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ABSTRACT: A largescaleenvironmentachambemwas developed to study tiseil water
evaporatiormechanisma A large soil specimen300 mm high, 800 mm largeand 1000 mm
long) was used allowing sensorgo be installed with minimal effect on the soil hydraulic
propertiesSensorgor measuring sosuction,temperatur@andvolumetric water content were
eitherburiedinsidethe soilspecimeror installed on thechambelV Zddv@r@uslocatiors.
Other sensors for monitoring agmperaturerelative humidity air flow rateand soil surface
temperaturevereinstalledat different location@bovethe soil surface Meanwhile various
atmosphereondtions werecontrolledby an air supply systenanda steady water table at the
bottom of soil wassetthrough a big water tankontaineblealsandwas studied and it was
compactedin the chamber inayers. After saturationan 11.5day evaporation test was
performed The results obtained were presented in termsvofutionsof suction, volumetric
watercontent,air relative humidityandsoil/air temperatureThe data @ air relative humidity
and air temperature were further useddetermining the aoal evaporation ratethe data of
soil volumetric water content and soil suctiomere usedfor determining the soilvater
retention curve The quality of theresults obtained showed the performance of the
environmental chamber developed. In addition, theseltsesan be further analyzed for

theoretical and numerical developments involving soil water evaporation.

KEYWORDS: environmentalchambey Fontainebleatsand soil waterevaporation soil

suction at surface
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| ntroduction

Soil waterevaporatioris anessentll componentn theland surface energyalance Daamen
and Simmond4.996. Wateris lost from soilduring evaporationtherebyinfluenang the soil
behavior, especially for clayey soils the field of agronomywaterloss due to evaporation
cansignificantly affect crops irthe planting and germinatioperiods (Lal and Shukla 2004);
in the geotechnical fieldconsiderablevater loss(e.g, drought)can induce significant soil
volume changes, thereby damaging buildiagd other infrastructusde.g.,Cui and Zornberg
2008 Corti et al. 2009Corti et al. 201L Furthermoresoil water evaporatioalso affects the
design, selection armksesmentof soil cover for landfill and mining application (e.@vjlson
et al. 1994;Yanful and Chool997 Yanful et d. 2003. Therefore it is important to better

understandhe soil waterlossprocessiuringevaporation

In order to estimatesoil water evaporatigrvariousdevicesand methodsave beemeveloped
Evaporationpanis usually used inthe field for the measuremenbf free waterevaporation
that is considered gsotentialsoil waterevaporation(e.g.,Blight 1997; Singhand Xu1997,
Fu et al 2004 Fu et al.2009 Li and Zhandg2011). For soil waterevaporation investigation
severalun-complexdevices havealsobeendevelopedFor instancea circular panwith 300
mm in diametebut different heights anéllled with compacted soivas developed bi{ondo
et al.(199Q 1992, a soil columndrying test device (Wilson et al. 199dhda pan with258
mm in diameg¢r and 74 mm in heigland filledwith thin enoughsoil sampleby Wilson et al.
(1997) The evaporatiorrate was obtained directly by weighing tke devicesover time.

Furthermore, the devisaleveloped byKondo et al.(1992 and Wilson et al. (1994allow
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continuouslymonitoiing the soil temperatures at various depfor the water content profile
it wasobtainedonly onceby ovendrying at the end of experimenbnducted byondo et al.
(1992 while the evolution of it during evaporation can be obtaibgdirect measurement via
samplingports at various depthm the test performed byilson et al. (1994. More recently,
McCartney and Zornber(2010)developed darge soil column evaporation systdrased on
theinfiltration test devices developed Byamont and Anderso(1999, Bathurst et al(2007)
andBathurst et al(2009), to investigate both thevaporatiorandinfiltration proceses Their
systemallows the simultaneousmeasuremestof soil temperature, water contésction.
Following the simila measuementprinciple that water evaporatioapproximatelyequals the
mass loss of sqilweighing lysimeterwas developed thaallows direct measurement of
evaporationas changs in total massof soil (e.g.,Benson et al. 200Benli et al. 2008. In
order to make then-situ measuremengimplea and more accurate micro-lysimeterare used
(e.g.,Boast and Robertson 1982tauborgl995 Wangand Simmonds 199Qiu et al.1998
Bonachelaet al. 1999; Liu et al. 2002). Micro-lysimeter can also be combinedtlwiwater
content senserlike TDR (time domain reflectometry) for watesvaporationmonitoring

(Wythers et al.1999.

