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Soil-Water Retention Curve Measured on
Differently Sized Soil Core Samples



Summary

The study was conducted to evaluate the differems®il water retention curve data of a
homogeneous porous material determined on the béglse two most commonly used
soil core samples: 100 énand 250 crh The sample was packed silica sand with
commercial name ST 56 froBtrelet area and prepared for sport pitch surface cover by
Sklopisek Sklet, a.s., Czech Republic. The sand was packed ietaitigs according to
its average bulk density layer by layer in ordegéd uniform distribution through the soill
column. Nine replicates were prepared for each sample size, of which two replicates
were taken randomly for the observation of satdrateoisture distribution along the
column, while the rest seven were exposed to suai@ sand tank for lower matric heads
and to pressure in a pressure plate apparatusgberhmatric heads. Gravimetric water
content at saturation of each 10 mm layer of 50 nngh sample column was compared
with that of the other layers and with average gnatric water content of groups of
samples for soil water retention curve determimatibhere was no significant difference
either between the gravimetric water contents dividual or in comparison with the
group of samples for retention curve determinatibime suction/pressure heads 0, 5, 22,
40, 55, 70 and 2345 cm were applied to the latenpdes and their volumetric water
contents were calculated from their weights takeaqailibrium. The measured data were
fit to several models developed for soil water méte curves using RETC computer
program and the best fits were further analyzea dimalysis of both measured and fitted
data showed that there is no significant differeimceoil water retention curves over the
range of applied matric heads for the homogeneatsmal studies between the two ring

sizes.

Key Words: soil-water retention curve; water content; matpgtential; sand tank;

pressure plate.
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1. Introduction

1. Introduction

Soil water retention curve and hydraulic condutyiare fundamental soil water
properties that control storage and movement oemiat the vadose zone. Water in this
zone is the interest of agricultural productiorcaps and fodder, environmental and other
related sciences and promotes a wide variety ofsiphly biological and chemical
processes. Therefore, it is crucial to study wagtained in the soil by soil suction.

Soil water retention curve is one of the basic s@ter properties that relate soll
suction with soil water content (Fredlund et alQ02; Wraith and Or, 2002). The
relationship between suction and water contentverse and the curve is nonlinear with
three stages, namely boundary effect (capillaryratibn zone), transition (desaturation
zone) and residual (residual saturation zone) stégedlund, 2002).

Different soils have different soil water retenti@murves. This difference is
primarily due to texture, structure and organicteratontents (Wraith and Or, 2002; Ali,
2010) and to some extent due to soil water cheyniBtawson et al., 2008).

Soil water retention curve depends on the soil tagshistory of the given soil.
According to Ali (2010), among many other authossjl moisture retention curves
obtained by draining saturated soil/desorption @uad by wetting up dry soil/sorption are
not the same functions and the difference is dw®ilovater retention curve hysteresis.

Given that the other factors are remaining the sawiéwater retention curve can
be affected by temperature. Soil retains more wabeler lower temperature than under
higher due to dependence of water surface tensidaroperature (Shukla and Lal, 2004).

Soil water retention curve, according to Rajkaalet2004), can be estimated from
easily measurable and available soil propertidse lexture, organic matter content,
structure etc., but can be also measured direttHgran laboratory or at field (Kutilek and
Nielsen, 1994). Data for soil water retention cu¢seil water content and suction) in the
field conditions are measured using a combinationdiferent methods but in the
laboratory the pairs of moisture content and mdigad values can be obtained from a
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single apparatus over typical range of applicati@ing sand tank, pressure plate, pressure
membrane etc.

Data obtained for the derivation of the curve fraither field or laboratory
measurements are, according to Khlosi et al. (20di8krete, while the actual soil water
retention curve is a continuous function. Henceasneed data have to be fitted to the best
soil water retention curve models that have beeeldped by different scientists.

This thesis is about to evaluate the effect of samaple size on soil water retention
curve for a homogenous porous material. Samplegh®rstudy were packed into two
different core samplers (100 &mnd 250 crivolume, each with 50mm height). The soil
for the experiment was silica sand with commernehe ST 56 from the i®led area in
East Bohemia and prepared for different uses bg@&tk Stelet, a.s., Czech Republic.
The measured data were fitted to different modegetbped for soil water retention
curves using RETC computer software programme asetl o evaluate soil water
retention curves for the two ring sizes.



2. Aims and Objectives

2. Aims and Objectives
Objective

The aim of the thesis is to evaluate the differencoil water retention curve data
of a homogeneous porous material, determined orbdises of the two most commonly
used soil sample sizes: 100tand 250 crfy and the impact of the sizes of core samplers
on soil water retention curves for this homogengmreus material.

Hypothesis

There is no significant difference between soil evaetention curves due to the
sizes of core samplers for these volume ranges guaditicular homogeneous material.
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3.1 Soil water retention curve overview

Soil water retention curve is one of the basic ws@iter properties that relate matric
potential and water content, commonly volumetéigHillel, 1998; Barber et al., 2001;
Shukla and Lal, 2004). The functional relationsbgm be also between matric potential
and either gravimetric water contend)(or degree of saturation (S) (Fredlund, 2002;
Vanapalli et al., 1998; Khanzode et al., 2000; dkned et al., 2001; Wraith and Or, 2002).
Due to the fact that the curve is the characteristieach soil, it is also known as soil-
moisture (soil-water) characteristic curve (Shuldad Lal, 2004; Miyazaki, 2006).
However, as the curve is not the sole function given soil but varies with temperature,
pore water chemistry and pressure, it is sometlmh@ misnomer to say soil water
characteristics curve (Dawson et al., 2008). Fredilet al. (2001) suggested that out of the
name which shows the relationship between soil ma@etent and soil water energy which
they listed like soil-water characteristics curseil-water characteristics, retention curve,
moisture retention curve, soil moisture retentiomve, water retention curve, soil water
retention curve, moisture release curve, etc,moilsture characteristics curve is used for
soil mechanics like civil engineering while thos@ressed with retention can be used for
soil physics like agricultural and environmentaiesces. They reasoned it that the term
“characteristic” has been the most used in engingesind the word curve shows the
behavior of the given soil while retention is reldtto the retention of water for plants.
Hence, from here on wards, it is better to usetéhm soil water retention curve (SWRC)
to show the relationship between soil suction an@daerresponding amount of water in the
soil.

The curve is usually plotted from volumetric wateontent of the soaill
arithmetically against matric potential frequentiyilogarithmic scale to accommodate the
large range of suction, roughly from three to giders of magnitude (Kutilek and Nielsen,
1994), see figure (3.1). Hence, the curve is calledi-logarithmic or pF curve (Fredlund
et al., 2001; Goss and Ehlers, 2003).
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Soil water retention curve for fine sand
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Fig. 3.1.pF Curve for Fine Sand (taken from: Karvonen, el

Theoretically, soil has the minimum moisture contehen soil is oven dried at 1%5for

24 hours and maximum when fully saturated, henakvays has a none negative value
while matric potential has a negative value butatieg values cannot be plotted on a
logarithmic scale; as a result matric potentigdladted as absolute and thus positive value
(Fredlund et al., 2001).

3.2 Stages of Soil Water Retention Curve

Soil water retention curve is not linear (Behar@03). However, according to
Miller et al. (2002) suction and water content iangersely related, but according to Wraith
and Or (2002) it is relatively difficult to obtaihaccurately.

Soil water Retention Curve has three identifialieges (see fig. 3.2); namely:
boundary effect, transition and residual (Fredletdl., 2001). However, Fredlund et al.
(1997) called these stages capillary saturationezatesaturation zone and residual
saturation zone respectively. According to Goldessdciates (2006) the curve has two
breaks, namely air entry and residual values tfeauiaed as the transition points between
stages. Air entry value according to Fredlund (30&parates the boundary effect stage
from the transition stage while residual value safes transitional from residual stage.
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Fig. 3.2.Soil water retention curve showing the differetaiges of desaturation (from: Fredlund et
al., p.111)

N.B.The curve is from degree of saturation (%) on ¥saxd soil suction (kPa) on X-axis

When fully saturated soil is subjected to presstivere will be no outflow from
soil (sample) for slight suction according to Hilll998) until the critical value is
surpassed at which the largest pores begin towaser as it is displaced by air and this is
the first or boundary effect stage. According tail8a and lal (2004) the point at which
soil moisture starts to decrease is known as theraity point. Kutilek and Nielsen (1994)
stated that the value oy remains zero in this stage and soil hydraulic progs
remain constant. They called the point at whichewatarts to flow out as air entry value
and Hillel (1998) called the suction at this paait entry suction. He added that, fine or
medium textured soils or poorly aggregated soil tigk air entry suction while coarse
textured and aggregated soil has the lower airyestiction. Moreover, according to
Kutilek and Nielsen (1994), it is well defined amgtasured in coarse textured soils than in

medium or fine textured soils.

After the critical, air entry value is exceededotigh suction increment, the water
content decreases and soil properties are no lacwestant like in the boundary effect
stage and hence the property of the soil becomasahan unsaturated soil property
function (Fredlund et al., 2001). According to Heedl and Xing (1994) SWRC is the
curve used to describe different unsaturated sopgrties. The greatest interest is in the
unsaturated part of the SWRC because suction chiangenerally related to change in
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water content of the soil due to water outflow @Peret al. 2007). According to the
capillary equation,y=2y/r, where,y is potential heady is the liquid-air surface tension
and r is radius of tube) soon after the air entxju® is reached, it is the relatively larger
pores that lose water at first, and if suction leegreasing, the smaller pores will follow
(Hillel, 1998). According to Barber et al. (2001gylond the air entry value SWRC is non-
linear and the following stage next to air entrjueais the transition or second stage. They
explained that desaturation is in a liquid statehi@ lower part of SWRC under applied
pressure and to keep increasing suction from afy eniction results in dropping the value
of unsaturated hydraulic conductivities. Howe\adrthe drying end of SWRC according
to Golder Associates (2006) increasing suction dussresult in displacing a significant
amount of water due to the association of wateh wihallest pores and adsorption in the
form of a film on the particles and there are re&y small changes in water content. This
stage is called the residual stage (Vanapalli.eL8B8) and desaturation in this part of the
SWRC is due to both liquid and vapour phases; éxdording to Fredlund et al. (1996) it
is through vapour at the latter part of the stagansition stage and residual stage are
separated by residual point and according to vamuGden (1980) from a practical point
of view this point is sufficiently defined at largaiction, at permanent wilting point
(15,000 cm of suction head). However, permanertingilpoint varies from plant to plant
and stages of development for a given plant. Thgests associated with decreasing in
thickness of the hydration envelopes adsorbed itgpadicle surfaces. The residual water
content is also defined as the water content athw{do/dy)—0 of SWRC (Kutilek and
Nielsen, 1994). However, according to van Genuchtal. (1991) it extends to 1RPa of
suction.

3.3 Soil Water Retention Curve Hysteresis

Soil water retention curve can be obtained in tvaysv According to Hillel (1998)
and Ali (2010) it can be either by draining iniljasaturated soil (desorption method) or by
wetting up initially dry soil to saturation (sorpti method). Soil releases water during the
desorption process and according to Mukherjee Bisdias (1994) the curve from this
process is also known as water release curve.nSmsture history, wetting or draining,
affects the relationship between matric potentma soil moisture content and hence Soil-
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water retention curve from both conditions is neinéque function, see figure (3.3(a)) and
they are different (Campbell, 1994; Hillel, 1998ralth and Or, 2002; Shukla and Lal,
2004). Soil water and matric potential are not uely related because they are dependent
on the air-water interfaces and the nature of théase film rather than the amount of
water that exists in pores (Horton and Jury, 2004y further explained that during
sorption (wetting curve construction), pores atiedi according to their size, small first
and followed by bigger, but at intermediate valegen though there is enough water in
the soil, water-air interfaces can exist betweetigleas and in small pores until the matric
potential become zero. While during desorption ifdyycurve construction), bigger pores
drain first, followed by the smaller; however, watie kept in the larger pores until the
interconnected smaller pores can empty. Duringimgedf dry soil, air is entrapped even
with sufficient water in soil while during dryingsirated soil water is entrapped until the
interconnected small pores lose their water. At imtgrmediate stage between saturation
and air dryness, if the process of wetting or dyyis reversed, the curve will follow a
different course within the limits of sets of twoundary curves i.e. curves from wetting
very dry soil to saturation from the lower and dig/draining the saturated soil (Rose et
al., 1999) from the above. According to Fredlun@02) two main curves from draining
and wetting form a loop with an extreme bound andrdinitive number of loops fall
within. Soil retains more water during drainingrhaetting at any reversal direction at the
same matric potential (Horton and Jury, 2004). phenomenon is called soil moisture
retention curve hysteresis.

