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Résumeé

Titre: Etude d'évaporation d'eau d'un sabled'ene argile a l'aide d'une chambre
environnementale

Il est bien connu que I'évaporation d'eau janadble essentiel dattteraction entre

le sol et l'atmosphere. Pendant leoqassus d'évaporation, le comportement
thermo-hydro-mécanique des sols change, engendrant ainsi des problemes
préoccupants. Ceci peut concerner difféerents domaines comme I'agronomie,
I'hydrologie, la science des sols, la géoteghaj etc. Par conséquent, il est essentiel
d'étudier les mécanismes d'évaporation de fagcon approfondie.

Cette étude porte sur les mécanismdgvaporation dans des conditions
atmosphériques controlées. Le sable de Foeldeéau et I'argile d’Héricourt utilisée
pour la construction du remblai expérim@ dans le cadre du projet ANR
TerDOUEST (Terrassements Durables - @Qges en Sols Tragé2008-2012) ont été
étudiés a cet effet. Une chambre environeetale (900 mm de haut, 800 mm de large
et 1000 mm de long) équipée de difféeercapteurs a d'abord été développée,
permettant un suivi complet des paramétscernant I'atmosphére et le sol au cours

d'évaporation.

Quatre essais expérimentaux ont été réatisése sable de Fontainebleau compacté a
une densité séche de 1,70 M{/ravec une nappe phréatique constante au fond de
I'échantillon, et sous différentes conditioaBnosphériques (différentes valeurs de
I'humidité relative de l'air, de la tempéure et du débit d'airl.a pertinence du
systeme a été mise en évidence par la bgoaété des résultatba température de

I'air a l'intérieur de la chambre a été trouvée affectée par la température du tube de
chauffage, le débit d'air et I'évaporation d'eau; la température du sol est fortement
affectée par les conditions atmosphériqueséstt d'avancement de I'évaporation;
I'humidité relative dans la chambre diminaie cours du temps et son évolution peut
étre considérée comme un ioafieur du processus d'évaporation; la teneur en eau
volumique dans la zone proche de la acefest fortement influencée par le processus
d'évaporation et présente une relatiodine avec la profondeur; la succion du sol



diminue avec la profondeur et augmentefiawlu temps; le taux d'évaporation est
fortement affecté par les conditions de lair particulier dans la phase initiale de

vitesse d'évaporation constante.

Apres les essais sur le sable de Fonkd@aai, I'échantillon de l'argile d'Héricourt
compactée a une densité séche de 1,40 Rig/été soumis & une infiltration d’eau
afin d'étudier ses propriétés hydrauliguePour obtenir un meilleur apercu du
mécanisme d'évaporation pour l'argile, deux essais d'évaporation sur largile
d'Héricourt compactée avec une nappe phnéatampnstante au fond de I'échantillon
ont été effectuées sous des conditi@mosphériques cont&es. Les résultats
permettent de comprendre les mécanismesparation en cas dissuration due a la
dessiccation. En outre, afin d'étudies lmécanismes d'évaporation potentiels, des
essais avec une couche d'eau libre ontégmement réalisés en faisant varier la
vitesse du vent et la température de |&initiation et la popagation de fissures de
dessiccation pendant le pessus d'évaporation et seffet sur I'évaporation ont
également été étudiés par laheicjue de traitement d'image.

En termes de modélisation, le taux dwation potentiel a été modélisé a travers
I'évaluation des modéles existants et des tesdgombinés. Il apparait que le modéle
développé par Ta (2009) estgtus approprié. Le tauxélaporation réelle depuis le
sable a été ensuite analyiésemble important de coiterer I'avancement du front
sec pendant le processus d'évaporation powolessableux. Pour l'argile d'Héricourt,
une bonne prévision a été également obtemuetilisant un modelqui tient compte

de l'effet des fissures de dessiccation.

Mots clés: mécanism d'évaporation; sable; argile; chambre environnementale;
conditions atmosphérique; fissuration desgleccation; évaporation potentielle;
évaporation réelle; modele d'évaporation



Abstract

Title: Experimental investigation of water aporation from sand and clay using an
environmental chamber

As a well-known phenomenon, soil water evaion plays an important role in the
interaction between soil and atmospheWater evaporatesluring this process
resulting in changes of soil thermo-hydr@chanical behavior and in turn causing
problems in different domains such amronomy, hydrology, soil science,
geotechnical engineering, etc. Therefore, it is essential to investigate the soil water

evaporation mechanisms in depth.

This study deals with the soil wat&vaporation mechanisms under controlled
atmospheric conditions. The Fontainebleandsand the Héricourt clay used for the
construction of the experimental embardnt with the ANR project TerDOUEST

(Terrassements Durables - Ouvrages en $aiés, 2008 - 2012) were used in this
investigation. A large-scale environni@hchamber system (900 mm high, 800 mm
large and 1000 mm long) equipped withrigas sensors was firstly developed,
allowing a full monitoring of both atmpseric and soil parameters during the

evaporation process.

Four experimental tests were carried ouat the Fontainebleau sand compacted at
1.70 Mg/n? dry density with a steady water table at soil bottom under different
atmospheric conditions (different valuesaif relative humidity, temperature and air
flow rate). The performance of the emnmental chamber system in investigating
soil water evaporation was evidenced by thaliguand the relevarcof results. The
air temperature inside the chamber waand to be affected by the heating tube
temperature, the air flow rate and tlkeil water evaporation process; the soil
temperature was strongly affected by thecanditions and the evaporation progress;
the relative humidity in the chamber wascreasing during the evaporation progress
and its evolution could be considered adrathicator of the evaoration progress; the
volumetric water content in the nearfswe zone was strongly affected by the
evaporation process and exhibited a linedationship with dept; the soil suction



was decreasing over depth and increasing twer;, the evaporation rate was strongly
affected by the air conditions especially & thitial constant ey@oration rate stage.

After the tests on the Fontainebleau sand, léricourt clay sample compacted at
1.40 Mg/n? dry density was subjected to an infiltration experiment for investigating
its hydraulic properties. To get a bettesight into the wateevaporation mechanism
for clay, two compacted Héricourt clay evagtion tests with a steady water table at
bottom were carried out under controllechaspheric conditions. The results allow
understanding the evaporation mechanisntase of desiccation cracks. Furthermore,
in order to investigate the potential peaation mechanisms, tests with a free water
layer was also conducted wittarying wind speed and @gmperature. The initiation
and propagation of desiccation cracking dgrthe evaporation process and its effect
on water evaporation were also invgated by the digital image processing
technique.

In terms of modeling, the potential ewaption rate was first modeled through
evaluation of the existing models and thenbined models. It reveals that the model
developed by Ta (2009) is the most appiatprone. The actual aporation rate for
sand was then analyzed. fipgars important to considére progress of the dry front
during the evaporation process for sanslyils. For the Héricourt clay, good
simulation was also obtained using a mdtlat accounts for thefett of desiccations
cracks.

Keywords: evaporation mechanism; sand; clay; environmental chamber;
atmospheric conditions; desiccation cragk potential evaporation; actual
evaporation; evaporation model
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Introduction

INTRODUCTION

1. Research background and significance

Soil water evaporation is an importanteegy exchange process and water cycle
component. It causes a lot of problems in masifields: soil degradation in arid area
with high evaporation ratéXue and Akae, 2012), so#alinization in arid and
semi-arid regiongShimojima et al., 1996; Zarei et al., 2009; Xue and Akae, 2012),
damage of buildings and geotechnicainstructions due tavater loss (Cui and
Zornberg, 2008; Corti et al., 2009; Comt al., 2011), affecting the potential
performance and the safety of the high-level nuclear waste repository due to the
desaturation process induced by the forced ventilation in galleries and drifts during
the construction and operation phases (Bendl., 2013; Millardet al., 2013), etc.

This shows the importance of investigatthg mechanisms of soil water evaporation.
On the other hand, the study of this precéss significant practical benefits in
various fields: estimating the amount wfater loss in theassessment of soll
management technologies in agriculture (€iwal., 1998), predicting evaporation flux

in design of soil cover of mine tailing8vilson 1990; Wilson et al., 1994; Wilson et

al., 1997; Yanful and Choo, 1997), investigg the long term performance of
moisture retaining soil covers (Yang avianful, 2002; Yanful etl., 2003), designing
evapotranspirative cover systems for wasbntainment and mining sites (Cui and
Zornberg, 2008), classifying landfill sites according to the climatic water balance
(Blight, 2009), etc. Moreovethe investigation of soil water evaporation is also an
important issue in geotechnical enginegr(Cui et al., 2010; Cui et al., 2013).

In this context, number of laboratory studiess been conducted to investigate the soil
water evaporation process (Wilson et 4994; Wilson et al., 1997; Yanful and Choo,
1997; Yamanaka et al., 1997; AluwiharedaWatanabe, 2003; Smits et al., 2011).
However, the water evaporation frosoil depends not only on the atmospheric
conditions but also on the soil properties. Mafsthe existing studies mainly focus on
part of the related paramete The comprehensive study both soil and atmospheric
parameters during evaporation has rateden undertaken. Asrfas the model for
predicting water evaporation is concerndtg existing models mainly consider the

1
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effect of atmospheric parameters and salter content (Blight1997; Burt et al.,
2005;Cui and Zornberg, 2008; Penman, 19¥&inteith, 1981; Singh and Xu, 1997).
These types of models are not easy taded in the prediction of soil deformation
resulting from water evaporation, becawdeahe difficulty in defining the boundary
conditions. On the other hand, the suctidatesl model (Wilson et al., 1997; Aydin et

al., 2005; Ta, 2009) seems to be a promising model for this purpose. Nevertheless, the
influence of soil cracks remains a challe in case of clayey soils submitted to

desiccation.

In this context, an in-depth study on the soil water evaporation mechanism is
conducted in this thesis. A large scale emvinental chamber was developed for this
purpose, allowing evaporation testing onl samples under controlled atmospheric
conditions and with monitoring of soil parat@es such as suction, volumetric water
content and temperature. In case of sakkmng, a camera is used for monitoring of
cracks. Two soils are considered, the Fontainebleau sand and the expansive Héricourt
clay. The results obtained allow the assesdnof existing model for the potential
evaporation description, and the developtr@nactual evaporation models for sand

and clays. Emphasis is put tme effect of the dry fronih the case of sand and the

effect of desiccation cracks the case of clay.

2. Objectives and organization of the thesis

The main objective of the gsent investigation is tadvance the knowledge on the
evaporation mechanism of different sailsder different atmospheric conditions.

The more specific objectives are:

1. To develop a large-scale environmerdlahmber for investigating the soil water

evaporation in-depth.

2. To further investigate thmotential evaporation rate.

3. To investigate the Fontainebleau sawhporation process under four different
atmospheric conditions.

4. To investigate the Héricourt clay evagown process under controlled atmospheric
conditions.

5. To investigate the initiation and proptiga of desiccation cracking during soil

water evaporation process.

2
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6. To propose relevant soil water evaporation models for both sand and clay.

The thesis includes six chapters.

Chapter 1 provides an overview ofethcurrent knowledge on the soil water
evaporation. The first part dhis chapter recalls the &ia concepts of evaporation.

The second part of this chap presents the otmon experimental techniques used in
investigating soil water evapation, with the advancen various experimental
apparatus and the comparison between them. The third part of this chapter presents
the process of soil water evaporati@amd the factors influencing soil water
evaporation. The fourth part of this chapter introduces the current stage in soil water
evaporation modeling. Different modelsegoresented, includinthe water balance
model, the energy balance model, the mass transfer model, the resistance model, the
coupled model. The fifth part of this abter introduces the ge@vaporation related
applications in geotechnicahgineering, including the saibvers design, the damage
assessment of buildings due to drought, tredyais of the effect of climate changes

on the behavior of embankment and in the climatic classification of landfills.

Chapter 2 is devoted to the presentatidrihe large-scale environmental chamber
used for investigating soil water evaporatitmthis chapter, the composition of this
environmental chamber is firstly introcked, together with the application and
calibration procedure of the sensors ifdethlin this chamber. Thereafter, the
experimental procedure aefined and presented.

Chapter 3 presents the large-scaleapewvation experiment conducted on the
Fontainebleau sand. In this chapter, f@and evaporation tests under different
atmospheric conditions and various dryingadions are presented. The evolutions of
the atmospheric parameters (air flow ratdative humidity and temperature) and the
response of soil (volumetric wex content, temperature,ilssuction) are investigated
simultaneously. In addition, the performaruéehis chamber is assessed based on the
experimental results.

Chapter 4 focus on the water evaporatioom Héricourt clay under controlled
atmospheric conditions. In this chaptéhe response of H@&@ourt clay during
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infiltration test is firstly illustrated. After that, the evolutions of both air and soil
parameters in the first evaporation testpresented. Finallyfor investigating the
effect of cracks on soil water evapooatj a second evaporation test is conducted

under the same conditions, and the results are also presented in this chapter.

Chapter 5 deals with the modeling of thegmiital evaporation rate. For this purpose,
the existing models as well as the combnadiof some existing models are evaluated
based on the test results obtained in ¢hse of free water evaporation and those
during the constant rate stage of the evaijpan tests. The appropriate model is then

chosen for the further development.

Chapter 6 is devoted to the developmenthefwater evaporation for sand and clay. A
suction related model is taken as the badie simulation results show that this kind

of models is relevant in deribing soil water evaporat process provided that the

progress of the dry front in the case of sand the effect of crackis the case of clay

are taken into account.
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Chapter 1 Water evaporaton from soil: models,

experiments and applications

1.1 Phenomenon of evapotranspiration

1.1.1 Evaporation

Evaporation is a natural phenomenon and an important component of water
hydrologic cycle. Liquid water is changéal vapor during the evaporation process.
Freeze (1969) gave a definition of evaporationttas:removal of water from the soill

at the ground surface, togethevith the associated upward flowHowever, this
definition does not refer to the mechanisms or origins of vapor flow (Wilson, 1990).
Wilson (1990) considered th#te term evaporain usually refers to free water and
bare soil surface. Accordingly, under camtamterior (inside soilmass) and external
(atmosphere) conditions, the process iava liquid water changing to vapor and
then entering the atmosphere is ternaedsoil water evaporation. The soil water
evaporation is affected by both atmospteconditions and sb properties; the
different influential factors will be discussed in thenext section. The

evaporation-related hydrologaycle is shown in Fig. 1.1.

Fig. 1.1. The hydrologic cycle (Hillel, 2004)
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1.1.2 Transpiration

The definition of transpiratiogiven byWilson (1990) is “he process by which water
vapour is transferred to the atsighere from watewithin plants”. Burt et al. (2005)
gave a description afanspiration: & specific form of evaporation in which water
from plant tissue is vapaed and removed to the atspbiere primarily through the
plant stomata’ Cui and Zornberg (2008) termed tsairation as thevaporation from
the vascular system of plants. Consideuiifferent definitionsabove, a simple term
can be adopted as follows: transpirationwiater evaporation &m plants (Hillel,
2004). The transpiration in the hydogic cycle is presented in Fig. 1.1.

1.1.3 Evapotranspiration

Evapotranspiration is the combinationesaporation and transption. Wilson (1990)
considered that the term evapotranspiratis the combination of water evaporation
from host soil and the transgtion from the individualplants within the canopy.
Similarly, Burt et al.(2005) pointed out thattlie combined water that is transferred
to the atmosphere througbvaporation and transpiratiorprocesses is known as
evapotranspiration”

1.1.4 Potential and actual evaporation

In general, the potential evaporation asidered as the maximum evaporation rate
when water evaporates from pure water surface under certain climatic conditions
(Wilson et al., 1994). As mentioned by kb Meteorological Organization (WMO)
(2006), the International Glossary bfydrology (WMO/UNESCO, 1992) and the
International Meteorological Vocalary (1992) gave the definition aftantity of
water vapour which could be emitted by a aoef of pure water, per unit surface area

and unit time, under existirgmospheric conditioris

According to the literatures, the rate efaporation from pa water under the same
conditions as from soil is consideredthe potential evaporation rate (Wilson, 1990;
Wilson et al., 1994; Wilson et al., 199Yanful and Choo, 1997; Lee et al., 2003;
Shokri et al., 2008). This concept is adopted in this study. Accordingly, the direct

measurement of evaporation rate fron isatermed as actual evaporation rate.
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1.2 Soils water evaporation experiments

1.2.1 Introduction

Many devices have been developed to studywsiter evaporationevaporation pan,
soil pan, soil column testing system, Iysiter, wind tunnel, environmental chamber
etc. In this section, althese devices are summarizeshd comparisons are made.

Finally, a promising device is selected for the present study.

1.2.2 Advance in evapaition experimentation

The evaporation pan (Fig. 1.2) is usuallgdisn field conditions for the measurement

of free water evaporation that is consideasdotential soil water evaporation (Blight,
1997; Singh and Xu, 1997; Fu et al.,, 2004 et al., 2009; Li et al.,, 2011).
Furthermore, the small evaporation pan was also used for the measurement of
potential evaporation in the laboratgjilson et al., 1994; Wilson et al., 1997). In
addition to the evaporation pan, the evaporation tank is a similar but bigger instrument
for the investigation of free watesurface evaporation (e.g., Russian 26 m
evaporation tank, see Fig. 1.3), but it is mexpensive to build and maintain and can
only be used at limited number ofperimental stations (Fu et al., 2009).

For the soil water evaporation investiga, several simple devices have been
developed. A circular pan with 300 mm diimameter but different heights and filled
with compacted soil was used outdoorkmyndo et al. (1990, 199Z¥ee Figs. 1.4 and
1.5) for monitoring soil water evaporation.élavaporation rate was obtained directly
by weighing the pan over tim&Vhen the soil height ismall (20 mm), only global
water content and soil surface temperatane be monitored during the test (Kondo et
al., 1990). However, the global water conterdifferent from the soil surface one. To
minimize this difference, Wilson et all497) studied soil water evaporation using
three thin soil samples, i.e., 0.2 mm to thih thick in a pan of 258 mm in diameter
and 74 mm in height (see Fig. 1.6). In ortierhave a further insight into the soil
response through the water content profilesktsamples should be used. Kondo et al.
(1992) used soil samples with 100 and 18 in height but only the final water
content profile was obtained by oven-dryitige temperature hawj been monitored
automatically at different depths. Wilsonadt (1994) performed a drying test using a
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soil column (i.e., 169 mm outside diater and 300 mm high), allowing also
automatically monitoring soil temperature, the water content having been monitored
over time by direct measurement via sampling ports (see Fig. 1.7). On the other hand,
other column drying test systems haweib developed during these years and the
evaporation rate was determined by meaguthe mass change of soil column. The
soil column evaporation test system (ooh dimension: 115 mm in diameter and 255
mm in height) developed by Yang and Yanf2002) was used for investigating soil
evaporation under different water tablenditions, and this system allowed the
measurement of volumetric water contanid temperature simultaneously (see Fig.
1.8). The column drying test system (@oin dimension: 300nm outside diameter

and 800 mm high) proposed by Lee et al.0@0was used to measure evaporation
from deformable soils. The evolutions of suction, temperature and water content can
be observed automatically during the téste Fig. 1.9). More recty, a large soil
column evaporation system (column dmemn: 102 mm inside diameter and 1200
mm high) was developed by Smits et al0X2) for investigating the sand water
evaporation under controlled uniform armhstant surface temperature conditions. It

is noted that the soil water contemstiction and temperature can be monitored

continuously in this system (see Fig. 1.10).

