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enetrting dr mesurements to monitor hysteresis of the wter retenE tion funtion of sndF e q system monitored the volumetri wter onE tent hnges in lrge snd olumn sumitted to di'erent hydruli heds pplied t its ottom during one yle of dringe followed y imiitionF he verge veloity of the eletromgneti wves mesured during dringe ws onsistently smller thn the one mesured t the sme pplied hed during imiitionF his ws ttriuted to the hysteresis of the snd wter retention urveF goupled hydrodynmi nd eletromgneti modeling ws used to simulte rdrgrms wheres hydrodynmi modeling oupled with Ih optil ry pth ws used to estimte the hydrodynmi prmeters of the snd from q re)etion twoEwy trvel timesF ttistil nd unerE tinty nlysis were performed on numeril nd experimentl dtF he rnge 

K(θ) = K s S λ e 1 -1 -S n n-1 e n-1 n 2 , @RA
with K s the sturted hydruli ondutivity nd λ prmeter ounting for pore tortuosityF he whole desription of wter )ow in the unsturted zoneD onsidering no hysteresisD with equtions @PA nd @RA requires the determintion of T prmetersX θ r D θ s D onstrints hs the dvntge of further reduing the numer of model prmetersD ut will oviously result in some loss of )exiility in desriing the hysteresis of the wter retention funtionD sine the min drying nd min wetting urves di'er only y their α vluesF 2.3. Electromagnetic wave velocity as a function of soil dielectric properties urfe q onsists of two ntenneD eing eletri dipolesD positioned on the surfe of the medium to e soundedF he trnsmitting ntenn emits short pulses of spheril eletromgneti @iwA wves in response to n exittion urrent soureF he reeiving ntenn onverts the inoming iw (elds to eletril signlsF pollowing the work of ennn IWWWD the veloity of n eletromgneti wve propgting in nonEmgneti soilD with

low eletril ondutivityD is v = c √ ε , @VA
where ε denotes the rel prt of the reltive dieletri permittivity nd c denotes the veloity of iw wves in ir @0.3 mGnsAF 2.4. Petrophysical Relationships e petrophysil reltionship linking dieletri permittivity to wter ontent is needed to interpret q mesurementsF he ulk soil hs frequenyEdependent reltive dieletri permittivity ε b D expressed y omplex numer with the loss ftor represented y the imginry prtD de(ned sX for triEphsi medium omposed of wterD ir nd siliD we otin

ε b = ε b (f ) -i ε b (f ) + σ b 2πf ε 0 , @WA
ε γ b = θε γ w + (1 -φ)ε γ s + (φ -θ)ε γ a , @IHA
where ε w , ε s nd ε a re respetively the dieletri permittivity of wterD sili nd irD φ the porosity nd θ the volumetri wter ontentF γ is n empiril oe0ient tht depends on soil strutureD set to HFS in this studyF he dieletri permittivity of ir is rel nd its vlue is set to e the sme s in vuumD thus its reltive permittivity is equl to IF e mesured ε s = 2.23 using timeEdomin re)etometerF e ssumed tht the solid phse ws non ondutive nd therefore its dieletri permittivity ws independent of frequenyF he permittivity of wter ε w is funtion of frequeny nd ondutivityD nd is expressed in time domin y heye9s eqution heyeD IWPWX

