is the relief of the
overburden. The soil column samples were extraateldkept intact before testing, and they
were maintained intact with the exception of thgnsentation process. When the samples were
extracted, the soil expanded because it was notdlagerally. Although the lateral expansion
would affect the overall K(h) of the soil columhgtrelative relationship with depth would not
be affected. As the samples were segmented, amavérburden removed, the soil could expand
vertically, and the relative relationship of K(hjtlvdepth would be affected.

Perhaps the biggest factor that explains the viéitiabf the AMDI measurements is the
lack of precision of the devices. In the field m@@ments, the standard deviation of the sites is
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about 0.2 x 18 cm §*. The variations in the measurement are a corribimaf the statistical
distribution of the hydraulic conductivity valuesdof the residual error.

Since the surface segment of site 9 was destroyedtp the laboratory experiments
with the AMDIs, it is difficult to compare the fiélmeasurements (which were taken only at the
surface) to the laboratory measurements. Basehkeoconsistency of values for K(h) at depths
for site 9, it is assumed that the value near tinfase is similar to the value at 11 cm depth.

Overall the results of the laboratory measuremaesitsg the AMDIs are considerably
lower then the field measurements. This couldueetd the seasonal variability of hydraulic
conductivity. The field measurements were collédatethe summer, while the soil was extracted
in the fall and spring. Another source of variataould be the temperature. The field
measurements were collected outside in August lgh temperatures near 40° C, while the
laboratory measurements were collected in a cdatr@nvironment with a temperature near 20°
C.

The dynamic viscosity of water a E 20° C isp, = 1.004 i s* x 10°. Assuming the
effective temperature for the field measurement s 40° C,p; is 0.658 M s* x 10°. The
equation for converting hydraulic conductivity att® hydraulic conductivity atJlis

K, =K, [4-13]
2
With this conversion, the average values of K(bjfrthe field measurements using the Zhang
(1997) method is 0.50 cn'x 10° for site 2, 0.77 cmsx 10°for site 6, and 0.33 cm's< 10°

for site 9.

Device: Mini-disk
Location: Field Laboratory
Site (cms'x10% (cms$'x10% % Change
2 0.50 0.22 -57%
6 0.77 0.14 -82%
9 0.33 0.07 -80%

Table4.9. Summary of the hydraulic conductivity, K (h=-3cm) (cm s* x 10°) values for the

three sites

Notes: The mini-disk values for both the field dabloratory measurements are from the Zhang (1997)
method. The value for site 9 is taken at 11 cntldephe values for K(h = -3cm) from the field measments have

been adjusted for temperature.
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Adjusting for temperature, the laboratory measurgmare still lower than the field
measurements. This indicates a possible seastdhadrice in the soil since the field
measurements were taken in the summer and theases were extracted in the fall (sites 6 and
9) or spring (site 2). Another explanation for ttegiation is the disturbance in the soil cores.
Even though the soil cores were intact, they catildhave been disturbed by the extraction
process, transport, and storage. For sites 6 aiie @ores were subjected to saturated hydraulic
conductivity tests prior to the infiltration testdich would be another source of disturbance.
The extent of the effects of disturbance or seds@ration have not been quantified in this

study.
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CHAPTER 5 - Conclusions

Comparisons between Methods

Extracted Soil Core

K(h=-3cm) (cms ™ x 10'3)

00 02 04 06 08
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Depth (cm)
w
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50 A

60

Figure5.1. K(h=-3 cm) for sites 2, 6, and 9 comparing the mini-disk values against thelarge
disk values at various depths.

Notes: Points are shown for site 2 (triangleqdi@monds), and 9 (boxes), and ), and for the whisik-
measurements using the Zhang (1997) method witmpeters from Carsel and Parish (1988) (filled mankend

for the large disk using the one-dimensional ansly®thod (open markers).

The results of both the large disk and the minkdidiltrometers (Figure 5.1) do not
show a strong relationship between hydraulic cotiditiz and depth. The unsaturated hydraulic
conductivity values for site 2 near the surfacecdose between the mini-disk and the large disk
but diverge unpredictably as depth increases. Me@am depth, the value from the large disk is

smaller than the mini-disk, but near 50 cm depth,walues switch and the large disk produces a
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much greater value of K(h) than the mini-disk.eSdtis on the Florence limestone layer, and the
soil depth is at least 60 cm based on the findthgig soil core extraction and soil descriptions
visits. Limestone rock fragments are presenteastirface with increasing prevalence as depth
increases. The relatively high value of K(h) ne@rcm depth may be related to the course
limestone fragments or the underlying limestonetay

The larger diameter disk is able to detect thaugrite of the rock fragments but the
smaller diameter cannot. With the large disk,dlzeneter is approximately the same diameter
of the soil core, and therefore the large diskoie &0 measure the infiltration of the entire
surface and near surface of the soil. The mirk-d@/ers a much smaller surface area of the soll
core, and therefore cannot measure the infiltraftiom the entire surface of the soil core.

In contrast the values for site 6 are quite comparat depths 20 cm and deeper, but the
values near the surface are not. The large dskKteefollow the expected trend of a declining
hydraulic conductivity with respect to depth. Thei-disk results are lower than what is
expected for the surface and near surface value®low the expected trend similar to the large
disk results for depths 20 cm and deeper.

Site 9 has consistently low results from the miskdand the large disk produce varying
results. Depths near 20 cm and 40 cm are grdsantould be expected compared to the mini-
disk results and the results from the adjacenthdept

Although it is expected that the hydraulic condutyiwould decrease with depth, the
K(h) varies greatly as depth increases. Any regypesanalysis of the data would not be reliable.
The assumption that measurements of the surfadd bewsed to predict a vertical profile of
K(h) is not valid based on these results.

All of the methods of analysis used in the labanatneasurements of the extracted soll
core produced realistic results that were withimgeaof expected values. Although there were
some aberrant results, none of the values for Wérte orders of magnitude greater than or less

than the expected values.
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Figure 5.2. Comparison of one-dimensional large disk infiltration to three-dimensional

mini-disk value of K(h=-3 cm) for sites2, 6, and 9.

Notes: Points are shown for sites 2 (trianglegili@monds), and 9 (boxes). Mini-disk values are
according to Zhang (1997) and Carsel and ParisB819Large Disk values were calculated by expdaént
regression for the tension region of -1 cm to -3 dkegressed lines are shown for sites 2 (dotJaéH) and 9

(solid). Unity line is shown as thin dashed.