Fig. 1.2. Evaporation pan (adapted from Wang, 2006)
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Fig. 1.3. 20 rhievaporation tank
(http://www.igsnrr.cas.cn/xwzx/tpxw/201007/t20100702_2891495.html)

Fig. 1.4. Soil pan filled with 20 mm height soil sample (Kondo et al., 1990)

Fig. 1.5. Soil pan filled with various heights soil samples (Kondo et al., 1992)



Chapter 1 Water evaporation from soil: models, experiments and applications

Fig. 1.6. Thin soil sample evaparat apparatus (Wilson et al., 1997)
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Fig. 1.7. Soil column drying test apparatus (Wilson et al., 1994)
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Fig. 1.8. Column evaporation test system (Yang and Yanful, 2002)

Fig. 1.9. Column drying test system (Lee et al., 2003)

Fig. 1.10. Large soil column evapaaat test system (Smits et al., 2011)
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The lysimeter is another kind of popul equipment for measuring soil water
evaporation in the field (Qiat al., 1998; Benson et al., 20Q1u et al., 2002; Benli et

al., 2006) or in the laboraty (Bronswijk, 1991). Weiglmnig and non-weighing are two
widely used types of lysimeter. Weighirgsimeters (see Fig. 1.11) allow direct
measurement of evaporation through changéstah mass of soil and the stored water
can be measured (Fayer and Gee, 1997; Benson et al., 2001). In order to make the
in-situ measurement simpler and more accurate, micro-lysimeter were developed
(Boast and Robertson, 19&82lauborg, 1995; Wang andn@nonds, 1997; Bonachela,
1999; Liu et al., 2002)Micro-lysimeters can also beombined with some water
content sensors like TDR (time domain reflectometry) for the water evaporation
monitoring (Wythers et al., 1999).

Fig. 1.11. Weighing lysimeter used in final cover studies (adapted from Fayer and Gee, 1997)

Atmospheric conditions (solamadiation, wind velocity, aitemperature and relative
humidity, etc.) are important factors govemisoil water evaporation. A better control
of atmospheric conditions is obviouslgssential in investigating soil water
evaporation mechanisms. In this regdahd wind tunnel system is a good example.
Typically, this system allows not only therntml of wind velocityand solar radiation,
but also the monitoring of air temperature and relative humidity (Yamanaka et al.
1997, Komatsu 2003, Yamanaka et al. 200dge et al. 2005, Wang 2006). This
system can be used in combination whle experimental devices mentioned above
like pan (Komatsu, 2003) (see Fig. 1.18pjl tank (Wang, 2006) (see Fig. 1.13),
weighing lysimester (Yamanaka et al., 19¥amanaka et al., 2004) (see Figs. 1.14
and Fig. 1.15), micro-lysimeter (Yuge et,&005) (see Fig. 1.16) and soil column

13
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(Shahraeeni et al., 2012) (sEmy. 1.17). Furthermore, some sensors are used for
soil temperature, suction and volumetric watentent monitoring, this system allows
a comprehensive monitoring of paramstdor studying soil water evaporation
(Yamanaka et al., 1997; Nanaka et al., 2004).

Fig. 1.12.Wind tunnel experiment device (Komatsu, 2003)

Fig. 1.13. Wind tunnel experimental apparatus: (a) photograph of wind tunnel; (b) sketch of the
wind tunnel and soil tank (Wang, 2006)

14
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Fig. 1.14. The sketch of NIED wind tunnel systeith weighing lysimeter (Yamanaka et al.,
1997)

Fig. 1.15. The sketch wind tunnel systeiithvwveighing lysimeter (Yamanaka et al., 2004)

Fig. 1.16. Schematic view of wind tunnel system with micro-lysimeter (Yuge et al., 2005)

15
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Fig. 1.17. Photograph of wind tunnel systeithvgoil column (Shahraeeni et al., 2012)

Another commonly used system is the enwnental chamber. A fast air circulation
box (dimensions: 800 mmx440 mmx400 mm, $eg. 1.18) was developed by
Kohsiek (1981) with the simulation of md. It is a useful chamber for the
measurement of stomatal resistance grhss. After some minor adjustments
(dimensions: 1000 mm x 400 mm x 800 mm) and equipment of a fast dry and wet
bulb thermocouple and a thermal infrared radiométes,box was then used for soll
surface resistance invesigpn (see Fig. 1.19) (van de Griend and Owe, 1994).
Watanabe and Tsutsui (1994) measured w@iter evaporation using a ventilated
chamber. The main principle of this chamizxebased on the principle that changes in
absolute humidity at inleind outlet of the environmehtshamber correspond to soil
water evaporation. A transparent chambes placed on the ground surface, and air
was injected from one side and collectedthe other side; meanwhile, the air relative
humidity and temperature were monitoredisTallows the water evaporation rate to
be determined (Mohamed et al., 2000).sTtype of chamber can ensure a good
control of atmospheric conditions, espdygiafor the wind velocity distribution.
Mohamed et al. (2000) developed a new dbanfor predicting solute transfer in
unsaturated sand due to evaporation (Bge 1.20). This chamber consists of a
ventilated part and a sghart and the equipment despked by Watanabe and Tsutsui
(1994) was used for evaporation measuent. Aluwihare and Watanabe (2003)
developed an evaporation chamber systestudy the surface resistance of bare soil

16



Chapter 1 Water evaporation from soil: models, experiments and applications

(seeFig. 1.21). On the whole, these chambers focus on the control of atmosphere
conditions, such as wind speed, relative hutyidemperature etc., but rarely account

for the soil parameters &lu as water content andcsion. Yanful and Choo (1997)
performed an evaporation experiment arcompacted cover soil using cylindrical
columns placed in an environmental chamber (see Fig. 1.22). This chamber can
control air temperature and relative huityichknd measure soil temperature and water
content at different depths during evapmnat However, the soil mass, temperature
and water content measurements shouldpbdormed outside the chamber, the
instantaneous and continuous measuremeaitsy not possible. Tang et al. (2009)
developed a large-scale infiltration tank allowing instantaneous monitoring of soil
water content, temperature and suctionmyevaporation (Ta, 2009; Ta et al., 2010;
Cui et al., 2013)(see Fig. 1.23).

Fig. 1.18. Sketch of fast air circulation box (Kohsiek, 1981) (S is the patrtitions; P is the propeller;
M is external electromotor; H is the holder foounting the thermocouples; | and U are openings;
D is the opening for the feed-thrgh of thermocouple wires)

Fig. 1.19. Sketch of fast air circulation chamber (van de Griend and Owe, 1994)
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Fig. 1.20. Sketch of ventilated chamber for evaporation measurement (Mohamed et al., 2000)

Fig. 1.21. Sketch of evaporation chamber system (Aluwihare and Watanabe, 2003)
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Fig. 1.22. Plan view of the environmental chamber system (Yanful and Choo, 1997)

Fig. 1.23. Photograph of environmental chamber (Ta, 2009 ; Ta et al., 2010; Cui et al., 2013)
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1.2.3 Discussions

Evaporation pan is widely used in the potidn of water surface evaporation in field,

the value it measures is considered to be the maximum evaporation rate. It is noted
that the measured value from evaporation gaaffected by many factors such as the
size, colour, depth, material, installatiomae, structures and position (Fu et al., 2004;
Fu et al., 2009). The soil column drying testing systems usually determine the
evaporation rate through vggiing the mass loss of the coin. The soil responses to
evaporation are monitored continually, sweh volumetric content and temperature
(Yang and Yanful, 2002; Lee et al., 2003; Sneitsal., 2011) and matric suction (Lee

et al. 2003; Smits et al., 2011). However, ¢vaporation test of larger soil sample in
laboratory is often limited by the range and accuracy of the balance used. The
lysimeter is usually used for the in-sitleasurement, and the atmospheric conditions
cannot be controlled. The tunnel systpnesents a good control of air conditions
(wind velocity, temperature and relative humidity) while it is relatively expensive.
Therefore, the large-scale environménthamber seems to be a good tool for
investigating the soil water evaporationtire laboratory. The chamber can measure
the potential evaporation as the evaporapian if water is poured in it (e.g., Ta, 2009).
Compared to the wind tunnel system, tmwieonmental chamber is less expensive
and easier to operate; meanwhitecan provide rich datavolving both air and soill
parameters. Moreover, it has the same funcii® the combination of the wind tunnel
and lysimeter. However, most existiggpvironmental chambers only have a good
performance in controlling air conditionthe soil being hardly taken into account
(e.g., Kohsiek, 1981; van de Griend and O®&94; Aluwilhare and Watanabe, 2003).
For the chamber developed bg (2009), Ta et al. (201@nd Cui et al. (2013), the
evolution of volumetric water content was nmegll described in # near surface zone
due to the limited number of sensors afistd in this zone In addition, the
relationship between the actwavaporation and the sasuction or water content on

the soil surface has been rarely studied.
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1.3 The process of soil water evaporation and its influencing

factors

1.3.1 The requirements for thanitiation of evaporation

The initiation of evaporatioprocess needs to meet threguirements (Hillel, 2004;
Lal and Shukla, 2004; Qiu and Ben-Asher, 2010):

(1) A continuous supply of evaporative energy;

(2) A vapor pressure gradient exm}i between the evamimg surface and
atmosphere, and the vapor being transplaatgay by diffusion and/or convection;
(3) A continual supply of watdrom the interior of soito the evaporating surface.

In general, water is transported éwaporating surface through the soil body; the
evaporation process is governed by swaihiter content, suction gradient and
conductive properties (Hillel, 2004). The liquachter at evaporating surface is turned
into vapor when there is enough energy $iedpat this surface. The energy supplied
is used to meet the requirement for watgporization (i.e., lat@ heat, 2477 kJ/kg at
10 °C). This energy can be supplied by siieroundings or the soil body itself (Lal
and Shukla, 2004). For the surroundings,ghergy mainly comes from radiation or
advection (e.g., solar energy). For the expenimearried out in the laboratory, this
energy can be supplied by lamps (Yamanetkal., 1997), hot air (Ta et al., 2010; Cui
et al., 2013), lighting system (Lee et &003) and halogen lamp (Wang, 2006). Note
that, use of the energy supplied by soil bodsulis in a temperature decrease in it
(see Fig. 1.39). The vapor pressure gradigivies the vapor to the atmosphere, and
the wind passing through the evaporating atefenhances this process. The mass
transfer model can be used to describe this progress clearly and will be described in
Section 1.4.

1.3.2 The typical process of evaporation

The evaporation process igitiated if the abrementioned conditions are fulfilled.
Typically, three distinct stages can tleserved (Hillel, 2004; Lal and Shukla, 2004;
Wilson et al., 1994; Yanful and Choo, 199%iu and Ben-Asher, 2010), as follows:
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(1) The constant-rate stage

Shahraeeni et al. (2012) termed stage lilas period where water is supplied to the
evaporation plane at the surface via continuous liquid pathways driven by capillary
gradients acting against gravitatnal pull and viscous lossesActually, this stage
occurs at the initiation of evaporation erh the soil is wet (saturated or nearly
saturated state) and theaee enough water supplied tbe evaporating surface.
Therefore, the evaporation rate in thisgd is similar to that from free water.
Accordingly, the evaporain rate corresponds to thgotential evapation rate.
During this stage, the evaporation raédecontrolled by the atmospheric conditions
(e.g., solar radiation, wind speed, air tempemtuglative humidity, etc.). Generally,
the evaporation rate during this stagell veiustain a constant value when the
atmospheric conditions are steady. Howeseme experimental results show that the
evaporation rate can remain constant for a long time under low atmospheric demand
(typically @5 mm/day, low air speed, thick boumgalayer) while it exhibits
continuous decrease under high atmosphdgimand (high air velocity) even in the
absence of internal capillary flow limitations (Shokri et al., 2008; Shahraeeni et al.,
2012). On the other hand, the duration ohgtant-rate stage can last a few hours or
days in dry climate, and it is also affecteyl the evaporation rate at the initiation of
this stage (Gardner, 1959; Gardner arliek 1962; Yanful and Choo, 1997; Hillel,
2004).

(2) The falling-rate stage

This stage occurs when the water transternot meet the requirement for sustaining

the maximum evaporation rate. The evaporatiecreases gradually during this stage.
The quantity of water that can be conducted to the evaporating surface determines the
evaporation rate. ThereforegtBoil hydraulic properties playkey role in this stage.

(3) The slow-rate stage

As indicated by Hillel (2004), this stage ocgswhen the soil surface is sufficiently
dry and the liquid water transfer througheftectively ceases. The soil evaporation
occurs in the zone below the dry soil layer, and the water vapor is diffused into
atmosphere through this drprze. In this case, the evaption rate is controlled by

the vapor diffusivity of the dry soil laygWilson, 1990). Note that this stage will
persist for long time with a low rate.
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The results of typical three stages aresented in Fig. 1.24. Qiu and Ben-Asher
(2010) conducted evaporation experimentsamd and clay in a well insulated and air
controlled chamber (Qiu et al., 2006), thesults clearly exhibit the three-stage
evaporation process. Figure 1.24 showsrdwilts on the clay. At the constant-rate
stage, the evaporation rate is around 0.45 mifrtien, it declines gradually to a value

as low as 0.03 mm/day from t = 130 htte 412 h. This stage corresponds to the
falling-rate stage. After this, the evaporation rate decreases slowly with a very low
value until the end of experiment. Thistie last stage of evaporation. Note that
similar three-stagevaporation was observed byhet authors (e.g., Wilson, 1990;
Wilson et al., 1994; Yanful and Choo, 1990n the other hand, a soil evaporation
transfer coefficient, the ratio of the difence between drying soil surface temperature
and air temperature to the difference lestw the reference dry soil temperature and
air temperature, was introduced to desciibe three stages (Qiu and Ben-Asher,
2010). This parameter is constant and lbwing the constant-ratetage. However,

the cumulative evaporation increases sharply. Furthermore, this parameter and the
cumulative evaporation increase with a dimear relationship during the falling-rate
evaporation stage. At the slow-rate statpes parameter approaches to 1 while the
cumulative evaporation increaskttle. The valueof this parameter is larger than 0.9

at the end of the second stage. Therefatréhe boundary between the last two stages,

this parameter has a high value.

Fig. 1.24. The three stages of clay evaporatite (@osed circles represent the experimental data
and open circles represent the simulation results) (Qiu and Ben-Asher, 2010)
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1.3.3 The factors influentg soil water evaporation

It is well recognized that soil water aoration is function of both soil physical
parameters and atmospheric conditions, sisckoil water content, soil microstructure,
air relative humidity, air temperatureair turbulence, and especially the
soil-atmosphere interfaceqperty (Philip, 1957; van Baland Hillel, 1976; Fukuda,
1955; Farrell et al., 1966; Scotter and Ra&®§9; Ishihara et al., 1992; van de Griend
and Owe, 1994). In this section, the paramsetieat affect soiater evaporation and

the responses of soil to evaporation are depicted.

1.3.3.1 The wind speed

Wind speed is one of the atmospheranditions. The wind can blow away water
vapor and accelerates the evaporation m®ckKondo et al. (1992) used a model to
investigate the relationship between therlateeat flux and windpeed (see Fig. 1.25).
The latent heat flux decreasasng with the decline of wd speed (16 m/s, 8 m/s and
4 m/s) at the constant rate stage, arel difference between them are very large.
However, in the latter half period (after 5 days), the latent heat flux increases follow
the decrease of wind speed, the differebeéveen them being small. Therefore,
Kondo et al. (1992) concludedaththe evaporatiorate in the initiation period is more
sensitive to wind speed thamthe latter halperiod. Meanwhile, Kondo et al. (1992)
attributed this result to changes inilsgesistance. The soil resistance to water
transportation is small at the constant-itege when soil is wet, and the evaporation
rate is almost determined by the aerodymaresistance thus it isensitive to wind
speed. However, when the soil becomg, dine soil resistance becomes higher as
compared with the aerodynamic resistanue the evaporation rate governed by the
soil hydraulic properties. Therefore, the pwetion rate is less sensitive to wind
speed. Note that the evapaoatrate can be obtained byiling the latentheat flux

by latent heat of vaporization. Moreov&amanaka et al. (1997) performed several
evaporation experiments in a wind tuhnader various atmospheric conditions. The
relationship between the observed latbpeat flux and the éshated evaporating
surface depth at different wind speeds is presented in Fig. 1.26. Similar to the results
observed by Kondo et al. (1992), the result¥arhanaka et al. (1997) also show that
the evaporation at high wingpeed is greater than thett low wind speed when the
soil is wet but the reverse relation canobserved when the soil is dry (see Fig. 1.26).
The reason of this phenomenon may betedldo the energy partition between the
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latent heat and sensible hélakes (Yamanaka et al., 199 Note that the evaporating
surface depth reflects the evaporation process.

Fig. 1.25. Wind speed effect on the daily averaged latent heat flux (Kondo et al., 1992)
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Fig. 1.26. Relationship between the observed latent heat flux and the estimated evaporating
surface depth at two different wind speeds (Yamanaka et al., 1997)

In addition, Wang (2006) conducted satada and unsaturated soil evaporation
experiments in a wind tunnel for investigegithe effect of atmospheric conditions on
the evaporation rate. Figure 1.27 exhibite relationship between the potential
evaporation rate and wind speed. At différeat radiations, thpotential evaporation

increases linearly with the wind speedrying from 0 to 10 m/s. Wang (2006)

considered that the wind can quickly transport the water vapor to the atmosphere, thus
increasing the evaporation rate.
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Fig. 1.27. Relationship between potential evaporation rate and wind speed at various net radiations
(Wang, 2006)

1.3.3.2 The net radiation
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Fig. 1.28. Relationship between potential evaporation rate and net radiation under various wind
speed conditions (Wang, 2006)

In general, enhancing net radiation capy more energy to soil and thus increases
evaporation rate. However, the effect ot nediation on evaporiain is affected by
wind speed at the same time. The relatigmbetween potential eporation rate and
net radiation at various wil speeds is shown in Fig. 1.28.high wind speeds (larger
than 2 m/s in this experiment), the potenéaaporation rate ineases gradually with
the enhancement of net radiation at\eegiwind speed. However, under lower wind
speeds, the increase of evaporation rat@i®bvious. Similar ults can be observed
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from Fig. 1.27. Wang (2006) explained thisspbmenon by the fact that low wind
speeds cannot transport vapor from saturstddo the air inmediately as opposed to
high wind speeds.

1.3.3.3 The relative humidity and air temperature

The air relative humidity can affect thepaa pressure gradiefetween evaporating
surface and atmosphere, thus, affecting #vaporation process. Kayyal (1995)
carried soil a column evaporation test inoaen for investigating the effect of relative
humidity on the evaporation process. Theperature in the oven was controlled at
60 °C, and the relative humidity was kept3 %, 30 % and 43 %, respectively. The
relationship between moisture loss (evaporation rate) and relative humidity is
presented in Fig. 1.29. The effect of relatihumidity on evporation process is
mainly identified at the first stage, i.egnstant-rate stage. Adserved in Fig. 1.29,
the high relative humidity corrpends to the low initial constant evaporation rate. For
example, the initiation evapmtion rate is around 0.025 ml/émin at a relative
humidity of 3 %; the ratelecreases to 0.005 and 0.0025 mffenn when the relative
humidity values are 30 % and 43 %, respety. On the othehand, the lower the
relative humidity, the shorter the duration of constant-rate stage.