5 (a) 5 (b)

1000 1000

Matric Potential [-m]~

0.2 0.4
Soil Water Content
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Fig. 3.3.(a) Conceptual sketch showing hysteresis of th&EWb) The contact angle effect, and

(c) the ink bottle effect as potential mechanisardhlysteresis. (from Tuller and Or, P. 14)

3.3.1 Factors/Reason for Soil Water Retention Curve Hysteresis

Soil moisture at a given matric potential is infhiged by pore size distribution and
properties of air-water-solid interfaces (Wraitrda@r, 2002) Many soil pores are larger
than their respective openings. These larger paiisremain full of water until the
suction,®,, surpasses Kt (Rose et al, 1999). Where: K is constant arid radius of the
tube/effective poreufm) and related as follows:

D =2y (pwgre) = Krsteoooooo... 1

Where: @, is Suction (Pa)y is liquid-air surface tension (N/mp,, is density of
water (g/cm), g is gravity constant (nfjsand (2/p.g) take as K

Let us put the constant, K, aside and focus onlyheneffective radius of the soil
during wetting and drying of the soil. Water indar pores remains there until the suction
overcomes Ki' i.e. @, > Krst; where ¢ is the effective radius of the small pores. In
contrast, re-wetting of the soil can take placemtie suction exceeds Kri.e. @, > Kry
- where, g is effective radius of the bigger pores. As suction radius are inversely
related, from this behaviour, we have more watesaih during draining than wetting at a
given suction. This geometric non-uniformity ofd@ntonnected soil pores in shape and
size is called the “ink-bottle” effect and it ise@of the main causes of soil water retention
curve hysteresis (Hillel, 1998; Wraith and Or, 202

Hysteresis is also caused by variation of contagteabetween soil/water interfaces
during wetting or draining (Shukla and Lal, 2004).

@Dy =2yCcoP/r= gcosp ........... 2

Where,f is the contact angle during drying or wetting.
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Let us keep @r as a constant, q, and rearrange the formuladgas=qco$.
Substitutelg and By, instead of3 during draining and wetting respectivel§y is presumed
to be zero as contact angle may approach it dufigigmg and cos Os 1; while it is most
likely non zero for wetting soil i.68,, > 0 and hence we have fgsl. For a given pore,
the radius of curvature is less for retreating tadmancing as the contact angle between
the water meniscus and the pore walls is less whemmeniscus is drying than when
advancing (Scott, 2001; White, 2006). Hence a@iven soil moisture content, we have
more suction during drying than wetting even thoiiglvalue is negative (Shukla and Lal,
2004). In other words, for a given suctidpy, r has to be greater for drying than wetting
(Rose et al, 1999). Contact angle hysteresis caarpwetting i.ef, > 0, due to surface
roughness and or surface active substances likearmbearthworm exudates, transported
ash and farm chemicals, soil salinity and generdillg to adsorbed impurities that affect
adsorption and desorption of water to soil pardldillel, 1998; Shukla and Lal, 2004).
Hence, contact angle is less for receding thanredng meniscus.

The entrapped air in a blind or dead end is al# dhuse for the soil water
retention curve hysteresis. Encapsulated air magubsequently liquefied but retards the
process of wetting and reduces soil wetness (Hill®98). The phenomenon of soil
moisture hysteresis is more noticeable in claysseith mainly 2:1 clay minerals (Shukla
and Lal, 2004). This type of soil has swell-shrivéhaviour depending on drying/wetting
condition. Alternative thawing/freezing in additida the previous condition alters soil
structure and pore size distribution.

3.3.2 Most Commonly used Hysteresis Branch of Soil Water Retention
Curve

Due to hysteresis, SWRC becomes very complicatedavbid this complication,
the desorption method is used (Hillel, 1998). Adaag to Kutilek and Nielsen (1994) the
procedure for determining the main wetting or sorptbranch of SWRC is difficult as
wetting an initially dry sample for a different efijorium value of suction needs an
extremely long amount of time. On the other handgoeding to Fredlund (2002)
measuring the other branch of the main SWRC iseasid rapid. In this method the fully

10
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saturated sample is subjected to a suction vaartirgg from zero and extends to high
suction at which water content becomes minimal.

3.4 Factors that Affect Soil Water Retention Curve

We do have different soil water retention curvesdaiven soil due to soil water
retention curve hysteresis. We have seen that weacaid this difficulty by using one
main branch of soil water retention curve hysteresid get one SWRC for a given soil.
However, many other factors affect soil water cotienergy relationship (Soil water
retention curve). According to Wraith and Or (20G2)d Ali (2010) soil texture, soil
structure, and soil organic matter content aff@@¥§RC. According to Mukherjee and
Biswas (1994) texture and structure are the twotmnggortant factors. Additionally, other
factors like soil water chemistry (Dawson et al. 02D and temperature (Kutilek and
Nielsen, 1994) can affect soil water retention eurv

3.4.1 Texture

One soil type differs from another by its textur iparticle size distribution. The
shape and range of SWRC is strongly affected biutexof the soil as pore distribution
and size of pores are affected by soil texturatriistion (Hillel, 1998). He further
explained that for a given suction, more watereigined in clayey soil (soil with greater
clay content) than in loam or sandy soil (soil wigheater sand content). Likewise,
according to Brady and Weil (2004) the water islhreuch more tenaciously in the former
one than the other two at given moisture conterdredver, less water is retained in the
latter soil types as it has relatively lager paed they release their water at lower suction;
while clayey soils release their water slowly witlcreasing matric suction as they have
smaller and uniformly distributed pores which issgdor water adsorption. Furthermore,
according to Brady and Weil (2004) the clay pagtid negatively charged and the water
molecule exhibits polarity; so the positive (hydeay end is attracted to clay surfaces
(adhesion) and the negative (oxygen) end to othatemwmolecules (cohesion). This
enables clay soils to hold more water and otheomrat According to Mukherjee and

11



3. Literature Review

Biswas (1994) the rate of water release in respoosgpplied suction is slow in fine-

textured soils but relatively sharp in coarse-teedisoils. Generally, according to Miller et
al. (2002) soils with larger particle sizes (sand ailt) have smaller air-entry suction and
smaller saturated and residual water content comdpaith that of clay.

10000

1000

100 - Silt Loam

Structured and

10- uncompacted soil

Matric Head (-m)

Compacted soil
Unstructured soil pe

0.1

0.0 0.1 0.2 0.3 0.4 0.t $ s s

Soil Water Content
(a) (b)

Fig. 3.4.(a) soil water retention curves for three soilttegs (from Wraith and Or, p.73.) (b)
Effect of soil structure on pF curve (Shukla andl pe321)

3.4.2 Structure

In addition to texture, the SWRC is strongly aféetby soil structure which is an
important property due to pore size distributionl amerconnectedness (Lieth and Ravij,
2008). Well-structured soil has more pore spacespened to poorly-structured or
compacted soil and hence according to Brady and {&@04) the former with more pore
spaces has greater water holding capacity. AccgrttinShukla and Lal (2004) a strong
inflection point of the curve is the characterigifa soil with good structure while weakly
structured or structure less soils do not have deafihed inflection points. Disturbances of
the structure during agronomic, engineering or o#waivities which can alter the bulk
density of the soil can result in changing the saiter retention curve (Miyazaki, 2006).
According to Shukla and Lal (2004) solil structuhamege over time can be evidenced from

12



3. Literature Review

the plot of SWRC slope versus pressure heady,gdd vsy,,. Compaction increases soll
bulk density by reducing the total porosity (redtive volume of large pores, increase the
volume of intermediate-size pores while the voluofiemicro pores is unaffected), this
results in the reduction of saturated water conterdt an initial decrease of the water
content (Hillel, 1998).

At lower suction non-compacted soils release maaemwcompared to compacted
soils and SWRC is more characterized by structoam fits texture; however, at higher
suction, as the volume of micro-pores is not addby compaction and the suction is
more adsorptive than capillary, the SWRC of botmpacted and non-compacted tend to
converge and hence it is more affected by textoam tstructure (Walczak et al., 2004).
Hence, according to Brady and Weil (2004) less watgained mostly in small and
midsize pores characterize compacted soil. AccgrtinWraith and Or (2002) SWRC at
lower suction is more strongly affected by struettivan texture and hence it is preferable
to analyse undisturbed samples over repacked sarqulés wet end.

3.4.3 Organic matter content

Organic matter content influences SWRC directly indirectly. Generally,
increasing soil organic matter content increasdk vgater retention capacity in both
adsorbed and absorbed form (Shukla and Lal, 2dDdpending on the morphological
structure of organic matter according to Stever(4994) and cited by Bross and Baldock
(2012), soil organic matter can absorb and holda@O times its mass. According to
Anderson and Schaetzl (2005) this property of ttgawic rich soil is due to the affinity of
water molecules to form H-bonds with NH and OH gr®drom organic matter. Surface
organic matter residue according to Bross and B#ld@012) increases soil water
retention by reducing evaporation. Indirectly, ongamatter plays a key role in soil
aggregation and pore size distribution. Accordmgtoss and Baldock (2012) it is due to
this indirect effect for which soil organic carb@ontent is included as a significant
parameters in pedotransfer function for SWRC egtonaAccording to Shukla and Lal
(2004) organic matter content affects SWRC sintitastructure at lower suctions while
SWRCs for different organic matter contents tenccamverge at higher suction. This
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convergence shows that soils with high organic enatontent have high available water
for plants (Mukherjee and Biswas, 1994). They fartadded that organic matter content
of a given soil has little role on permanent wigipoint as it is more influenced by mineral
soil, particularly clay content.

3.4.4 Soil water chemistry

SWRC is also affected by pore water chemistry (anet al. 2008). When there
is a solute in soil water, SWRC which is the fuoitof soil water content versus matric
potential is not sufficiently defined as osmotictguadial affects the flow of water by
reducing total potential energy of water whichumtreduces water movement (Miyazaki,
2006). This reduction according to Brady and W20Q4) is due to clustering of water
molecules around solute ion or molecule. Miyaz&06) explained that the amount of
osmotic potential contributed is related to sizéspores, electrical properties of solid
surfaces, type and concentrations of ions in sadiiteon. According to Brady and Weill
(2004) osmotic potential is lowered by increasing toncentration and hence water tends
to move to the zone of higher solute concentratipaffects water and solute movement
and their direction when the pores restrict thesags of salts (solute) but not of the water
molecule from forced solution through soil (Shullad Lal, 2004). However, according
to Brady and Weil (2004) liquid water moves by Ieavthe solute behind through a semi
permeable membrane which doesn’t exist in natuidlbsit on plant root cells. However,
according to Miyazaki (2006) hydrated solute molesware less than the pore sizes of
sandy soils but occasionally greater than thatlayey ones and hence more water is
retained in clayey soils at a given suction duesimotic potential.

3.4.5 Temperature

Temperature is the average heat or thermal endrgfyeosystem and its gradient
according to Miller and Nelson (1992) influence theyration of water. It influences the
movement by affecting the viscosity of the watecarding to Shukla and Lal (2004).
They are inversely related and increased temper&gases water movement. Hence, soil
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loses water as evaporation or downward movemengeruhgjher temperature and soil
retains more water under lower temperature tharewrnigher temperature. Surface
tension, viscosity and other properties of the wate highly dependent on temperature
and hence temperature has an effect on soil wettentron curve, all other factors remain
the same (Kutilek and Nielsen, 1994; Shukla and 2604).

3.4.6 Representative Elementary Volume

Many soil water properties including soil waterergion curve can be affected by sample
volume size which is composed of pore (occupiedhinyand water) and solid particles
(inforganic) that forms bulk volume of a soil. Moker, components that make the bulk
volume of the soil vary in their nature from the@avith air through that of with water to
inorganic part of the solid soil. If the volume widisturbed soil sample taken is too small
according to Hillel (1998) there is the probabilitiierefore to be from either the pore or
the soil particle components that couldn't represka property of the given soil and
according to Haverkamp et al. (1999) if such to@aksample is centered to the pore, the
porosity is 100% but if it is from solid soil it Wibe zero. Moreover, according to Hillel
(1998) the value of porosity can vary from zerdl@®% depending on the exact location
from which sample is taken. However, according twdBhovski (2012) the variation can
be decreased by increasing the volume size of #mpke and possible to get the
representative volumes. The minimum volume at whlah consistent value gained is
known as representative elementary volume (Havepkatral., 1999). However, due to
the fact that the sample can include some macrasabp heterogeneous components,
according to Gorokhovski (2012) increasing the waduof the sample further beyond the
mean value can also result in start changing aga,Fig (3.5). Moreover, to analys too
big sample is costly, labour and time consuming.
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Fig.3.5. Pictorial description of representative elementaryume for porosity (from: Gorokhovski,
2012, p. 23)

3.5 Use of Soil Water Retention Curve

Soil water retention along with hydraulic conduittivcontrols the hydrology of
field soils and they are the two basic propertiesod (Ali, 2010). According to Chan and
Govindaraju (2004) and Schaap et al. (2004) theyeha strong influence on the
movement of water and solute from surface to grouater in the vadose zone. Had there
been no water movement in this zone, according tixHdrjee and Biswas (2006) there
would probably be no plant growth on the earth’'sase; but it occurs much more often
faster than it does in the saturated zone. Thethdurexplained that plants continuously
take up water through their roots and the immediéteity becomes dry and creates
naturally high suction. According to them it is ghsuction which creates potential
difference and forces water retained in the surgsoil to move towards the roots until
permanent wilting point (PWP) is reached. Even ¢ioall soil water up to this point isn’t
readily available to plants, according to Goss Bhters (2003) this point is at a matric
potential,y, of 15,000 cm or pF 4.2. They added that on therdtland, soil water near to
saturation is drained by gravity and hence not useplants effectively. Plants effectively
use soil water from field capacity (FC). Howevaccording to White (2006) this point is
not fixed; rather it varies between 60 to 300 cmspure head corresponding to 1.8 to 2.5
pF. Therefore Soil water contertt) (should be kept between FC and the lower limits of
readily available water so that water availabitdythe plant is not limited.
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Fig. 3.6.Applications of soil water retention curve (froEijkelkamp, online)

Measuring and managing soil water over time acogrtih Morgan et al. (2001) is
used to have good crop yield with quality by avogliboth under-irrigation and over-
irrigation while saving water, energy and avoidipgtential leaching of nutrients and
agrochemicals to ground water due to over-irrigati®WRC is therefore used for
predicting or managing water from irrigation ornfail in porous media (soil) and many
more applications related to soil (Wraith and Q0p2). SWRC is used to predict the
maximum specific yield or specific water capacifyaagiven soil after draining it (Behari,
2005). Specific water capacity according to Shakld Lal (2004) is defined as the change
in water content per unit change in suction ana sseequation (3).