The results of the AMDIs in the laboratory are gquiairiable. They do not correlate well
with the results from the large disk (Figures ;@ &.3). Possible explanations involve the
method of analysis, the variation of precisionha mini-disk devices, experimental error, or the
inherent differences between the devices. Sowfesperimental error separate from the mini-
disk devices are smearing of the soil sample, imate time or volume measurements, and
uncorrected temperature effects.

The AMDIs can produce a measurement error withbthgbling tube, porous disk, and
guantity and quality of contact sand as possiblecas of variation. The mini-disk
infiltrometers, unlike the large disk infiltrometdacks a method for easy calibration of the
applied tension. The errors in the AMDI measureiménthe field investigation are averaged

over the 12 measurements. Using a single measatdarghe laboratory analysis does not
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provide any statistical averaging. A single measwent at each depth is insufficient to conduct

any type of statistical analysis.

Figure 5.2 shows the results of the one-dimensiotiétration from the large disk versus

three-dimensional infiltration from the AMDIs. BExéning a three-dimensional infiltration for

the large disk infiltrometer on the extracted soite results in an underestimation of K(h) with

respect to the AMDI values (Figure 5.3). The agstion of one-dimensional infiltration for the

large disk appears to be more accurate than tee-tlimensional assumption.
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Figure 5.3. Comparison of three-dimensional large disk infiltration to three-dimensional

mini-disk value of K(h=-3 cm) for sites 2 (triangles), 6 (diamonds), and 9 (boxes).
Notes: Mini-disk values and large disk valuestasth according to Zhang (1997) and Carsel and Paris
(1988). Regressed lines are shown for sites 3,(Bd¢tash) and 9 (solid). Unity line is showrtlsis dashed.
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Segmentation Analysis
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Figure 5.4. Comparison of large disk versus mini-disk for segmentation effects.
Notes: Circles with solid regressed line are msbgment group; plus signs with dashed regressedre

in the column group.

The soil samples were segmented as the infiltragets with the large disk infiltrometer
progressed, but for the mini-disk, the soil coluwwas already segmented. Prior to this analysis,
it was unclear what affect the soil 10 cm belowrtieasured surface had on the infiltration at the
surface.

To determine the effects of segmentation, the tesdilboth the mini-disk and the large
disk were compared and separated into two groupsdban the large disk infiltration analysis.
The values for the unsaturated hydraulic condugtat -3 cm tension using the Zhang (1997)
analysis were used in the comparison represertimgiini-disk values. For the large disk, the
one-dimensional simple infiltration results wereds

The first group, which will be called the columrogp, are the soil samples that were

measured with the large disk infiltrometer and vdoeNventually be further segmented. The

88



second group, which will be called the segment grolid not require any further segmentation
of the soil column after the large disk infiltratio The second group typically consists of
segmented soils of approximately 10 cm in deptheyTare the bottom most segments in the
three columns and two segments that were retefitesdsagmentation due to irregular or
incomplete initial results. Three segments wetested: site 9 at 21 cm depth, site 6 at 0 cm
depth, and site 2 at 31 cm depth. At site 9, ésalts of the infiltration analysis were greater
than expected, plus data failed to be collecteg@gnlg at tensions -1 cm and 0 cm. At site 6, the
data from the results was not recorded propertyraed to be reproduced. At site 2, the results
from the retesting produced similar values of trdifion as the initial testing, and the results
from the initial tests were used. The retestingitef 2 was not used in the segmentation analysis
or in the final results.

Comparing the two groups from the large disk analystheir counterparts in the mini-
disk analysis (Figure 5.4), there is no significdifterence. The correlation between the two
infiltrometer methods is poor {R0.01) for the column group and moderaté<®R76) for the
segment group. If the segmentation has an effeth® infiltration, it is not evident in the

analysis.
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CHAPTER 6 - Summary

In this study, the goal was to identify the suiliéypof a soil survey for characterizing the
lateral and vertical distribution of hydraulic camtdivity in a tall grass prairie. To accomplish
this, multiple field measurements of infiltratiorere taken and three soil cores were extracted
and subjected to additional infiltration tests.eTifiltration measured in the field was analyzed
with several methods to determine the lateral Wdiig of hydraulic conductivity and sorptivity
and to determine the suitability of each analystshod. The infiltration measured in the
laboratory was analyzed to determine the verticstidution of hydraulic conductivity, to infer
soil structure, and to compare to the field measerds.

It was found that soil properties vary in an asstiim@mogeneous landscape, and
landscape position does affect the soil hydrautoperties. Compared to the information from
the soil survey, the measured values are withigegarf what is expected, but the spatial
distribution pattern of permeability from the ssilrvey does not match what was measured in
the field. Sites 5 and 6 within the Benfield-Flace complex have the greatest hydraulic
conductivity while sites 9 and 10 have the lowsatrhulic conductivity and is significantly
lower. Sites 9 and 10 may be considered to bemvgither the Benfield-Florence complex or
the Tully, but both have the same estimated hyaraohductivity at 3.um s™.

When determining hydraulic conductivity from infdtion measurements taken either in
the field or in the laboratory, several analysighods are available and produce various results.
The soil hydraulic properties, K and S, are depahde which analysis method is selected. The
empirically based analysis method proposed by Zlia8§7) provides robust results that are
based on soil texture, soil retention function, dadice parameters. In contrast, the
Vandervaere et al (2000) approach is a physicabetl approach that links hydraulic
conductivity to sorptivity, but the results areagic.

From the mini-disk data, having only one applietsten for the infiltration
measurements limits the types of analysis availabtethe type of information that can be
extracted from the measurements. With the Zha@§{Llanalysis, assumptions were made
regarding the type of soil-water retention functamd the parameters of the soil-water retention

function dependent on the soil type. It was assbamel confirmed from the soil descriptions
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that the soil texture was the same, silty loam afbsites and therefore used the same parameters
for the soil-water retention function.

The simple linear infiltration method of analysssames a radius for the wetted disk
based on initially wet or dry conditions. The slenpnear infiltration method produces results
similar to the Zhang (1997) method but about 2 ton&s higher. The differential linearization
(Vandervaere et al 2000) does not provide reasera@tieliable results from the mini-disk data.
The inappropriateness of the Vandervaere analgsikl®e related to the mini-disk devices or
the type and condition of the soil being testetie €lectronic noise produced by the automation
of the mini-disk infiltrometers is amplified by théandervaere analysis method. Correcting for
the noise by resampling the data does not improeedliability of the results.