Fig. 1.29. Moisture loss rates at different relative humidity valdagyal, 1995)

As far as the effect of air temperature@cerned, Kayyal (1995) pointed out that the
vapor pressure gradient between the ewatpay surface and the air increases with the
increase in temperature difference betwdbem, and in turn raises the rate of
moisture leaving from the surface thus the ewvagion rate in the constant-rate stage.
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1.3.3.4 Soil texture

Soil texture has a great influence on teaporation procesdNoy-Meir (1973)
reported that water loss during evaporation from fine-grained soils is larger than from
coarse-grained soils due to the fact ttit former can sustain more water than the
latter. But the evaporation duration of cemarsoils are shorter than the fine ones
(Jalota and Prihar, 1986). Hilland van Bavel (1976) invégated the impact of soil
texture (sand, loam and clay) on the curtivéaevaporation. They reported that under
the same condition the fine-textured (claysgils make the consi&rate stage longer

with a large cumulative evaporation, while the coarse-textured (sandy) soils has a
short constant-rate stage with limiteaimulative evaporation (see Fig. 1.30).

Fig. 1.30. Cumulative evaporation of various soils under same conditions (Hillel and van Bavel,
1976)

On the other hand, for investigating thdeet of soil texture on the evaporation
process, Wilson (1990) conducted various soils evaporation experiments in the
laboratory. Four different tygeof soils (i.e., Regina claotkin silt, Silica sand and
Potash slimes) were used in these experiments. The soil samples were dried from
slurry-saturated state to completelyy dstate in each shallow metallic pan (325
mmx230 mmx50 mm) at room temperatyl °C to 23 °C) with a relatively
constant relative humidity (8 % to 16 %). Furthermore, the evaporation rate from the
same pan with water only was consideasl the potential evaporation rate. The
relationship between the ratio of evaparatrate and elapsed time is shown in Fig.
1.31. The experimental results evidencesignificant effect of soil texture on
evaporation. The actual evaptioa rates for different texturgslay, silt and sand) are

equal to the potential evaporation ratetted initiation of evporation (constant-rate
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stage); the rates of silt andhsbquickly fall to zeo after six days; however, the rate of
clay gradually declines for a much longiene. The distinguistee performance of the
evaporation of Potash slimes is attributedht® use of brine for making it more slurry
(Wilson, 1990). Note that the other sal® prepared with distilled water.

1.3.3.5 The hydraulic conductivity of soil

Wilson et al. (1994) investigated the effeétsaturated hydrauliconductivity on the
evaporation process based on a soil-atmospm®del. The relationship between the
evaporation process and drying timeskown in Fig. 1.32. The saturated hydraulic
conductivity has significant influence durirtbe constant-rate and the falling-rate
stages. For example, the duration of the tamisrate stage lasts 1, 4 and 6 days when
the corresponding values of satted hydraulic conductivity are 4x%an/s, 3x10

m/s and 8x18 m/s, respectively. On the contratlye slow-rate stage is not affected
by the saturated hydraulic conductivityedause vapor diffien controls the
evaporation process in thésage (Wilson et al., 1994).

15 I

- Reg?ina clay
| —O— Botkin silt
- —— Silica sand

Evaporation rate ratio

Time (day)

Fig. 1.31. Ratio of actual evaporation rate and potential evaporation rate versus elapsed time
(Wilson, 1990)
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Fig. 1.32. Evolutions of computed evaporation rates with different saturated hydraulic
conductivities (Wilson et al. 1994)

1.3.3.6 The water table and drainage process

Generally, the drainage mress resulting from water table decline decreases the soll
water content and soil hydraulic conductivityherefore, the evaporation rate
decreases (Yang and Yanful, 2002). For ingasing the interaction of evaporation

and drainage under different waterble&a conditions, Yang and Yanful (2002)
conducted a series of experiments with défdércover soils (i.eglayey till, coarse

sand, fine sand and silt). Various soil columns were firstly saturated and then
subjected to evaporation and drainage wlifferent water tables. The evolutions of
evaporation rate with different soils undbfferent water table conditions are shown

in Fig. 1.33 and Fig. 1.34. Note that the water tables at 0.25 m above soil bottom, at
soil bottom and at 1 m below soil bottone aespectively termed as “0.25 m”, “O m”

and “-1 m” in these figures. The experimantesults show that the drainage process
significantly affects the evapation progress. The evaporaticate of sands decreases
along with the lowering of watdable. The extent of thisffect on silt is lesser than

on sands. However, the clayey till is rarely affected by the water table change and
water drainage process. Yang and Yanf@(02) considered that the water table and
the drainage process affect evapamatithrough the induced suction changes.
Furthermore, a deeper wattable can extract more vem from soil via drainage

process and decrease the hydraulic conductrgsulting in a low evaporation rate.
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Fig. 1.33. Evolutions of evaporation rate under different water table conditions (coarse sand and
fine sand) (Yang and Yanful, 2002)
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Fig. 1.34. Evolutions of evaporation rate under different water table conditions (silt and clayey till)
(Yang and Yanful, 2002)

1.3.3.7 Effect of cracks

Clayey soil tends to swell upon wetting iehit tends to shrink upon drying. During

soil water evaporation, the emergency of desion cracks let the evaporation to be a
multi-dimensional process. The water is evaporated not only from soil surface but also
from cracks. On one hand, the cracks farmew way for the transportation of vapor
from cracks wall to the atmosphere (Ritclind Adams, 1974). On the other hand, the
exposed vertical side of cracks can d¢@nsidered as theesondary evaporating
surface and hence increase the evaporatidacgiby three or four times (Adams and
Hanks, 1964, Hillel, 2004). Obviously, the evaporation rate from cracked soils can be
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also larger than the non-cracked one. THuoeeased evaporatirgurface in the cracks
detracts water from deeper zone, and heatfieets the distribution of water content in
deeper levels. A typical water distriimn around a crack is shown in Fig. 1.35.
Similar soil water content distribution wabserved in the laboratory by Selim and
Kirkham (1970).

Fig. 1.35. Water content distribution in a desiccation crack (Ritchie and Adams, 1974, cited by
Hillel, 2004)

Adams and Hanks (1964) employed soihamneters to study evaporation through
natural desiccation cracks in Blacklandil sgsee Fig. 1.36). Note that the soil
atmometers are assembly of small “moisture equivalent” boxes filled with moist soil
(Adams and Hanks, 1964). The evaporatiate can be reflected by the moisture
change of soil sample inside them. ahas and Hanks (1964) reported that the
evaporation rate measured from soil atmtané the deeper zone of crack was less
than that in the zone close to the swoiiface in the first 19 hours. Meanwhile, Adams
and Hanks (1964) conductedethest of evaporation froman artificial crack for
investigating the wind effect. The evapoa rate was also measured by means of
soil atmometers. The experimental resudtow that evaporation increases at all
depths as the surface wind speed increases. Furthermore, Selim and Kirkham (1970)
performed soil evaporation tests with diént crack widthainder different drying
conditions. The results showathcracks have significant influence on evaporation for
fine textured soils under both windytlig and radiation gting conditions, and a
crack of 0.64 cm wide increases evaporarate by 12 %-16 % as compared to the
same soil without cracks. A larger cracklo®1-cm width can increase it by 30 %.
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Fig. 1.36. Photograph of typical crack with the smped soil anemometeefl) and the sketch of
soil anemometer in the crack (right) (Adams and Hanks, 1964)

Fig. 1.37. Photograph of weighing lysimeter with a natural soil crack (Ritchie and Adams, 1974)

For investigating the effeaif cracks on evaporation uedfield conditions, Ritchie

and Adams (1974) conducted evaporatiapeziments on bare soil with a natural
crack (60-cm depth, 183-cm length) anweighing lysimeter (see Fig. 1.37). The
evaporation rate of bare seiith crack was measured firstly and an average value of
0.74 mm/day was observed. Then, the evaporation rate only from the exposed crack
was monitored, and the correspondingerage value recorded was 0.6 mm/day.
Furthermore, the values of relative evapamafi.e., ratio of actual evaporation rate to
potential evaporation rate) from both the soil surface and the crack and only from the
crack are 0.15 and 0.16, respectively. The small difference between the two cases and
the nearly identical relative evaporatimalue demonstrate that most evaporation
takes place through the cra@Ritchie and Adams, 1974; Burt et al., 2005). Similar
result was obtained by Ritchie and Adarh874) when performing an artificial crack

evaporation experiment.

33



Chapter 1 Water evaporation from soil: models, experiments and applications

1.3.3.8 Soil water content

The water content of soil is an important factor in the evaporation process since it
determines the quantity of water supplieal the evaporating surface. The soil
evaporation experiments conducted in the@dviunnel with different initial surface
water contents (Wang, 2006) showed that déletual evaporation teadecreases with

the decline of initial surfacevater content for the same wind speed and net radiation.
Wang (2006) considered that a low water eahtcorresponds tolagh soil resistance

and makes the transport of water to saitface for evaporatg more difficult.

Regarding the evolution of water conteturing evaporationjt usually declines
during the drying process (Wilson, 1990il8%n et al., 1997; Yanful and Choo, 1997,
Wythers et al. 1999), wheredshas no change during stgaelvaporation process. On
the other hand, the results from large sctdg evaporation experiments conducted by
Ta (2009) show that the loss of watemiainly limited to the surface zone (Ta, 2009;
Ta et al.,, 2010; Cui et al., 2013). Theokition of water content during a 30-day
evaporation is presented ingkil.38. It can be observedtionly the water content at
50-mm depth decreases from 65 % to 18%ng evaporation, wie the vdue below
250 mm depth remains close to 50 %. Nibtat similar result was obtained from a
clay evaporation experiment by YanfuldaChoo (1997) and clayey till evaporation
experiment with a water table (Yanful et al., 2003).
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Fig. 1.38. Evolution of volumetric water content during evaporation (Ta, 2009; Ta et al., 2010; Cui
et al., 2013)
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1.3.3.9 Soil temperature

Soil temperature can change by eitherrigkénergy from the surroundings or losing
energy by water evaporation. Yanfuhda Choo (1997) investigated the water
evaporation of various soils in an errnimental chamber under controlled conditions.
The evolutions of soil temperature profifes a fine sand durindifferent evaporation
stages are exhibited in Fig. 1.39. The deinperature decreases along with the
evaporation process at thetiation stage and the coldest point is at the soil surface;
then it starts to increase after two days. Furthermore, the soil temperatures are nearly
constant over depths and higher than the initial temperature fr8rdaOto the end

of experiment. This phenomenon of soiinfgerature decline followed by an increase
was also observed by Wilson (1990) and Wilet al. (1997) in aand column drying
test. Wilson (1990) and Wilson at (1997) explained the dease of soil temperature
at the soil surface by the consumption of ggdor the latent heat of vaporization. On
the other hand, the evolution of soil tengdare also reflects the changes in energy
distribution during evaporation.
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0.18 |

0.16 |

Depth (m)

20 22 24 26 28
Temperature ()

Fig. 1.39. Soil temperature profile during evaporation (Yanful and Choo, 1997)

1.3.3.10 Soil suction

The soil water loss results an increase in soil suoti. A typical evolution of soil
suction is shown in Fig. 1.40, obtained by (2809), Ta et al.2010) and Cui et al.
(2013) using an environmental chamb&he suction at 50-mm depth increases
quickly because of the significant water loss in this position (Fig. 1.38), reaching a
value higher than 4000 kPa at the end ef.t&he suction decreases along with the
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depth due to the increase of water conteimfortunately, Figure 1.38 cannot exhibit
this increase of water conteneally owing to the lack of sensors in this zone; but this
trend was verified by the water contentfde measured by the oven-drying method
(Ta, 2009).
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Fig. 1.40. Evolution of soil suction during evaporation (Ta, 2009; Ta et al., 2010; Cui et al., 2013)

1.4 Modeling of soil water evaporation

1.4.1 Introduction

The prediction of soil water evaporationingportant in various fields: estimating the
amount of water loss for reduction evapmna in agriculture(Qiu et al., 1998);
predicting evaporation flux in design ofilsover of mine tailings (e.g., Wilson, 1990;
Wilson et al., 1994Yanful and Choo, 1997); investiyag the long term performance

of moisture retaining soitover (e.g., Yang and Yanfu2002; Yanful et al., 2003);
designing evapotranspirativever system for waste containment and mining site (Cui
and Zornberg, 2008); classifying landfill staccording to the climatic water balance
method (Blight, 2009), etc. Therefore, vagomodels for predicting the quantity of
water evaporation have been proposedyramhem the water balance model, energy
balance model, the mass transfer model, the resistance model and the other coupled
models are the popular ones, each of thawing its the advantage and disadvantage

in practice. In this sectiorgll these models are reviewahd their applicability is
discussed. Furthermore, a promising model will be selected for developing a relevant
formula for evaporation calculation.
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1.4.2 Water balance model

The water balance model described by Brutsaert (1988) is as follows:

(P-E)A Q-Q=d$% dt (1.1)

whereP is precipitationE is evaporationA is the surface are&) is the surface and
ground water inflow rateQ, is the surface and ground water outflow rate Silthe
water volume stored in the system considered.

On the other hand, another type of wdtatance model was presented as follows
(Blight, 1997; Cui and Zornberg, 2008):

P (ly Ry) E | (1.2)
whereP is precipitation (mm/day);.: is interception (mm/dayRRu is the runoff on
ground surface (mm/dayg is evaporation (mm/day); ands infiltration (mm/day).

Brutsaert (1988) reported thtitis kind of models is ngbractical because relatively
small but unavoidable errors in the m@@snents of precipitation and runoff can
produce large absolute errors in the resulting evaporation. Furthermore, Ta (2009)
pointed out that it was difficult to detemme the infiltration and hence this model is

not easy to be used in practice for large argagh (1989) considerdtiat the main
difficulty of this model is that some leted variables are not easy to be monitored
(e.g., seepage rate anwater system). However, this tined can be used if there is a
good installation of weighing lysiner, within a limited scale.

1.4.3 Energy balance model

1.4.3.1 Description of the model

The energy balance model proposed by &reit (1988) and Blight (1997) is as
follows:

R=LE H G (1.3)
whereR, is the net incoming radiation flux at the ground surface (incoming solar plus
diffuse radiation minus reflected radiatiomdaoutgoing long wave teestrial radiation)
(W/m? or JInfs); Le is the latent heat of vaporization (J/kdg; is the rate of
evaporation (mm/day)H is the sensible heat flux (heat transmitted into the
atmosphere) (W/for J/nfs); andG is the soil heat flux (the heat transmitted into the
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soil) (W/nf or Jinfs). This model assumes that the effect of ice melt, unsteadiness,
photosynthesis and lateral advection caméglected. The components of this model
are shown in Fig. 1.41. For the sensible likat it is positive when energy is used to
heat the air and negative when the air lemesrgy due to cooling; for the latent heat
flux, it is positive for water evaporation and is negative for vapor condensation; for
the soil heat flux, it is positive when egy is transferred tdéhe subsoil and is
negative when energy is transferredie atmosphere (Cui et al., 2010).

Fig. 1.41. Schematic representation of the components of energy balance model (a) the radiation
balance, (b) the daytime energy balance, anthéchighttime energy balance (after Tanner, 1968;
cited in Hillel, 2004)

1.4.3.2 Parameters of the model
1. The net incoming radiation fluRy)

Generally, the net radiation flux can beeasured using a net radiometer (Blight,
1997). It can also be calculated by Eqoiati.4 (Brutsaert,488; Cui et al., 2010):

R, (1 DR HTY [ AIH V (1.4)
whereRs is the incoming solar radiation (W#n . is soil albedo;Qis the soil surface
emissivity; 1is the Stefan-Boltzmann constant (5.6697%10/m?/K*); Qis the air
emissivity; Ts is the soil surface temperature (K) ahgis the air temperature (K).
More details about this equation can foeind in Brutsaert (1988) and Cui et al.
(2010).

2. The sensible heat flu}

The sensible heat flux ixpressed as follows (Brutsaet988; Blight, 1997; Cui and
Zornberg, 2008):
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Wa
H zgcpkHW (1.5)

where 1, is the air density (kg/fy and L=[P/(RT,)]x(1-0.37&,/P); P is the
atmospheric pressure (kP& is the vapor pressure (kPd&;is the gas constant
(0.287 kJ/kg/K);Ta is the air temperature (KX, is the specific heat of air (1.1
kJ/kg/K for dry air):ky is the eddy diffusivity of air (Afs); andy is elevation (m).

Cui et al. (2005) also gave anothgpeession for the sensible heat flux:

W
H a 1.6
QW (1.6)

where ;s the thermal conductivitgf air (0.025 W/m/K).

3. The soil heat flux®)

The soil heat flux can be monitored by h#éax plate buried at &ertain depth in the
soil (e.g., Campbell Scientifid998; Cui and Zornberg, 2008). It can also be based on
the thermal conductivity and tlhemperature gradient inis¢see Brutsaert, 1988; Cui

et al., 2005), as follows:

W
G a 1.7
QW (1.7)

where ¢ is the thermal conductiyitof soil (W/m/K). The determination of this
parameter was demonstrated by de Vries (1963). Wilson et al. (1994) gave an
expression allowing the determination thfe thermal conductity of sand. This
parameter can also be measured usimgiapsensors such as Decagon KD2. Other
methods such as soil calorimetry method #redempirical methods are also available
(Brutsaert, 1988).

4. The latent heat fluX_(E)

The latent heat flux is expressasl (Blight, 1997; Cui et al., 2005):

LE L UM, & (1.8)
P w

whereL, is the latent heatf vaporization (kJ/kg):0is the ratio of molecular weight of
water to molecular weight of air (18.016/28.966=0.6%2)s the eddy diffusivity of
vapor (nf/s); P, is the vapor pressure (kPa) @ the atmospheric pressure (kPa).
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The latent heat of vaporizatiagiven by Frelin (1998) is:

L, 2501 2.361 (2.9)
whereT is the temperature in °C.
For simplifying the calculation, by setting = k, a new parameter namely Bowen

ratio () can be introduced:

W,
k _a
H [5Cp i W CPP Wa Evva (1 10)
LE L UkHE LHR W, '
P w

where is the psychrometric constaf@y/(Ly ).
According to the energy balance modbkeg latent heat flux is expressed as:

Le R G (1.11)
1 E

whereR, is the net incoming radiation flug is the soil heat flux.

The Bowen ratio can be determined by the measurement of air temperature and vapor
pressure at two different elevations (Bit, 1997). Combing the measured parameters,
the evaporation rate can beetitly determined by Equatal.11. This method is also
termed as Bowen ratio-Energy balance method.

Generally, the components of energy balance model are not easy to determine, they
are affected by many factarsvolving both soil and atmpsere. The accuracy of the
sensors for measuring each component ladsosignificant influence on the results of
evaporation measurement. Furthermothijs model is also affected by the
spatial-temporal distribution characteristicseokrgy. The error of each part can result

in unacceptable predion of evaporation rate. Singmé Xu (1997) reported that this
model is suitable for research purposes amlsmall areas because the evaluation of
net radiation may be a chalige in engineering problem®n the other hand, some
attempts have been doner fpredicting the water evamiron in fied conditions
through numerical methods. Typical exampes the works of Cui et al. (2005), Cui

and Zornberg (2008), Cui et al. (2010) andi et al., (2013). Note that the energy
balance model can also be combined with other models to form new models; these
models will be discussed later.
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1.4.4 The mass transfer model

The mass transfer model (i.®alton type equatiorGray, 1970) exhibits the nature

of evaporation initiation: yaour pressure deficit occurs between evaporating surface
and atmosphere and the vapor is the tranegdyy air turbulence. It has been usually
used in the prediction of evaporatiivom water surface awet soil surface:

E f(u(e-e) (1.12)
whereE is the evaporation rates is the saturated vapourgssure at the evaporating
surface, e, is the saturated vapour pressure at dew-point temperature in the
atmosphere above and also is the paxapor pressure athe corresponding air
temperaturef(u) is a function of wind speed.

For the mass transfer model, the main peai@rs governing the water evaporation are
vapor pressure gradient, temperature wimdl speed. Therefore, many equations have
been constructed using these parameteirsgh and Xu (1997) summarized the 13
relatively simple and commonly used agoration equations. They proposed a
generalized equation as follows:

E f(uole T (1.13)

wheref(u), g(e) andh(T) are wind speed, vapor presswand temperature functions,
respectively.