Co=dOIdym oo, 3)

where: G is specific water capacity9ds change in volumetric water content and
dynis change in matric suction (unit change in sugtion
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Hence, SWRC is used in hydrology, agronomical atitkeroagricultural and
environmental sciences.

Soil water retention curve according to Fredlundle{2001) and Fredlund (2002)
also provides useful information to solve geotecahand geo-environmental engineering
problems. It is used to predict unsaturated saiupeters like hydraulic conductivity and
permeability (Fredlund and Xing, 1994), shear giten(Fredlund and Rahardgo, 1993)
and volume strain and pore size distribution (Zhad Yu, 2005). Hence, SWRC is useful
both in soil physics and soil mechanics.

3.6 Soil Water

According to Shukla and Lal (2004pil is a warehouse for water and it holds 50
times more fresh water than in rivers and strea¥ater occupies soil pore spaces
competitively or concurrently with the soil gas pbaand according to Wraith and Or
(2002) it is dynamic both in time and space. Satev does not occupy only pore spaces
according to Brady and Weil (2004) but also is asged with solid particles and hence it
is different from free water in a drinking glassheTwater molecule is held to the soil
particle by adhesive force while cohesive forcentean more water molecules together
which enables the particle to retain a thicker wéiten. This changes the behaviour of
both water and soil particles. Adhesive force retstfree movement of water while water
according to Brady and Weil (2004) causes many ata@meactions, shrink-swell of clay
soil and form structural aggregates of soil. Howewater can move down due to gravity
or up due to capillary rise, evaporation and/onplgtake. The energy status of soil water
determines the movement and availability of wabeplant and according to White (2006)
it is equally important to study soil water enengith soil water content. Soil water
retention curve is about these two general kindsodfwater measurements in a functional
form.

3.6.1 Soil Water Content

Soil water content can be expressed in differenyswike gravimetric water
content (), volumetric water content®) or degree of saturation (S) (Fredlund, 2002).
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Further he noted that gravimetric water contentresgion for soil water is the preference
of soil mechanics like geo-technical and geo-emwritental engineering; while volumetric
water content is for agricultural related scienses!: physics, soil science, agronomy, etc.

Volumetric moisture conteng, is the ratio of volume of water in a given sal t
bulk volume of the soil (Hillel, 1998). It can bepmessed in percentage when multiplied
by 100%. Volumetric water content also shows thetleatio of soil water to that of soll
depth or the depth of water per unit depth of @aftaith and Or, 2002).

0 =NVWV= Vol (VstVp) oo, 4)

where:0 is volumetric water content (¢hani®), V,, is volume of soil water (ci
V¢ is bulk volume of soil (cf), Vs is Volume of the solid soil (cfhand 4 is pore space
(cm)

where: \§ is volume of pore space (&rthat is occupied by air or not occupied by
water.

If the other variables of the soil water are knowwumetric water can be
calculated from them. According to Fredlund and &djo (1993), volumetric water
content,0 can be calculated from porosity, degree of saturaand void ratio:

0 =S*P=S*e/ (1+€)............... (6)
where: e is void ratio (-), S is degree of satoratPo) and P is porosity (%)

The conversion between gravimetric and volumetratew content requires the
knowledge of dry bulk density, which can be calculated from the ratio of masewan
dry soil (at 108c for some hours, 24-48 for inorganic soil) to thitial soil volume and
density of waterp,, (Wraith and Or, 2002). The conversion is as fefio

where:pq is dry density of the soil (g/ch pw is density of water (g/cthandw is
gravimetric water content

Gravimetric water content is expressed as massatérvdivided by mass of oven dry soil
and it is as follows:
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wherew is gravimetric water content (g/g),.Mveight/mass of water (g) andsW
weight/mass of oven dry soil (g)

Soil water content value of a given soil rangesnfreero when dry to equal the
total porosity when fully saturated. However, advog to Hillel (1998) the lower limit of
zero is hardly achievable as the total removal atewfrom a clay particle is difficult and
also according to Kutilek and Nielsen (1994) gettine upper limit of total saturation for
sandy soil in short time is also difficult due iolaubbles.

Hillel (1998) stated that agronomic, ecologicaldiglogical and similar other
sectors need soil water content measurement fos sbiemical, mechanical and physical
relationships. Despite its numerous uses in soysigs and mechanics, due to several
difficulties, accurate measurement of soil watenteat in field conditions has been a
challenge (Shukla and Lal, 2004). Some of thedliffies include variability of the soil for
water retention even over a short distance dueexturte, organic matter content and
infiltration rate, difference in evapotranspiratiodue to cover type and other
microorganism activities. Even though there is tamdard and universal means of soil
water quantification, there are several methodslwiare broadly divided in to direct and
indirect methods (Hillel, 1998).

Directly, it is measured by drying and weighingreoWwn volume of a soil sample.
Due to spatial variation and difficulty to get thecurate value on field or in-situ, soil
water content is commonly measured in the laboyatiamm replicate samples collected
from the field (Koorevaar et al., 1999). They fatlexplained that the water content of a
given soil is conventionally determined after reingvwater by drying the sample at
105°C. By this method we can measure the volunigtagimetric water content of the
wet weight, the oven-dried weight and total voluaieour sample. The method is called
gravimetric method.

V= (WorM)/ P, 9)

where \, is volume of water (cf), W, is wet weight of soil (g), Mis mass of
oven dry soil (g) ang, is density of water (g/cth Hence, we can calculate thérom
equation (3).
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This method is direct and relatively inexpensive ibis time and labour-intensive
and destructive (Wraith and Or, 2002). Accordingditbel (1998) the standard method for
oven-drying itself is arbitrary and some clay tyedéls may contain a significant amount of
water at oven-dry temperature, and oxidization a@edomposition of organic matter
causes mass loss of solid soil.

According to Hillel (1998) direct method is destiue and it does not have a room
for repetitive measurement on the same soil. Hemae;destructive method that requires
less time and labour is preferred. There are maoi snethods to avoid the problems of
the direct method. However, according to Hignettl &vett (2008) none of them can
measure an accurate valuedpfather they each measure something else thagekamith
water content from which the probable valué afan be estimated after calibration. These
methods are indirect methods of soil water detestion. Soils which differ in texture
and/or structure according to Mukherjee and Bis(l®94) have different water holding
capacities and the indirect method is based onctueelation of certain physical and
physicochemical properties of the soil with its @ratontent. For some indirect methods
that are taken from IAEA paper see the Appendix F.

Every water content measuring method has its dasa#tdge. Some are expensive,
for example: neutron moisture method and TDR, sofrttem have health risk problems
associated with their use, for example neutron tag@smethod and gamma method; some
are effective to a limited depth only like remotnsing which is valid for surface soil
(Shukla and Lal, 2004).

3.6.2 Soil Water Energy status (Soil water potential)

Water flow in soil is due to energy gradient ir@nh higher energy to lower energy
until the equilibrium with the surroundings is ae¥ed (Brady and Weil, 2004). According
to classical physics, kinetic and potential are tmain types of soil water energy.
However, the flow of water in the soil is quite laamd hence kinetic energy which is
directly proportional to velocity square is omittes it is negligible, usually 0.1rth
(Hillel, 1998; Wraith and Or, 2002). Therefore,ilswater is a function of potential
energy. Soil water potential according to Shukld kal, (2004) is the relative amount of
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potential energy which exists in the soil water paned to pure water. According to these
authors, total water potential is the sum of maiffgiebnt potential and see equation (10).

l//tzl//p"' l//m+ l//z+ l//o+ l//en ......................... (10)

where:y:, wp, Wm Wz Yo, andye, refer to total, pressure, matric, height or poaitio
osmotic, and envelope/overburden head (cm), respbct

For saturated soil water conteit, does not change and soil water parameters
remain constant, the flow of water is due to gewinal, pressure and osmotic
components of the total potential. Work done bg @mergy is positive. The reason for the
absence of the two components: envelope and na&icenvelope potential exists when
heavy load is applied on the soil and hence negletdr soil that is free from such
influence and even under the existence of an exttéurden it is neglected for sandy soill
but the impact is more for soils with higher clagntent (Nielsen et al., 1997); while for
matric potential, the potential results from themtaned effects of capillarity and
adsorptive forces within the soil matrix. Henceisithe characteristics of unsaturated soil
and exists exclusively with pressure potential Wwhis the behaviour of saturated soil
(Wraith and Or, 2002). The contribution of the Osimgotential depends on the salt
content of the soil solution and type of the sOgmotic potential affects the total potential
when the salt sieving phenomenon exists, it isphenomenon that happens when the
pores restrict the passage of salts (solute) butohdhe water molecule from forced
solution through soil and this is neglected in ngmsls (Shukla and Lal, 2004). Moreover,
according to Brady and Weil (2004) liquid water ras\by leaving the solute behind if
there is a semipermeable membrane which does n&ttiexnatural soil but in the plant
root cell and it has little impact on mass moveniersoil. However, in clayey soil in a dry
condition, osmotic potential has a greater or lesstuence on the flow but as water
content increases and the soil becomes moist, @s@imed that the contribution is
negligible and the influence is only from the oth@wmponents (Miyazaki, 2006).
Therefore, saturated water flow is due to presaunckegravitational potential.

As we have seen in definition, SWRC is the cureenfwvater content of the soil at
respective potential when equilibrium is reachedd ahence the behaviour of
Vadose/unsaturated soil especially after air eméitlye. Flow of water in unsaturated soil
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is governed by energy gradient like saturated lsailthe components are different. This
gradient according to Brady and Weil (2004) is knaag matric potential gradient and the
water from high matric potential due to a thick store film of soil particles to lower
matric potential due to thin films. Hence, Wat@wildue to inherent soil water properties
itself and its interactions with its surrounding&/ra@ith and Or, 2002). The previously
mentioned authors stated that pressure potentidl raatric potential are mutually
exclusive as the value for the former is zero fosaturated and zero for the latter when
saturated. From previous discussion, osmotic pregswzero for moist soils and hence the
flow of water in the saturated condition is govelngy other potential. However, in
unsaturated soils, soil becomes drier and drisuason increases and according to Golder
Associates (2006) SWRC is from matric potentialtad,500 kPa but from total (matric
and osmotic) for above this value. Hence, accorttingredlund and Xing (1994) suction
can be either matric or total (matric and Osmaimiential.

Water in the vadose zone which is analogous to sihie sample for SWRC
determination is retained by the interaction ofl @articles-water-gaseous interactions.
This capillary or adhesion of water to soil padglinteraction decreases soil water
potential (Miyazaki, 2006). Work done by this engrg negative in contrast to pure water
because adsorption forces like adhesion of watdegules to soil particle and solute ion
or molecule and cohesion of water molecules rediigmziom of water movement (Brady
and Weil, 2004) and matric potential is usually atege (Shukla and Lal, 2004). For the
sake of convenience, the way of measuring and ctatipn, potential is usually expressed
as potential head (cm or m) see equation (11).

where:y is potential head (m)p is potential (J/kg)pw is density of water (kg/M
and g is acceleration due to gravitaty @n/s

The underlying principle of water retention in sa@bainst applied suction/pressure
according to Mukherjee and Biswas (2006) is duen&dric or total potential of the soll
which is equal in magnitude but opposite in dir@ctivith the applied pressure.

Soil water potential either matric or total (matfi@smotic) can be measured using
different techniques with different suction rangdswever, the most widely used for low
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suction is tensiometer (Shukla and Lal, 1998). Eveough it is relatively simple,
inexpensive and can be easily installed, this nektias its limitations as the tensiometer is
unsuitable for measuring matric potential of salsods, restricted to the lower range of
suction; it is inserted to limited depth; has agaesponse time and poor soil contact in
gravelly soil.

3.7 Methods of measuring soil water content and energy for soil-
water retention curve

Properties of the soil either to store water oemable its movement are the basic
properties of soil. Water is stored or removed frhra soil depending on bio-physico-
chemical properties of the soil and total poterdiaoil water. Soil water retention is due
to solil texture, structure and organic matter cointd the soil, which influence the size
and distribution of pores in a given soil (Mukherjand Biswas, 1994). It is, therefore,
very important to know the amount of water retaimed given soil after a portion of water
is removed due to the energy gradient.

Soil water retention curve can be measured diremtlgstimated indirectly. In the
direct method, the water content of the soil isedily measured at a different matric
potential while in the indirect method the parametare estimated from different soil
characteristics such as particle size distributsail, structure and organic matter content.