The second part of the study was to extract soésfrom the same areas as the field
study and perform infiltration measurements inlt#iratory. This would allow the
comparisons of two types of infiltrometers in awohed environment and to collect more
detailed information on the structure and permdéglof the soil at various depths. The results
of the laboratory measurements using the largeidfgkometer showed complex soil structure
for the soils that was not seen with the mini-digsk$¢he soil descriptions.

The large disk tension infiltrometer has the adagatof being able to apply multiple
pressure heads with the adjustable tube in thelbwblamber. The major advantage of the mini-
disk tension infiltrometer is its small size andtpbility allowing multiple measurement to be
collected with ease in the field. The automatiotihwhe motes allows for many simultaneous
measurements in any type of spatial sampling gtyadesired.

Consistency in measurement and analysis methoecisssary for proper spatial
characterization of soil hydraulic properties. €lasions were able to be made within
measurement types. The data from the field measnts that was analyzed using the
cumulative infiltration with the equations from Ziga(1997) was able to show the spatial
variability of hydraulic conductivity. The labomy measurements of the extracted soil core
using the large disk infiltrometer at varying temms showed the complex solil structure between
sites and depths. The comparisons between the tisg and the mini-disk measurements or

between the field and the laboratory measuremeets {gss successful.
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Appendix A - Additional Soil Description Details

Site 1 Soil Description

A —0to 33 cm; Very dark gray (10 YR 3/1) silt foanoist; strong medium granular
structure; friable moist; slightly sticky; slightptastic; many fine roots throughout; many fine
dendritic tubular pores; clear boundary.

Btl -- 33 to 51 cm; Dark brown (10 YR 3/3) siltyaglloam moist; moderate fine sub
angular blocky structure; firm moist; moderatelglsg; moderately plastic; many fine roots
throughout; many fine dendritic tubular pores; cleaundary.

Bt2 -- 51 to 66 cm; Brown (7.5 YR 4/3) silty claydm moist; moderate fine sub angular
blocky structure; firm moist; moderately sticky; devately plastic; many fine roots throughout;
many fine dendritic tubular pores; clear boundary.

2Bt3 -- 66 to 81 cm; Dark reddish brown (5 YR 3##dy clay moist; moderate fine
prismatic structure; firm moist; very sticky; vaplastic; common fine roots throughout;
common fine dendritic tubular pores; clear boundary

2Bt4 — 81 to 86+ cm; Reddish brown (5 YR 4/4) sdlgry moist; moderate fine prismatic
structure; very firm moist; very sticky; very plastfew fine roots throughout; few fine dendritic

tubular pores.
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Site 2 Soil Description

Al - 0to 15 cm; Black (10 YR 2/1) silt loam moistrong fine granular structure; friable
moist; slightly sticky; slightly plastic; many fimeots throughout; many fine dendritic tubular
pores; clear boundary.

A2 — 15 to 30 cm; Very dark grayish brown (10 YR)3ilty clay loam moist; moderate
fine subangular blocky structure parting to moderaedium granular; friable moist; slightly
sticky; slightly plastic; many fine roots throughpmany fine dendritic tubular pores; clear
boundary.

Btl -- 30 to 43 cm; Brown (10 YR 4/3) silty clayalm moist; moderate fine subangular
blocky structure; friable moist; moderately stickypderately plastic; many fine roots
throughout; many fine dendritic tubular pores; cleaundary.

Bt2 -- 43 to 53 cm; Brown (7.5 YR 4/3) silty claydm moist; moderate fine prismatic
structure; firm moist; moderately sticky; modergtplastic; common fine roots throughout;
common fine dendritic tubular pores; clear boundary

2Bt3 -- 53 to 66 cm; Dark reddish brown (5 YR 38y clay moist; moderate fine
prismatic structure; firm moist; very sticky; vepiastic; few fine roots throughout; few fine

dendritic tubular pores.
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Site 6 Soil Description

Al - 0to 20 cm; Black (10 YR 2/1) silt loam moi$§ mm chert fragments; strong
medium granular structure; very friable moist; Istlg sticky; slightly plastic; many fine roots
throughout; many fine dendritic tubular pores; gbfaoundary.

BA — 20 to 32 cm; Black (10 YR 2/1) silt loam mgi$0 mm reddish sandstone
fragments; moderate fine subangular blocky stregtiniable moist; moderately sticky;
moderately plastic; many fine roots throughout; ynfime dendritic tubular pores; clear
boundary.

Bt — 32 to 47 cm; Very dark grayish brown (10 YR)3ilty clay loam moist; 2 to 5 mm
chert fragments; moderate fine prismatic structfriable moist; very sticky; very plastic;
common fine roots throughout; many fine dendritiioular pores; abrupt boundary.

2Btl -- 47 to 60 cm; Dark brown (7.5 YR 3/3) sitthay loam moist; moderate medium
prismatic structure; friable moist; moderately lsyicmoderately plastic; common fine roots
throughout; many fine dendritic tubular pores; gr@idoundary.

2Bt2 -- 60 to 90 cm; Dark brown (7.5 YR 3/4) sitth)ay moist; moderate medium
subangular blocky structure; firm moist; very syickery plastic; few fine roots throughout;
common fine dendritic tubular pores; gradual bouypda

3Bt3 -- 90 to 110 cm; Dark reddish brown (5 YR 3Bjy clay moist; 5 mm chert
fragments; moderate medium prismatic structure) finoist; very sticky; very plastic; few fine

roots throughout; common fine dendritic tubulargsr
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Site 9 Soil Description

Al - 0to 25 cm; Black (10 YR 2/1) silt loam; stgpmedium granular structure; very
friable moist; slightly sticky; slightly plastic; amy fine roots throughout; many fine dendritic
tubular pores; clear smooth boundary.

Btl — 25 to 36 cm; Very dark grayish brown (10 YR)3ilty clay loam; moderate very
fine subangular blocky structure; friable moist;datately sticky; moderately plastic; common
fine roots throughout; many fine dendritic tubyteres; clear smooth boundary.

Bt2 — 36 to 50 cm; Dark brown (10 YR 3/3) silty glaam; 2% 5 mm chert fragments;
moderate fine prismatic structure; friable moisgdarately sticky; moderately plastic; common
fine roots throughout; many fine dendritic tubyteres; clear smooth boundary.

Bt3 — 50 to 90+ cm; Yellowish brown (10 YR 5/4)tgitlay; moderate medium prismatic
structure; friable moist; very sticky; very plastiew fine roots throughout; common fine
dendritic tubular pores;.
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Appendix B - Sample Calculationsfor the Mini-Disk

Zhang (1997) M ethodology

Using Site 2, Mote 10, channel 1 as an examplesauid conductivity and sorptivity are
calculated using the method from Zhang (1997)terdumulative infiltration.