A better control ofatmosphericconditiors is obviously essentiain investigathg soil water
evaporatiormechanism In this regard, th wind tunnelsystemis a goodexample Typically,
this system allows not only the control of wind velocityd solar radiation but alsothe
monitoring ofair temperature and relativeumidity (e.g., Yamanaka et al. 199 Komatsu

2003 Yamanaka et al2004; Yuge et al. 2005 Wang 2006. This systemcan be used in
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combination with the experimental devices mentioned abovephkeg.g., Komatsu 2008
soil tank €.g.,Wang 2006)weighing lysimeste(e.g., Yamanaka et al. 199 ¥amanaka et al.
2004)andmicro-lysimeter(e.g., Yuge et al. 200b Furthermoreif somesensrs are usedor
soil temperature, suction and volumetric water content monitotimg systemallows a
comprehensive monitoring of parametérsstudying soil water evaporati@e.g., Yamaraka

et al. 1997Yamanaka et ak004)

Another commonly used system is the environmental chaast air circulation boxvas
developed by Kohsiek (1981with the simulaion of wind. It is a useful chamber fahe
measurement of stomatal resistantgrass After someminor adjustments aneuipment of
a fast dry and wet bulb thermocouple anthermal infrared radiometethis box wasthen
used for soil surface resistance investigaiiean de Griend and Owe 1994urthermore,
based on theprinciple that changs in absolute humidityat inlet and outlet of the
environmentathambelis due tathe soilwater evaporatiariMohamedet al. (2000)developed
a rew chamber fopredictingthe solutetransferin unsaturated sand duewaterevaporation
and Aluwihareand Watanabe Z003) develope@ chamber tcstudythe surface resistanoef
bare so0il.On the wholethese chambers focus the control atmosphereonditions, suctas
wind velocity, relativehumidity, temperaturetc, butrarely account forthe sdl parameters
such aswvater content and suctio®n the other handyanful and Choo (1997)erformedan
evaporation experimenton a compactedsoil using cylindrical columrs placed in an
environmentachamberThis chamber canontrol air temperature andlagve humidity and

measuresoil temperature and water contexitdifferent depths during evaporatidtowever



107 the soil mass, temperature and water content measurenséotdd bedone outside the
108 chamber the measurementd®eing notinstantaneousand continuous Tang et al.(2009)
109 developeda largescale infiltration tankallowing instantaneousnonitoring of soil water
110 content, temperature and suctauring evaporatiofiTaetal. 2010; Cui et al.2013).

111

112 Thevariousdevices and methodsentioned abovshow that the largescaleenvironmental
113 chambeiis a goodtool for investigatng soil waterevaporatiorin the laboratory Compared to
114 the wind tunnel systenthe environmental chambés lessexpensive and eis to operatebut

115 can provide rich data involvirg both airand soil parametersMoreover, it hasthe same
116 function as the combiration of the wind tunnel and lysimeteHowever, most existing
117 environmentathambers onlyhave a good performanae controling air conditions, the soil
118 being hardly taken into account (e.g., Kohsiek 1981 Van de Griend and Owel994

119  Aluwilhare and Watanabe 20D3n addition,the relationship between actual evaporation and
120 soil suction or water contemnear thesoil surfacewasrarely studied

121

122  Inthis study alargescaleenvironmentalchamber (1000nm long, 800 mmwide and895mm

123  high) was developed for styohg soil waterevaporationAn 11.5-day evaporation test was
124 performed on the Fontainebleau saMarious sensors were buried in the soil or installed on
125 the wall of clamberat different depthsallowing monitoring of soil temperature, suction,
126  volumetric water content, in addition to the air temperature and relative hunitidy

127 recorded datavere further analyzedto determne the atual evaporation rate arsbil water



128

129

130

131

132

133

134

135

136

137

138

139

140

141

142

143

144

145

146

147

148

149

retention curveNote that this study focuses @oil water evaporationfo some extent, it

corresponds to an extension of unsaturated soil mechanics.