The surface saturata@por pressureef) is not easy to determine due to lack of data
about the surface temperature. Therefetas often replaced by, - the saturated
vapor pressure at air temperature. Similarly, the surface temperature is replaced by air
dew-point temperaturd ). Singh and Xu (1997) proposed a series of the equations in
generalized forms (see Table 1.1), wattb andc as parameters is wind speed and

h, is air relative humidity. These generalizedms have also been evaluated by the
data from different meteorological stats. They found thahe vapor deficit €y-€,)

has significant influence on the monthlyaperation, while wind speed is a less
important parameter. Furthermore, thegported that once the parameters were
determined using the existing data fronstation, these equations can be used to
predict the soil water evaporation.
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Table 1.1 Generalized equations with easily measured parameters

Number Generalized equations

1 E=a(ere)

2 E=axu(eyrey

3 E =a (1-exp(u))(er-€a)
4 E=a (1+b x u)(ey-€ey)
5
6
7

E=axu(e-e)(1-b(Ta-Ty))
E =a (Ta+ 25Y (100 -h,)
E=a(l+bxu)(e-e)(l-c(Ta-Ty))

Based on the equations summarized byggBiand Xu (1997), Ta (2009) gave a
suitable formula for predicting evapamt for his environmental chamber:

E. (0.0118 0.0468 )(100h ) (1.14)

p

whereE; is the potential evaporation rate (mm/day)s the wind speed at 0.05 m
above soil (or water) surface (m/s); ahglis the relative humidity at the same
elevation of wind speecheasurement (%).

Generally, the mass transfer model has a simple form and it just needs easily
measurable variables. It is usually usedevaluating evaporation from free water or
wetted soil but not suitable for the evagtion from unsaturated soils because the
effects of soil parameters are not consderOn the other hand, the mass transfer
model gives a good fundamental form éonstructing new evaporation models.

1.4.5 The resistance model

The resistance model is based on the faatt tie vapor pressure deficit between the

soil evaporating surface and the referencel lewéhe atmosphere is analogous to the
electric voltage: the water vapor evaporated being considered as the current, the
resistance for vapor transport is the ratio of the voltage and current. The resistances
are from both the soil and atmosphere. A clear process of water vapor transport from
soil to atmosphere can be demonstrated by this model (see Fig. 1.42).
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Fig. 1.42. Soil water evaporation process with different resistances (Aluwihare and Watanabe,
2003)

During soil water evaporation, the sogdomes unsaturated due to water loss. Two
processes take place when water vapor etiterstmosphere from soil. Water vapor
is transported from evaporating surfacethie soil surface by nhecular diffusion in
the first stage. Then in the second statye, water vapor is transferred from soil
surface to atmosphere through laminar torbulent flow (Kondo et al., 1990).
Regarding the resistance model, the rasist imposed on vapor while this latter
traveling from the evaporating surface tal sorface is considered as soil resistance
(rs); likewise, the restriction on vapor trdwvg from soil surface to the atmosphere is
termed as aerodynamic resistangg (6ee Fig. 1.42).

According to the mode of water vapor trpos process, two typical resistance models
have been constructed; that isnodel and model. A summary of resistance models
can be observed in the work of MahfoufdaNoilhan (1991) and Ye and Pielke (1993).
The . model considers the vapor diffusion from soil surface to a reference height; thus

only the aerodynamic resistance is accounted for in this model:
E a Qqsat(-@ qref ﬂ4ra (115)

where . is the relative humidityat the soil surfacegsy is the saturation specific
humidity at the soil surface temperattie(°C); s IS the specific humidity at the
reference height; ang is the aerodynamic resistance (s/m).

43



Chapter 1 Water evaporation from soil: models, experiments and applications

The model considers the water vapor tranggaifrom the evaporating surface to the
reference height; thus bothe soil resistance andethaerodynamic resistance are
included in it:

E aU ié\t(-rs) CIref g-%ra (116)
Er I, r) (2.17)

Note that in the model,Ts is the evaporating surface teengture, but in practice it is
replaced by the soil surface temperature.

In the . model, the value of. is determined by the Philip’s thermodynamic
relationship. It often results in an overestimated evaporation when there is a large
vertical gradient in soil water content iretimear soil surface zone (Lee and Pielke,
1992; Wu et al., 2000). The test conductedakic et al. (1995also showed a large
error resulting from this model. Eshortcoming does not exist in thenodel. The

model can provide reasonable estimatiorewdporation during daytime but shows a
limited performance at night (Mahfoudnd Noilhan, 1991). Many efforts for
improving the prediction of these models hdnez=n made; the details of these works
can be found in Lee and Pielke992), Wu et al. (2000), etc.

During soil water evaporation, the soil water content decreases and a dry soil layer
can be formed; the evaporti then occurs at the bottoai the drying soil layer.
Therefore, the process of water vaporriear out from the evaporating surface to
atmosphere is restricted by three resistarises Fig. 1.43). On the whole, the soil
water evaporation presents three stages: (1) water vapor is carried out from the water
surface to the bottom of yllayer; the corresponding resistance is termed,ag2)

water vapor is transported from the baottof dry soil layer to the soil surface by
vapor diffusion; the corr@ending resistance is noteg and (3) water vapor travels

from the soil surface tatmosphere under the restiget of aerodynamic resistancg
(Aluwihare and Watanabe, 2003).
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Fig. 1.43. The three stages of water vapor transportation from soil to atmosphere (Aluwihare and
Watanabe, 2003)

The soil evaporation with a dry soil lay@as investigated byan de Griend and Owe
(1994), Yamanaka et all997) and Aluwihare and Watabe (2003). Aluwihare and
Watanabe (2003) proposed a new model inmghthe dry layer hght and the three

resistances:

E Y O (Te)  M0A((T) (1.18)

rsw rd ra

ry, z4/(D,,@P JT (1.19)

whereqgsa(Te) is the saturated specific humidity at the evaporating surface temperature
Te, ha is the air relative humidity at the reference height{T,) is the saturated
specific humidity at the air temperature of reference heights,, is the resistance
imposed on the vapor flux while it is travedi from the pores of the wet soil layer to
the pores of the dry soil layer (s/my);is the resistance imposed on vapor flux in the
dry soil layer (s/m);r, is the aerodynamicesistance (s/m)Dam is the molecular
diffusivity of water vapor in air (fs); zy is the depth of dry soil layer (my;is the

mass flow factor;.qis the tortuosity factor accoung for the extra path length aad

is the volumetric air content {m®).

After assessing the field experimentsults, Aluwihare and Watanabe (2003)
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concluded that the resistanag, is less important than the resistangg the
relationship between the total soil resistance and water content in the top 0-10 mm of

soil exhibits a power function.

The determination of the resistances is essential for the resistance model. Generally,
the aerodynamic resistance is evaluatezbiing to the aerodynamic principle and

also takes the atmospheric stability into@aot. This parameter is described in detall

by Choudhury and Monteith (1988), Camillo and Gurney (1986), Daamen and
Simmonds (1996), Xu and Qiu (1997), Xuatt (1999) and Aluvhare and Watanabe
(2003). As far as the soil resistance is conedy it is related tohe water content of

top soil. Many previous studies allowednamber of empiridaequations to be
proposed for its determination. A summarysofl resistance is given in Table 1.2.

In general, different experiments give different equations; the related formula is just
valid for a specific soil. Furthermore, the formulas depend on the soil depths
considered for evaluating soil watesntent: 5 mm for Shu (1982) and Camillo and
Gurney (1986); 10 mm for van de Griend and Owe (1994); and 20 mm for Kondo
(1990). Camillo and Gurney (1986) pointed that the relationship between the soil
resistance and water content varies daily due to changes in climatic conditions.
Therefore, the differences between the eguaatiare due to the differences in the soil
types studied and the different depths considered for determining the surface moisture

content, as well as the air conditions.

On the whole, the resistance model gives a clear physical meaning of water vapor
traveling from soil to atmosphere. Many etfohave been made to develop various
resistances for giving a more accurgteediction of water evaporation. The
aerodynamic resistance is usually not idifft to determine. However, the soil
resistance is difficult to véy because different expenental conditions (solil type,

the depth of soil) result in different soilsistance. Therefore, a common formula is
difficult to establish; this restricts the generalization of this model. However, for a

specific experiment, this modeften shows a good performance.
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Table 1.2 Soil resistances (Mahfouf and Noilhan, 1991; Bittelli et al., 2008)

Formula

Remark

Shu (1982) re=3.5(/ sa)” *+33.5

Camillo and Gurney
r=4140( sar )-805
(1986)

Passerat de Silans
r<=38113exp(-13.513 )
(1986)

rs= a( sar )b/Datm

Kondo (1990) -
Dan=0.229x10%(T4/273.16}

van de Griend and
r<=10exp[0.3563(159]
Owe (1994)

and 5 are volumetric water
content in 0-5 mm layer and the
saturated volumetric water content,
respectively

and g4 are volumetric water
content in 0-5 mm layer and the
saturated volumetric water content,
respectively

and ¢ are volumetric water content
and the field capacity, respectively

and ¢y are volumetric water
content in 20 mm layer and the
saturated volumetric water content,
respectively; a and b are parameters
depending on soil typéls is the soail
surface temperature (K)

is volumetric water content in 10

mm layer

1.4.6 Coupled models

1.4.6.1 Energy balance and mass transfer model

The first model which combines the energy balance model with the mass transfer

model was proposed by Penman (1948).
From Equation 1.10 we can obtain:

H W,
LE

\"

(Ts -Ta)/ ( & ‘éa) J

(1.20)

Then, substituting Equation 1.20 in the gyebalance model and ignoring the soil

heat flux lead to:

47



Chapter 1 Water evaporation from soil: models, experiments and applications

Epenman Rj = ?_T (121)
HE 4, fT
es-ea

Using this equation to calculate watewaporation requireghat the surface
temperature and vapor pressure are medsufo avoid the measurement of these
parametersgs can be replaced i in Equation 1.12:

E  f(u(g-¢) (1.22)
whereg is the saturated vapor psese at the air temperatufg

Setting '=(e,-¢)/(T-T), we have:

E R _ R _ R
P e (B8) 1+J(g- e .7 Leg |
(e-e) (e ¢ (e q (1.23)
- R, R
1+— 1+M 1 J 1 & A
f(u)(e-e) ' B enman
Thus,
Epenmai=(' R+ JB)("+J) (1.24)

Penman (1948) proposed a formulaffoy, allowing Equation 1.22 to be expressed as
follows:

E, 0.35(1+9.8 10u ¥ € ) u (1.25)
whereEgyenmaniS the evaporation rate determehby the Penman model (mm/day)s
the wind speed at two meter above the ground surface (miles/d&sy}he slope of
the saturation vapor pressure versus temperature curve at the air temfgrature
Hg/°C), R, is the net radiation dix (mm/day of water)g, is the saturated vapor
pressure at the air temperatofeeference height (mm Hgg; is the vapor pressure at
the reference height (mm Hg); and the psychrometric cotat (0.495 mm Hg/°C).

Wilson et al. (1994) proposed a similar new model as follows:

E,=('R+JE,)I('+JA (1.26)
E, 035(1+0.146, ¢, B8 A) (2.27)
whereu,, is the wind speed (km/h4 is the inverse of the relative humidity in djs
the inverse of the relative humidity at the soil surfagg;is the water vapor in air
above the soil surface (mm Hg). The other pei@rs are the same as in the Penman

model.
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In general, the Penman model avoidsasuring the surface temperature and vapor
pressure, and only needs the common rpetars such as net radiation, air
temperature, relative humidity and wind speed. It is suitable for predicting the
potential evaporation from free water andusated soils. It can also be used for
evaluating the evapotranspiration from apped area by considering an appropriate
coefficient related to the crops. Howeveistimodel can result in an overestimation in
case of unsaturated soils (Wilson, 1990; Wilson et al., 1994). The model proposed by
Wilson et al. (1994) resolves this probldm introducing the soil surface relative
humidity in the model. Neverthelesthe determination of soil surface relative
humidity represents a realalenge and the suitability ofie model for clayey soils is
guestionable (Wilson et al1997). Furthermore, both mdderarely consider the
effect of soil heat flux. Note that éghmodel proposed by Wilson et al. (1994) is
equivalent to the Penman model whea shirface humidity is equal to 100 %.

1.4.6.2 Energy balance and resistance model

Combining the energy balance model witte resistance model, Monteith (1981)
obtained the Penman-Monteith model, expressed as:

£ - (ROF (&8 ¢
[+ (VL

where Es is the evapotranspiration or evaporatidnjs the slope of the saturation

(1.28)

vapor pressure versus temperature cuRethe net radiation flux density at the
surface,G is the sensible heat flux détysfrom the surface to the soil, the air
density,c, is the specific heat of moist air at constant pres®y4ris, the saturation
vapor pressure at air temperatuggjs the actual vapor pressure of the giris the
aerodynamic resistance, is the pyschrometric constants is the bulk surface
resistance that describes the resistancioww of water vapor fom inside the leaf,
vegetation canopy or soil wutside tle surface,!,, is the density of liquid water and
Le is the latent heat of vaporization. Ndteat the parameter units in Equation 1.28
must be uniform so as to the unityEfis mm/h or mm/day (Allen et al. 2006).

The Penman-Monteith model requires oolymmonly available weather data, i.e.,
solar radiation, air temperature, dwmidity and wind speed. Generally, solar

radiation is used for calculatirig,; air temperature is used to determilyees and
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air humidity is used to calculatg, and wind speed is used for calculatiggThe soll

heat fluxG is generally estimated as a functiorRafor by direct measurement; and

is generally estimated as a function of #meount of vegetation or amount of surface
wetness in case of bare soils. As in the resistance model, the determination of soil
resistance in Penman-Monteith model is still a challenging task.

1.4.7 Recent models

1.4.7.1 Three-temperature model

To avoid the difficult choicef aerodynamic and soil resistas as in the resistance
model, by introducing the surface temperature of a reference dry soil, the
three-temperature (3T) model was proposediu (1996) and Qi et al. (1998). The
three temperatures are the drying soil atef temperature, the reference dry soil
surface temperature (the temperature ofstiméace of a dry soil column buried in the
field) and the air temperatiat the reference height.

The sensible heat flux can be expressed as:
Ts-Ta
r

a

(1.29)

H &,

whereH is the sensible heat flux betwedrying soil and atmosphere (JA(8)); laCo
is the volumetric heat capacity (J/#)); Ts is the drying soil surface temperature
(K); Tais the air temperature atethreference height (K); and is the aerodynamic

resistance (s/m).

Assuming that the emergency of dry soikshaegligible effect on the atmospheric
variables, and the aerodynamic resistaméerying and dry soil are nearly the same.
Furthermore, no water is evaporated from the dry soil, the energy balance at dry soil
surface can then be expressed as:

R.,=H, G, (1.30)
whereRyq is the net radiation of dry soil surface (F@)); Hq is the sensible heat
between dry soil and atmosphere (36)); and Gy is the heat flux in dry soil

(J/(nf-s)).

a (1.31)
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whereTgq is the temperature diry soil surface (K), and

T,-T
) lécp( sd a) (132)
R}d_Gd
Combining Equation 1.29 with Equation 1.32e tbensible heat flux of drying soil is
obtained as:
T.-T
H G)—=—= 1.33
Ry G (1.33)

Thus, combining Equation 1.3 with Equatibi33, the 3T model for predicting drying
soil evaporation is expressed as:

LE R-G(Rs: ca>TTs'—_T; (1.34)

a

In general, the 3T model is easy to employly three parameters are required when
predicting evaporation from bare soils,. i.'emperature (air temperature, drying and
dry soil surface temperatures)t madiation (net radiationsf drying and dry soil), and
soil heat flux (heat fluxes in dry andyitig soil). Moreover, unlike the resistance
model, the soil resiahce and aerodynamic resistance aot needed in this model
(Qiu et al., 1998). The sensitivity analysis conducted by Qiu et al. (1998) showed that
the three temperatures are the most seestarameters to evakeaevaporation from
soils, together with the solar radiation. Tmedel was used in the detection of wheat
water stress (Wang et al., 2005), in the deteation of the thre-stage evaporation
(Qiu and Ben-Asher, 20103nd in estimating evaporati or evapotranspiration by
remote sensing (Qiu et al., 2006; Xiong and,Qi011). Its application to clayey soils
Is still scarce.

1.4.7.2 Suction related models

Assuming that the potential &poration rate is knowrGampbell (1985) proposed a
simple formula only involving relative humtg of soil and air to determine the actual

evaporation rate:
E, E(h h)@ h) (1.35)

whereE; is the actual evaporation ratg; is the potential evaporation ratg;is the
soil surface relative humidity; anla, is the air relative humidity at the reference
height.
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The soil surface relative humidity is determined by Kelvin's equation:

a W@t ,)e° U
h, XDy v, (1.36)

where %s the soil surface suction (kP&Y;is the molecular weight of water (18.016
kg/kmol); ! is the density of water (kgfn R is the universal constant (8.31432
J/mol/K); andT is temperature (K).

Wilson et al. (1997) conducted thin soilyéa evaporation testunder controlled
laboratory conditions for investigating etheffects of soil parameters on water
evaporation. A highly consigte relationship between the ratio of actual evaporation
rate €, to potential evaporation raté&,j and soil total suction was observed for
different soil types (see Fig. 1.44). A tmetical model involving soil surface suction

was then proposed by Wilson et al. (1997).
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Fig. 1.44. The relationship betweBgE, and suction (Wilson et al., 1997)

Supposing that the functidfu) for both soil surface and water surface are the same,
the actual and potential ga@ration rates expressed asthg mass transfer model are

as follows:

E. f(u(e, e) (1.37)

wherees is the actual vapor pssure at soil surface, is the vapor pressure of air at
the reference height;

E, fU(e e (1.38)

wheree; represents the saturated vapor pressure at the water surface.
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Assuming that the temperatures at soil surfaaer surface and iair are nearly the
same, and henag can be considered as the saturatgabr pressure in the three cases.
Therefore, the ratio d&, to E, can be expressed as:

E (ea’/®) (8/9 h B (1.39)
E, 1 (a/e) 1h

Combining Equation 1.36 and Equation 1.88|son et al. (1997proposed a suction
related model as:

| gW§
exp —— h
5 RT© ' (1.40)
E, 1 h

where %is the soil surface suction (m}y is the molecular weight of water (0.018
kg/mol). The computed relatiship between the ratio &, to E, and suction is
presented in Fig. 1.44. The estimated values agree well with the measured values for
different soils, indicating #arelevance of this model.

The models presented before clearly vatie the effect of soil and atmosphere
conditions on water evaporation. These modetsindependent of soil nature (texture,
mineralogy) and the drying time. The relativaridity values in the air and at the soll
surface temperature are conventional paramet@erefore, the determination of soil
surface suction is essential. On the other hand, these models cannot give an equation
for calculating the potential evaporatiohgnce a reliable model for potential
evaporation is required. The model proposgdVilson et al. (1997heing based on a

thin soil layer evaporation, the influencesdeeper soil and cracks are not considered.
Moreover, this model fails to predict theagoration rate durinthe third evaporation

stage (Campbell, 1985).