3.7.1 Indirect methods

Direct measurement of data for soil water retentmmve in research and
application is impractical in the case of a relaltyvlarge scale problem (Rajkai et al.,
2004). The indirect method of estimation, therefocan be used in some cases as an
alternative to the direct method of measurementree soil hydraulic properties like
SWRC have large spatial and temporal variabilitg hance direct measurements are time
consuming and expensive (Matula et al., 2007; 2010; Dashtaki, 2010). Different
indirect approaches have been used to estimatp@nxamate soil water retention curve
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from the data which can be easily measurable antbie readily available (Barber et al.,

2001; Rajkai et al., 2004). This method of SWRGnestion is known as Pedotransfer
function (PTF) (Fooladmand, 2011). However, no arsal theory exists according to

Hillel (1998) for this method of soil water retesrti curve estimation from basic soil

properties. Although Indirect methods for SWRCraation are cheap and measured from
easily available data of regularly measured saidproperties according to Mohammadi
and Vanclooster (2011), its applicability to indegent data sets is limited. It relies on
empirical coefficients and further according to Wédset al. (1999) the applicability of

PTFs is often limited to the data set used to éefire method. Moreover, this approach
ignores the necessity of physics that govern tlandge and wetting of soil (Chan and
Govindaraju, 2004).

Although bulk density, organic matter content atrdctural indexes of the soil are
used, soil texture is the most common input in RDB&shtaki, 2010)The reason for
motivation to estimate SWRC from texture/particieesdistribution is the similarity
between the shape of SWRC and cumulative PSD iiti@waldo easy availability of texture
data (Nimmo et al., 2007; Ali, 2010). However, actog to Vereecken et al. (2010), the
most accurate estimation for SWRC is obtained whgtural properties, bulk density, soil
organic matter, and soil moisture content are u8édr comparing SWRC from PTF with
SWRC from experimental data, Barber et al. (200iggssted that the estimation of
SWRC from particle size distribution for silt andnsl is promising while that of clay
needs more research.

3.7.2 Direct methods

The indirect method, as we have seen in the eadietion, can be used for larger
areas with varied soil types as it is difficultdover the whole area using direct method.
Moreover, according to Kastanek and Nielsen (2001)theoretical relationship between
matric potential and soil water content has nonbestablished and hence SWRC models
including PTFs are empirical. Therefore it is veliificult to get accurate SWRC as PTF
ignores the necessity of soil physics that goveendrainage and wetting of the soil (Chan
and Govindaraju, 2004). Moreover, according to kned and Xing (1994) and Fredlund
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et al. (2001) SWRC has to be reasonably accuratédtier use; such as to predict
unsaturated soil property functions like permeapilunsaturated hydraulic conductivity
and others as it is relatively measured easily.ddeit is very important to use the direct
method to get experimental data for SWRC deternandor a given soil.

Direct method is performed through taking a senésneasurements of water
content at different matric potential-(6) pairs, when respective equilibrium reached
over the wetness range of interest (Wraith and2002). Experimental data for SWRC
can be measured directly in the field or in theotabory (Kutilek and Nielsen, 1994).
Therefore the direct method can be further divigetb two; namely in-situ/field method
and laboratory method.

3.7.2.1 Field/in-situ Methods

According to Ramos et al. (2006) due to the lakgdume of soil with continuity
in the soil profile vs. depth, the field methoduisually taken as more realistic than the
laboratory method of SWRC determination. It enableserving the soil water property at
several depths under natural field conditions (Kltiand Nielsen 1994). For the
estimation of SWRC in the field, matric potential measured by a tensiometer while
neutron moderation, gamma-ray attenuation, TDRgravimetric methods are used to
determine the volumetric water content and henamrding to Vaz et al. (2002) a
combination of several methods can be used. Howeamording to Wraith and Or
(2002), suitable measurement techniques are sgvéameking even though neutron
moisture meter access tube or TDR waveguides fbmwsber content and tensiometer for
matric potential are commonly used to determine ®/NVKutilek and Nielsen (1994) list
the following main disadvantages of the field mehas: labour intensiveness, it is
conducted under non-isothermal conditions, it isdutd determine only part of SWRC
usually up to 750 cm and the main hysteresis bescannot be determined.
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3.7.2.2 Laboratory Methods

The twin variables, water content and matric hdad,the determination of the
curve have to be measured directly because accptdifillel (1998) translation on the
basis of calibration curves is too often unreliaflkis is relatively easy in the laboratory
(Fredlund et al., 2001) and according to Fredluhdale (1996) SWRC is determined
accurately through lab experimentation. In the tabary, soil moisture content and matric
head are often measured using tension plate asgemtiie low suction (< 1 bar) range
and by means of a pressure plate or pressure meenbggaratus in the higher suction
range (Hillel, 1998; Walczak et al., 2004). A siggant amount of water is released from
soil within a low tension range compared to thathef higher suction range and hence it is
very necessary to measure the soil moisture reta@ielower suction against applied
pressure (Ali, 2010). He further explained that tuéhe inherent structure of the pressure
plate and difficulty in fixing up tension at lowdension for the purpose, different
techniques such as: porous plate, sand table @ifrganolumn method is used. However,
both pressure plate and those apparatus used tsureeat lower suction allow the
application of a successive pressure value and ursraents of soil moisture at
equilibrium for the respective value (Walczak et 2004).

Initially, the soil sample has to be saturatedpiacthe application of pressure. The
sample is placed on a layer of fine sand saturatéld water in a sand tank that is
connected hydraulically to an outflow vessel acogydo Kutilek and Nielsen (1994).
They added that water in the vessel should be ikefite same position with that of the
sample in the sand tank for the saturation to Kten¢ practically possible. Alternatively,
samples can be saturated on a saturation mat. Howthe saturated samples on the
saturation mat also have to be kept in the sandwath the same level with water in the
vessel before starting pressure application torensmough hydraulic contact between the
sample and sand in the sand tank. Then after, ymésisure or tension is created and
maintained to the system by lowering the water llg¥@utilek and Nielsen, 1994).
According to Ali (2010) tension is transmitted teetsamples through porous media on
which they are kept, which allows the water outfldvam the samples until the
equilibrium between applied suction and matric poé from the soil- water is reached.

The soil water content of the sample(s) at equuliris measured either gravimetrically or
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from the volume of the outflow in the case of aggnsample. This procedure continues
until the air entry value of the sand in sand temkeached which is most of the time less
or equal to 100 cm if the soil air is kept undenaspheric pressure (Hillel, 1998).

Soil Samples

'S

Fine Sand

[F o o o ] Perforated Tube

=h

Fig. 3.7. Diagram of Sand tank with drainage pipe at thetdmot(from Kutilek and
Nielsen, p. 74)

SWRC in the higher suction range according to WaMazt al. (2004) is measured
by means of a pressure plate or pressure membpgpaeadus. Pressure plate apparatus can
be used for the pressure head less than 1500 dpr1&@D cm) according to Fredlund et
al. (2001). However, according to Cresswell e{2006) at 1500 cm, suction might not be
at real equilibrium. The apparatus consists of asgure chamber enclosing a water
saturated porous plate on which sample(s) are tegttallows water flow but not air
through its pores within the range of applied puesgWraith and Or, 2002). They further
explained that the upper surface of the plate iteetpplied pressure of the chamber while
the bottom is open to atmospheric pressure. Thogrding to Cresswell et al. (2006) this
creates a hydraulic gradient and subsequent flowatér from the samples through the
saturated ceramic plate until the soil sampleshreauilibrium with the imposed pressure
which in theory, outflow ceases. In contrast toatirgy under pressure or tension by
lowering water level in sand tank according to Kaiktiand Nielsen (1994) pressure in the
pressure plate is over pressure which is createdhdrgasing the air pressure over the
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porous plate that is hydraulically connected to abélow vessel, usually a burette. Soil
water content is measured in a similar way to th@nh a sand tank, after equilibrium is
reached for successive pressure application forahge of applied pressure.

The laboratory method has advantages accordingutileK and Nielsen (1994) in
analyzing large number of soil cores at the same;tis not labour-intensive; flexible in
application of suction; no variation in temperataeeit is performed at room temperature.
However, they also stated the following disadvaesagf the method; the sample may be
too small to represent the real case, there magdkong a time for equilibrium, it may be
damaging to larger pores during sampling, exceptstindy soil owing to the way of
application of suction and soil water content regduration may not be accurate.

Fig. 3.8.Diagram of Laboratory setting of pressure plajgsagtus (Soilmoisture, online)

Even though the focus was given to those methogls asly during my laboratory work,
there are some other laboratory methods used fdRGWeasurement. These include:

Tempcell, pressure membrane, vacuum extractor,oeaapn method, etc.
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Fig. 3.9Typical ranges of application for some common mgiotential measurement or inference
methods (from: Wraith and Or, p.76)

3.8 Fitting Experimental Data

According to Fredlund and Xing (1994) and Fredlehal. (2001) SWRC is used
to predict unsaturated soil property functions had many other uses and hence it is very
important to have a reasonably accurate curve. Meryaccording to Khlosi et al. (2008)
data sets that are obtained from either laboraiofield measurements are discreigy);
while Soil water retention curve is a continuousdiion. However, it is impossible to
measure every point of the curve and measured gagr)-y) constitute relatively very
few parts of the curve (Wraith and Or, 2002). Audhially, it is time and labour intensive
to measure those points by itself. However, haangpntinuous and parametric form of
SWRC is very important according to Wraith and @0Q2) for the characterization and
comparison of different soils and scenarios andnmdelling and analysis. Hence, a
number of mathematical functions have been proptsethow the relationship of water
content and matric potential in order to have #ebetoil water retention curve (Ali, 2010).
However, as most of the mathematical functions lkbpesl for SWRC are empirical
according to van Genuchten (1980) their applicatioactual field conditions is limited by
the lack of information regarding the parameterter@mg into these equations. Hence,
according to Hillel (1998) many of them have beeoppsed for some soil types and
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within limited suction ranges. Due to the effectamfsorption and pore geometry it is
difficult to describe SWRC by a simple model he edidWraith and Or (2002) elaborate
that the best mathematical equation for soil wadégntion curve modelling should have
few parameters for ease of estimation and desdsb&ages while fit the measured data
closely.

Some of the empirical equations do not model thelgvBuction range as the curve
is asymptotic to the vertical line at both its magd stages i.e. boundary stage effect (0 to
air entry suction) and residual stage (Fredlural.e2001). They further explained that the
value of water change will be zero if the curveextended to the negative suction range
which is in reality to positive pore water pressarel the value of water content will not
be zero if the 1DkPa suction is applied. Previous experiments shwat soil suction
reaches its maximum of 1kPa when water content becomes minimum i.e. zenex(&nd
and Xing, 1994).

Therefore, it is important to use the most widesedi method which gives a
relatively better soil water retention curve.

Except for the boundary effect part, according tdilék and Nielsen (1994) and
Hillel (1998), SWRC resembles hyperbola and itdvamtageous to use the equation of
hyperbola for the solution of practical problemsiahhfor hyperbola uses the following
equation:

where: ¥, is matric suction,0 is volumetric water content and a and b are
empirical constants

The equation is not applicable to the range ofntlogsture near saturation and fits
only to a limited part of the curve and hence adicay to Hillel (1998) is used for
describing change of moisture with in a relativedyrow range.

Several empirical equations have been develope@WRC modeling. Many of
them according to Kastanek and Nielsen (2001) baes developed for soil water content
from saturation to permanent wilting point of penfEredlund and Xing (1994) stated that
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none of the developed equation appears to fit Xipertmental data over the entire suction
(0 to 16 kPa). The factor which precludes the accuratergtim of SWRC according to
Kastanek and Nielsen (2001) is the absence of elaleed theoretical relationship and the
equations remain empirical. The most widely used adopted for SWRC description
according to Prunty and Casey (2002) are BrooksGorgy (1964) and Van Genuchten
(1980).

Brook and Corey (1964): is denoted as BC (Fredlamd Xing, 1994; Wraith and
Or, 2002).

wherey, is air entry suctior. is the pore size distribution index which affeitte
slope of the curve, which is the characteristi¢chef soil with values approximately equal
to 2 to 5.1 is large for soil with uniform pore size distribrt and small for soil with a

wide range of pore size®.is effective/normalized water content and definedodlows:

O = (fy W> Yo, (13d)
Or according to van Genuchten et al. (1991) itlmamvritten as follows:

_ ) 6,+(65-6, Ylay )™ - for(aw>1)
6= {Hs - fOf(G’l/lSl) .......... (13e)
where: all the parameters remain the same except fwhich is an empirical
parameter (L} whose inverse is often mentioned as an air enigfian or bubbling

1

pressure and seen as followf; - o

After rearrangement:
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0=6,+ (6,- 6 )(%e)/, ............. (13f)

where 0 is the volumetric water content which is the fumectof suction,0s is
maximum wetness i.e. saturation or near t6,its the residual wetness remaining even at
high suction. The equation is commonly called ndized water content equation. It is
used to study the soil behaviour between saturatnwhresidual water content and enables
the separation of physical behaviour from saturdtedesidual conditions (Fredlund,
2002).