Experimental Setup

The experimental setuponsistsof an environmentalchamber a wind supply unit,an air

collection unit,a water supply unit anda datalogging systemA sketchof this system is
shown in Fig.1l. Schematic views of thenvironmentathamberarepresented ifrig. 2 and a
photographis shownin Fig. 3. The chamber includgghe main bodythe ventilationpart, the

soil columnpart,thewaterdrainagdayerandanacrylic chambeicoverof 8 mm thick

The main bodyis an acrylic transparenthamberfixed on abase The chamber consistof
four acrylic plateanountedtogether by epoxy gluéhe chamber haawall of 20 mm thick,
aninternalwidth of 800 mm andaninternal lengthof 2000 mm (Fig. 2(a)). Silicon gluewas

used to seal the joints in the four cornerspi@venting any leakage of air or water

The soil column was prepared bycompation. The sensorsmeasuing volumetric water
content and soil temperature wersstalled at various depthsduring the compactionThe
drainagelayer was a compacted grave{diameter:2 - 4 mm) layer of 15 mm thick and
sandwiclked betweertwo layers of geotetile of 1 mm thick (Fig. 2(b)). Two outlets were

preparedatthe bottomof thedrainage layefor soil saturationdrainageand watesupply

The details of the sensors used are presented in Table 1 anddhgonsare shown irfFig.



150 2(b). Thesesensrs wereinstalled at differentmonitoring poing in both the soil column and
151 air. Thevolumetric water content senspmamdy ThetaProbewere buried at differerdepths
152 (i.e, 25 mm, 40 mm, 55 mm, 125 mm and 225 mm below the soil surfacg Four
153 high-capacity tensiometerof 1.5 MPaworking suction(Cui et al 2008 Tang et al. 200)
154 were installedon two sides of the walat variousdeptts (i.e., 25 mm,77 mm, 173 mm and
155 276 mmbelowthe soil surface)Onetensiometewasplacednearthe surface of sol10 mm
156 below the soil surfacan order to ensure the good contact between the tensiometer and soil)
157  Six soil temperature sensoBT100Q weresetevery50 mm along thesoil column Moreover,
158 aninfraredthermometer was fixed at the cover to measure dliesgrfacetemperatureSix
159 T31lltransmittersveremounedinside and outsidthe chambefMwo of them were placed at
160 theairinlet and outletFor theotherfour sensorspnewasfixedon the F K D P EndlUily e
161 middle from the soil surface to the c@r of chambe(i.e., 275mm height) the secondone
162 was mountedoutsidethe chamber formonitoring the laboratoryrelative humidity the last
163 two sensorsvereplacedon thesoil surface anét 50 mm abovehe soil surfacerespectively
164 The thermistors thil allow the measurement ddir temperaturewere fixed at different
165 elevatiors alongone side othe wallin theventilationpart

166

167 The wind supplyunit (see Figl) wasusedfor controllingthe atmosphdc conditions such as
168 air temperatureand air flow rate. This systemconsiss of five parts (1) high-pressure
169 compressed aisource (2) air flow rate measurementnit; (3) air heatng unit (4) relative
170 humidity and temperaturemeasurementnit; and &) air distribubr. The compressed air

171  sourcecorrespods to the commonlaboratorycompressedir system The airflow rateis
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controlled by avalveandis monitored byaflowmeter Theair heating unitonsiss of heating
hoses andemperatureegulator This unit can heathe air to @aemperatureip to250°C. The
unit measuring air relative humidity ameimperaturas equippedwith a rigid plastic cell in
which a T3111 transmittes insertedThe airdistributoris ametaltubeon whicheightholes

of 8.4mm in diametearedrilled along thdengthof tubewith a spacingof 100 mm.

The air collectionunit, assembled on theppositewall to the air distributorjs half of a
polyvinyl chloride cubic box of 755 mm long, 30 mm large and 1@ mm high. This unit
collects the air from the chamber anal T3111 tranwitter insidemeasues both therelative
humidity and temperature of aif total of five holesof 25 mm diameter in the walbf

chambeienablethe air to entrethe collection unit.

The watersupply unit for the chamberconsiss of a plastic water tank and a water table
surveytube The water tank supplavater to the chamber and the wdtarel insidethe tank
is keptthe same athe water table in the chambdyotom of chamber in this study)he
water tablesurveytubeis a glass tube with marksdconnectedo the watertank Therey,
anychange of water table in the chambanbe detectedWhenthe watertable lowers down
due to soil evaporatiom the chambemore wateris addedto the tankto keep aconstant

water tableThe quantity of waterddedis also recorded.

Material and Experimental Procedure

The soil usedfor this experimentis the Fontainebleausand. It is a natural, fine, white
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siliceous sandlts specific gravity, maximumdensity andminimum densityare 2.6, 1.39
Mg/m3, and 1.75 My/m?®, respectivelyThe effective grain sizB1o is 0.14 andtie coefficient

of uniformity, C, = Dgo/D10, is 1.6(seeDelfosseRibayet al. 2004.)