Aydin et al. (2005) develogeanother suction relatedoakel which clearly describes
the relationship betwedsy/E, and water potential in the top surface layer, neglecting
the effect of the hydraulic gradient (Aydi2008). For the evapation process in wet
soil, Aydin et al. (2005) consiled that the soil water evajation is athe potential
rate when the soil is saturated unti tifireshold water potential is reachég)( Then

the evaporation rate declines, finally reacha negligible low rate at the air-dryness
water potential @4). The relationship betwedf/E, and soil water potential of the

top soil layer is presented in Fig. 1.45.
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Fig. 1.45. The schematic presentation of the relationship betdgand soil water potential at
the top soil layer (Aydin et al., 2005)

According to this relationship, the modslAydin et al. (2005) is expressed as:
E, log| | lod| .| I
E, Iog‘ ltp‘ log| I ,q|

(1.41)

where %is the absolute soil water potential (cm of waté¥; is the absolute soil
water potential at air-dryness (cm of water); a%lis the absolute threshold soil
water potential (cm of water).

The potential evaporation rateEyf from bare soils iscalculated using the
Penman-Monteith model, taking a soil remigte equal to zero (Wallace et al., 1999;
Aydin et al., 2005):

(R, G) 86.4(k,dr,
" L(" J

where E, is the potential soil eporation rate (mm/day)fl is the slope of the

E (1.42)

saturation vapor pressure vergamperature curve (kPa/°QGR, is the net radiation
(MJ/nf/day); G is the soil heat flux (MJ/fiday); ', is the air density (kg/f; ¢, is the
specific heat of air (1.013 kJ/kg/°C]J;is the vapor pressure deficit (kPa);is the
aerodynamic resistance (s/nb); is the latent heat of vaporization (MJ/kg)is the
psychrometric constant (kPa/°C); and 86.thesfactor for the conversion from kJ/s to
MJ/d.

In this model, the water potential at dry soil surface is considered as in equilibrium
with the atmosphere; thus the soil waterepbial at air-dryness can be derived from
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the Kelvin’'s equation (Kirby and Ringse-Voase, 2000; Aydin et al., 2005):

ALY (1.43)

Wg
where %, is the water potential of soil at air-dryness (cm of watkery, temperature
(K): g is the gravitational acceleration (981 cfji/8V is the molecular weight of water
(0.01802 kg/mol)H; is the relative humidity of air (fraction); amRlis the universal
gas constant (8.3143x104 kgf¢simol/K).

The soil water potential atehtop soil layer is not easy to be obtained. Therefore, the
soil water potential at deeper position is ¢desed as an alternag. However, this
procedure leads to overestimation or underegion of soil evaporation (Aydin et al.,
2005). Therefore, a correctioadtor is introduced in the adel of Aydin et al. (2005)
when the potential at 5 or 10 cm depth ased. Alternatively, the weighted average
of potential at deeper positions is also a good solution.

A simple model was also proposed Bydin and Uygur (2006) and was then
evaluated by Aydin et al. (2008):

I @ )A0] EV IR, ).t ) 7(1.44)

where %is the soil water potential ithe surface layer (cm of water);is a soil
specific parameter related to the flow path tortuosity in the soil (ci);is the
cumulative potential evaporation (cmj); and .4 are field capacity water content and
air-dryness water content, respectively {om®); Da, is the average hydraulic
diffusivity (cm?day); t is time (day). Note that theefdd capacity is defined as the
amount of water, which the soil canld against gravitational forces.

Generally, the model of Aydin et al. (200&)nsiders both the soil and atmosphere
parameters. The influence of atmosphere itmmd is presentethrough the potential
evaporation rate, and the effect of soil conditions is described by the soil water
potential at the soil surface. The input paeders of the model are simple and easily
determinable such as air temperature,tiregdahumidity, net radition, soil heat flux

and water potential at air-dryness etc. Soelated parameters neamlbe determined

by calibration. However, the determinatioh soil surface water potential is still a
problem to be solved. Even though tlygi@tion proposed by Aydin and Uygur (2006)
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shows a possible resolution, tiéguation needs to be reset after rainfall events during
its application (Aydin et al., 2008; Aydir008). Moreover, the effect of cracks

commonly observed in swellirgpils is not considered.

Ta (2009) addressed the exft of crack on evaporatidor the first time. Two new
parameters were introduced to Equation 1.39, i.e., cracking surfacergatiod a
constant.:

E. h h
- @1 R (1.45)
E, 1h
where .cis a parameter derived from experin@ntlata and reflects the effect of
cracks on solil surface relative humidity; &Rgdis the ratio of crack area to the area of
initial non-crack soil surfaceThe potential evaporation rate is determined by

Equation 1.14.

Basically, Ta’s model is constructed bass the model proposdry Campbell (1985)

and Wilson et al. (1997) and takes into @aatt the effect of cracks on evaporation
process. The input parameters can be determined using experimental data.
Nevertheless, this model needs the meawment of surface suction. As direct
determination of soil surface suction is diffigundirect approach to evaluate this

parameter may result in sigraéint drift from the actual one.

1.4.8 Conclusions

Various models for predicting evaporatioate are reviewed and discussed. Some

useful conclusions can be drawn:

Water balance model and energy balance madenot easy to esin practice. The
related components of each model deperahgty on the accuracy of measurements.

These models are usually used as boundamgitions in the numerical analysis.

The mass transfer model is of simple fonnd gust needs easily measurable variables.
It is usually used for evaluating potentiabpwration from water cgaturated soils but
not unsaturated ones. On the other hanel ntlass transfer model is a good basis for
constructing new potential evaporation equations.
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The resistance model gives a clear phygicatess of water vapdraveling from soil
to atmosphere. However, the soil resistanceelisvant to soil conditions (soil type,
depth of soil considered) andree restricts its utilization.

Among the coupled models, the Penman rhaglsuitable for potential evaporation
prediction; the model proposed by Wilsoraet(1994) is limited by the determination
of soil surface parameter (e.g., relative Idity at surface). The Penman-Monteith
model also needs to overcome the probiémetermining the soil resistance.

The 3T model gives a new direction ofatvating soil evaporation. A reference dry
soil is essential. But the application ofsthmodel to swelling soils is rare and the
effect of cracks is not considered.

The suction related modele@v another direction of preding soil evgoration. The
influence of both soil and atmospheric partene can be clearly presented in these
models. Moreover, the parameters useel aery simple. The introduction of the
surface suction makes these models independent of soil nature such soil texture and
mineralogy, as well as the drying tim&éhe measurement of the surface suction
represents a real challenge for thesedels. The model proposed by Ta (2009)
considered the effect of cracks during evapion. Theses models constitute the basis

for the new development in the present work.

1.5 Recent applications with consideration of soil water

evaporation

1.5.1 Introduction

Soil water evaporation results in large water loss in the soil, affecting the geotechnical
properties of soil thus the stability of buildings or infrastructures on it. Furthermore, it
also affects the behavior sbil covers in landfill or efmankments. In this section,
some recent geotechnical and environmeatallications involving the soil water
evaporation mechanism are presented.
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1.5.2 Geotechnical applications

1.5.2.1 The soil covers design,westigation and assessment

Engineered soil covers are widely used landfills, hazardous waste sites, and
acid-generating waste rock and minditgs impoundments (Yanful et al., 1993;
Wilson et al., 1997; Yanful and Choo, 19%imms and Yanful; 1999; Swanson et al.,
2003; Adu-Wusu and Yanful; 2006). Generathe soil cover is required to minimize
water and oxygen fluxes toghunderlying waste rock. Basse the overall efficiency
of this cover is defined bg high saturation maintaingéadl the system, any significant
water loss by evaporation iebviously detrimental. Tdrefore, a clear rational
prediction of evaporationna the investigation of the effect of evaporation and
drainage on the cover behavare of great importance.

Laboratory testing is a useful tool for irstigating the evaporan process from the
cover solil, assessing the cover function pretlicting evaporation using experimental
data. Yanful and Choo (1997) conducted evapon experiments with various soils
(coarse sand, fine sand, clagd top soil) under controlled conditions similar to the
field ones. Furthermore, a typical multilayer soil cover overlying mine tailings was
analyzed numerically. In this soil cover, coarse sand was used for the upper and lower
capillary barriers and clay was used as ihfiltration barrier. The measured sand
evaporation data was considered as atilosphere boundary. The simulated results
suggest that the upper coarse sand welfigdrits function of capillary barrier and
inhibits the evaporation frorthe clay layer and keep it saturated (infiltration barrier)
(see Fig. 1.46). Note that predicting evagtmn using this modas reliable because
the experimental data is olbitad under the condition similtr the mine site. The data

measured in the experiment can be alsed for other type of soil covers.

Yang and Yanful (2002) carried out aporation and draage experiments
simultaneously for four different soils witthifferent water tables. According to the
experimental results, the clayey till is nohsiive to changes in water table from the
soil surface to 1 m depth. Therefore, it d@nselected as an effective oxygen barrier
in sulfide-bearing mine waste covers. Oa tther hand, the evaporation and drainage
of the coarse sand changes significantlyewlsubjected to deeping water table.
This property of coarse sand leads to quieker loss when subjected to evaporation,
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and reaches the lock-in sugtiat the residual water conteience, it can suppress

significant water evaporation from the till below.

Fig. 1.46. The simulated saturation degree profiles (Yanful and Choo, 1997)

Yanful et al. (2003) investajed the behaviors of diffent soils during evaporation
and drainage. The results suggest that damulative evaporation was reduced by
approximately 40 % when the single clayey till soil cover was replaced by the
three-layer cover system with coarse santhasipper layer. Moower, the clayey till

kept saturated in the three-layer system, indicating that it was suitable for an
infiltration and oxygen barrier. On é¢h other hand, this phenomenon clearly
demonstrates the benefit of utilizing coarse textured materials as capillary barriers
above the clayey till layer. Furthermore, the upper layer of ththree-layer soll
cover system, coarse sand loses water féiséer other soils (Biand fine sand), and
results in high suction but low hydrauliorductivity in this |lger and hence a low
evaporation rate. Thus, it is the best cdath for the upper laydcapillary barrier).

Note that this conclusion deduced from axpent can be beneficial to the design of
soil cover. In addition to the experimentalestigation, numerical simulations were
conducted. The simulation results agred weh the experimental results.

1.5.2.2 The damage assessment of building due to drought

Soil water evaporation induces decreasesaf water content. The water loss will
result in shrinkage of soil body, and hence settlement and/or cracking will occur.
Therefore, light buildings supported tshallow foundations would be damaged,
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especially in the area near the treeimyira long drought period (Hemmati et al.,
2011). Thereby, evaluating ikcsettlement due to soilvater evaporation is of
importance when assessing buildings damage by drought effects.

Fig. 1.47. The sketch of model and its boundary conditions (Hemmati et al., 2011)

Hemmati et al. (2011) and Cui et al. (20t8nducted numerical analyses of the soil
settlement due to evapotranspiration. A vmension model was built (see Fig. 1.47).

A root water uptake model and a soil-vegetation-atmosphere interaction model were
implemented in the-stock finite element code (Gatmiri and Arson, 2008; Hemmati et
al. 2011; Hemmati et al.,, 2012). The soil surface hydraulic and thermal boundary
conditions were determined lepnsideringhe mass balance and energy balance on
the soil surface. The meteorological data {amperature, incoming solar radiation,
precipitation, air relative hidity and wind speed) were used as input data. A good
agreement between the measured and stedul@sults shows the performance of the

numerical approach adopted.

1.5.2.3 The effect of climatichanges on embankments

Embankments are constantly subjdcteto climatic changes and their
hydro-mechanical behavior changes consetlyidndeed, the climatic changes result
in daily or seasonal change in soil suctitsmperature and water content. Therefore,
the hydro-mechanical behavior of soilshanges affectingthe stability of
embankments. Predicting changes in sotlewaontent, suction and temperature using
the meteorological data is then essemti@ssessing the stability of embankments.
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Fig. 1.48. The photograph of the experimental embankment in Rouen (Cui et al., 2010)

To investigate the embankment behaviorrigdihe climatic changes, an experimental
embankment was constructed by rollermpaction in Rouen, France, allowing
monitoring the soil thermbydro-mechanical responses sudh changes in suction,
volumetric water content and temperatuas well as vertical and horizontal
displacements under the chitic effects (Cui et al2010). Figure 1.48 shows a
photograph of the embankment near compietBased on the monitoring data, Cui et

al. (2010) proposed a numerical method famdating the hydro-mechanical behavior

of the embankment. In this method, thedel proposed by Wilson et al. (1994) was
used for describing soil heat and ssaflow. The soil-atmosphere boundary was
defined by the energy balance model with the measured meteorological data. The
comparison between the simulation results and the field measurements shows that this
method can give a reasonable trend anditalde for calculating the water content,
temperature and suction of the soil.

1.5.2.4 The climatic classitiation of landfills

As mentioned in the work of Blight (2009) South Africa, a system for classifying
landfills for municipal solid waste basexh the local climate was proposed. The
system developed is termeddisnatic water balancelassification method, which is
defined with a criterion based on the leaehatoduction. The climatic water balance
was defined as follows:

B=R-E (1.46)
where R is the rainfall in the wettest consecutive six months of a \eas, the
corresponding evapotranspiration from thefaee of landfill at tle same period; and
B is the difference between the rainfall and evapotranspiration.

In general, if the assessment of the landfill site igiR., R > E), the landfill will
generate leachate. Therefore, a leachatkection system and impervious underline
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are required. On the other hand, if the assessment valugiis.BR < E), it means

that no significant leachate will be genedhte the landfill and no leachate collection
system and impervious underline are required. The assessment result has large
influence on the cost of landfills because ttost of the leachate collection system, a
containing linear and a leadkatreatment system represent most of the cost for
constructing a landfill (Blight2009). In this context, thmeasurement and prediction

of evaporation from soil surface is afreat importance. More details of this
classification method can lbeund in Blight (2006).

1.6 Conclusions

In this chapter, the basic concepts ralate evaporation were described, and the
current states of evaporation modelingperiments and applications were reviewed.

The following conclusions can be drawn:

The concepts of evaporation, transpoatievapotranspiration were well summarized
and demonstrated. The water that directhapmrates from soil is termed as actual
evaporation while the pure water thatapwrates under the same conditions is

considered as potential evaporation.

Both atmosphere and soil conditions affect evaporation process. For the atmospheric
parameters, a high wind spesmiresponds to a greater evagt@n rate when the soil

iIs wet but the reverse relation can be obsgrwhen the soil is dry; enhancing net
radiation results in the increase of poignévaporation; a lgh air relative humidity
induces a low initial constant evaporation rate, while a low relative humidity reduces
the duration of constant rate evaporationg&tding the soil parameters, different soll
textures present different evaporatiolmgesses; the saturdt@ydraulic conductivity

has significant influence on the constant-rate stage and falling-rate stage; the drainage
process significantly affects the evapamatprogress and its extent depends on the
soil type; soil cracking increases the ewagting surface andhence enhances the
evaporation rate; the decline of initial wat@ntent results in thdecrease of actual
evaporation. The constantieastage of evaporation is limited by the atmospheric
conditions while the falling-rate stage isntrolled by the soil hydraulic properties.

This justifies the objectiveof the present work: ineting the evaporation under
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different atmospheric conditiormd different soil types.

Various models of soil water evaporatioe aiscussed. The influence of both soil and
atmospheric parameters can be clearly sedhe suction related models. Unlike the
resistance models, the suction related modedsindependent of soil nature such as
texture and mineralogy; they are also ipeledent of the drying time. In the present
work, the new theoretical developments will be based on these models. Note however
that the determination of the surface suctiqresents a real challenge in this kind of
approaches.

Various evaporation devicegere reviewed. Their advage and disadvantage were
compared and summarized. It appears tiatenvironmental chamber is a promising
device for investigating soil water evaption because it allows controlling both
atmosphere and soil parameters at a relatively low cost.

Some geotechnical/environmental applications with consideration of soil water
evaporation mechanisms were presentedpptears that it is possible to analyze the
stability of geotechnical/envanmental structures under théeet of climatic changes
using an appropriate apotranspiration model.
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Chapter 2 Materials studied and environmental chamber

developed

2.1 Introduction

As discussed in Chapter 1, the evaporatrocess is controlled by both atmospheric
conditions (e.g., wind velocity, air tempéure and relative humidity) and soil
conditions (e.g., soil suction, volumetrivater content, and temperature). An
apparatus as the environmental chamber is required for the monitoring of all these
parameters.

Ta (2009), Ta et al. (2010) and Cui et(@013) developed an environmental chamber
for soil water evaporation investigationo@l results have been obtained using this
chamber. However, the height of soil sdnpsed in their experiments is 1000 mm,

but the evolution of volumetric water cent shows that only the first 50 mm from

the soil surface lost water during evaporation. This phenomenon suggests that
evaporation occurred mainly in the nearface zone. Therefore, theoretically we can
reduce the soil sample height and intensifyrireasurements in the near surface zone.

As presented in Chapter 1, soil suction is an important parameter in predicting soil
water evaporation, in particular the suntiat the soil surface. Wilson et al. (1997)
conducted a thin soil pan evaporation ekpent and proposed a relationship between
the total suction at the soil surface and ttormalized evaporation. This model only
has one variable related to soil, i.e., gugt and is independent of soil properties
(Wilson et al., 1997). However, the sucti was determined from the soil water
retention curve, and not from the directasurement in the thin soil sample. On the
other hand, Aydin et al. (200%)oposed a suction related evaporation model based on
the relationship between the ratio of acteeiporation rate to potential evaporation
rate and soil suction at the top soil layer. However, the suction in the near surface is
not easy to measure, and using the socta deeper levels would result in
overestimation or underestimation of evagimn (Aydin et al. 2005). Therefore, the
measurement of soil suction at the soil acef is essential in soil water evaporation
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investigation even thah it represents a real challengéis will be attempted in the

present work.

As indicated in Chapter 1soil cracking enlarges ¢hevaporation surface thus
increases the evaporation rate significaritlappears important then to consider the
evolution of cracks when modeling the wats/aporation from fine-grained soils.
From an experimental view, it is importaiot use appropriate equipment that allows
soil cracking to be monitored.

The important elements mentioned above for water evaporation investigation lead to
improving the existing environmental chamlaeveloped by Ta (2009), Ta et al.
(2010) and Cui et al. (2013). The objectieéshe improvement are as follows:
1. To intensify the instrumentation in theam surface zone, especially within the first
50 mm from the surface;
. To develop a method allowing monitoritige matric suction ahe soil surface;
. To lessen the height of soil sample;
. To apply various atmospheiconditions to the soil sample;

. To control a stable water table;

o O~ WDN

. To investigate the soil surface destma cracking during evaporation, thus the
effect of cracks on evaporation;

7. To carry out evaporatidests with various soils.

Fontainebleau sand and Héricourt clay atected for this study. Fontainebleau sand
has been widely used in different subjantsrance (e.g., Delfosse-Ribay et al., 2004;
Bordes et al., 2006; Allegre el., 2010). Héricourt clay isne of the construction
material used for the experimental emk@ent in the French TerDOUEST project
(Terrassements Durables - Ouvrages en Sols Traités).

2.2 Materials studied

2.2.1 Fontainebleau sand

Fontainebleau sand is selected for sand ewatipor experiment. It is a natural, fine,
white siliceous sand (see Fig. 2.1). #igecific gravity, maximum unit mass and
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minimum unit mass are 2.64, 1.75 Md/mand 1.39 Mg/ respectively. The
effective grain sizd®;p is 0.14 mm and the coefficient of uniformit, = Dgo/D10, IS
1.6 (Delfosse-Ribay et al., 2004). The graize distribution curve determined by
sieve analysis is shown in Fig.2.