Van Genuchten (1980): commonly denoted as VG (Wiaiid Or, 2002)

O = % [+ ()T M (14a)
06
6= 6, + 1+(as*¢/;” - ceeveereenn.(14D)

where:a, n, m empirical constants that affect the shapthefretention are curve
anda >0; n>1; y0; 0<m<1. The value of n is between 1.2 and 4 evthiat ofa is
between 18 to10? cm™

van Genuchten function’s or simply VG equation ey useful according to
Miyazaki (2006) within the range @t and6, but not for the residual stage of SWRC as it

is not easy.

Every general empirical equation according to kredland Xing (1994) has its
own limitation in fitting the experimental data seamably well over the entire suction
range. They propose the model developed dependiegother models on pore size
distribution from which SWRC is uniquely estimatétbwever, unlike other models it is
valid for the entire range of suction i.e. froma1® kPa and fits the experimental data
over this range (Fredlund et al., 2001). The equat empirical but derived by assuming

that the soil has interconnected and randomlyidisgtd pores.

Fredlund and Xing (1994):
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6= 6, + OO (15)

feslef |

where: 6 is volumetric water content at a given suctign Hr volumetric water

content at residual conditiofi; volumetric water content near or at saturatiom and m
are empirical constants that affect the shape dfv@&er retention curve; a is a suction
value related to the inflection point of SWRC whitlas physical meaning in its
relationship to the air entry value of the soilsrcorresponding to the slope of SWRC in
the transition stage and m is related to the residater content.
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4. Material and Methods

The purpose of this study was to evaluate the réiffee in soil water retention
curves (SWRC) of a homogeneous porous materiddgsshnd) packed into the two most
commonly used rings (core samplers): 100and 250cm Samples were prepared in the
laboratory from silica sand for this purpose. Taadswas packed into each ring layer by
layer with gentle compaction to obtain a uniforndigtributed sample along the sample
column. Prepared samples were saturated and suxtjoressure was applied to them first
in the sand tank and later in the pressure plat8WRC development and evaluation.

4.1 Silicasand

Soil used for this study was silica sand with conoiaé name ST 56 from Rile
area in East Bohemia and produced by SklopisiteSta.s., Czech Republic. The work
of the company is to prepare different types a€aisands which can be raw materials for
different purposes. Biled silica sand ST 56 is used for surfaces/top coveport pitch.
The company provides silica sand in dry/wet stateeein bulk or in bags. The sand ST
56 for this experiment was dry and supplied in@ ba

It is called silica sand because its silica (siiadioxide) content is 98.9%, see
Table (4.1). It has an average value of pH 8.0icaiptotal porosity 37.3% and particle
density 2.65 g/crth For more physical properties of this sand seeefipjx B.

Table 4.1 Chemical Analysis of Silica Sand (according todpik$ek Steles, a.s.)

No Chemical Compound %
1 SiO, 98.9
2 F&0; 0.07
3 K,O + NgO 0.2
4 CaO + MgO 0.2
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Particle size distribution for this silica sand 58 ranges from 0.063 mm to 0.40

mm with the middle grain size (d50) of 0.15 mm, hwtontains few silt/clay particles up

to 2.2%. However, the silica sand ST 56 is freenfisiones, gravel and very coarse sand,

see table (4.2). Particle size distribution fosteand is given in Appendix C and particle

size distribution curve is given in fig. 4.1.
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Fig. 4.1.Particle Size Distribution curve for Silica Sant =6

Table 4.2 Texture of Silica Sand ST 56 (according to SklekiSteles, a.s.)

Category Diameter (mm) % Retained
Stones >8 0

Coarse Gravel 8to4 0

Fine Gravel 4102 0

Very Coarse Sand 2t01 0
Coarse Sand 1.0-0.5 2.1
Medium Sand 0.5-0.25 8

Fine Sand 0.25-0.125 56.9
Very Fine Sand 0.125 - 0.063 30.8
Silt/Clay <0.063 2.2

4.2 Soil sample preparation

Soil was packed into two types of soil core sangpleith 50 mm in height, one of

100 cn? volume with radius 25.23mm and the other one @f &% volume with radius

39.89mm. For each type of core sampler, 9 repkcatere prepared; 7 for SWRC
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determination and 2 for moisture content distriaitiof the prepared samples after

saturation.

Samples were packed in each ring to obtain condtgrulk density. The dry bulk
density is a fundamental soil physical propertycoading to Assouline (2006), which
shows the porosity and compactness of a given bk bulk density for this sand,
according to the secondary data from Sklopisé&l&t a.s., is on average 1.5 g:&nThe
mass of the soil to be packed was calculated fioendesired density and the volume of
the rings. Not to overcompact the samples, whichldvaffect the void volume of the saill,
according to Assouline (2006), 1.48 g:taensity was chosen. Hence, the mass of dry soil
to be packed into the two types of rings was dsvid: in the small ring with the volume
100 cr, it was 1.48 g.ci#100 cnt= 148g, while in the bigger ring with the volume of
250 cnf it was 1.48 g.ci¥250 cnt=370g. The digital balance used for the whole pssce
was Kern 572 with measuring capacity up to 810gsamsistivity d=0.01g. However, as it
is very difficult to pack the soil, especially sgnsboil, while it is dry, 10% by mass of
water was added to the sample. The sample was miibdvater uniformly in a ceramic
dish. The mass of moist sample packed into eatheofwo types of ring was as follows:
in the small ring the wet mass was 148g + 0.1*148(52.8g, while in the bigger ring it
was 370g + 0.1*370g = 407g. However, it is diffictd put the whole sample into the ring
at once and get uniformly distributed soil colurhtence, the sample was filled layer by
layer by dividing the height of the ring into fiwgual parts; 50mm/5 = 10mm each. The
mass of wet soil in each layer was: for the smiafj 1629/5 = 32.569, while for the bigger
ring 407g/5 = 81.4g, assuming that the mass osdmgple in each layer was: in the small
ring 148g/5=29.69, while in the big ring it was /=74g. The given mass in each layer,
starting from the bottom one, was compacted slayelytly to ensure both uniformity and
intended density of the soil in each ring for akgared samples for the experiment. To
prevent the loss of the sand through the smaplgornothe lower opening of the ring was
cover with geotextile and tied to the ring by rubband.

The prepared samples were kept on the saturatidnfanad8 hours to ensure
full/maximum saturation by capillarity. After themaximum saturation, 2 samples from

each category were taken randomly for the obsenvati moisture distribution in each
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layer. A small disturbed sample was the taken feach layer (depth range) i.e. 0-10, 10-
20, 20-30, 30-40 and 40-50mm downwards of the timgst It was oven-dried for 24
hours at 10%C and its gravimetric water content was calculafétk other seven replicates
for each ring type were taken for SWRC analysis.

4.3 Soil water retention curve determination

To get experimental data for soil water retentionve determination, successive
suctions/pressures were applied to the samplegjngtdrom saturation. The samples’
weights at respective suction/pressure steps wetszrdined at equilibrium. Samples were
subject to several suction values in the sand tank later they were transferred to the

pressure plate for a higher pressure.

In the sand tank, the saturated samples were dollgred to avoid water loss due
to evaporation and underpressure/tension was apjaighem via the sand tank. The sand
tank used for the purpose has a drainage pipe didtiom of the sand layer connected to a
vessel for outflow measurement and a Mariotte éoftr tension application and
management by lowering it. After the applicationtloé tension by lowering the Mariotte
bottle, the outflow condition was recorded. Whea tlutflow finished, the weight of each
core sample was taken at equilibrium. In the saamk,ta series of underpressures
(tensions): 0, 5, 22, 40, 55 and 70 cm was apjalretithe respective weights of all samples
were taken as soon as equilibrium was reachedt®tre relatively low air entry value of
the sand in the tank, the sand tank cannot befoséugher suctions (Kutilek and Nielsen,
1994).

After using the sand tank for lower matric headsrahe range of applicability (O
to 80 cm), the samples were transferred to pregdate for higher pressure application.
Pressure plate apparatus used for this purposeCermmic Plate Extractor model CAT
#1500, Soil Moisture Equipment Corp., with presduret of 15 bars. The ceramic plate
of the pressure plate apparatus was saturated sotenerged conditions. Immediately
after the plate was fitted in the pressure apparahe samples from the sand tank were

transferred to it and placed upright on the saturaliate. After closing the pressure plate
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apparatus properly, 2.3 bar overpressure was apahed outflow to the burette, which is
connected hydraulically to the apparatus, was dawmbrWeight of each sample was taken

at equilibrium.

Data from both apparatus were used to construttle water retention curve.
Both measured and fitted data were analyzed. Medsdata were fitted to the Brooks-
Corey, van Genuchten (with m and n independentlynozed, m=1-1/n and m=1-2/n,)
and log-normal distribution models/equations, usRigIrC (RETention Curve) computer

program (software).
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5. Results

Soil water retention curves for the two sizes akecgamples were derived from the
data obtained from sand tank and pressure plate.€kiperimental data were fitted to
different models developed for such purpose. Bbthrheasured data and the fitted data
obtained from the models that fitted the measuratd thest were evaluated, as for the
effect of the core sample sizes on the soil watmtion curve.

5.1 Moisture distribution throughout the sample column at saturation

Table 5.1 Mass of saturated soil, oven-dry soil and watexaoh layer of the core sample for
vertical moisture distribution

: Depth (mm)

Ring Mass(g) 010 | 1020 | 2030 30-40 40-50
Tare 61.49 60.42 68.6 61.5 62.9
Saturated soil + tare 77.96 75.47 84.99 77.08 78.92

s Oven dry soil + tare 74.42 72.24 81.45 73.82 75.58
Saturated saoil 16.4f 15.05 16.39 15.58 16.02
Oven-dry soll 1293 11.82 12.85 12.32 12.68
Water 3.54 3.23 3.54 3.26 3.34
Tare 63.74 59.16 66.58 70.63 66.63
Saturated soil + tare 81.69 76.74 85.17 90.43 87.24

9 Oven dry soil + tare 77.83 72.98 81.21 86.22 82.92
Saturated soil 1795 17.58 18.59 19.8 20.61
Oven-dry soll 14.09 13.82 14.63 15.59 16.29
Water 3.86 3.76 3.96 421 4.32
Tare 67.39 72.68 71.31 85.44 90.33
Saturated soil + tare 97.%9 107.04| 108.93 122.62 130.06

B8 Oven dry soil + tare 91.16 99.69 100.91 114.8 121.66
Saturated soil 30.2 34.36 37.62 37.18 39.73
Oven-dry soil 23.76 27.01 29.6 29.36 31.33
Water 6.44 7.35 8.02 7.82 8.4
Tare 60.49 69.39 58.61 63.84 69.7
Saturated soil + tare 98.15 107.9 96.96 101.63 106.81

B9 Oven dry soil + tare 89.97 99.6 88.71 93.75 99.13
Saturated saoill 37.66 3851 38.35 37.79 37.11
Oven dry sall 29.48 30.21 30.1 29.91 29.43
Water 8.18 8.3 8.25 7.88 7.68
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Gravimetric water content of each 10 mm layer waaluated for obtaining
moisture distribution along the 50 mm sample coluomthe two sizes of core samples
(100 cnf and 250 cm). The disturbed samples were taken from the topnel@rd. The
core samples for the study consisted of rings mheki¢h silica sand and subsequently
saturated by capillarity. Their vertical moistunstdbution was observed for the purpose
of testing the homogeneity of the sample throughbatsoil column. Mass of saturated
soil, mass of oven-dry soil and mass of water ehéayer is presented in table 5.1.

Gravimetric water content (g'gnd %) for every 10mm depth of the ring, starting

from its top, was calculated using eq. (5) andésented in table 5.2.

Table 5.2 Gravimetric water content for every 10mm deptithef core sample (g'cand %)

Ring Mass (g) 2C 2 (litii),
0-10 10-20 20-30 30-40 40-50
Oven dry sall 12.93 11.82 12.85 12.32| 12.68
s Water 3.54 3.23 3.54 3.26 3.34
Gravimetric water content (g/g) | 0.2738 0.2733| 0.2755| 0.2646 | 0.2634
Gravimetric water content (%) 27.38 27.33 27.55 2646 | 26.34
Oven dry sall 14.09 13.82 14.63 15.59| 16.29
9 Water 3.86 3.76 3.96 4.21 4.32
Gravimetricwater content (g/g) | 0.2740 0.2721 | 0.2707 | 0.2700 | 0.2652
Gravimetric water content (%) 27.40 27.21 27.07 27.00| 26.52
Oven dry sall 23.76 27.01 29.6 29.36| 31.33
B8 Water 6.44 7.35 8.02 7.82 8.4
Gravimetricwater content (g/g) | 0.2710 02721 | 0.2709 | 0.2663 | 0.2681
Gravimetric water content (%) 27.10 27.21 27.09 26.63 | 26.81
Oven dry sail 29.48 30.21 30.1 29.91| 29.43
B9 Water 8.18 8.3 8.25 7.88 7.68
Gravimetric water content (g/g) | 0.2775 0.2747 | 0.2741| 0.2635 | 0.2610
Gravimetric water content (%) 27.75 27.47 27.41 26.35| 26.10

The samples from the saturated soil in the ringeviaken from the top downwards.
The maximum differences between different layershef same sample were evaluated.