For the compaction afand 68 kg of dry sandwas first poured into the tank and compacted
manually to have layer of 50 mm thickcorresponihg to adry density of1.7 Mg/m®. This

procedure of compactiomas repeated until reaching the total heigh8af mm.

During compaction, the installation of sensors was performedPTh@00 sensormeasuring
the soil temperature were buriegboveeach layerthe spacingvas then 50 mm). For the
ThetdProbesensorstwo were insedd inthe sandduring the compaction and the othersre
buried in the first60 mm below the soil surfacafter the soil saturaion. For burying the
ThetaProbesensorsa hole having similar dimensions as the sensor was created maaually
the defined leveland therthe sensor was placdubrizontally in the hole by inserting the four
steel guides inside thsoil. The hole was finally filled andnanually compacted with a
previously determinedquantity of sandin order to ensure the same dry densithis
procedure aimed at minimizing theffect of sensors installation on the soil densty

described byrang et al. (2009)

After the soil compa@in and sensors installatiothe soil column was saturatetroughthe
watertank connectedo the bottomof chamberAfter saturation, the water level in the tank

was loweed to a depth of 280 mym.e., the bottom of soilcolumn The installation of

1C



216 tensometers wasconductedduring this waterdrainageprogress.Furthermore a relative
217 humidity sensor on the soil surfacasinstalledand the cover of chamber was sealed by
218 siliconto ensurgheair-tightness

219

220 As far as the evaporation rate calculat®raoncerned, thieasic principlds the calculation of
221 the variation of airabsolute humidityat the inlet and outlet of chambdrhis method is
222  describedasfollows (Mohameckt al. 2000Aluwihare and Watanatiz003):

223 The evaporation rate is calculatedtbg followingexpression

H H_
224 =N 86400Q( a_outlet a mlec) (1)
A

225 whereE; is the actual evaporation rate (mm/dayja outet IS the absolute humiditsit outlet
226 (Mg/m?), Ha iniet iS the absolute humiditst inlet (Mg/m?), Q is the air flow rate through the
227  chamber (L/s) {/is the density of water (Mg/fhand A is the area of soil evaporation surface
228  in the chamber (A).

229 The absolute humidit{H,) is calculated as follosv

230 g 0.622 )
® 1000RT,
231 e GaH ©)
® 100
232 Qat101325exp(1t§R31852taR1.97%ag 06 (4)
233 £ o1 373. (5)
R T

a

234 wheree, is thevapor pressure (Pa); is theair temperatur€K); Ris thegas constant (287.04
235 J-kg' K™Y); esatis thesaturated vapor pressufiea); H, is the air relative humidity (%)and
236 0.622 istheratio of the molecular weights of water and dry air

237
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In this study the airflow ratewas maintained at72 L/min andthe heating tube temperature

was200°C which corresponds tatemperature o#7 °C atthe inletof chamber

Experimental Results

The air supply unitprovidedcompressedhot air to the chamber a rateof 172 r 5 L/min.
Figure 4 showschangesof air temperatureover time The valuesin the chambeincrease
during evaporatiorwithin a range from 2£C to 32°C. The shapes of the curvase similar
showing a slight increase during the fisst daysand aquick increase during the lasik days
The valuesare very similar when thiecaions areabove 185mm. Note that the sensors at
275 mm, 380 mm and 465 mm abdte soil surfacegive smilar temperatures and they are

thereforetermedas other sensorsin Fig. 4.

Thechange®f air temperatures at the inlet, outlet of chamber and in the laboeatsiyown
in Fig. 5. The valueattheinletis 47 r 3 °C, whereas the valuat the outle is lower ands
increasing during the test frogb °C to 30°C. Thelaboratory roontemperature vargfrom

20°C to 24°C andislowerthanat the inletand outlet.

The evolutionof soil temperaturés shown in Fig6. It is observed thathe valuesncrease
slightly during the firstsix days but significantly during the lastsix days. The highest
temperaturas at the soil surface. line deeper level$25, 40, 55, 125 and 228m deptls)

corresponding toother sensorsin this figure the valuesare very closeand increasefrom

12
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277
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18°C to 25°C. However, the soil surface temperature incredigem 19 °C to 30 °C. Note
that the surface temperatui® notavailablefor the period oft = 2 - 3 days due to some

technical problems.