Fig. 2.1. Photograph of Fontainebleau sand
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Fig. 2.2. Grain size distribution curve

2.2.2 Héricourt clay

Héricourt clay is selected for the clayaporation experiment. It was used for the
construction site of an experiment@mbankment in Héricourt, France. Its
geotechnical properties are presented in TAldlelt contains 85 % clay minerals with
predominance of illite-smectite interstratified minerals, 10 % quartz and 5 % feldspar.
The soil is a high plasticity clay accorditmythe Casagrande’s classification criterion
and belongs to the CH group following thefied solil classification system (USCS).
Moreover, this soil is defined as A3agl by the French technical guide named
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‘realization des remblais et des coucliEs forme’. The photograph of this clay
sample is presented in Fig. 2.3. The gise distribution curve of Héricourt clay is

presented in Fig. 2.4.

Fig. 2.3. The photograph of Héricourt clay sample

Table 2.1 Geotechnical properties of Héricourt clay

Physical properties Values
Specific gravity 2.70
Plastic limit 37 %
Liquid limit 76 %
Plasticity index 39
Shrinkage limit 17 %
Clay (<2 m) 78 %
Blue methylene value 7.5
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Fig. 2.4. Grain size distribution curve
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Fig. 2.5. Measurement of thermal Fig. 2.6. Relationship between thermal
conductivity conductivity and water content

The thermal conductivity of compacted Héridotlay is an importat property in the
investigating of soil water transportation shgy evaporation. Therefore, a commercial
thermal analyzer that camrims to the ASTM Standard (KD2, Decagon Devices Inc.)
was used to measure the thermal conductieftydéricourt clay compacted at a dry
density of 1.4 Mg/m but with various water contents. Firstly, the air-dried Héricourt
clay was crushed and passed through 2 smwe. Then, five soil samples with
different water content (8 %, 15 %, 20 26% and 30 %) were prepared according to
its initial water. Afterwards, the preparedil sample was compaat statically in a
mould (50 mm in inner diameter) at a constdisplacement rate of 0.1 mm/min until
reached the target value of depth which corresponds to a dry density of 1.4 Mg/m
Finally, a specimen with 50 mm in diame#ard 70 mm in height was formed. A hole

of 1.3 mm in diameter and 60 mm in depth was drilled into the middle of the
specimen. The probe of commercial thermal analyzer was then inserted into it for
measuring the thermal conductivity soil sample (Fig. 2.5). Note that the probe was
coated within a thin layer of thermal grease for providing better thermal contact
between them. On the othemiaka for checking the effect difie position of hole on the
measurement value, three other holes wdnided at different positions and the
corresponding thermal conductivigialues were measured. The values at different
positions were close and thus the averageegalere considered as the final results.
The relationship between thermal conductivitg avater content is shown in Fig. 2.6.
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For predicting the thermal conductivityf compacted soil, Tang et al. (2@)8
proposed a linear relationship between\tbkimetric fraction of air and the thermal
conductivity (Equation 2.1).

K DVIV) Ky (2.2)
whereK is the thermal conductivity (W/(mK)); andKsy are fitting parameters, is
the slope of this linear equation aKg is the thermal conductivity at saturation state
(W/(mK)); V4V is the air volume fractiorV, is the air volume in soil sampl¥,is the
total volume of soil sample.

The relationship between thermal condutgivand air volume fraction is shown in
Fig. 2.7.Two fitting parameter can be identified:= -1.8824,Ks5: = 1.0729. On the
other hand, for estimating the relevance @ #quation, other typical equations were
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also used to predict theaitmal conductivity of Héricourtlay. The thermal calculated
using different equations versus the measwaddes are presented in Fig. 2.8. Only
Equation 2.1 gives reliable prediction anther equations show an overestimate.
Therefore, Equation 2.1 is relevance method to eéhthermal conductivity of

Héricourt clay.

To better understanding thphysical properties of Hémurt clay, the related
microstructure tests have been done. Témults of Mercury Intrusion Porosimetry
(MIP) test and Scanning Electron Microscq8EM) test are shown in Figs. 2.9 and
2.10, respectively (Tran, 2014). Figure 209&chows the relationship between the
intruded mercury void ratioef, the ratio of mercury intrusion volume to soil solid
volume) and the pore radius in a semi-logarithmic coordinate. Figure 2tk the
pore size distribution curve, allowing ethanalysis of soil microstructure. Two
populations of pores can be identifigde intra-aggregate pores close to 0.0h%
pore radius and the integgregate pores close to 0.2& pore radius. The SEM
observation (Fig. 2.10) confirms the resultsnfirMIP. Several natal clay aggregates
of size about 10m are observed and several inagigregates pores smaller thanm
can also be observed. The sture of natural clapggregates formed by clay particles

is also clear in this figure.
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Fig. 2.9. MIP tests results of nature Héricourt clay (Tran, 2014)
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Fig. 2.10. SEM photograph of nature Héricourt clay (Tran, 2014)

2.3 The environmental chamber developed

2.3.1 Description of the environmental chamber

The experimental setup consists of an emmental chamber, a wind supply unit, an
air collection unit, a photogragiollection unit, a water suppunit and a data logging
system. A sketch of this system is showrFig. 2.11. A three dimension view of the
environmental chamber is presented in Rig.2. A schematic cross section (A-A) of
the environmental chamber for Fontaireghl sand and Héricourt clay evaporation
experiments are shown in Figs. 2.13 dhd4, respectively. A photograph of the

experimental setup is shown in Fig. 2.15. The chamber includes the main body, the
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ventilation part, the soil column part, the water drainage layer and an acrylic chamber
cover of 8 mm thick.

Fig. 2.11. Sketch of the environmental chamber test system

The main body is an acrylic transpareshamber fixed on a base. The chamber
consists of fouracrylic plates mounted togethby epoxy glue. The chamber has a
wall of 20 mm thick, an internal width &0 mm and an internal length of 2000 mm
(Fig. 2.12). Silicon glue was used to seal the joints in the four corners for preventing

any leakage of air or water.

The soil column is prepared by companti The sensors meas\g volumetric water
content and soil temperature are instaedvarious depths dmg the compaction.
The drainage layer is a compacted grgd@émeter: 2 - 4 mm) layer of 15 mm (for
Fontainebleau sand) or 65 nifor Héricourt clay) thickand sandwiched between two
layers of geotextile of 1 mm thick (Fig.13 and Fig. 2.14). Twoutlets are prepared
at the bottom of the drainage layer foil saturation, drainage and water supply.
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Fig. 2.12. Three dimension view of environmental chamber

Fig. 2.13. Schematic cross section (A-A) of #mvironmental chamber (for Fontainebleau sand
evaporation experiment)
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Fig. 2.14 Schematic cross section (A-A) of the environmental chambeétdfarourt clay
evaporation experiment)

Fig. 2.15. Photograph of the environmental chamber system

The details of the sensorseglsare presented in Table2and their arrangements and
locations are shown in Fig. 2.13, Figl2, Fig. 2.16 and Fig. 2.17. These sensors
were installed at different monitoring pts in both the soil column and air. The
volumetric water content sensors, namelgtalProbe, were buried at different depths
(i.,e., 25 mm, 40 mm, 55 mni,25 mm and 225 mm below the soil surface in the
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Fontainebleau sand evaporation expentrand 25 mm, 40 mm, 55 mm, 80 mm, 130

mm and 230 mm below the soil surface iné&icourt clay evaporation experiment).

Four high-capacity tensiomegeof 1.5 MPa working suctio(Cui et al., 2008; Tang et

al., 201@) were installed on two sides of thelixat various depths (i.e., 25 mm, 77

mm, 173 mm and 276 mm below the soil surface). One tensiometer was placed near
the soil surface (10 mm below the soil s in order to ensure the good contact
between the tensiometer and soil). Six soil temperature sensors (PT1000) were set
every 50 mm along the soil column. An imxfed thermometer was fixed at the cover

to measure the soil surface temperat@ee anemometer for measuring wind speed
was fixed on one edge of the chamber caual the wind speed probe was installed

50 mm above the center of soil surface. Note that the wind speed at this position was
considered as the representative vatlwing the evaporation tests. Six T3111
transmitters for measuring air temperatund eelative humidity were mounted inside

and outside the chamber. Two of them wealeeced at the air inteand outlet. For the

other four sensors, one was fixed on thancher’s wall in the middle between the soil
surface and the cover of chamber; tkeamd one was mounted outside the chamber
for monitoring the laboratory relative huntyd the last two sensors were placed on

the soil surface (only in Fontainebleau sawaporation experiment) and at 50 mm
above the soil surface, respeetit The thermistors that allowed the measurement of
air temperature were fixed at differeneehtions along one side of the wall in the
ventilation part (i.e.80 mm, 185 mm, 275 mm, 380 mmda465 mm above the soll
surface). On the other hand, for enlaggithe range of suction measurement in
fine-grained soil (i.e., clgy two other sensors, namely psychrometer and T3111
transmitter, were installed at the wall thie chamber. The suction range from 0 to

8 MPa was monitored by psychrometerdae suction highrethan 8 MPa was
measured by T3111 transmitter. The locations of psychrometers and T3111 transmitter
are presented in Fig. 2.17. The plugs glesd for the installation of each type of
sensors mounted at the wall were the same as those developed by Tang et al. (2009)
and are shown in Fig. 2.18. The supports for ThetaProbe allowed ensuring the
water-tightness with the passages of cables. The T3111 transmitter was inserted in a
small tank and measured the air relative humittigide it. It is noted that the air in

the tank could exchange moisture with slertbugh the porous metal. The supports for
tensiometers let the sensors in contact with soil directly. Another important point is
that the soil surface heave during saturabefore starting the evaporation test was
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monitored by linear variable differential tiformers (i.e., LVDTs)The disposition of

these sensors is shown in Fig. 2.19.

Table 2.2 The sensors used

Parameter
Sensor Manufacturer Model Range Accuracy Number
measured
High-capacit Matric
g . pacly ENPC ) 0-1.5 MPa + 1 kPa 5
tensiometer suction
) + 0.03
Psychrometer Wescor PST-55 Total suction 0.05-8 MPaMPa
Relative
, L 0-100 % +25%
Transmitter Elcowa T3111 humidity 10
-30-150 °C = 0.4 °C
Temperature
\olumetric
ThetaProbe Delta-T ML2x 0-100 % +1.0% 6
water content
Resistance
temperature Correge PT1000 Temperature 0-100 °C +0.3°C 6
detectors
Thermistor Radiospare DO-35 Temperature -40-250°C  +1.0%5
Infrared
Calex Pyropen-D  Temperature -20-250°C +1.0% 1
Thermometer
Linear
variable ) +0.125
) ) FGP DX20EL Displacement  0-50 mm 12
differential mm
transformer
+ (0.03
i m/s +5
Wind
Anemometer Testo 435-2 . 0-20 m/s % 1
velocity
measured
value)
. 0-500 +15%
Flowmeter Kobold MAS-3120 Air flow ) 1
L/min full scale
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Fig. 2.16 Locations of the sensors buried in Fontainebleau sand

Fig. 2.17 Locations of the sensors buried in Héricourt clay
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Fig. 2.18. Details of the sensor supports (Tang et al., 2009)

Fig. 2.19. The top view of the dispositions of LVDTs (dimension: mm)

The wind supply unit (Figs. 21 and 2.20) was used foontrolling the atmospheric
conditions such as air temperature and awfrate. This system consisted of five
parts: (1) high-pressure compressed air source; (2) air flow rate measurement unit; (3)
air heating unit; (4) relative humidity and temperature measurement unit; and (5) air
distributor. The compressed air sourcerresponded to the common laboratory
compressed air system. The air flow ratas controlled bya regulator and was
monitored by a flowmeter. The air hewsgi unit consisted of heating hoses and
temperature regulator. Thimit could heat the air totamperature up to 250 °C. The
unit measuring the air relative humidity ateinperature consisted of a rigid plastic
cell in which a T3111 transmitter was inserted. The air distributor was a metallic tube
on which eightholes of 8.4 mm in diameter weralldd along the length of tube with

a spacing of 100 mm. In particular, the tuklkich was used toonnect the heating
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unit to the air distributor was wrapped witisulation materials for minimizing heat
loss.

The air collection unit, assembled on thdlwd outlet side, was half of a polyvinyl
chloride cubic box of 755 mm long, 30m large and 100 mm high (Fig. 2.21(a)).
This unit collected the air from the chamlasad a T3111 transmitter inside measured
both the relative humidity and temperatureadf A total of five holes of 25 mm
diameter in the wall of chamber enalitee air flow to thecollection unit (Fig.
2.21(b)).

(a) High-pressure compressed air source and air flow rate measurement unit

(b) Temperature regulator (c) Heating hoses
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(d) Relative humidity and temperature (e) Air distributor
measurement unit

Fig. 2.20. Wind supply unit

(a) polyvinyl chloride cubic box (b) Holes for air passing

Fig. 2.21. Air collection unit

(a) Camera (b) LED light

Fig. 2.22. Photograph collection unit
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The photograph collection unit was a high digion digital camera with specific lens
(Canon EOS400D). This camera was fixecdatertain elevatn above the chamber
allowing the whole soil surface to be cove(&iy. 2.22(a)). This unit was used for
taking photos of soil surface and furtheabzing soil cracking. The soil surface was
lighted by Light Emitting Diode (LED) (Fig. 2.22(b)) installed at the four edges of the
chamber cover in the Héricourt clay evaporation experiment. The LED light has lower
heat emission, minimizing the heat perturbiatio the soil-atmosphere interface (Ta et
al., 2010).

The water supply unit consisted a plastic water tank arad water table survey tube
(Fig. 2.23). The water tank supplied watertlie chamber and the water level inside
the tank was kept the same as the wataeta the chamber (bottom of chamber in
this study). The water tablersey tube was a glass tube with marks and connected to
the water tank. Thereby, achange of water table inglhchamber could be detected.
When the water table lowered down due tib @eaporation, more water was added to
the tank to keep a constant water tablee quantity of water added was recorded.

Fig. 2.23. Water supply unit

2.3.2 Description of the sensors used

2.3.2.1 Introduction

As mentioned in section 2.3.1, the environmental chamber developed can operate

under controlled atmospheric conditions, angl $bil response can also be observed
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by various sensors. As shown in Table th2ye are ten types of sensors used. For the
atmospheric conditions, the air flow rate was measured and controlled by air
flowmeter, the air temperature and relative humidity were monitored by the T3111
transmitter and thermistor. The wind speed above the soil surface was measured by
anemometer. For the response of soil, tHametric water contédrwas monitored by
ThetaProbe, the suctions of different ranges were monitored by tensiometer (0-1.5
MPa), psychrometer (0-8 MPa) and T3111 transmitter (higher than 8 MPa); soil
temperature was measured by PT1000 and the surface heave was surveyed by LVDT.
It is noted that most of these sensors weiérated before leaving factory and there
was no need to perform specific calibratioHowever, some sensors such as
tensiometer, psychrometer, Thetaprobe an®T\heed to be calibrated prior to use.

In this section, the desption and some special calibration procedures of these
sensors is given.

2.3.2.2 Calibration of various sensors

2.3.2.2.1 Tensiometer

The high-capacity tensiometesed is a sensor develapat ENPC for soil matric
suction measurement within a range b6 MPa (Mantho, 2005) based on the
tensiometer developed by Ridley and Bad (1993, 1995). Good performance of this
tensiometer was identified in the labangt (Mantho, 2005; Ta, 2009; Tang et al.,
2009; Tang et al., 2080 Le et al., 2011; Cui et al., 2018lufioz-Castelblanco et al.
2012) and in the field (Mantho, 2005; Gatial., 2008). Furthermore, the temperature
effect on the calibration curvef this sensor in the pibswe range was found to be
insignificant (Tang et al., 20&D. The sketch of this tensiometer is shown in Fig. 2.24.
A photograph is presented in Fig. 2.25. FeguR.26(a) and 2.26(b) show the supports
for fixing the tensiometer and Figure 2.26(c) shows a plug for replacing the
tensiometer when it is out of use.

The three essential componerdf the tensiometer are: a porous ceramic stone, a
reservoir of water and a device of stresasurement. The porous ceramic stone with
an air entry value of 1.5 MPa is fixedtime stainless steel body by epoxy glue. A thin
water reservoir (0.1 mm) is designedtvaeen the porous ceramic stone and the
diaphragm. The strain gages are glued @ndther side of the diaphragm and allow
the monitoring of water pressure on the diagjm. The water pressure is recorded in
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voltage by the data logger. The details of this sensor can be found in Mantho (2005)
and Cui et al. (2008). Furthermore, ragntioned by Ng and Menzies (2007), when
the tensiometer is in contact with soil, the water in the reservoir is extracted through
the porous ceramic stone and goes intosthieé This water expelling process stops
until the stress holding the water in the tenmster is equal to the suction in the soil.

Thus, the suction measured corresponds to the water tensile stress in the reservoir.

Fig. 2.24. Sketch of high capacity tensiometer (Cui et al., 2008).

Fig. 2.25. Photograph of high-capacity tensiometer
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Fig. 2.26. The supports of tensiometer

Prior to use, the tensiometers need tocsaeirated in a saturation cell with de-aired
and distilled water under high pressure. Meaifeylthe calibration okensor is also
completed during this saturation progre$te sketch of the saturation device is
presented in Fig. 2.27. A photograph of thesiometers under calibration is shown in
Fig. 2.28. The saturation awdlibration procedures are fmlows (Mantho, 2005; Ta;
2009):

1. Prepare de-aired and distd water using a vacuum pump.

2. Install all the tensiometers (sSixmaximum) in the saturation cell.

3. Open valve 3 and 4 (see Fig. 2.27), aihdi\@ater to the pressure-volume controller
and make sure that there are no ablides in it. At last, close valve 3.

4. Close valve 2 and open valve 1. Applacuum to the saturation cell using the
vacuum pump for at least eight hours.

5. Close valve 1 and open valve 2 and 4tHetde-aired water enter the saturation cell
from water container by vacuum. Then, easlve 4 and open valve 2, 3 and the 1;
apply a low pressure of 10 kPa to thd oatil water flows out without air bubbles
from the tip above valve At last, close valve 1.

6. Apply a pressure of 4000 kPa to Haguration cell in steps of 200 kPa.

7. Keep the pressure at 4000 kPa for two days (see Fig. 2.28).

8. Decrease the pressure2@00 kPa. Calibrate the tensiadiees within the pressure
range from 0 to 2000 kPa. Record thesgtee value and the responding voltage.

9. Reduce the pressure to GaklPemove the tensiometers from the saturation cell and

immerse them in distilled water in small bottles.
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Fig. 2.27. The sketch of the saturation set-up

Fig. 2.28. Photograph of the tensiometers under calibration

During saturation, the tesiometers are calibrated in the range of positive pressure from
0 to 2000 kPa. The calibration curve in the negative pressures is extrapolated from the
relationship between positive pressure and output voltage. The calibration results of
Six tensiometers at positive pressures amvs in Fig. 2.29. The tensiometer signals

(in mV) and the pressures @ied (in kPa) show cledinear relationships, and the

slopes of these relations are similar.
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Fig. 2.29. The calibration curve at positive pressure

The good contact of porousraenic stone and soil sample essential for obtaining
reliable and representative measurements.tkig purpose, a thin soil paste layer
made of the same soil as the tested plased on the porous ceramic disk (Mantho,
2005; Marinho et al., 2008; Le et al., 2011).