The polynomial regression of the cumulative inditton versus the square root of time
produces and equation of the foyns C,x* + C,x, where theC; term relates to hydraulic
conductivity and the £term relates to sorptivity through dimensionlessfticients with the
following

K(hy) =C,/ A [B-1]

S(h,) =C, /A, [B-2]
with coefficients, A1 and A2 defined by Zhang (199@sed on soil-water retention function,
soil texture, and infiltrometer properties. Themivity coefficient,A; is given by

_ 14b%(8, - 8) B exf3(n - 1.9)ah, |
- 015

A,
(ary) [B-3]

whereqa andn are the retention parameters of the van Genu¢h®80) soil-water retention
curve. From Carsel and Parish (1988), ahealue for a silt loam is 0.02 ¢hwith n equal to
1.41. The properties of the mini-disk infiltromebavehy equal to -3 cm, and equal to 1.58
cm. Theb value is assumed to be 0.55 (Warrick and Broadbrid992). The initial water
content and the water contentatvere measured with the Theta Probe and deterninlee
0.37 and 0.46, respectively. Solving for the seiyt coefficient:

_ 14(055)* (046~ 037)**° exd3((141) - 1.9)(002)(-3)] _

076
[ (002)(158)]™°

A

From the graphical analysi§; is -0.048, and then sorptivity is computed thusly,
S(hy) =C, 1A, [B-4]

S(h,) = -0.048/ 076 = -0.063°2
Js

With n less than 1.9 for a silt loam, the equation t@arine the dimensionless
coefficient for hydraulic conductivity is
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1165(n° - 1) 7.5(n - 1.9)ah, |
(mo) 091

A= [B-5]

Using the same parameters for the sorptivity cateuhs,

_ 1165(141)** -1) exd 75((141) - 1.9)(002)(-3)]
[ (002)(158)]*"

A =118

From the graphical analysi§; is 0.008780, and then hydraulic conductivity isnpaited
thusly,
K(h)=C,/A [B-6]

K (hy) = 0.0088/118 = 0.00075‘? = 075x10° <"

<

<=

Vandervaere et al (2000) M ethodology
Again, using Site 2, Mote 10, channel 1 as an exanmydraulic conductivity and
sorptivity are calculated using the method from dkamvaere et al (2000) for the differential
linearization equation. The differential lineatiba equation takes the form
A _ ¢ roct
dt [B-7]

Using Excel, the linearly regressed line takesfding y = mx+b wheremis equal t®2Cy, b is
Cyyis dd—\l/f andx is the square root of time. For Site 2, Motedtannel 1, the infiltration

equation isy = 0.018x - 0.045. C; is equal to half of 0.018 or 0.0090.

The sorptivity and hydraulic conductivity are detéred from expressions proposed by
Haverkamp et al (1994) using coefficie@sandC..

C,=S [B-8]
L cm
Sorptivity is equal to- 0.045—.
Js
_ 2
Cl=2 bK+ 5 [B-9]
3 lo (90 - 9. )
Solving for K yields
2
K=—_|c-—2B _ [B-10]
2-b o (90 - 9| )
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wherey is assumed equal to 0.75, but has a normal ragigesbn 0.6 and 0.8 (Haverkamp et al
1994). The values df, & andg are the same as in the Zhang (1997) analysis.hytweulic

conductivity is determined to be equal to

3
2-055

075(0.0681°
158(046- 037)

= —.035°—;" = —35x10‘3%

K =

{0.0092—

Linear Methodology
Again, using Site 2, Mote 10, channel 1 as an exanydraulic conductivity is
calculated using the linear method. The simpledimmethod uses the simple infiltration rate
and an assumption of the radius of the wetted foisthe dry and wet initial conditions. The
radius of the wetted diskg, for the dry initial condition is assumed to bB 8m and for the wet

is 4.5 cm. From a linear infiltration expression

| =Ct+C, [B-11]
K is found by multiplyingC, by the ratio of the radii squared.
r 2
K= Cl(—o] [B-12]
r.d

For Site 2, Mote 10, channel @; is 0.0078, and the initial condition is dry.

_ ro 2_ 158 2_ cm _ _3 CM
K=C|—| =00078 — | =0.0016—=16%x10"—
Iy 35 S s
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Appendix C - Data and Analysisfrom the Field M easurements

Using the Mini-Disk Infiltrometers

Site
1 2 3 4 5 6 10
0.68 0.75 0.58 0.85 0.92 1.47 1.03 0.71 0.60 0.38
0.59 0.62 0.72 0.59 1.03 1.29 0.51 1.00 0.36 0.33
0.64 0.87 0.77 0.69 0.77 1.57 0.85 0.70 0.47 0.82
0.64 0.63 0.70 0.61 0.86 1.40 0.61 1.26 0.36 0.27
0.66 0.67 0.61 0.54 0.77 0.76 0.84 0.55 0.49 0.37
0.83 0.66 0.72 0.49 0.83 1.31 0.90 0.57 0.48 0.37
0.62 0.68 0.89 0.51 1.31 0.90 0.53 0.87 0.44 0.47
0.70 1.04 0.61 0.44 0.98 1.20 0.60 0.88 0.45 0.48
0.91 0.81 0.80 0.53 0.82 1.17 0.37 0.66 0.47 0.41
0.55 0.92 0.69 0.95 1.56 1.01 0.78 0.95 0.72 0.46
0.98 0.67 0.75 0.44 1.02 0.89 0.23 0.82 0.46 0.40
0.97 0.87 0.85 0.61 0.92 1.17 0.66 0.91 0.78 0.52
Table C.1. Hydraulic conductivity from the Zhang method with Carsel and Parish
parameters, Kz.cp (cm st x 10°).
Site
1 2 3 4 5 6 10
0.16 0.17 0.13 0.20 0.21 0.34 0.24 0.16 0.14 0.09
0.14 0.14 0.17 0.14 0.24 0.30 0.12 0.23 0.08 0.08
0.15 0.20 0.18 0.16 0.18 0.36 0.20 0.16 0.11 0.19
0.15 0.15 0.16 0.14 0.20 0.32 0.14 0.29 0.08 0.06
0.15 0.15 0.14 0.12 0.18 0.18 0.19 0.13 0.11 0.09
0.19 0.15 0.17 0.11 0.19 0.30 0.21 0.13 0.11 0.09
0.14 0.16 0.21 0.12 0.30 0.21 0.12 0.20 0.10 0.11
0.16 0.24 0.14 0.10 0.23 0.28 0.14 0.20 0.10 0.11
0.21 0.19 0.19 0.12 0.19 0.27 0.09 0.15 0.11 0.10
0.13 0.21 0.16 0.22 0.36 0.23 0.18 0.22 0.17 0.11
0.23 0.16 0.17 0.10 0.24 0.21 0.05 0.19 0.11 0.09
0.22 0.20 0.20 0.14 0.21 0.27 0.15 0.21 0.18 0.12