All the temperature dateecordedare used toplot the air-soil temperature profiles (Figy).
For the air temperature, the highest value appedrthe elevation corresponohg to the
locationof air distributor (300 mm abovethe soil surface)the temperaturen the zoneclose
to the coverbeinglower due to the influence daboratoryroomtemperatureRegarding the
soil temperaturechangesa sharp temperature decreasm be observeth the near soil
surface zone.The air temperatureis significantly higher thanthe soil temperéure
Furthermorethe temperaturgyradientabovethe soil surface(in the zonefrom 80 mm above
the soil surfaceto the soil surfacg decrease progressivelyover time while the gradient
betweenthe soil surface and 2Bhm depthincreass. The soil temper&ures in deeperzone

(from 25-mm depthto the soil botton) arequite similar with a difference less than 0G

The changeof air relative humidityareshown in Fig.8. Thevaluesin the chambedecrease
from 67.4% to 23.8% in the zonenearthe soil surfaceand from35.4 % to 12.4 % at the
outlet while the values athe inletare very low and nearly constant On the whole,the
variationsof relative humidity(exceptthat at theinlet of chamber and in tHaboratory can
be divided intawo parts:during the firstsix days, the relative humidity declisata low rate;
then itdrops in the next six days. The value at the soil surfacewas higher thann other

locations The relative humidity in thelaboratoryshows a largefluctuation from 19.7% to

13
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40.5%, but thisdoesnot affect thevalues measured the chamber.

Thechangs of volumetric water contergtreshown in Fig9. Thevolumetric water conterat
60 mm belowthe soil surface decreasérom 25.4% to 7.1% at 25-mm depthand from
31.9% to 12.3% at55-mm depth In the deepelocatiors, i.e., at 125 and 225mm deptts,
thereareno changsbeforet = 7 days Thevalueremainsunchanget 225mm depthduring
the whole testvhile the value al25mm depthstars to changdromt = 7 daysAsfar asthe
first 60-omm layer nearthe soil surfaceis concernedthe variation can bedivided intotwo
parts at the beginning, the water content decreageaickly in the first six day and then

decreassslowly andreaclesa stabilizationstate aend ofthetest.

The profiles of volumetric water contenand the contour mapre shownin Fig. 10. The
profiles in Fig. 10(a) show a clear water loggocessduring evaporationlt can be noted that
the gradient of water content between the three points ad@5and 55mm deptls
respectively $ constantand equalto 0.2 %/mm This gradientis also the maximunior the
whole depth.Similar linear gradient of water contemian be observed from Z&m to
225mm depthat end of the test (t = 11.5 day3he contourmap allows the visualization of
the dryingfront overtime (seeFig. 10(b)). For instance, the point having a water content of
30 % is at 50-omm depth at the beginninthis pointgoes dowmuickly and reacss the first
stabilization stagat 120-mm depthafter t = 2 days. It stastto increase again only att = 7
days. Ths mears thatfrom t = 2 days to t = 7 days, the water loss in the a&#gplace only

in the zondrom the soil surface th20-mm depth.
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The evolutionof soil matric siction is preseedin Fig. 11. All the suctionvaluesat various
locatiors are increasing with the water lossdlear the soil surfacethe soil matric suction
increass gradually from 2 kPa at t= 0 day to 4 kPa at t= 8 days It increass quickly and
reache the limit o the sensor(i.e., 1.5 MP3g a few hourslater For the soil suction abther
depthsthevalueat 77#mm depthis higherthan atl73mm depthbut the differencés small
The lowest suctioms at 276mm depth The profile of soil suctionis presented ifrig. 12. A
clearand sharpuction gradienis observedn the zonefrom the soil surfaceo 77-mm depth.
This gradientis increasingver time:it increase from 013 kPa/mm at the beginning to4®.

kPa/mm at t = 8 days

The simultaneous measurement afcdon and volumetric water content \&rious depths
during the drying procesalows determiration ofthe soil water retention curyeas shownn
Fig. 13. For each level of soil suction measmrent (see Fig. 11), the corresponding
volumetric water conteris determined based on threlumetric water content profgeshown
in Fig. 10(a); the volumetric water conterat the soil surfaceis extrapolatedy taking a
constant water contegtadientof 0.2%/mmin the near surface zon&n air entry value of 7
kPa can be estimateal Fig. 13. It is also possible to usbe modelproposedy Fredlund and
Xing (1994) to fit thewater retentiorcurve:

L 7 6
A (1/a) @ ©

where , is the volumetric water conterf¥of; sis the volumetricwater contentn saturated

state( s= 35.6%); . is the residualolumetric water conten{ ; = 4.4%) %is the matric

15
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suction (kPa) e is the base ofnhatural logarithm(e = 2.71828; a, n and m are fitting
parametes. The fitting curve shown in Fig.3lcorresponds t@ = 45.74 n=1.9andm =

15.2.