2.3.2.2.2 Psychrometer

The thermocouple psychrometer corresponds to an indirect measurement of soll
suction (Bulut and Leong, 2008). The total suction determined by psychrometer is
through the measurement of air relative humidity. Kelvin equation is then used to
convert relative humidity to stion. The psychrometer groyed in this study is a
PST-55 type thermocouple psychrometer within a measurement range from 0 to
8 MPa. The current passes through the junction formed by two dissimilar metals and
lets the junction to be caad by Peltier effect. Water par condenses on the junction
when the junction temperature becomes below the dew-point temperature. The current
is then interrupted and the water on the jiomcstarts to evaporate. The temperature
difference between this junction and the refeeejunction results in an output voltage

by Seebeck effect. When the water evaponaand condensation reach equilibrium,

the temperature difference is functiontbe surrounding air relative humidity. The
recorded voltage can then be convertedotal suction according to the calibrated
relationship between output Yage and relative humiditf.u and Likos, 2004; Bulut

and Leong, 2008). A photograph of this PSTgsychrometer is presented in Fig.
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2.30(a). This psychrometer is smallegs than 20 mm in length), and has a
non-removable stainless steel shield which has a larger pore size and allows a faster

equilibration. A 1.5 m length cable was usedonnect it to the data logger.

Fig. 2.30. Photograph of suction measurement system: (a) PST-55 psychrometers and (b)
PSYPRO water potential system

The data logger employed is the PSYPRO wptgential system with an 8 channels
(see Fig. 2.30(b)). The procedure of this method is summarized as follows (Wescor,
2004): First of all, an 8 mA cooling cunepasses through the thermocouple for a
long enough time (5-60 seconds) in ordelddbthe water vapocondense onto the
thermocouple junction. Then, the coolirrrent is interrupted and the water
condensed starts to evaporate toward thesoding air. After 3 to 5 seconds, the wet
bulb depression temperatureackes and thus a stablenggerature is held at the
junction. This wet bulb depression temperatig related to the relative humidity of
the surrounding air and is converted tdtage. The wet bulb depression temperature
lasts some seconds during water evaporatiom;output voltage during this stage is
averaged to calculate suction using tteibration curve. At last, the junction
temperature returns to tearrounding air temperaturacthe output voltage becomes
zero.

As far as the operation ®#SYPRO water potential system is concerned, the usual
procedure is as follows: (a) ensureatththe connections among psychrometer,
PSYPRO system and computae correct; (b) turn on th&/stem and check if the
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voltage of the system is lower than 1Y.7(c) turn on the data download software;
click the Contact PSYPRO menu selecttorcheck the communication between the
water potential system and the computer; then click Set PSYPRO Time menu
selection to set time; (d) set related paransete the main application screen, such as
time interval, number of sensprithe cooling current timegelay seconds after cooling,
measurement period seconds, read aeersgronds etc.; (e) click Save PSYPRO
Settings menu selection, save the settings to PSYPRO; (f) after completing the
measurement, click Save PSYPRO Data nealection for saving the recorded data;

(g) click Clear PSYPRO Memomnenu selection; (h) repetite operations above for

a new measurement.

Particular attention should be paid oouf important setting parameters, i.e., the
cooling current time, the delay secondsraf@oling, the measurement period seconds
and the read average seconds. The cooling time should be long enough for water
vapor condensation onto the thermocouplecijion. The higher the suction to be
measured the longer the cooling current t{@kierucha, 2005). Ithis water potential
system, this parameter varies from B@seconds. The measurement period seconds

is used to determine the interval of rewyd. In general, 50 reegs are taken during

this period and this parameter usuallyies from 5 to 250 seconds (Wescor, 2004).
The delay seconds after cooling is the tdarafrom interruptingthe cooling current

to the time point when readings averagingtstarhis duration is used to ensure that

the measurement of suction is at the constant stage of wet bulb depression temperature
(i.e., a constant output voltage). This gela counted as part of the measurement
period because readingseaione during this delay @Scor, 2004). Read average
seconds is the time used for determining #verage value of the readings at the
constant wet bulb depression temperaturee fimber of readings used to calculate

the average value depends on the memsent period seconds: the measurement
period second is divided by tl&® readings to determine the interval for one reading,
and then the read average seconds isléd/by the interval to determine the number

of readings. These readings are averagedtle result is used to convert the voltage

to suction based on the calibration curve. Nbtd the readingshould be taken over

the constant stage of output voltage.

The psychrometers need to be calilatateefore use. The calibration of the
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psychrometers is conducted lgyrectly immersing theminto a salt solution (for
instance, NaCl solutiorgf known suction (Skieruch2005; Bulut and Leong, 2008).
This method avoids the effect of any teargture fluctuation (Bulut and Leong, 2008).

In general, calibration solutions are chosen to cover the range of total suction

considered.

Five PST-55 psychrometers were calibcafollowing the procedure below:

1. Prepare the NaCl solutions with different osmotic suctions and keep them in the
airtight glass bottlesThe related solutions and cap®nding suctionare shown in
Table 2.3.

2. Drill a hole in a rubber bottle stopperialnis matched to the solution bottle.

3. Insert the psychrometers in this hole.

4. Insert the rubber bottle stopper which cargahe psychrometers in the glass bottle.
Put a silicon sealant on the contact dvetaveen the stopper and psychrometers and
between the stopper and bottleck to prevent entry of ait.eave this bottle in the
room and let the sealant dry. Note that the psychrometers are immersed in the
solution at a fairly shallow depth. Thipgroach avoids forcathe solution through
the mesh liner onto the sensor as a resudhaddditional pressure (Bulut and Leong,
2008).

5. Keep the bottle in a watéath having a constant teerpture of 25 + 0.1 °C (see
Fig. 2.31). Leave this setup for at leaste hour to allow the psychrometers to
reach equilibrium.

6. Use the PSYPRO water potential system for measuring the total suction in
microvolts. For avoiding the influence t#gmperature, the readings are corrected

using Equation 2.2:

U
U measured 2 . 2
cotected 0,325 0.027 (22)

where UneasurediS the output of PSYPRO (UV)Jcorrected IS the corrected output
(uV); andT is the ambient temperature (°C).

7. Repeat the operation abowéh different NaCl soltions corresponding to various
suction values.

8. Plot the readings in microvolts against the suction value to establish the calibration
curve. A typical calibration curvebtained is given in Fig. 2.32.

9. Clean the psychrometers thoroughly witistilled water after each calibration
operation to remove the salt from the fisereen of psychrometers. The residual
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water within the shield shoulae blown away by dry air.
Note that the procedure mentionedoee follows the method proposed by Sood
(2005).

Table 2.3 Water potentials of sodium chloride (NaCl) solution at 25 °C (Lang, 1967)

Molality (Mol/kg) Water potential at 25 °C (MPa)
0.05 -0.234
0.2 -0.915
0.7 -3.210
1.2 -5.620
1.6 -7.652
1.7 -8.170

Fig. 2.31. The calibration system of psycheometer

It is observed from Fig. 2.32 that all the sensors have similar calibration curves,
although the slopes differ slightly from 3.75 to 3.98/MPa. These slopes are
different from the factory parameter 4.V/MPa at 25 °C (Wescor, 2004).

91



Chapter 2 Materials studied and environmental chamber developed

35

w
o
|

N
(¢
|

y = 3.98x+0.35
R°=0.99

S 20
=
>
< 15 A
©°
> O No.l
10 O No.2
A No.3
5 VvV No.4
< No.5

Linear fit of No.2
0 T | T | T | T | T | T | T | T | T |
0 1 2 3 4 5 6 7 8 9

Suction (MPa)

Fig. 2.32. The calibration curve of psychrometer

2.3.2.2.3 ThetaProbe (ML2x)

ThetaProbe (ML2x) is a widely usednser for measuring soil volumetric content
(e.g., Kaleita et al., 2005; Zhan et &006; Kargas and Kerkides, 2008, 2009). This
sensor consists of a cylindrical probe bdd$2 mm in length, 40 mm in diameter),
four stainless steel rods (60 mm in lenddhmm in diameter and a radial spacing of
15 mm) and an input/output del{Miller and Gaskin, 1999)n the probe body, there
are an oscillator, a coaxial transmissioreliand measuring cirduy. For the metal
rods, the outer three forms an electric kharound the central one. The central one
acts as the signal rod. The rods are insertathe soil and serve as an additional
section of the internal transmission lioé the probed body (Kargas and Kerkides,
2008). The impedance of the roplart is determined usirtpe dielectric constant of

soil surrounded by the rods. A photograph @ 8ensor is shown in Fig. 2.33.

In fact, the dielectric constant of liquidater (~80) is much larger than other two
phases (solid and air): 3 to 5 for soil solids and 1 for air. As a result, the presence of
water governs the dielectric constant of soil (Look and Reeves, 1992). Therefore, the
volumetric water content can be dedudesm the calibrated relation between the
water content and soil dielectric constafittually, Topp et al. (1980) proposed an
empirical polynomial equation betweeneth. A linear relation was presented by
Whalley (1993). Many methods have beeopmsed based on thefdrent techniques
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for determining soil dielectric constantcbuas Time Domain Reflectometry (TDR),
Amplitude Domain Reflectometry (ADR) arGapacitance. The sensor ThetaProbe is
one of Amplitude Domain Reflectometry. Generally, the oscillator in the probe body
generates a 100 MHz sinusoidal signal; signal is transmitted along the coaxial
transmission line and the atldnal section (i.e., the rodmd the soil surrounded by
rods, roughly 40 mm in diamat and 60 mm long). The impedance of the addition
section corresponds to the dielectric constaf the soil surrounded by rods. If it is
different from the impedance of the transsion line, a proportion of incident signal
will be reflected back from the connectipmction (see Fig. 2.33) between the rods
and the transmission line. The reflectednsil interacts with the incident signal
causing a voltage standing wave to be fednon the transmission line; that is, a
change of voltage amplitude along the transmission line (Gaskin and Miller, 1996).
Therefore, the measurement of the tagé amplitude difference between the
beginning of the transmission line ande titonnection junctiorcan be used to
determine the impedance of soil, hence the dielectric constant (Miller and Gaskin,
1999). The volumetric water content is trdtermined based on the calibration curve.
Note that the sensor used operated@ MHz signal frequency, high enough to
minimize the effect of ionic condtieity (Miller and Gaskin, 1999).

Fig. 2.33. A photograph of ThetaProbe sensors with their supports

For the calibration with Fontainebleaand, sand specimens with various water
content values were compacted in a rigihtainer (80 mm ieight and 70 mm in

diameter). ThetaProbe sensors were iesento the sand samples for measuring the
water contents (see Fig. 2.34). Afterwartfe sand samples were put in oven for the
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measurement of gravimetric water conteiitserefore, the volumetric water contents
( ) were calculated and used to build a relahip with the square root of dielectric

constant (/) monitored by ThetaProbe. The formula is as follows:

Jo9w 14 T (2.3)
This is consistent with the lineadagonship discussed by Whalley (1993):

Ve a T (2.4)
For Fontainebleau sand, the two paramedgranda; are 1.4 and 9.0, respectively.
These values are different from thosepgwsed by the manufacturer: 1.6 and 8.4, as
well as those provided by Whalley (1993):a16d 8.1. This shows the importance of

calibrating the sensor prior to each speaise. The calibration curve is presented in
Fig. 2.35, where the results obtaingy Ta (2009) are also presented.

For Héricourt clay, the calibration curve prepd by Ta (2009) wesdopted (see Fig.
2.36).

Fig. 2.34. The calibration of ThetaProbe in Fontainebleau sand
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Fig. 2.35. The calibration curve of ThetaProbe for Fontainebleau sand
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Fig. 2.36. The calibration cunaf Héricourt clay (Ta, 2009)

2.3.2.24 VDT

The LVDT (Linear Variable Differential Bmsformer) is a common electromechanical
transformer that can convert the rectilinear motion of an object to electrical signals.
Typically, LVDT consists of an iron core of high permeability and a cylindrical body.
The cylindrical body is hollow and has stigiss steel housing. Inside the body, a
primary winding centered between a pairidentically woundsecondary windings,
symmetrically spaced with respect to the @niyn The core is free to move in the axial
hole of the hollow probe body. The dispdament of iron coreresults in an
electromagnetic imbalance in the windira;yd thus generates a differential output

voltage which is proportional to the codesplacement. It is worth noting that the
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LVDT used in this study was modified for the swelling measurement in the chamber:
a special designed support was usedxdte body of LVDT in the chamber cover
(Tang et al., 2009). For each LVDT, a carbon rod was fixed at the end of iron core as
an extension of it. This allowed overcamithe problem of londistance between the

soil surface and the chamber cover. Carlmmhwas used because it is light, rigid and
thin. A light plastic cap was installed attknd of the carbon rod so as to increase the
surface of the rod and avoid penetatiin the soil. A photograph of a LVDT
(FGP-DX20EL) is shown in Fig. 2.37.

All the 12 LVDTs were calibrated using a rule the laboratory prior to use. The
calibration results are presented in R2B8. A well defined linear relationship was
obtained for all LVDTs with similar epes between the output voltage and the

displacement.

Fig. 2.37. Photograph of a LVDT
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Fig. 2.38. Calibration results of the 12 LVDTs used
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2.3.3 Experimental procedures

2.3.3.1 The preparation of the environmental chamber

As mentioned before, the high pressurenais supplied by thiaboratory compressed

air system and was controlled by a presseagelator. The air flow rate was measured

by a flowmeter to an accuracy of £ 1.58er a working range of 500 L/min. This
cool air was then heated using heating h@sebkits temperature was controlled by a
temperature regulator with a maximumeasurement range of 250 °C. The
temperature and relative humidity of tHigated air were monitored by the T3111
transmitter prior to being diffused into the chamber using an air distributor (i.e. inlet -
a perforated metal tube). When enterthg chamber that was equipped by various
sensors, the hot air took away the water vapor from the soil. After crossing the
chamber (i.e., outlet), the air was gathered and its temperature and relative humidity
were measured again by a relative humidity sensor that can also measure the
temperature. The evaporation rate canch&ulated according to the air relative
humidity and temperature at inlet and oytlas well as the air flow rate. The
monitoring of the temperature at theilseurface was ensured by an infrared
thermometer fixed at the chamber covEne point of measurement was firstly the
center of the surface and then changedtter positions in order to verify the
uniformity of temperature. The tempéure at the center of soil surface was
considered as the represdivia value. Regarding the W& supply unit outside the
chamber, it ensured a constant water taloleng soil evaporationghanges of water
table were monitored using a water &abheasuring tube. The photograph collection
unit captured the changes of soil surfaceestalowing the monitoring of desiccation
cracking during evaporatioAll data were recorded the data logging system.

2.3.3.2 Calculation of actual evaporation rate

The calculation of evaporation rate is basadhe variations of air absolute humidity

at the inlet and outlet of the chamber. Hiretemperature and relative humidity values

at the inlet and outlet and the air flow rate are used to determine the evaporation rate.
The method is described as follows (Moted et al. 2000; Aluwihare and Watanabe
2003):

The evaporation rate is calcuddtby the following expression:
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E, 864002 Ha_oer_Ha_ne) (2.5)
LA
whereE, is the actual evaporation rate (mm/ddy), outetis the absolute humidity at
outlet (Mg/n?), Ha_inietis the absolute humidity at inlet (Mg/nQ is the air flow rate
through the chamber (L/s){ is the density of water (MgfnandA is the area of soil
evaporation surface in the chambef)m

The absolute humidityHy) is calculated as follows (Brutsaert, 1988):

0.622, (2.6)
* 100(RT,
ewH, 2.7
* 7100 @7
e, 101325exp(13.3185 1.9760 0.6445 0.1£29 ) (2.8)
NEPREICEE (2.9)
T

a

wheree, is the vapor pressure (Pa);is the air temperature (KRR is the gas constant
(287.04 Jkg KY); esx is the saturated vapor pressure (R#)is the air relative
humidity (%); and 0.622 is the ratio oftimolecular weights of water and dry air.

2.4 Discussion

As discussed in Sections 2.1 and 2.3, the new chamber has multiple targets for
investigating soil water evaporation. Theil column height was reduced to 250 -
300 mm, allowing saving materials and eyefor sample preparation. The denser
arrangement of soil volumetric water corteensors allows rafing the monitoring

of water content in the near surface zofee high-capacity tensiometer placed at the
soil surface allows the soil surface suctiobéomeasured, thus providing useful data

for describing soil water evaporatibased on the suction related models.

Furthermore, the atmospheric conditions @watrolled by adjusting the air flow rate
and heating tube temperature; thusil seater evaporation tests under various

atmospheric conditions can be conducted.

The responses of soil to evaporation camioaitored by various sensors buried in the
soil, providing complementary data fonvestigating soil water evaporation. The
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monitoring of soil crack development allows soil surface parameters to be defined

and accounted for when modwisoil water evaporation.

The water supply unit ensures a stable loa@indary condition during evaporation.

2.5 Conclusion

This chapter is devoted to determinatiomudterial studied and the description of the
large-scale environmental chamber develdpednhvestigating soil water evaporation.
For the materials studied, widely used axpental sand, i.eFontainebleau sand and
the Héricourt clay obtained from an expeental embankment were selected as two
representations for investigating soivater evaporation mechanism. For the
development of environmental chamber, ¢hallenges met by this new chamber were
overcome by the introduction of new expemta methods and designs. Furthermore,
for a better understanding ofettprincipals of the sensoused, the deription and

calibration results of some sensors were given.

The atmospheric conditions were controllgdthe wind supplynit and the related
parameters such as air temperature, reldtiveidity and air flow rate were monitored
by various special sensors different positions. To havthe responses of soil, the

parameters such as soil temperatsvetion and water content were measured.

A method for measuring the evolution oktbluction at soil surface was introduced.

This allowed providing important and originddita to evaluatevaporation rate.

The denser disposition of sensors withhe first 50-mm deptlallowed refining the

measurements in the active zone for soil water evaporation.

The large dimension of soil sampl@000 mm in length, 800 mm in width and
300 mm in height) allowed the boundary effant the total volume of buried sensors
to be reduced. The 300-mm height allowsaving both materials and energy for
sample preparation.