The maximum among these differences was found legtwiee first and the fifth layer of
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B9, which was 1.65% by mass, while the least ons between the first and the fourth
layer of B8, which was 0.47% by mass, see tabk. 5.
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Table 5.3Mean, standard deviation and mean standard ergmaefmetric moisture contents for each core

sample, taken over all five layers

One-Sample Statistics

Std. Error
N Mean Std. Deviation Mean
Small 8 5 .270120 .0056619 .0025321
Small 9 5 .270400 .0032841 .0014687
Big 8 5 .269680 .0023983 .0010726
Big 9 5 .270160 .0073870 .0033036

Table 5. 41-test for moisture distributions through the séargnlumns

One-Sample Test

TestValue=0.2674
95% Confidence Interval of the
Mean Difference
t df Sig. (2-tailed) Difference Lower Upper
Small 8 1.074 4 .343 .0027200 -.004310 .009750
Small 9 2.043 4 A1 .0030000 -.001078 .007078
Big 8 2126 4 101 .0022800 -.000698 .005258
Big 9 835 4 450 .0027600 -.006412 011932

*Critical t-value (from the table) is 2.78 at 4atid 95% confidence interval

** 0=0.05 for 95% confidence interval

5.2 Soil Water Retention Curve

Data for soil water retention curves developmerd amaluation were measured in the

laboratory using sand tank (0, 5, 22, 40, 55 andr@ippressure/tension and pressure plate

apparatus for 2345 cm of pressure from two sizesod samples (100 énand 250 crf)

and 7 replicates for each. Mass of samples at ibguih was taken for each applied

pressure and volumetric water content for each tamas calculated from measured mass

the soil sample and volume of the ring.
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5. Results

Table 5.5.Masses of soil samples with rings, geotextile amaber bands at different pressure
heads (M= saturated soil mass), M tare, M, = dry soil mass)

Mass of soil + M, (g) at pressure head (cm) Mass (g)

0 5 22 40 55 70 2345 | Mgt M, | Mo+ M, M;,

Sample

S1 284.19| 284.19] 280.71 280.0 279.80 278[76 2435.844.198 | 245.07 96.26

S2 284.48| 284.48] 280.3% 279.6 278.56 278|08 245.584.488 | 244.72 96.50

S3 284.85| 284.85] 279.54 279.1 278.21 277|67 246.544.838 | 245.05 96.91

S4 285.67| 285.67] 281.80 281.0 280.06 27953 NM 285.6246.04 97.05

S5 284.03| 284.03] 283.88 283.6 283.19 282{82 NM 284.0345.52 97.14

S6 283.13| 283.13] 277.47 276.5 275.80 275[26 244.143.138 | 243.35 95.73

S7 285.10| 285.10] 279.16 278.7 277.99 277|000 NM 285.1045.28 96.60

Bl 676.75| 676.75] 659.92 658.5 655.Y2 654{36 579.626.767 | 576.41 206.59

B2 674.98| 674.98] 656.74 655.6 653.29 651{78 579.314.987 | 576.89 207.02

B3 675.20| 675.20] 658.68 657.6 655.41 654/46 NM 675.2675.95 205.93

B4 676.52| 676.52] 669.53 668.1 666.24 665[19 NM 676.5877.00 206.05

B5 678.49| 678.49] 664.01 662.8 659.87 659/07 NM 678.4979.36 209.27

AW O[O [0 [0 |[© [k [N~ Ok [N

B6 675.83| 675.83] 663.01 661.5 659.88 657({94 579.025.887 | 576.42 206.41

B7 678.51| 678.51] 668.84 667.7 665.89 664/45 580.548.567 | 577.89 207.33

Iy

*NM for Not Measured, when there was not enougttspa the pressure plate apparatus (because

of the time limit for the work, as SWRC determioatiwas time taking).

Gross masses in table 5.5 have to be reduced aonenon base in order to make
the data from different samplers comparable. Tisisachieved by subtracting the
corresponding values of Mmass of ring + geotextile + rubber bund) to det mass of
soil with water or by subtracting the value of oy soil with My from the gross mass
(mass of soil including water and)Mwhich gives us the mass (g) or volume {cof the
retained water in each ring at each applied predsead, see table.5.6.
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Table 5.6 Mass of water (g) retained at different appliegssure head (cm)

5. Results

Sols Mass of water (g) retained at pressure head (cm)
0 5 22 40 55 70 2345
S1 39.12 39.12 35.64 35.00 34.238 33.69 0.77
S2 39.76 39.76 35.63 34.89 33.84 33.36 0.86
S3 39.80 39.8 34.49 34.05 33.16 32.62 1.49
sS4 39.63 39.63 35.76 35.00 34.02 33.49 NM
S5 38.51 38.51 38.36 38.15 37.6Y 37.3 NM
S6 39.78 39.78 34.12 33.16 32.45 31.91 0.79
S7 39.82 39.82 33.88 33.51 32.71 31.72 NM
B1 100.34 100.34 83.51 82.15 79.31 77.95 3.21
B2 98.09 98.09 79.85 78.79 76.4( 74.89 242
B3 99.25 99.25 82.73 81.65 79.46 78.51 NM
B4 99.52 99.52 92.53 91.15 89.24 88.19 NM
B5 99.13 99.13 84.65 83.47 80.51 79.71 NM
B6 99.41 99.41 86.59 85.12 82.96 81.52 2.6
B7 100.62 100.62 90.95 89.85 87.50 86.56 2.65

Table 5.7 Calculated bulk density(), gravimetric () and volumetricq) water content, porosity

(P) and degree of saturatios) Of the samples at saturation

Volume of Po
Sample | ring(cm®) | Mw (g) |Mo(g) |(g/em’) [0(%) | o (d9) P() [S(%)
S1 100 39.12( 148.81 1.48| 39.12 0.2629| 44.15| 88.61
S2 100 39.76( 148.22 1.48| 39.76 0.2682| 44.15| 90.05
S3 100 39.8| 148.14 1.48 39.8 0.2687| 44.15( 90.15
S4 100 39.63| 148.99 1.49| 39.63 0.266( 43.77| 90.53
S5 100 38.51| 148.38 1.48| 38.51 0.2595| 44.15| 87.22
S6 100 39.78| 147.62 1.48| 39.78 0.2695| 44.15( 90.10
S7 100 39.82| 148.68 1.49| 39.82 0.2678| 43.77| 90.97
Bl 250 100.34| 369.82 1.48| 40.14 0.2713| 44.15| 90.92
B2 250 98.09| 369.87 1.48| 39.24 0.2652| 44.15| 88.88
B3 250 99.25| 370.02 1.48| 39.70 0.2682| 44.15| 89.92
B4 250 99.52 370.95 1.48| 39.81 0.2683| 44.15| 90.17
B5 250 99.13| 370.09 1.48| 39.65 0.2679| 44.15| 89.81
B6 250 99.41( 370.01 1.48| 39.76 0.2687| 44.15( 90.05
B7 2501 100.62| 370.56 1.48| 40.25 0.2715| 44.15| 91.16
Average 1.48]| 39.64 0.2674| 44.15] 89.78
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5. Results

Once the volume or mass of water retained in eaadhpke for a given pressure
head is known, see table. 5.6, volumetric or gradim water content (chrcm® or g.g%)
for each core sample can be calculated, using iequdgd) and (8), respectively.
Gravimetric water content (g/g) for the experimenass calculated by dividing the mass of
retained water at each applied pressure head bydhesponding value of oven-dry
sample mass, while volumetric water content cm™ or %) was calculated from the
volume of water retained at each applied presswrad hand the volume of the
corresponding rings; 100&nor 250cni see table 5.8 and 5.9. In these tables and the
previous ones, the missing values for the sampleghich the pressure was not applied
and hence no water content was obtained under @84&ressure head, are marked as NM
(for “not measured”) and the mean values are cafedlfrom the measured values only.

Table 5.8 Volumetric water content (cheni®) for small core samples at different applied puess

heads
Pressure head (cm)

Sample 0 5 22 40 55 70 2345
S1 0.3912 0.3912 0.3564 0.3500 0.3423 | 0.3369 0.0077
E "z S2 0.3976 0.3976 0.3563 0.3489 0.3384 | 0.3336 0.0086
g 2 S3 0.3980 0.3980 0.3449 0.3405 0.3316 | 0.3262 0.0149
2 g S4 0.3963 0.3963 0.3576 0.3500 0.3402 | 0.3349 NM
g :g S5 0.3851 0.3851 0.3836 0.3815 0.3767 | 0.3730 NM
5 8 |s6 0.3978 0.3978 0.3412 0.3316 0.3245 | 0.3191 0.0079
§ § S7 0.3982 0.3982 0.3388 0.3351 0.3271 | 0.3172 NM
Mean | 0.3949 0.3949 0.3541 0.3482 0.3401 | 0.3344 0.0098

Water contents in each ring for different appliedgsures is presented in table 5.8
and fig. 5.3 for the small core samplers and inet&l® and fig. 5.3 for the bigger ones.
Water contents for each type of the core sampbggther with 95% confidence intervals,
are presented in fig. 5.3 for the small core samspded in fig. 5.4 for the big ones, to
judge the uniformity of the data. In the small ceemplers' graph, see fig. 5.3, the value
from core sample number 5, S5, is out of the meage for 95% confidence interval,
while in the bigger core samplers' graph, seeXig, the value from core sampler number
4, B4, is out of the range. These values were btheo95% confidence interval for 22 cm
applied pressure onwards, but they were in theerdmgzero and 5 cm applied pressure, at
which no outflow was recorded. These irregularitieght happen due to fungal growth
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5. Results

which could block the flow of water in those sanspl®er due to more compaction,

especially in the case of the smaller sample, S5it dad the lowest saturated water
content from the group. As they might affect thaafiresult, and to be on the safer side,
they were excluded from the final comparison. Theamvalues in table 5.10 do include
them, but the validated means to be used in futherparisons, see table 5.11, are only
taken over the rest of the core samples.

45
g40 .
)
§30 = mS2
§ 25 mS3
2 20 - WS4
Q
'E 15 mSss5
Q
E10 - "s6
=)
> 5 ms7
0 - M Mean

0 5 22 40 55 70 2345
Pressure head (cm)

Fig. 5.3.Graph of volumetric water content (%) at differapplied pressure heads for small core
samplers

Table 5.9 Volumetric water content (cheni®) for bigger core samplers at different applied

pressure heads

Pressure head (cm)

Sample 0 5 22 40 55 70 2345
Bl 0.4014 0.4014 | 0.3340 0.3286 0.3172 0.3118 | 0.0128

5o | B2 0.3924 | 0.3924 | 0.3194 | 0.3152 | 0.3056 | 0.2996 | 0.0097
§ mg B3 0.3970 | 0.3970 | 0.3309 | 0.3266 | 0.3178 | 0.3140 NM
2 g B4 0.3981 0.3981 | 0.3701 0.3646 0.3570 0.3528 NM
g E B5 0.3965 0.3965 | 0.3386 0.3339 0.3220 0.3188 NM
% *g B6 0.3976 0.3976 | 0.3464 0.3405 0.3318 0.3261 | 0.0104
> 8 |B7 0.4025 | 0.4025 | 0.3638 | 0.3594 | 0.3500 | 0.3462 | 0.0106
Mean | 0.3979 | 0.3979 | 0.3433 | 0.3384 | 0.3283 | 0.3242 | 0.0109
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Fig. 5.4.Graph of volumetric water content (%) at differapplied pressure heads for bigger core
samplers

Table 5.10Mean volumetric water contents (om®) at different applied pressure heads for all
small (SMA) and bigger (BMA) core samples

sample pressure head (cm)
0 5 22 40 55 70 2345
"5; SMA 0.3949 | 0.3949 | 0.3541 | 0.3482 | 0.3401 | 0.3344 | 0.0098
@ «,Z BMA 0.3979 | 0.3979 | 0.3433 | 0.3384 | 0.3288 | 0.3242 | 0.0109
= MeanA | 0.3964 | 0.3964 | 0.3487 | 0.3433 | 0.3345 | 0.3293 | 0.0103

Table 5.11Validated mean volumetric water contents {omi®) and their differences at different
applied pressure heads taken over all small (SMid)tagger (BMV) samples, except for the out-
of-range values

Pressure Head (cm)
Sample 0 5 22 40 55 70 2345
~ | SMV 0.3965 0.3965 0.3492 0.3427 0.3340 0.3280 0.0098
© mg. BMV 0.3979 0.3979 0.3389 0.3340 0.3241 0.3194 0.0109
E— MeanV 0.3972 0.3972 0.3440 0.3384 0.3291 0.3237 0.0103
SMV-BMV | -0.0014 | -0.0014 0.0103 0.0087 0.0099 0.0086 -0.0011
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5. Results

The validated means of measured volumetric watatens (cri.cni®), see table
5.11, were fitted to different models, using RET@mputer software program. The
measured values were fitted to the Brooks-Corel,&anuchten (with m and n optimized
independently, m=1-1/n and m=1-2/n) and log-nordistkribution models, see table 5.13.