The actual evaporation ratketerminedollowing Eq 1 and theevolutionof suctiongradient
between soil surface and -mMim depthare plotted in Fig 14. Regarding the evolution of
evaporation rate hteephasesan beidentified from t= 0 to t= 6 days,the rate decreas

slightly from 2.3 mm/dayto 2.0 mm/day in the next4 days,it decreasgrapidly from 2.0
mm/day to 0.9 mm/dayaftert = 10 days, the valudecreass slowly, from 0.9 mm/day to 0.8
mm/day in 1.5 daysAs far as the suctiogradientis concerned, it increases slowly from the
initiation of evaporation to t = 8 days, and thmrickly reactes4.8 kPa/mmat t = 8.5 days.
Interestingly, the high suction gradient corresponds to the significant decrease of evaporation

ratio, indicating the increase of soil resistance to evaporation by suction increase.

As far as the cumulative evaporation is concernedc#heulationresultsof two different
methodsarepresentdin Fig. 15. Method 1correspondso directcalculaton according tahe
actual evaporatiomate- the resultsaareshownin solid line Method 2correspond toindirect
determiration by summing upthe quantity of wateinfiltrated andthe quantity fromchangs
of volumetricwater content the resultsare plottedin dashedine. Note that he quantity of
waterinfiltrated is calculated throughhe massof waterflowing out ofthe water tanklivided
by the soil evaporatia surfacei.e., 1000 by 800 mm.The changs of volumetric water

contentare determined byconsidering thevolumetric watercontentprofiles shown inFig.
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348 10(a). The cumulative evaporatioderived from Method lincreass linearly over time but
349 slows downafter six days due to the decrease of evaporation fatetal of20.4 mm wateiis
350 evaporated at the end of teBhe cumulative quantity of watarfiltrated increass following
351 alinear functionwith time from the beginningo t = 3.7 daysit stars to slow down after four
352 days A total of 7.7 mmof waterenterthe chamber at the end tést The cumulative quantity
353 from changes ofvater contenprofilesincreass during the testand reach&24.5 mmat the
354 end It appears clearly thaflethod 2giveshigher cumulative evaporation thany Method 1
355 32.2 mm against 20Am.

356

357 Discussion

358 The eawvironmental chamber system is pgomising method for soil water evaporation
359 investigation.As mentioned beforea fast air circulation boxwas developed by Kohsiek
360 (198l) and asimilar facility was usedby van de Griend and Owg994) focusing on the
361 reproductionof wind. Furthermore the chamber built byMohamedet al. (2000) and the
362 chamber system used b&luwihare and Watanabe (2003)ad a good control and
363 measuremdnof air conditionsbut not the soil conditiors. The environmentalchamber
364 presented in this stugyrovidesthe possibility ofsimultaneougontroling/measuing boththe
365 atmosphdct and soil conditiorntsthe air conditionswere controlled(seeFig. 4, Fig.5 and Fig.
366 8) and soil parametersaxe monitored simultaneouslygeeFig. 6, Fig. 7, Fig. 9 andFig. 11).
367 In addition,the attempt othe suctiormeasuremerdguctionin the zone neasoil surface ¢ee
368 Fig. 11) was also successful, which is, to the authfrsNQRZOHGJH LPSRUWDQW

369 results.On the other hand, this chambbersalso thefunctiors of the tunnel systerdevelogd
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391

by Yamanaka et al. (1997) and Yamanaka et al. (2004).

As far aghe thickness of theoil columnis concernedprevious stdies €.g.,Ta et al. 2010;
Cui et al. 20B) showed that only the zone close to the soil surfasehfected to the effect of
evaporation. For this reason, the thickness of thecetiimnstudied in the present work was
reduced to300 mm.Furthermore the sensorsusedfor volumetric water contenand soil

suctionmeasurementsereinstalledmainly in thenearsurfacezone

The soil water evaporation & energyconsumptiorprocess The main sourceof energy in
this experimentis thehot air circulated &ove the soil surfacdghe constant air rate anithe
high inlet temperaturdseeFig. 5) definedthe energy fosoil waterevaporation Therefore, at
the beginning of evaporatigie., the first six days)the soil water evaporatiaconsumed a
lot of enegy with a high evaporation rategeFig. 14), therebythe air temperature increase
at a low rate (see Fig. 4) With the decrease o&vaporation rate, the energgpnsumed by
water evaporatiorgradually decreasd, resulting inair temperature increass a highrate
after six days On the other hanathe differencebetweenthe inlet and outletair temperature
alsoshowsthat the soil water evaporation consumed energy fronit @hould be noted that
the high temperatureof 200 °C at the heating pipgeneateda temperatureof 47 °C at the
inlet and resukd in a temperature range from 2£ to 32 °C in the chamberThis

temperatureéangeis quite usuain France (Cuand Zornber@008)