Table C.2. Hydraulic conductivity from the Zhang method with Schaap and L eij (1998)

parameters, Kz.g (cm s x 10°%).
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Site

1 2 3 4 5 6 7 8 10
1.80 1.59 1.55 2.08 2.18 3.65 3.17 2.33 1.27 1.11
1.54 1.40 1.85 1.60 2.52 3.01 1.74 2.96 1.19 1.00
1.81 2.04 1.98 1.80 1.86 4.03 2.15 1.87 1.23 2.20
1.77 1.65 1.79 1.68 2.31 3.50 1.62 3.37 1.14 0.97
1.64 1.56 1.60 1.44 1.82 1.86 2.14 1.58 141 1.20
2.10 1.67 1.82 1.12 1.88 3.34 2.66 1.61 1.27 1.25
1.51 1.53 2.08 1.40 3.28 2.04 1.60 2.46 1.38 1.26
1.72 2.45 1.52 1.14 2.44 2.99 1.55 2.40 1.28 1.28
2.22 1.81 2.02 1.37 2.30 2.95 0.96 1.67 1.15 1.18
1.49 2.10 1.59 2.26 3.59 2.32 1.95 2.48 1.53 1.20
2.33 1.71 1.89 1.14 2.44 2.14 0.77 2.49 1.38 1.12
2.29 2.00 2.00 1.58 2.13 3.02 1.84 2.44 1.67 1.34
Table C.3. Hydraulic conductivity from the linear method, K (cm s x 107).
Site
1 2 3 4 5 6 Il 8 10
-14.5 -6.1 -11.6 18.9 22.3 25.4 -211.1 -253.5 -2.9 -50.0
-3.0 -6.4 4.6 -29.2 21.6 30.4 -218.5 -276.8 -106.6-61.4
-70.0 12.6 4.0 9.1 17.5 6.4 11.7 -26.4 0.7 -27.4
-48.3 -2.6 7.3 -86.3 -25.1 22.4 -6.6 -136.0 -76.1 237-9
11.5 15.8 -0.1 -15.8 18.6 16.5 24 -60.0 -45.1 4974
2.7 13.1 7.6 4.3 12.9 5.6 -144.8 -61.7 -2.3 -177.6
-3.0 -0.4 21.1 -52.8 18.1 154 -75.3 -63.9 -81.4 .7-7
11.8 22.9 14.7 -04 15.6 23.9 6.6 -33.2 -26.6 5.7
16.3 11.6 6.1 -0.3 -78.4 18.2 3.7 10.0 104 -35.1
-11.6 17.1 14.1 22.9 34.0 19.9 13.8 -5.8 -17.1 310.
23.6 11.7 10.3 -1.6 24.2 21.0 -89.3 -196.0 445 4 9.
234 14.0 20.4 -2.9 20.1 -6.0 -33.4 -23.7 -15.8 3.9

Table C.4. Hydraulic conductivity from the Vandervaere method, Ky (cm s* x 107)
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Kz.cp Kz.sL KLin Ky

Site X SD X SD X SD X SD
0.73 0.15 0.17 0.03 1.85 0.31 -5.08 28.50
0.77 0.13 0.18 0.03 1.79 0.30 8.59 9.81
0.72 0.09 0.17 0.02 1.81 0.20 8.21 9.01
0.61 0.16 0.14 0.04 1.55 0.36 -12.69 30.76
0.98 0.24 0.23 0.05 2.39 0.54 8.44 30.78
1.18 0.25 0.27 0.06 2.90 0.68 16.59 10.10
0.66 0.23 0.15 0.05 1.85 0.66 -61.73  86.73
0.82 0.20 0.19 0.05 2.30 0.55 -93.92 98.12
0.51 0.13 0.12 0.03 1.32 0.16 -33.95 37.35

10 0.44 0.14 0.10 0.03 1.26 0.32 -64.60 83.77
Table C.5. Mean, X, and standard deviation, SD, for hydraulic conductivity values (cm s* x

10°%)

O© oo NOOULDS, WN P

Kz.sL KLin Ky
-17% 154% -797%
-T7% 134% 1023%
-17% 150% 1034%
-T7% 156%  -2196%
-17% 144% 759%
-17% 147% 1308%
-17% 180%  -9454%
-17% 180% -11501%
-T7% 161%  -6814%
-17% 187%  -14789%
Table C.6. Percent change of hydraulic conductivity as compared to Kz.cp.

Btooo\lcnm.booml—\%
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1
0.061
0.046
0.105
0.090
0.021
0.044
0.010
0.015
0.011
0.059
-0.003
-0.006

2
-0.063
-0.059
-0.040
0.047
-0.011
0.017
-0.052
-0.024
-0.038
-0.032
0.021
0.026

3
0.058
0.039
0.041
0.033
0.043
0.035
-0.012
0.002
0.038
-0.023
0.029
-0.009

4
0.008
0.068
0.050
0.073
0.055
-0.032
0.082
0.033
0.035
-0.005
0.035
0.042

Site
5
-0.007
0.013
0.007
0.071
-0.003
-0.036
0.030
0.025
0.104
-0.033
0.001
-0.022

6
0.026
-0.019
0.049
0.029
0.012
0.050
-0.038
0.020
0.031
-0.033
0.003
0.064

0.174
0.179
0.030
0.052
0.045
0.148
0.112
0.032
0.027
0.023
0.119
0.082

9
0.1930.053
0.201.1270
0.076 037.

0.145 090.1

0.101.088
0.102 .0430
0.108.115
0.085 0720.
0.027 0100.
©®.06-0.075
0.175 089.
0.0770.076

10
0.086
0.094
0.073
0.177
0.153
0.154
0.051
0.047
0.078
0.054
0.006
0.032

Table C.7. Sorptivity from the Zhang method with Carsel and Parish parameters, Sy.cp

(cms

1
0.054
0.040
0.092
0.079
0.019
0.038
0.009
0.013
0.009
0.052
-0.003
-0.005

0.5).