Table 5.12Paired (small vs. big core samples) t-test fourwtric water contents (Grani®) at
different applied pressures, using SPSS compubgrgm

Paired Samples Test
Paired Differences
95% Confidence
Interval of the
Std. Std. Error Difference
Mean Deviation Mean Lower Upper t df Sig. (2-tailed)
Pair1 smallring - -.00138 | .0052758 .002154 | -.0069199 | .0041532 | -.642 5 549
big ring pF0.7
Pair2 smallring - .01035 | .0220439 .008999 | -.0127837 | .0334837 1.15 5 .302
big ring pF1.34
Pair3 smallring - big .00865 | .0212924 .008693 | -.0136950 | .0309950 .995 5 .365
ring pF1.6
Pair4 smallring - big .00995 | .0210296 .008585 | -.0121192 | .0320192 1.16 5 .299
ring pF1.74
Pair5 smallring - big .00857 | .0229945 .009387 | -.0155646 | .0326979 913 5 403
ring pF1.85
Pair6 smallring-big | -.00110 | .0040792 .002040 | -.0075909 | .0053909 | -.539 3 627
ring pF3.37

Significance (2-tailed) is greater than 0.05, aedde there is no statistically significant
difference between the mean water content retamechall core samples and that retained
in big core samples. The t critical from the t-tald 2.57 at 5 degrees of freedom and 3.18
at 3 degrees of freedom for the 95% confidencevateHowever, p-values comparison is
enough for a two tailed t-test. As p-value > 0.0l &critical > t-observed, there is no
statistically significant difference between thetmeans.(see Discussion).
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Table 5.13Fitted soil water retention curve parameters foifferent models using RETC

software
Type of Ring 0, | 0, o n Am R’ ssQ
Model size (cm*.cm?) (1/em) | () (-) (%) | (10
B SM 0 0.3638 [ 0.0158 - [ A=0.9997 96.6 37
BM 0 0.3586 | 0.0161 - [ A=0.9619 95 53
VG SM 0 0.3932 [ 0.0013 | 1.005 [ m=2.43 99.5 5.6
m, n BM 0 0.3935 | 0.002 | 1.005 [ m=1.876 99.12 9.4
VG SM 0 0.3832 0.01 [ 1.962 | m=0.4903* 98.7 14
m=1-1/n BM 0 0.383 | 0.0115| 1.866 | m=0.4641* 98.1 20
VG SM 0 0.3779 | 0.0133 2.9 | m=0.3104* 98.2 20
m=1-2/n BM 0 0.3763 | 0.0149 2.82 | m=0.2909* 97.3 28
Log-normal | SM 0 03888 | 2332 | 1.375|- 99.1 9.6
istributi
distribution = 0 03907 | 21632 | 1.488 |- 988 12

*shows that m is calculated from n
-The programme automatically changed to fit Witko 0.0 when the value is less than 0.001

The measured data were best fitted to VG model withand n optimized
independently and log-normal distribution. They evéss successfully fitted to BC, VG
(m=1-1/n) and VG (m= 1-2/n). They were 99.5% {itte the VG with m and n optimized
independently with the sum of square residuals (SS©Q.00056 for the mean of small
core sample and 99.12% fitted with the sum of sguasiduals (SSQ) = 0.00094 for the
mean of big core samples, while to the log-normstrithution they were fitted 99.1% with
SSQ = 0.00096 for the mean of the small core sasrgoie 98.8% with SSQ = 0.0012 for
the mean of the big core samples. However, thésdfiteast to BC. They fitted 96.9% to
BC with SQQ = 0.0037 for the mean of the small cemeples and 95% with SQQ =
0.0053 for the mean of the big core samples. Hehesfitted data of validated means for
small and bigger core samplers according to VGr(jrand log-normal distribution were
used for further analysis.
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5. Results

Table 5.14Measured and fitted volumetric water contentsgi®&ETC computer program for

small (BM) and bigger (BM) samples

e(cms.cm'3) fitted
8(cm®.cm™®) measured VG
W ( ) Log-normal distribution
(pF) m, n
SM BM SM BM SM BM
0 0.3965 0.3979 0.3932 0.3935 0.3888 0.3907
0.7 0.3965 0.3979 0.3872 0.3863 0.3878 0.3884
1.34 0.3492 0.3389 0.3675 0.363 0.3721 0.3663
1.6 0.3427 0.334 0.3481 0.3406 0.35 0.3405
1.74 0.334 0.3241 0.3329 0.3234 0.3318 0.3208
1.85 0.328 0.3194 0.3187 0.3075 0.3147 0.3031
3.37 0.0098 0.0109 0.0129 0.0146 0.0181 0.0213
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6. Discussion

6.1 Moisture distribution through the sample column at saturation

Gravimetric water contents for individual layersbafth big and small core samples
were taken to observe the moisture distributiorr dlke core sample height from the top
downwards, see table 5.2. The results show somatioar. The moisture contents tend to
decrease downwards, see table 5.2 and fig. 5.2. differences may arise from
compaction during the sample packing/preparatiohil®\packing the sample at the upper
layer, the lower layers get additional pressuresstras the lowest layer was filled first and
the upper layer last. The difference may also be tduevaporation during the taking of
disturbed samples of saturated soil from each Jagethey were taken in downward order;
the top sample first and the bottom one last. H@anethe moisture contents for all layers
of the core samples fall within the range of 95%fmence interval, see fig. 5.1.

Furthermore, in order to prove the uniformity of istore distribution and
homogeneity of soil bulk density throughout thel smlumn, gravimetric water contents
(g/g) of each layer for both types of the rings evested using t-test in SPSS software
program, see table 5.4. As all p-values are greidt@n 0.05, there is no statistically
significant difference between the mean of gravimoewvater content of samples for soil
water retention curves and the mean of gravimetater content (g/g) of layers of both
small and big core samples. The test value 0.2@/dg) (was taken from the mean
gravimetric water content of samples for soil wakention curves determination. The
mean value for two types of core samples in theugrfor moisture distribution are
therefore the same as the mean value for the gtbap of samples used for the soil water
retention curves. Moisture distribution within theil sample column is virtually uniform
and the mean difference between the two groupsfiftegroup being used for moisture
distribution evaluation and the second group fal w@ter retention curve analysis) is
statistically insignificant. This demonstrates thiere is sufficient uniformity and
homogeneity of the packed samples.

Average recommended porosity is 37.3 % for the sasetl for the study, see
Appendix B; however, the calculated average poydsiim average bulk density in table
5.7 and particle density (2.65 g/&msee Appendix B, is 44.15% and the average datiira
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porosity for the sample was 39.64%. Hence, theegegf saturation was 89.78%, see table
5.7. According to van Genuchten (1991), saturatedsture contents can be 5 to 10%
less than porosity due to entrapped or dissolvedHmwever, Mihalikova (2012) shows
that the degree of saturation for a saturated losanyg is 86%.

6.2 Soil water retention curves comparison

Soil water content at equilibrium with respectiviepked pressure/suction head
over the measured range (0, 5, 22, 40, 55, 7348 cm) for the small and bigger core
samples did not show any visible difference, se&eta5.2.4 and 5.2.5, for this uniformly
distributed sand. Rather the curves for both typfesores were overlaying one another,
see the pF curve for all valid values from smaltl dngger core samples in fig. 6.1.
However, the means calculated from measured datheoane hand and the fitted data on
the other hand for both types of core samples wet¢he same, see tables 5.11.
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Fig. 6.1.pF curves made of validated measured values [fooe¢ samples

Calculated mean water contents for both types efttire samples were almost the
same at saturation with 0.0014 ¥em® difference, which is very low and insignificant
compared to the mean value over both types ofitigs,rwhich was 0.3972 éiiem®, see
table 5.11. However, the difference in the meanewabntent between the two types of
rings increased to the maximum value 0.0263cm® at 22 cm (or 1.34 pF), while the
mean value over both ring types decreased to 0.84#@m>. For higher pressure heads,
both the validated mean volumetric water conterdr dlie two ring types and their mean
difference decreased together. From t-test usingSSPprogram, see table 5.12, the
difference between the mean values for small agadtbie samples over the applied range
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6. Discussion

of pressure heads was statistically insignificétdwever, it is very important to compare
the entire curves of mean volumetric water contsnimatric head, as soil water retention
curve is a continuous function, rather than discpatints.
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Volumetric water content (cm3.cm-3)

Fig. 6.2.pF curves made of validated means for the twostyfessamples with 95% confidence

intervals

The pF curves made of the mean volumetric watetecwrior the two core sample
sizes were plotted see fig. 6.2, together with 3&#fidence intervals. The curves were
plotted from the measured data over the range pifeppressures only. For the points at
which no outflow was recorded (0 and 0.7 pF), te turves overlap; while for those
points at which some outflow was recorded, ther défference in means, signifying that
the mean over small core samples retain some mater than the mean over the big ones,
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except for the pF 3.37 /2345cm. Even though thetéis difference, it is not statistically
significant at 95% confidence level, see fig. 6.2.
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Fig. 6.3. Fitted pF curves using the VG model for validateglans of the two sample types with

95% confidence intervals

Smooth soil water retention curves from fitted datre also evaluated. Measured data
were 99.5% fitted to the VG with m and n optimizedependently with the sum of square

residuals (SSQ) = 0.00056 for the mean of smak @ample and 99.12% fitted with the

sum of square residuals (SSQ) = 0.00094 for thennoédig core samples, while to the

log-normal distribution they were fitted 99.1% w#8Q = 0.00096 for the mean of the

small core samples and 98.8% with SSQ = 0.0012himean of the big core samples,
see table 5.13.
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Fig. 6.4.Fitted pF curves using the log-normal distributfonvalidated means of the two sample

types with 95% confidence interval

Soil water retention curves were developed fromfitited data table 5.14 for both
small and big core samples. Developed soil watent®n curves using VG (Fig. 6.3) and
log-normal distribution fig. 6.4 for 95% confidenadeterval shows no significant
difference for the small and big core samples.

Soil water retention curves from small (100%mand big (250 cri) core samples
do not show statistically significant differencetwseen their mean. According to Miyazaki
(2006), a soil water retention curve is the chamstics of each soil and the difference is
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6. Discussion

primarily due to pore size distribution among saiewever, Dawson et al. (2008) argued
that the curve is not the sole function of a giweil but varies with temperature, pore
water chemistry and pressure, and hence, it is thongeof a misnomer to say the curve is

the characteristics of each soil.
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7. Conclusions and Recommendations

7.1 Conclusions

Soil water retention curves were determined witb t@mmonly used core sample
sizes to evaluate the effect of the core samplke @izthe soil water retention curves. The
study was performed using silica sand with unifoamd narrow-range particle size
distribution, compared to natural soils. The sanyées packed into the rings manually.
The moisture distribution within the packed sampless analyzed after saturation for
uniformity and the mean saturated gravimetric watertent of the group of samples used
for the moisture distribution analysis was compaxéti that of the group of samples used
for the soil water retention curves evaluation. Thsults show that the differences in
moisture contents between different groups of riagisvell as the variability of moisture
distribution along the sample column were sta@diyc insignificant and, hence, the
analysis of soil water retention curves for diffehe sized core samples was valid

The differences in soil water retention curvestioo commonly used core sample
sizes (100 crhand 250 crf) of homogeneous silica sand over the applied rasfge
pressure heads (0 to 2345 cm) were statisticalligmficant. Therefore, the hypothesis
that there is no significant difference between waiter retention curves of this particular
homogeneous material for these volume ranges doaréosample sizes is acceptable.

7.2 Recommendations

This study was done on uniformly packed soil sasgesilica sand in relatively small
ring sizes with volume 100 chand 250 crhfor relatively small portion of the soil water
retention curve. According to previous experimeoitother authors (see the Literature
review), soil can retain water up to®1€m applied pressure; but in this work maximum
pressure head applied was 2345 cm. The silica ssed had a relatively uniform particle
size distribution, in contrast to natural soils @fhhave a very wide range of particle size
distribution from very fine clay to very coarse dawith gravel and stones often found
within field soil samples. Moreover, the field/uatlirbed soils vary in their bulk density,
which influences their respective porosity. Hendemay not be possible to get a
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representative elementary volume using those rofgthe sizes that were used in this
work.

Therefore, the way forward is to extend the studhh wxperimentation which focuses on
the use of field/undisturbed soils with bigger ceaenplers and a broader scale of sample
sizes over the whole workable range of soil wagégntion curves with many points.
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9. Nomenclature, list of abbreviations

9.1 Symbols

a = empirical constant in hyperbola equation forF8Y\(-)

b = empirical constant in hyperbola equation for FSU\W-)

Co = specific water capacity (L’TM™)

e = void ratio (-)

g = acceleration due to gravity (LT

m= empirical constant affecting the shape of SWRC (

Ms= mass of oven dry soil (M)

M, = mass of water (M)

n = empirical constant affecting the shape of SWRC

P = porosity (-)

R = radius of pores/tube (L)

R?= Coefficient of determination in fitting measureata to models using RETC
r, = effective radius of bigger pores/tube (L)

rs= effective radius of smaller pores/tube (L)

S = degree of saturation (%)

V = volume (1)

Vy= Porespace that is occupied by gasses or not occupiedhtsr (5
Vp -pore space (i)

V&= volume of solid soil ()

V= bulk volume of soil ()

Vw=volume of soil water (f)

We=mass of saturated soil (M)

W,,= mass of wet soil (M)

a=emperical parameters whose inverse is often meetias air entry suction ¢).
B=contact angle between water and soil particles

B4= contact angle between water and soil particlesdulrying

Bw= contact angle between water and soil particlesxgwetting

y=Liquid air surface tension in soil (M?)y
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®=effective/normalized water content (-)

6 = Volumetric water content ¢LL™ or %)

0s= saturated volumetric water content.(L>)

0, = residual volumetric water content}(L®)

A = pore size distribution index in equation of Bke@nd Corey (-)
pp = Soil bulk density (M.[%)

pq = Soil particle density (M.)

pw = density of water (M.F)

® = Potential (M.L1.T?)