The ®il temperaturechange is anndicaor of the energy(heat) charge of soil during
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409

410
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413

evaporationFigure 6 shows thathe soil temperature increased as the air temperaee€ig.

4) was rising, indicating that the soil was heated by hot air and the energy for water
evaporatiorwas from the hot airFurthermoreasevapration isa progress of energy losthe
temperature gradiennh the soil surface zon€25-mm depth)is larger than in other depths
This explains whyevaporation isoften limited to the nearsurface zoneNote that he soil
surface temperature measursgdifrared thermometein this studyis moreaccurateéhanthat

by sensos buriedat the soil surfacge.g, Aluwihare and Watanabe 2003

It can be notedh Fig. 7 that the air temperatuie the zoneclose to the cover of chambees

slightly lower tha in the middleheight of the air partThis phenomenorsuggest that heat

exchange existdbetween the environmental chamber and the laboratobjance Therefore,
whenestimaing the soil water evaporation in the chamitlee energy balance methoan not

be usedRegarding thdluctuaion of soil temperaturéabout0.5 °C) in deepellevels it can

also be attributed to the influence of ambient temperature. Intleetemperaturesensors
wereburied DW YDULRXV GLVWDQ F H V(fidthR 60 rivhKd-B0B kKnB) Rurdithe) TV Z D O ¢

laboratorytemperature effect sxpected to bdifferent.

For the air relative humidity ¢eeFig. 8), its decrease insidthe chamber suggesthat the
total water loss progresd (i.e., drying process) in the chambdrhe relativehumidity in the
chamberwas not affected byhe ambient one, showing thtte good performance othe
chamber in contréihg the air relative humidity in other wordsthe ventilated part abovbe

soil surface was sealedfficiently and the water evapotad from soil wascompletely
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435

transported to theutletof chambeduring the testThus the calculation of evaporatidrased
on the measurementstbie temperature and relative humiditytheinlet and outlet is reliable.
The similarvalue of relative humidity at differentpositionsof chamber €.g.,50-mm height
275mm heightand outlet)confirms the homogeeity of relative humidity in the chamber
The large gapf relative humiditybetweertheinlet and outleshows thesffect ofevaporation

in terms & suppling water vapor to the air

The soilvolumetricwater contents an important indicator of water loss during evaporation.
The evolution of volumetric water contgseeFig. 9, Fig. 10(b)) shows a cleardeclinein the
nearsurface zone (i.ewithin 60-mm depth. This justifies the denser dispositi@optedor

the water content sensors the nearsurface zondecause it allows the water content profile
to be well defined in this zon&he water content decline duritige first six daysorrespads

to the initiation stage of evaporatigeee Fig.9, Fig. 10(@)) as reportecdby Wythers et al.
(199). In this stagethe evaporatiorrateis high and the quantity of wateonsumeds large.
This explains theuick dedine observed fothe firstsix days. Afterwards, with the decrease
of evaporation rate due to the increasing suction in the(sa#l Fig. 14)the water content

decreas&vassliowed down

The measurement ahatric suctionnearthe soil surfaceusinghigh-capacity tensiometevas
succeshul. If the volumetricwater contenincreased linearly witldepthin the nearsurface
zone (Fig.10(a)), it is not the case fdhe suctiorwhich variednonlinearly with depthin this

zone as indicated byhe water retention curve Fig. 13. Thereby the measurement cbil
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suctionon soilsurfaceis essentiabecause we cannestimate itoy simple extrapolatiarOn
the other side, soil suctian soilsurfaces a key parameter ithhe determinatiorof soil water

evaporation

Regardingthe evaporatio rate (Fig. 14) it was decreasingduring the test, showinghtee

distinctevaporatiorstagesconstanrate stag€from t= 0 dayto t= 6 days)falling-rate stage
(from t=6 days to t 10 days)and lowrate stagéafter t= 10 day$, asalsoobservedy ldso

et al. (1974 and Hillel (2004). This evaporationprocessresulted from the following
conditions:

(1) acontiruoussupply of heaby the hot air

(2) avapor pressure gradient between $bé surface and a this gradienis reflected bythe

air relative humidity gradient abovke soil surface (seEig. 8);

(3) acontinwbussupply of watefrom thetankoutside the chamber

According to the water balance during soil water evaporation, the cumulative evaporation
calculated by Method &¢houd be equal tothat byMethod 2 However,Figure 15 shows that

at the end of test, the cumulative evaporation calculatemdiyod 1is less tharMethod 2
20.4mm against32.2 mm This could be attributedto thepresencef trapped aiin the gravel

layer During evaporation, the air bubblelissipatedand water ould occupy the space
initially occupied byair, leadng therebyto waterflow to the chambefrom thewater tanklin

other words, tis quantity ofwater just entexd the gravel layer but natecessarily the soil

layer As a result the cumulative evaporation fromilethod 1is closeto that from the
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cumulative changeof water conten(i.e., 24.5 mm)

Conclusion

A largescale environmental chambewas developed in order to study tlseil water
evgporationprocessThe atmosphér conditions(air rate,relative humidity and temperature)
were controlled and monitored The soil column was instrumented byarious sensors for
measuringnatric suction, volumetriavater contenand temperaturéAn evapordéion test was
performedon the Fontainebleagandto verify the relevance of the setup develap&tde

following conclusions can be drawn

The air temperatune the chambewas found to increasadter six days, showing thatith the
decrease of evaporatiorate due to the soil suction increasthe energyconsumed was

decreass, giving rise toair temperature increase

The soil temperatur@as found to increaséndicatingthat the soil was heated by hot air and
the energy for water evaporatiaras from the hot air In addition,asevaporation is progress

of energy lossthe temperature gradiemnt thesoil surface zone is larger thandaeper levels

Thetemperature in the chamber was affected bylaheratory environment. Buhe relative
humidity in the chambewwas not affected byhe relative humidityof the laboratory This
validated the method of actual evaporation determination based on the inlet and outlet relative

humidity values.
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The evolution of volumetric water contestiowed significart changs of water contenin the
nearsurface zonewithin 60-mm deptlj. This justifies the denser dispositi@iopted for the
water content sensors the nearsurface zon®n the one hand, and the choiceadimited

height B00 mn) for the soil columron the other hand.

The attempt ofnear soil surface suction measuremeny high-capacity tensiometewas
successful. This measurementy WR WKH DXW®H&BhaMEsM<T ReZedrés@td bre
important since theoil surfacesuctionis a key paameter inthe determinatiorof soil water

evaporation

The relevant data obtainetlowed the determination of actual evaporation rate and the water
retention curve. They also shdhe performance of the environmentdlamber developed in
studying soil wger evaporation.Moreover, hey can be used infurther theoretical

development for sociitmosphere interactianvestigation
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644

645 TABLE 1 U Thesensorsised

Parameter
Sensor Manufacturer  Model Range Accuracy Number
measured

High-capacity ) )

i ENPC Matric suction 0-1.5MPa 5
tensiometer

. Relative humidity ~ 0-100 % +25%
Transmitter Elcowa T3111 6
Temperature -30-150°C +04°C
Volumetric water
ThetaProbe DeltaT ML2x 0-100 % +1.0% 5
content
Resistance
Correge PT1000 Temperature 0-100°C +0.3°C 6
temperature detector:
Thermistor Radiospare  DO-35 Temperature -40-250°C +1.0% 5
Infrared Thermometel Calex PyropenrD Temperature -20-250°C +1.0% 1
. 0-500 + 1.5 % full
Flowmeter Kobold MAS-3120 Air flow i
L/min scale
646
647
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FIG. 3 U Photographof the environmentathamber test system
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FIG. 9 U Evolutiors of volumetric water contertt different depths
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FIG. 10 U Profiles of volumetric water conterff) and contour mayb) at different times
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FIG. 11 { Evdlutions of soil matric suctiorat different depths
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FIG. 12 U Profiles of soilmatric suctionat different times
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FIG. 13U Soikwater retention curveletermined based on the measured suction and volumetric

water content values
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FIG. 14 0 Evolutiors of actual evaporation rateand suctiongradient between soil surface and

77-mm depth

43



FIG. 15 Comparison of emulatve evaporationdetermined bywo different methods
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