2
-0.055
-0.051
-0.035
0.042
-0.009
0.015
-0.045
-0.021
-0.034
-0.028
0.019
0.023

3
0.051
0.034
0.036
0.029
0.038
0.031
-0.011
0.002
0.033
-0.020
0.025
-0.008

4
0.007
0.060
0.044
0.064
0.048
-0.029
0.072
0.029
0.031
-0.004
0.031
0.037

Site

5
-0.006
0.012
0.006
0.062
-0.003
-0.032
0.026
0.022
0.091
-0.029
0.001
-0.019

6
0.023
-0.017
0.043
0.025
0.010
0.044
-0.033
0.017
0.027
-0.029
0.002
0.056

0.153
0.157
0.027
0.046
0.040
0.130
0.099
0.028
0.024
0.020
0.105
0.072

9
0.1700.046
0.176 .11
0.066 0330.

0.127 960.0

0.088 .0770
0.089 .038
0.099.101
0.075 0640.
0.024 009.
».05-0.066
0.153 0780.
0.0680.067

10
0.075
0.082
0.064
0.156
0.134
0.135
0.045
0.041
0.069
0.047
0.005
0.029

Table C.8. Sorptivity from the Zhang method with Schaap and L eij (1998) parameters, S7.

s (cms

0.5).
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1
0.049
0.037
0.082
0.071
0.019
0.037
0.042
0.022
0.022
0.050
0.002
0.000

Site

O©oO~NOULS,WNPEF

Site

2 3 4 5 6 7 8
-0.045 0.047 0.010 -0.001 0.029 0.142
-0.043 0.033 0.050 0.015 -0.008 0.140
-0.027 0.035 0.039 0.008 0.050 0.027
0.039 0.029 0.076 0.056 0.030 0.043
-0.006 0.036 0.041 0.001 0.012 0.039
0.016 0.029 -0.021 -0.023 0.046 0.119
-0.036 -0.005 0.058 0.029 -0.025 0.090
-0.013 0.004 0.024 0.022 0.022 0.027
-0.025 0.033 0.026 0.078 0.031 0.022
-0.020 -0.015 0.001 -0.015 -0.021 0.022
0.019 0.025 0.025 0.005 0.007 0.094
0.023 -0.003 0.030 -0.012 0.057 0.068

Table C.9. Sorptivity from the Vandervaere method, S, (cm s°°).
Szcp s Sy

X SD X SD X SD
0.038 0.036 0.033 0.031 0.036 0.025
-0.017 0.037 -0.015 0.032 -0.010 0.028
0.023 0.026 0.020 0.023 0.021 0.020
0.037 0.033 0.033 0.029 0.030 0.026
0.012 0.041 0.011 0.036 0.014 0.029
0.016 0.033 0.014 0.029 0.019 0.027
0.085 0.059 0.075 0.052 0.069 0.046
0.112 0.055 0.099 0.048 0.092 0.043
0.041 0.074 0.036 0.065 0.033 0.057
0.084 0.053 0.074 0.046 0.064 0.038

10

9
0.1540.038
0.162 .0990
0.062 03Q.
0.121 8%50.0
0.080 07@.
0.081 .039
0.0900.092
0.072 059.
0.024 01@.
0.0520.057
0.143 720.0
0.0660.057

Table C.10. Mean, X, and standard deviation, SD, for sorptivity values
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0.064
0.070
0.058
0.131
0.113
0.114
0.040
0.038
0.062
0.043
0.006
0.027



Site Sz Sv
1 -12% -4%
2 -12% -43%
3 -12% -9%
4 -12% -19%
5 -12% 11%
6 -12% 20%
7 -12% -19%
8 -12% -18%
9 -12% -18%

10 -12% -24%
Table C.11. Percent change of sorptivity valuesas compared to Sy.cp
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Appendix D - Alternate Analysesfor the Mini-Disk

The negative sorptivity values are a result of¢beond term of the cumulative
infiltration equation being negative. The regressif the data to the infiltration model
occasionally results in negative sorptivity valwgsch are physically impossible. | have
examined two options to try to resolve this issue.

Two options to resolve the issue are presentec fif$t option to consider is a variation
of the segmentation of the cumulative infiltratesuation from Madsen and Chandler (2007).
Instead of segmenting the data set into the eianky $orptivity dominated infiltration and the
later time steady-state infiltration, only the game was examined. The second option is to
add data to the regression analysis representiagsumed infiltration value out in the future.
By adjusting the future assumed value, the negatweponent of the cumulative infiltration
equation could be eliminated.

First, the length of the sorptivity of the cumuwatiinfiltration was determined by
examining Site 2, Mote 10, Channel 1. This isgame infiltration run shown in Chapter 2 and
in the calculation in Appendix B. The cumulativdiliration equation for this site for the entire
time series is

| =C,t-C,/t =0.00878@ - 0.04764/t

Note that the second term for Site 2, Mote 10, @khf is negative.

The cumulative infiltration equation was examinédhareasing intervals of about 120
second. For example, the first segment of the ¢atme infiltration equation is from 0 to 121
second, and the second segment of the cumulafiiteaition equation is from 0 to 242 seconds,
and so on. The resulting coefficients, sorptivéetgd hydraulic conductivity are shown in Table
D.1.

From results of the interval analysis, the secemoh{C,, is positive for the intervals up
to an end time of 725 seconds, after that the skt is negative. For this particular
infiltration run, the sorptivity dominated timel&sss than 725 seconds. The second t€xn,
seems to fluctuate greatly, while the first ten, seems to remain near 0.006 cirfar the

early sorptivity time and increases@sbecomes negative.
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Time Cumulative Infiltration Zhang (1997) Haver kamp (1994)

sart end C; Cz R S K S K

(s (9 (emshH (cms®) - (ems®  (ems'™x10°% (ems®)  (cms'x107)

0 121 0.0064 0.0019 0.708 0.0025 0.55 0.0019 13.28
0 242  0.0060 0.0087 0.841 0.0114 0.51 0.0087 11.55
0 363 0.0068 0.0002 0.921 0.0003 0.57 0.0002 13.99
0 484  0.0057 0.0141 0.950 0.0185 0.49 0.0141 9.53
0 604 0.0060 0.0095 0.971 0.0125 0.51 0.0095 11.40
0 725 0.0065 0.0016 0.982 0.0021 0.55 0.0016 13.38
0 846 0.0071 -0.0091 0.986 -0.0120 0.60 -0.0091 6413.

0 967 0.0075 -0.0188 0.989 -0.0247 0.64 -0.0188 4711.

0 1088 0.0079 -0.0271 0.991 -0.0357 0.67 -0.0271 79 7.