Y = potential head (L)

Ye= air entry suction (L)

Ven= €nvelope or overburden head (L)

ym=matric head (L)

Yo = 0smotic head (L)

Vp= pressure head (L)

y¢ = totalwater head (L)

vy, = head due to height or position or geodetic héad (
® = gravimetric water content (M.Klor %)

9.2 Abbreviations

BC = Brooks and Corey equation

B (1, 2... 9) = Big Core samples from one to nine
BMA = Mean for All Big core samples

BMV = Valid Mean for Big core samples

CaS = Capacitive sensors

CoS = conductivity sensors

FC = Field Capacity

FX = Fredlund and Xing equation

IAEA = International Atomic Energy Agency

NM = Not measured
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NMM = Neutron moisture meter

PSD = Particle Size Distribution

PTF = Pedotransfer Function

PWP = Permanent Wilting Point

RETC = Retention Curve software computer programniifitng measured data to different
models developed for soil water retention curve

S (1, 2...9) = Small Core samples from one to nine

SMA = Mean for All Small core samples

SMV = Valid Mean for Small core samples

SSQ = Sum of Square (residual)

SWRC= Soil Water Retention Curve

TDR= Time Domain Reflectometer

TS= Thermal Sensors

VG= van Genuchten equation
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10. Appendices

Appendix A

Values of Some Numbers (Constants)
e =2.7182818
g=9.81m3g
pw = 1000kg.r¥ (at 20°C)
y=0.0728 N/m (at 20 °C)
n = 3.1415927
1 bar = 1019.71621298cm
1 bar = 100KPa
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Appendix B
Physical Properties of Silica Sand (ST 56) accardinSklopisek $¢les, a.s.

No PHYSICAL CHARACTERISTICS

1 Melting point (°C) 1,780

2 Particle Density (g/cm°) 2.65

3 Hardness, Mohs 7

4 Loss by annealing (%) 0.23

3 Sintering °C 1560

6 Humidity in a wet state (%) 8.0 max.
7 Humidity in a dry state (%) 0.2 max.
8 Bulk Density (g/cm?) 1.5

9 Total Porosity (%) 37.3

10 Percolation (mm/h) 143

11 Critical Tension (mm) 657

Taken from Sklopisek B#let website (see References)
N.B.The figure is based on average values
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Appendix C
Particle size distribution of Silica Sand ST 56ading to Sklopisek #le:, a.s.

%
Microns % Passing | Retained

1400 100 0

1000 100 0

710 99.9 1

500 97.9 1.1

355 95.9 2

250 89.9 6

180 75.8 14.1

125 33 42.8

90 11.3 21.7

63 2.2 9.1

pan 0 2.2

Taken from website: http://www.glassand.eu/GB/indbp?page=katalog#
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Appendix D

Procedure of sample preparation
74




Appendix E

Samples during the retention curve measurement

(a) Sample in sand tank (b) Sample in Pressure

‘ (c) Sample to be ovedried (d) Weighing sample
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Appendix F

Some indirect soil water content measuring methods

water potential
components

Method | Surrogate Explanation
measur ement

NMM Count of slow A radioactive source emits fast neutrons (5 MeVhick lose
neutrons around @ energy as they collide with other atoms, in patsicinydrogen.
source of fast The surrogate is the concentration of slow neutr8irece the only
neutrons rapidly changing source of hydrogen in the soilvier,6 can be

calibrated vs. the count of slow neutrons.

TS Heat conductivity | A pulse of heat is generated and the subsequentoridall in
or heat capacity of temperature of adjacent soil is measured over ti&wls are g
the saoll poor conductor of heat, and water a good one, scathount of]

heat or rate of heat transmission is closely rdl&id.

TDR Travel time of an | A fast rise time electromagnetic pulse is injedted a waveguide
electromagnetic | inserted into or buried in the soil. The time reqdifor the pulse
pulse to travel along the metal rods of the waveguidddatermined by

the bulk electrical permittivity of the soil. Tl is a major factor
influencing the bulk permittivity (BEC). True TDRnvolves
capture of a waveform and analysis to find thedldwme of the
highest frequency part of the pulse.

Cas Frequency of an | An oscillating current is induced in a circuit, paf which is a
oscillating circuit | capacitor that is arranged so that the soil becopses of the

dielectric medium affected by the electromagneiitdf between
the capacitor's electrodes. Theé influences the electrica
permittivity of the soil, which in turn affects theapacitance
causing the frequency of oscillation to shift.

CoS Electrical An alternating current voltage is placed on twocetees in a
conductivity of a | porous material in contact with the soil, and th@ant of current
porous medium in| is a measure of the conductivity and amount of wiat¢he porous
contact with the| material between the electrodes. These are useelsfination of
soil soil water tension (suction), nét

Tensio- Matric and Capillary forces retaining water in the soil por® connecteg

meters gravitational soil | through the soil water to water in a porous cupneated to a tubg

filled with water. This generates a negative pressuithin the
tube, which can be measured with a vacuum gaugeseTare use
for estimation of soil water tension (suction), fiot

|

From IAEA, Hignett and Evett (2008), p. 9

Where: NMM is Neutron moisture meter; TS is Thersahsors; TDR is Time Domain Reflectometry;

CaS is capacitive sensors and CoS is conductiedhsas like granular matrix sensors & gypsum

blocks)
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Appendix G

Summary of direct and indirect methods of soil Euctmeasurement

D ) ——
O Equil Limitation(s)
Technigue (KPga : Principle(s)
) time
Artificially increasing the atmospheric_IimitGd to lower suction
- i e X
9 ressure experienced by a soil sam IIong e|qU|I|_br|um time
= @ pre XPerie y PBoesn't yield instantaneous
‘_w" > o ” while  maintaining the  pore-water .. its when used to impose
c'c B 5 pressure to a positive reference press - :
T C ul 3 . ) i tric suction
50 & & to avoid measuring negative pore-water
k) ﬁ pressure in changing matric suction.
5 2 (Pan et al., 2010)
2
o 5 . -Low Range
S e Measurement of vacuum created in th g .
— Q " ) : -Long response time
o | c 0 (% tensiometer tube due to absorption Ol
o | O o 5 . -Air entry due to poor
= |8 i) ; ] water by the dry soil from porous cu Pontact
Q|5 2 © < | (Shukla and Lal, 2004).
)
o F
g based on the equilibrium between Uhé.there. may be cavitation and
o 0 . ; dir diffusion through the
- ) 9 pore-water pressure in the soil and hgeramic head
T} S . ;
gl T | B e . 2010 | Imted by a ety vae o
39 = P N the ceramic cup
wm o
I Evaluating changes in matric potentjalHysteresis of the material
= — © | with change in water content of a porgusCalibration of all material
- 3 4 © S material (Shukla and Lal, 2004).
5 < 7 B <
S = '3 — -
e Qo8 = :
o coeg - ™~
2 c 34
8 20 Squeezing a soil specimen to extract th®©smotic  pressure  hgs
£ < | N Er S @ | macro pore water and then measuring ifsominent effect on higher
'S 513 £ d © electrical conductivity stage of SWRC while the
B % > S| o S | (Peroni and Tarantino, 2005) method measure the lower
a0~ one from larger pores
S % o Monitoring relative humidity of vapor in -Extremely sensitive to
2 £ S S = equilibrium with the liquid phase in soil temperature
S cZ| ° 3 | (Shukla and Lal, 2004)
2| |85 o | S
Slcs| D] © -
g 2la
(&)
S| 3 Based on equilibrating the liquid phase -affected by contaminated
=l of the water in a soil sample with the | soil
2 o § = E c vapour phase of the water in the air | -not good for non-isothermal
= |F E % & IS space above the sample in a sealed | condition
S E o o | chamber under isothermal condition
o 9| B | (Panetal., 2010)
z 2
[& e
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Appendix H

Summary of some equations for soil water retentiomve modeling/fitting

Equation Reference| Description
5_ g gs_gr Gardner - q is curve fitting parameter related to airrgn
- or 1+Q(l//)n (1958) value & n is a curve fitting parameter related
inflection point of SWRC
-Equation first proposed for permeability functipn
& emulates SWRC
BC Where: ) is the pore size distribution index
— e
0-6,+ (65— 6, )7 (1964)
9= 0. + 66, VG Where:a, n & m are empirical constants affecti
r 1+(ar )" ™ (1980) | the shape of SWRC
9= 6. + 66, FX Where: a, n & m are empirical constants thg
T Ay m (1994) affect the shape of the retention are curve
“{e‘*(a) } - To estimate residual water content
-With five parametersa, n, mOs & O,
FX -Where: a, n & m are empirical constants t
6=C %
B (4[/) (1994) affect the shape of the retention are curve

kS

Q

oo

i

4

“..

- In(1+
Where: C(y)=—F7——--

r

10°

Inf 1+~

r

-C(y) is correction factor
-To estimate the whole range of interest [0%]1
cm of suction.

-With four parametersa, n, m an®s

BC = Brooks and Corey, VG = van Genuchten, FX =dkned and Xing
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Appendix |
Average values for selected water retention andawit conductivity parameters

for major textural groups:

Texture 6, 4, a n K,
I/cm cm/d
Sand 0.020 0.417 0.138 1.592 504.0
Loamy sand 0.035 0.401 0.115 1.474 146.6
Sandy loam 0.041 0.412 0.068 1.322 62.16
Loam 0.027 0.434 0.090 1.220 16.32
silt loam 0.015 0.486 0.048 1.211 31.68
Sandy clay loam 0.068 0.330 0.036 1.250 10.32
Clay loam 0.075 0.390 0.039 1.194 5.52
Silty clay loam 0.040 0.432 0.031 1.151 3.60
Sandy clay 0.109 0.321 0.034 1.168 2.88
Silty clay 0.056 0.423 0.029 1.127 2.16
Clav 0.090 0.385 0.027 1.131 1.44

(a) According to Rawls et al. (1982) and cited by vanGchten et al. (1991), pp.40

Texture 8, 6, @ n K,
1/cm cm/d
Sand 0.045 0.43 0.145 2.68 712.8
Loamy Sand 0.057 0.41 0.124 2.28 350.2
Sandy Loam 0.065 0.41 0.075 1.89 106.1
Loam 0.078 0.43 0.036 1.56 24.96
silt 0.034 0.46 0.016 1.37 6.00
silt Loam 0.067 0.45 0.020 1.41 10.80
Sandy Clay Loam 0.100 0.39 0.059 1.48 31.44
Clay Loam 0.0% 0.41 0.019 1.31 6.24
Silty Clay Loam 0.089 0.43 0.010 1.23 1.68
Sandy Clay 0.100 0.38 0.027 1.23 2.88
Silty Clay 0.070 0.36 0.005 1.09 0.48
Clav 0.068 0.38 0.008 1.09 4.80

(b) According to Carsel and Parrish (1988) and citestdoy Genuchten et al. (1991), pp.41

0, Os o

Textural Class N [em¥cm?) [em/em’] (/cm) n

Sand 126 0.058 0.37 0.035 3.19
Loamy Sand 51 0.074 0.39 0.035 2.39
Sandy Loam 78 0.067 0.37 0.021 1.61
Loam 61 0.083 0.46 0.025 1.31
Silt 3 0.123 0.48 0.006 1.53
Silt Loam 101 0.061 0.43 0.012 1.39
Sandy Clay Loam 37 0.086 0.40 0.033 1.49
Clay Loam 23 0.129 0.47 0.030 1.37
Silty Clay Loam 20 0.098 0.55 0.027 1.41
Silty Clay 12 0.163 0.47 0.023 1.39
Clay 25 0.102 0.51 0.021 1.20

(C) According to Leij et al. (1996) and cited by Tulkrd Or (2003), pp.9

*N indicates the number of soils or samplesrfiwhich average values were calculated
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Appendix J

Paired (small and big core) samples t-test for maltric water content (chremi®) at

different applied pressure using excel sheet

pF

1.34

1.6

1.74

1.85

3.37

Ring size

Small Big

Small

Big

Small

Big

Small

Big

Small

Big

Small

Big

0
(cms.cm's)

0.3912] 0.4014

0.3564

0.3340

0.3500

0.3286

0.3423

0.3172

0.3369

0.3118

0.0077

0.0128

0.3976] 0.3924

0.3563

0.3194

0.3489

0.3152

0.3384

0.3056

0.3336

0.2996

0.0086

0.0097

0.3980] 0.3970

0.3449

0.3309

0.3405

0.3266

0.3316

0.3178

0.3262

0.3140

0.0149

0.0104

0.3963]| 0.3965

0.3576

0.3386

0.3500

0.3339

0.3402

0.3220

0.3349

0.3188

0.0079

0.0106

0.3978]| 0.3976

0.3412

0.3464

0.3316

0.3405

0.3245

0.3318

0.3191

0.3261

0.3982] 0.4025

0.3388

0.3638

0.3351

0.3594

0.3271

0.3500

0.3172

0.3462

t-value

0.47

0.18

0.25

0.19

0.28

0.58

*All calculated t-values are less than criticalahwes (from two tailed t-table B57 with 5 df and3.18 with

3 df for 95% confidence interval ar0.05)
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