Three suction sensors were used, allowirigrge range to beowered. The suction
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below 1.5 MPa was measured by high capaeihsiometer; the suction below 8 MPa
was monitored by psychrometer; and higbaction was measured by the relative
humidity sensor.
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Chapter 3 Evaporation teston Fontainebleau sand

3.1 Introduction

Various sand evaporation experimentgere conducted and reported. A pan
evaporation test on thin loam and samas performed by Kondo et al. (1990) for
determining the resistance to vapor diffusiorsoil pores. This resistance is function
of the volumetric water content of soil amds introduced in their evaporation model.
Two column evaporation tests were carmed on Beaver Greek sand by Wilson et al.
(1994) for investigating wateevaporation process andriging a soil-atmosphere
model. Evaporation tests weaéso conducted by Wilson at. (1997) orthin Beaver
Greek sand, Custom silt and Regina ckayl the relationship between the ratio of
actual evaporation to poteritiavaporation and total stien, which appears to be
unique and independent of soil texture, expental duration, and water content, was
observed. An evaporation experiment waaducted on Toyourstandard sand under
various atmospheric conditions in windnnel (Yamanaka et al., 1997), and a
physics-based method which considers depth of the evapating surface (i.e.,
modified surface-resistance approactyas proposed and verified using the
experimental data. A series of evapmnatexperiments in the laboratory under
controlled conditions were g@ed out by Yanful and Cho@l997) for investigating
the evaporation process ofetlpossible cover soil§.e., fine sandcoarse sand, top
soil and clay). The evaporah and drainage process foover soils (e.g., coarse and
fine sand) under different water tablenditions were investigated by Yang and
Yanful (2002). The results show thatetldrainage has strong influence on the
evaporation process, and the sand is gowderial for effetive evaporation and
drainage barriers. Furthermore, Yanful at (2003) investigad evaporation and
drainage from various soils (the Morie Nacoarse sand, Port Frank fine sand, Upper
Smallman silt and Halton clayey till) and the combination of some of these soils with
constant water table at bottom. The resuitsisthat the clayey tican be an effective
oxygen barrier in sulfide-bearing mine wasteers and the coarsand is better than
other soil for the protectes top layer. The evaporati experiment conducted by
Komatsu (2003) on different materials rida agricultural soiand cornstarch) under
controlled or uncontrolled corttbns show that the evaporation efficiency can be well
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described by a function of mean volumetridevacontent when the soil is sufficiently
thin. This function enables the evaporation rate to be calcukednvestigating the
effects of gravel mulch on evaporatiorduetion and its resistance to water vapor
transfer in a soil-mulch-atmosphere tooum, Yamanaka et al. (2004) performed
drying test in the wind tunh@n Tottori dune sands withnd without gravel mulch
and compacted in a weighing lysimeter. The results indicate that the gravel mulch
increases the resistance for both abovelaeidw the soil surface. The resistance of
the mulch layer increases exponentially wighthickness. Aydin et al. (2005) carried
out four evaporation experiments for venify a simple bare soil evaporation model.
One of these experiments involves sand was performed in a growth chamber by
controlling light, temperature and humiditghokri et al. (2008) carried out sand
evaporation experiments under different erafive demand conditions to investigate
the geometry and evolution of the dryifrgnt and water content distribution using
the neutron radiography. Thestdts indicate that the drnyg front geometry or water
content distribution below 2-mm depth is reftected by the external evaporative
demand; the liquid flow totally satisfiesetlsurface evaporation in the constant rate
stage and thereby the water content distidouis not affected. Smits et al. (2011)
conducted large sand column evaporatisrder well controlled thermal boundary
conditions for verifying a numerical gvaration model that accounts for phase
changes. Shahraeeni et al. (2012) cotetisand evaporation experiments under
controlled boundary conditions in a wind tuhriéhe extension of the model proposed
by Suzuki and Maeda (1968) was verifiasing the experimental data. The
mechanism of the appearance of a consiaiecreasing evaporan rate during the
first evaporation stage waseelly demonstrated by the expeental results. As far as
the experiments in field amncerned, Blight (2009onducted a number of sand and
water evaporation experiments for investigating the role of soil heat in the evaporation
process. The results showathithe soil heat provides a large proportion of energy for
evaporation.

Considering the aforementioned experiments carried out in the laboratory, it appears
that it is unable to describe the effecttloé potential flow process to the evaporating
surface with a thin soil sample (e.g., @&d 0.7 mm in heighWilson et al., 1997).

For the atmospheric conditions, most exmemts were carried out under partial air
conditions. Indeed, the experiments werediwted at a consta air temperature
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(38 °C) and constant relative humidifit0 %) (Wilson et al] 1994); at room
temperature (Wilson et al., 1997); at contrdlir temperature (24.2 °C) and relative
humidity (35 % - 80 %) with air circation (Yanful and Choo, 1997); under the
condition where air temperature varied frdi@ °C to 27 °C and relative humidity
from 11 % to 50 % (Yanful et al. 2003)nder the condition wdre the evaporative
demand and air flow resulted from di#et directions (Sbkri et al., 2008); under
controlled surface temperature conditions (Smits et al., 2011); under the condition
where air temperature varied from 25tC29 °C and relative humidity from 30 % to

40 % (Shahraeeni et al., 2012). In all tesit®, sand evaporations under various air

temperatures, wind speed and humidijues were rarely considered.

For the soil conditions, the soil temperature, suction and water content were
monitored separately in most experimefetsgy., Wilson et al., 1994; Yamanaka et al.,
1997; Yanful and Choo, 1997; Yang and Ydn2002; Yanful et al., 2003; Yamanaka

et al., 2004); these three parameters were simultaneously monitored in a few
experiments (e.g., Yamanaka et al., 199@manaka et al., 2004). Furthermore, the
measurement of surface suction was not caedlAs mentioned in Chapter 1, both
atmospheric conditions and soil parameters are important in investigating soil water
evaporation, in particular when develogia suction related evaporation models.
Thus, experiments that can provide ridata are needed rfdoth air and soil,
including those of surface suction. Oretlother hand, most of the experiments
mentioned above involved small samples ¢ssamples in pan, ioylindrical column,

in glass Hele-Shaw cells), which did not necessarily represent the large-scale soil

water evaporation in the field.

This chapter is devoted to Fontaineblsamd evaporation exparent using the new
environmental chamber developed in this study (see Chapter 2) under various
atmospheric conditions. A large compackaahtainebleau sand sample (1000 mm in
length, 800 mm in width an800 mm in height) was subject to four evaporation
tests at different air relative humidity valuésmperatures and air flow rates and with

a steady water table. The air conditicansd the soil parameters were monitored
simultaneously during the tests. It is i¥o noting that the measurements of soill
temperature and matric suction at thel sorface were conducted using infrared

thermometer and high-capacity tensiometer, respectively.
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3.2 Experimental methods

3.2.1 Test procedure

For the compaction of sand, 68 kg ofy drand was first pourethto the tank and
compacted manually to have a layer of 50 mm thick, corresponding to a dry unit mass
of 1.7 Mg/n?. This procedure of conagtion in layers was repeated until reaching the
total height of 300 mm (Fig. 3.1).

Fig. 3.1. Photograph of compacted Fontainebleau sand

During compaction, the installation sénsors was performed. The PT1000 sensors
measuring the soil temperature were édrabove each layer and the spacing was
50 mm (i.e., 25, 75, 125, 175, 225 and 275-miptlt®). For the ThetaProbe sensors,
two of them were inserteid the sand at 125 mm and 2@8n below the soil surface
during the compaction, and the others weueied in the first 60 mm below the soil
surface (i.e., 25, 40 and 55-mm depths) &fiersoil saturation for the monitoring of
water movement in this surface zone. For burying the ThetaProbe sensors, a hole
having similar dimensions as the sensor was created manually at the defined level,
and the sensor was placed horizontallghe hole by insertinghe four steel guides

into the soil. The hole was finally filled and manually compacted with a previously
determined quantity of sand order to ensure the sardey density (see Fig. 3.2).

This procedure aimed at minimizing thefeet of sensors installation on the soil
density as described by Tang et al. (200Bive thermistors measuring the air
temperature were fixed at differenieehtions (i.e., 80, 185, 275, 380 and 465-mm
heights) along one side of the wall insithe chamber. Two relative humidity sensors
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(T3111 transmitters) were installed &0-mm and 275-mm heights, allowing
monitoring air relative humidity. For the rélee humidity at inlet, outlet and in the
laboratory, other three relative humidity sensors were fixed at a plastic cell at inlet, air
collection unit and outside the chambegespectively. Moreover, an infrared
thermometer was fixed on the covemntonitor the soil surface temperature.

Fig. 3.2. Installation of ThetaProbe

After the soil compaction and sensors atistion, the soil column was saturated
through the water tank connected to the ottt chamber. Aftethe saturation, the
water level in the tank was lowered to the bottom of soil layer and was kept constant
during the tests. Meanwhile, four tensiometers were installed on two sides of the wall
at different depths (i.e25 mm, 77 mm, 173 mm and 276 mm below the soil surface)
and one tensiometer was placed at the soilace allowing theneasurement of the

near surface suction. Furthermore, a relative humidity sensor on the soil surface was
installed and the coveof chamber was sealed by siitto ensure the air-tightness.
The anemometer was fixed at the covagesdllowing the measurement of wind speed

50 mm above the soil surface center. The detditee arrangement of all the sensors
were presented in Chapter 2. A photographhe Fontainebleau sand experiment is
shown in Fig. 2.15.

3.2.2 Test program

After a stable water level was reachedhat soil bottom, the soil water evaporation
experiment was conducted under various @i air conditions. Four soil water

evaporation tests were conducted at varicosstant air rate and heating tube
temperature (see Table 3.1). Note thathbating tube temperature was much higher
than in the chamber, as it can be seem faten the results. Test 1 and Test 2 were

carried out at similar air flow rates (182min for Test 1 and 172 L/min for Test 2)
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but different temperatures in heating tu5e °C for Test 1 and 200 °C for Test 2).
Test 3 and Test 4 were conducted at a skower air flow rate (130 L/min) and
different heating tube temperatures (50 for Test 3 and 200 °C for Test 4).
Compared to the 11.5-day duration of Tésand Test 2, the dation of Test 3 and
Test 4 was much longer (17.5 daysTest 3 and 30 days for Test 4).

Table 3.1 Testprogram

Test number Air flow rate Temperature in heating tube Test duration
(L/min) (°C) (day)

Test 1 185 50 115
Test 2 172 200 11.5
Test 3 130 50 17.5
Test 4 130 200 30

3.3 Results

3.3.1Test1

Figure 3.3 depicts the evolution of air flowtearersus elapsed time in Test 1. The air

supply unit provides compressed hatat a high rate of 1855 L/min in this test.
200

190 +

180

Air flow rate (L/min)

170 +

160 T I T I T I T I

0 2 4 6 8 10 12
Elapsed time (day)

Fig. 3.3. The evolution of air flow rate

The changes of air temperatures at thet,iatlet of chamber and in the laboratory
are shown in Fig. 3.4. It can be observed that the value at the inlet is abolit°22
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much lower than the temperature in theating tube (i.e., 50 °C). The temperatures
vary from 17 °C to 19 °C at the outlet and fluctuate between 18 °C and 21 °C in the
laboratory. Note that the temperatureshaise positions exhibit the similar evolution

trend.
24 1
22
®)
e
2 204
@
Q.
S
e
2 18 4
| —m— Inlet —0— Outlet —A— Laboratory
16 T T T T T T T T T T T 1
0 2 4 6 8 10 12

Elapsed time (day)

Fig. 3.4. Evolutions of air temperature at thiet and outlet of chamber as well as in the
laboratory

Figure 3.5 shows changes of air temperatwer time. The air temperatures in Test 1
increase or decrease during the soil wateporation within aange from 16 °C to

20.5 °C. The lowest temperature valympears at 80 mm above the soil surface. At
this elevation, the air temperature decredsem 18.5 °C to 16.7 °C in the first 0.5

day, and then it increases to the first pealkie of 17.2 °C at t = 0.85 day. Afterwards,

the temperature goes down to its first lowest level of 16 °C at t = 1.5 days. A sharp
growth occurs after t = 1.5 days and readhessecond peak value of 18 °C att = 2.8
days. Subsequently, the air temperature declines to the second lowest value of 16 °C
at t = 4.6 days. The temperature value is elevated afterwards and reaches a small peak
value half a day later. During the followirtgne, the air temperature fluctuates at
17.8 °C £ 0.5 °C. As far as other elevati@me concerned, the trends of temperature
evolutions are similar to that at 80-mm dtei The air temperaterat 465-mm height

is the second lowest value and approxiya@8 °C higher than at 80-mm height.

The air temperatures at othelevations (185, 275 and @81m heights) are higher

than at 80 and 465-mm heights and their valuesvery close thus they are termed as
“other heights” in this figure. Note thatalthanges of air temgures in the chamber

at various elevations follow the same mareethose at inletna in the laboratory.
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Fig. 3.5. Evolutions of air temperature at different elevations

The evolutions of soil temperatures at défierr locations are shown in Fig. 3.6. It is
observed that the values decrease sharply gitini first few days (i.e., 1.8 days) but
slightly increase during the last test periexcept a decrease at t = 4.6 days. The
lowest temperature is at the soil surfaceleled, soil surface temperature varies from
10.7 °C to 13.7 °C and is much lower than the temperature inside the soil (i.e., about
4 °C). In the deeper levelshe temperature at 25-mmpde is lower than at other
depths and the highest value is at the pmsitiose to the bottom of soll (i.e., 275-mm
depth). Furthermore, the temperatureshase depths decrease during the first few
days, and then increase at a very slow. ratguick increase is identified until the end

of Test 1. Note that the temperatua#s/5, 125,175 and 225-mdepths were termed

as “other depths” in this figure duettee very close values at these positions.

All the temperature data recorded are usquldbthe air-soil temperature profiles (Fig.
3.7). The maximum air temperature is at 2Mtn height which corresponds to the
position of air distributor, and the air tematre close to the chamber cover is lower
than that at this air distributor position. Air temperature decreases from this elevation
to soil surface and a sharp temperatureigracppears from 80-mm height to the soil
surface. On the other hand, soil tempertuncreases progressively over depth and
the largest temperature gradient formsagen soil surface and 25-mm depth. Some
fluctuations within 0.5 °C in deepeorze (beneath 25-mm déptcan be observed.
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Fig. 3.6. Evolutions of soil temperature at different locations
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Fig. 3.7. Profiles of air-soil temperature

The changes of air relative humidity are shaw Fig. 3.8. The air relative humidity

in the chamber decreases over time. The highest value is observed at the soil surface
while the lowest one is at the inlet ofachber. Indeed, the imposed relative humidity

at inlet is much lower than at other pasits and has a constardlue around 6.5 %,

while the relative humidity near the soilrtace decreases from 78 % to 61 % during
evaporation process. The values at pffasitions (e.g., 50-mm and 275-mm heights)

are very close and almost linearly decrease from 48 % to 33 % during the 11.5-day
evaporation. Note that the relative humiddat the soil surface is not exactly at the
surface position but 5 mm above it due to the dimension of sensor. On the other hand,
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the relative humidity in the laboratory is qud#ferent from that inside the chamber,
with a large fluctuation from 20 % to 40 %.

80 -

70 —%W

. W

|—O—Inlet —O— Outlet —x— Soil surface
50 J —O— 50-mm height —— 275-mm height —w— Laboratory
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Relative humidity (%)

204
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6
Elapsed time (day)

Fig. 3.8. Evolutions of air relative humidity at different locations in the chamber and in the
laboratory

The changes of volumetric water content are shown in FigTB®volumetric water
content in the near soil surface zone (i.e., 55 mm below the soil surface) decreases:
from 29.3 % to 8.9 % at 25-mm depth amahfr31.7 % to 13.8 % at 55-mm depth. On

the whole, the variation can be divided intowee parts: at thbeginning, the water
content decreases quickly in the first fiveyslaand then reaches a first stabilization,
after t = 7.4 days, the water content decreases sharply again until the end of test. In
deeper locations, i.e., 125-mm depth, theurwdtric water content is constant in the

first 9.5 days, and then it deeases from 31.4 % to 28% during the rest of time.
However, the volumetric water content 225-mm depth presents no change and
keeps a value as high as 34.5 %.

The profiles of volumetric water content are shown in Fig. Biflilar to the results
observed in Fig. 3.9, water evaporation maiotgurs in the near surface zone (i.e.,
above 125-mm depthA linear relationship between e content andlepth can be
observed for three positions (i.e., 25, 485-mm depths) with a gradient of
0.24 %/mm, 0.2 %/mm and 0.2 %/mm at t =84and 11.5 days, spectively. It is
noted that this linear relamship can be valid for theedper zone. Actually, Similar
linear gradient of water content appefisn 25-mm depth to 125-mm depth after t =
6 days.
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Fig. 3.9. Evolutions of volumetric water content at different depths
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Fig. 3.10. Profiles of volumetric water content

The evolutions of volumetric water contest various depths over time are clearly
depicted in Fig. 3.11. This contour mdfwas visualization of the advance of drying
into the soil. For instancéhe contour line with a water otent of 30 % is situated at
25-mm depth at the beginning; it is 410-mm depth in the first 3.5 days and
advances at a very slow rate. But afterXl=days it sharply reaches 150-mm depth.
The fact that the contour line of 30 96lumetric water content remains at 110-mm
depth from t = 3.5 days to t = 11 daymygests that water loss grthkes place in the
zone above this depth. The same result casblserved in Fig. 3.10. The evolution of
volumetric water content at various deptten be observed at the same time. For
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instance, at 50-mm depth, the volumetridevacontent decreases from 31 % to 25 %
in the first 1.5 days, decreases to 25 % at4 days, to 20 % at t = 7.6 days and to

15 % at t = 10.3 days. Afterwards, it decreases to a value lower than 15 % until the
end of test.

Fig. 3.11. Contour map of volumetric content at different times

The evolution of soil matric stion is presented in Fig.12. Only the suctions at the
position of soil surface (i.e., 5-mm dajpt 77-mm depth and 276-mm depth were
monitored and the suction at 77-mm deptas recorded after 0.25 day. The saill
matric suctions increase over time. Neargbe surface, the matr suction shows the
largest value, it increases from 13 kPa atlikginning of test to 240 kPa at t = 8 days,
and reaches the limit d¢iiis sensor (1500 kPa) one datelaThe suctions at the other
two positions are nearly the same andg@esor at 77-mm depth stops recording due

to cavitation after 8 days.
10000
—— Soil surface
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10004 —O— 276-mm depth
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Matric suction (kPa)
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Fig. 3.12. Evolutions of soil matric suction at different depths

The profiles of soil suction are preseniadFig. 3.13. Clear suction decrease over
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depth is observed and the lasy suction gradient appears in the zone from the soil
surface to 77-mm depth. This suction gradient increases over time: from 0.2 kPa/mm
at the beginning to 1.5 kPa/mm at t = 6 days.

Matric suction (kPa)
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gj —A—t=4days —O—t=6days

300 -

Fig. 3.13. Profiles of soil matric suction at different times

Based on the air temperature and relative hitynat inlet and outlet and the air flow
rate, the actual evaporation rate is cated using Equation 2.5 and shown in Fig.
3.14. The actual evaporation rate slowly éeses from 2.1 mm/day (t = 0 day) to 1.5
mm/day (t = 11.5 days).
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Fig. 3.14. Evolution of the actual evaporation rate
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As far as the cumulative evaporation is e®med, two different methods are used for
its calculation and the results are presdnin Fig. 3.15. Method 1 is a direct
calculation according to the actual evapanatrate - the resultare shown in solid

line (hereafter referred to as Method 1).tMm 2 is an indirect determination by
summing up the quantity of water infiltrated and the quantity from changes of
volumetric water content - thresults are plotted in dashed line (hereafter referred to
as Method 2). Note that the quantity of waltdiltrated is calculated through the mass
of water flowing out of the water tank dil@d by the soil evaporation surface, i.e.,
1000 by 800 mm. The changes of volumetric water content are determined by
considering the volumetric water content jdesf shown in Fig. 3.10. The cumulative
evaporation derived from Method 1 incremdi@early over time. A total of 20.3 mm
water is evaporated at the end of tdste cumulative quantity of water infiltrated
increases linearly with time from the beginniogt = 6.6 days; it starts to slow down
afterwards.A total of 8 mm of water enterthe chamber at the end of te$he
cumulative quantity from changes of watemtent profiles increas linearly during

the first five days and then it reaches aqdatfollowed by a shaipcrease aftert =7
days. The final value reached at the en@dsmm. It appears e€hrly that Method 2

gives higher cumulative evaporatiorathMethod 1, 28 mm against 20.3 mm.
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Fig. 3.15. Comparison of cumulative evaporation determined by two different methods

3.3.2 Test 2

Figure 3.16 depicts changes of air floate during the test. The air supply unit
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provides compressed hot air to the chambea edte of 172 L/mm (average value)

with a fluctuation ofr 5 L/min.
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Fig. 3.16. Evolution of air flow rate

The changes of air temperatures at thet,imdetlet of chamber and in the laboratory
are shown in Fig. 3.17. The value at the inlet isr43 °C, much lower than the
temperature in the héng tube (i.e., 200 9Cwhereas the valuat the outlet is lower
and is increasing durg the test from 25 °Go 30 °C. The laboratory room
temperature varies from 20 °C to 24 °C anhbiger than those at the inlet and outlet.
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Fig. 3.17. Evolutions of air temperature atitilet and outlet of chamber as well as in the
laboratory

Figure 3.18shows changes of air temperature over time. The values in the chamber
increase from 24 °C to 32 °C. The shapes of the curves are similar with a slight
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