0 1209 0.0082 -0.0321 0.993 -0.0422 0.69 -0.0321 80 4.

0 1330 0.0085 -0.0397 0.994 -0.0522 0.72 -0.0397 .95-0

0 1451 0.0087 -0.0457 0.995 -0.0602 0.74 -0.0457 .50-6

TableD.1. Interval analysisfor sorptivity dominated infiltration for Site 2, Mote 10,
Channel 1.

The two methods employed to determine the sorgtasitd the hydraulic conductivity are
the Zhang (1997) method and the Haverkamp et &4)lSethod. The Zhang (1997) method is
described in Chapter 3 and shown in Appendix Be Haverkamp et al (1994) method uses the
same cumulative infiltration equation as Zhang @98ut the equation to determine sorptivity
and hydraulic conductivity are the same as Vandgevat al(2000).

Since the Zhang (1997) method of analysis usesdé#icient divided by a constant
value, the sorptivity and hydraulic conductiviteaimilar to the coefficientS; andC,. The
sorptivity values vary greatly and become negadivé¢he end time interval increases. The
hydraulic conductivity values generally increase.

The Haverkamp et al (1994) method of analysis, vigovery similar to Vandervaere et
al (2000), has the same fluctuations of sorptiagythe Zhang (1997) method. The hydraulic
conductivity values are positive and realisticauich of the analysis. This is an improvement
on previous results from the Vandervaere et al@2@0alysis as it is assumed that the
Vandervaere et al(2000) analysis would exhibit Eimiesults.

Modifying the interval of analysis, the values garptivity using the Zhang (1997) and
Haverkamp et al (1994) methods are improved atharealues for hydraulic conductivity using
the Haverkamp et al (1994) method. It is unclédre modified interval of analysis improves
the Zhang (1997) calculation of hydraulic conduityias the value seems to increase as the

interval increases.
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Not every infiltration run is the same as Site 23t#10, Channel 1. The coefficient,
andC,, vary as does the length of infiltration. Instedigherforming an individual analysis for
each infiltration run in order to determine the mideal time interval, a single interval is used
for all infiltration runs. That time interval igproximately 5 minutes or 300 seconds. From
Table D.1, 300 seconds is within the range of pas(®; values, and it is assumed that 0 to 300
seconds will encompass the sorptivity dominateitiafion.

Applying the Zhang (1997) and Haverkamp et al (398dthods of analysis on the first
300 seconds of all infiltration runs results in thBowing figures:
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Figure D.1. Hydraulic conductivity using the method from Zhang (1997) for thefirst 5

minutes of infiltration.
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Figure D.2. Sorptivity using the method from Zhang (1997) for thefirst 5 minutes of

infiltration.
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Figure D.3. Hydraulic conductivity using the method from Haverkamp et al (1994) for the

first 5 minutes of infiltration.
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Figure D.4. Sorptivity using the method from Haverkamp et al (1994) for thefirst 5
minutes of infiltration.

The number of negative sorptivity values, or neggil, coefficients, has been reduced
from 26 to 17. The hydraulic conductivity valuesn the Zhang (1997) analysis with the
adjusted time interval are similar to the unadjdsime interval. The hydraulic conductivity
values from the Haverkamp et al (1994) with thausidjd time interval are similar to the results
from Vandervaere et al (2000) with the unadjustee tinterval. Haverkamp et al (1994) has 45
negative hydraulic conductivity values, while Vandgeere et al (2000) has 62, thus the adjusted
time intervals reduced the number of negative \&faehydraulic conductivity. The extremely
negative values of hydraulic conductivity are stédken with the adjusted time interval. Perhaps
with further adjustments to the time interval, impements can continue to be made.

The second option to eliminating the negative saitgtcoefficient is to add fixed points
to the regression analysis. An added data pwirggddition to the point setting time at zero to

zero infiltration) representing an assumed infilom value in the future would impact the
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polynomial regression. By adjusting the futureuassd value, the negative component of the
cumulative infiltration equation could be elimindte

A fixed point in the future would either resultmoe change to the negative sorptivity
value or an underestimation of the infiltrationued at the end of the infiltration run. If the
infiltration values at the end of the infiltrationn are not being satisfied with this second option
then that is similar to ignoring the end time valudégnoring the end time values is what
occurred under the first option.

A third option in trying to resolve the negative @ity issue is to reexamine the model.
The infiltration model is a two term polynomial Witoefficients for the square root of time and
time. It is possible, for example, that the datauld fit a three term polynomial infiltration
model with the third term being time to the 3/2 po\t’®). With redefining the model, the
values of the coefficients would need to be condidnredefined or defined in the case of the

new third term.
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Appendix E - Sample Calculationsfor the Large Disk

Three-Dimensional Methods
The equations used in the three-dimensional iafittn analysis proposed by Reynolds
and Elrick (1991) are as follows:
cidc_rx,ny
r(1+ Gdax,yﬂXQx/Qy)P [E-1]

where x = 1,2,3,... and y = x+Bg4 is assumed to be equal to 0.2k,andQ, are the flow

Rx,y =

rates at two consecutive tensionss the radius of the disk and equal to 4 cm, and

"Th hXh
x [E-2]
whereh, andhy are two consecutive tensions, and
— In
7., ="Q./Q) E3
h,—h,

Using Site 2 at depth 1 cm as an example, the fidevat -3 cm tension, Q(h=-3 cm), is
0.0126 cmis* and at -2 cm tension, Q(h=-2 cm), is 0.0276 st With the above equations,

— _In[Q,/Q,) _In(001260.0276 _ In(0.457)

xy = = =0.78%Tm™
Ty h.-h, -3-(-2) -1 m
P= hx = -3 = __3 =3
h,-h, -3-(-2) -1
o G, 0 xyQ, _ (025)(0.783)(0.0126)
Vv Gaxm)Q/Q,) 4L+ (025)(0.783(314)(4)](0.01260.0276)
— 0.00247 0.00247 0.00247 4
Kxy = = = = 0.0018&m3
" g1+ 2459(0457°  4[3459(0.0954 1321 m

The equations proposed by Zhang (1997) are asnsilo
| =Ct+C,t (E-4]
K(h) =C,/A [E-5]
S(hy) =C, 1A, [E-6]
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with coefficients, A and A defined based on soil-water retention functior, teature,
and infiltrometer properties. The sorptivity was determined for the laboratory measurements
of the large disk. The equation used for the datmn of A is dependent on n, a soil parameter
defined by van Genuchten (1980). For a silt loaert value is less than 1.9, and the equation to
determine the dimensionless coefficient for hydacbnductivity is

_1165(n"" ~1)g[75(n - 19)ah,]
(mo) 091

A [E-7]

wherega andn are the retention parameters of the van Genu¢h830) soil-water
retention curve. Using the laboratory resultshef large core from the cumulative infiltration of
site 2, depth 1 cm, tension -2 cm, the first caedfit is 0.000493. From Carsel and Parish
(1988), thea value for a silt loam is 0.02 ¢hwith n equal to 1.41. The applied tension was set
to -2 cm, andy is equal to 4.5 cm. THevalue is assumed to be 0.55 (Warrick and Broadberid
1992).
_ 1165((141)* ~1) ex 75((141) - 1.9)(002)(-2)] _

= 354
[(002)(45)]°

A

From the graphical analysi§; is 0.000493, and then hydraulic conductivity isnpaited
thusly,
K(hy) =C, /A

s om

K (h,) = 0.000493/354 = 0.000139"" = 0.139x10
S S
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Appendix F - Data and Analysisfor theLarge Core

Exponential regression of the large disk infiltration

The information in the following figures populatéable 4.1 for site 2, Table 4.2 for site

6, and Table 4.3 for site 9.
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Figure F.1 Exponential Regression of thelarge disk infiltration at site 2, Depth 1 cm
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Figure F.3. Exponential Regression of the large disk infiltration at site 2, Depth 21 cm
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Figure F.4. Exponential Regression of the large disk infiltration at site 2, Depth 31 cm
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Figure F.5. Exponential Regression of the large disk infiltration at site 2, Depth 41 cm
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Figure F.6. Exponential Regression of the large disk infiltration at site 2, Depth 51 cm
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Figure F.7. Exponential Regression of the large disk infiltration at site 6, Depth 1 cm
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Figure F.8. Exponential Regression of the large disk infiltration at site 6, Depth 11 cm
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Figure F.9. Exponential Regression of the large disk infiltration at site 6, Depth 21 cm
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Figure F.10. Exponential Regression of the large disk infiltration at site 6, Depth 31 cm
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Figure F.12. Exponential Regression of the large disk infiltration at site 6, Depth 53 cm
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Figure F.13. Exponential Regression of thelarge disk infiltration at site 9, Depth 0 cm
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Figure F.14. Exponential Regression of the large disk infiltration at site 9, Depth 11 cm
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Figure F.15. Exponential Regression of the large disk infiltration at site 9, Depth 21 cm
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Figure F.16. Exponential Regression of the large disk infiltration at site 9, Depth 31 cm
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Laboratory mini-disk analysis

Site Depth Kz.cp Kz.sq_ Klin KV
(cm) (cms'x 10°%)

1 0.217 0.050 0.578 -5.0
11 0.154 0.036 0.383 3.7

> 21 0.028 0.006 0.112 0.9
31 0.145 0.034 0.395 4.0
41 0.271 0.063 0.595 -350.7
51 0.113 0.026 0.315 -0.9
0 0.141 0.033 0.597 -90.4
11 0.119 0.028 0.383 -38.4

6 21 0.367 0.085 0.897 -4.3
31 0.235 0.055 0.608 4.9
41 0.251 0.058 0.676 6.4
51 0.014 0.003 0.207 -33.9
11 0.065 0.015 0.176 -4.8
21 0.002 0.000 0.050 -36.9

9 31 0.006 0.001 0.078 -2.6
41 0.026 0.006 0.127 -20.1
51 0.054 0.012 0.144 1.4

TableF.1. Summary of K(h=-3cm) from the labor atory measurements of the mini-disk
infiltrometer s using the Zhang (1997) approach with Carsel and Parrish (1988)
parameters, Kz.cp, with Schaap and L elj (1998) parameters, K., the ssimplelinear
analysis, Kjin, and the Vandervaere et al (2000) approach, K.
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Site Depth Kzs Kiin Kv

(cm) (cms*x 10°%)
1 -17% 166% -2379%
11 -T7% 149% 2326%
> 21 -17% 301% 3260%
31 -T7% 172% 2648%
41 -17% 120% -129531%
51 -T7% 178% -882%
0 -17% 323% -64226%
11 -17% 222% -32416%
6 21 -T7% 144% -1262%
31 -17% 159% 1970%
41 -77% 170% 2449%
51 -17% 1425% -249494%
11 -T7% 169% -7470%
21 -T7% 2827% -2174230%
9 31 -17% 1214% -43376%
41 -T7% 383% -76621%
51 -17% 169% 2597%

Table F.2. Percent changein K(h=-3cm) for the Zhang (1997) approach with Schaap and
Lelj (1998) parameters, Kz g , thesimplelinear analysis, Kjin, and the Vandervaere et al
(2000) approach, Ky, compared to the Zhang (1997) approach with Carsel and Parrish
(1988), K zcp.
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Site Depth Szcp Szs Sy
(cm) (cm s°%9)
1 0.040 0.035 -0.022
11 0.011 0.010 0.003
21 0.042 0.037 -0.003

2 31 0.036 0.031 0.001
41 -0.038 -0.033 -0.086
51 0.042 0.036 -0.012
0 0.147 0.129 0.076
11 0.081 0.071 0.036
6 21 0.017 0.015 -0.017

31 0.042 0.037 0.003
41 0.046 0.040 -0.006
51 0.148 0.130 0.033
11 0.016 0.014 0.020
21 0.048 0.042 -0.034
9 31 0.068 0.059 0.010
41 0.063 0.055 0.029
51 0.017 0.015 -0.001
TableF.3. Summary of sorptivity (cm s°°) from the laboratory measur ements of the mini-

disk infiltrometersusing the Zhang (1997) approach with Carsel and Parrish (1988)
parameters, S;.cp, With Schaap and L elj (1998) parameters, S;.s , and the Vandervaere et
al (2000) approach, Sy.
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Site Depth Srq Sy

(cm) (cm s%°)
1 -12% -155%
11 -12% -76%
2 21 -12% -108%
31 -12% -96%
41 -12% 126%
51 -12% -128%
0 -12% -48%
11 -12% -56%
6 21 -12% -201%
31 -12% -92%
41 -12% -113%
51 -12% -78%
11 -12% 26%
21 -12% -172%
9 31 -12% -85%
41 -12% -54%
51 -12% -108%

Table F.4. Percent change of sorptivity for the Zhang (1997) approach with Schaap and
Leij (1998) parameters, S;.g , and the Vandervaere et al (2000) approach, S, compared to
the Zhang (1997) approach with Carsel and Parrish (1988), S7.cp.
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