ε w = ε ∞ + ε st -ε ∞ 1 + iωτ , @IIA
in whih ε ∞ = 4.9 is the highEfrequeny limit of the rel dieletri permittivityD ε st = 80.088 the stti vlue of the rel dieletri permittivity t PH where K(θ)D nd θ(h) re desried y the wulemEvn qenuhten modelD presented in equtions @PA nd @RAF e used the rydrusEIh ode imunek et lFD PHHV to solve this equtionD with n tmospheri @xeumnnA oundry ondition t the topF e hnged the ottom oundE ry onditions with time @through hirihlet oundry onditionA using the evolution of the pplied hydruli hed we used in our experimentsF he onsidered medi ws divided into S mm thik horizontl lyersD thin ompred to the shortest wvelength of the eletromgneti wves propgting through itF 2.6. Electromagnetic Modeling 2.6.1. Finite Dierence Time Domain xumerous tehniques re ville for simulting q dtD suh s ryEsed methods @eFgF gi nd wwehn IWWS or ethin nd opovii IWWWAD timeEdomin (niteE di'erene fullEwveform methods @eFgF uunz nd vueers IWWQ or uowlsky et lF PHHIAD or the pinite hi'erenes ime homin @phhA method @eFgF srving nd unight PHHTAF e used the qprwxPh ode qinnopoulosD PHHSD whih uses phh modeling to solve wxwell9s equtions in P dimensionsF he syntheti rdrgrms presented elow hve een simulted using qprwxPhF 2.6. gondutor @igA ws positioned t the ottom of the snd olumnF et the initil stteD the wter level ws set t the top of the olumnD orresponding to h 0 = 71 mF hi'erent hydruli heds were pplied to the ottom of the ylinderF he hydruli heds were hosen in greement with experimentl dtD in order to lter ompre nuE meril rdrgrms with experimentl onesF wo types of experiment were ondutedX iA multiEstep @susript wA experiE ment where we pplied suessively h 1 = 41.5 mD h 2 = 31.5 mD h 3 = 22.5 mD [100; 1600; 2700; 4000; 5800; 6900; 7900; 9200; 10500] seondsD nd iiA oneEstep @susript yA experiment where the heds pplied to the ottom of the ylindril medium were the diretion of the yleD (rst dringe then wettingF he q ntenn set t the top ws used to monitor the wter ontent of the sndD using the of the re)etion on the ig surfe t the ottom of the tnkF 3.2. Forward modeling 3.2.1. 1D velocity modeling he wter ontent pro(les generted t eh experimentl time step were onverted to permittivity pro(les using reltions @IHAF he of the ig re)etion ws omputed D R A F T November 24, 2015, 12:04am D R A F T using the Ih veloity modelingF pigure Q displys the s otined when vrying the wter tle levels with the multiEstep protool @AD nd the oneEstep protool @AF sn oth sesD we present the s otined from the simulted wter ontent pro(le ounting for hysteresis of the wter retention funtion following the model of uool nd rker IWVU @red irlesA nd without hysteresis @lue urvesAF es expetedD sine the simulted wter ontent pro(les during the drying nd wetting yle will e di'erent for the sme heds ppliedD the s will e onsequently di'erentF he mjor dvntge of our experiments resides in mking mesurements during dynmil proessesD without witing for hydrostti equiliriumF e see tht the s re di'erent from the s otined while the snd is wetting @pigure QEA for h = 31.5 nd PPFS mAF orking under nonEequilirium llows to derese the whole experimentl timeF 3.2.2. Finite Dierence Time Domain he wter ontent distriution outputs from rydrusEIh were used s inputs for the qprwxPh ode using equtions @IHA nd @IIAF he simulted q monitoring of the dynmi wter level vrition is presented in pigure REA for the multiEstep nd REA for the oneEstep seF he re)etion on the ig lyer t the se of the snd is rriving etween IS nd PP nsF feuse of relxtion losses due to the presene of wterD nd the dieletri permittivity grdient due to retention properties of the medium the eletromgneti wve is trveling throughD the frequeny spetrum of the eletromgneti wve hnges while it is propgtingF he dominnt frequeny ssoited with the ottom tnk re)etion found etween 15 nd 22 ns will thus evolve with the pplied hedF his is represented in pigure SD where the mximum of the instntneous frequeny ssoited with this re)etion is presented for eh experimentl time stepF yn this (gureD we disply the D R A F T November 24, 2015, 12:04am

h 4 = 0 mD h 5 = h 3 D h 6 = h 2 D h 7 = h 1 nd h 8 = h 0 t experimentl times t M S =
h 0 = 71 mD h 1 = 0 m nd h 2 = h 0 t
D R A F T X -17
piking of the mximum instntneous frequeny s irles nd the of the ottom tnk re)etion piked from the rdrgrms presented in pigure R @red lineAF he drier the olumnD the higher the frequeny ontent isD ndD similrlyD the wetter the olumnD the more present re the relxtion e'etsD the steeper is the dieletri permittivity grdientD nd the smller is the frequeny ontent of the ottom tnk re)etionF 

Conclusion

he Ih veloity lgorithm we used to invert the from q dt gve preise nd urte results for the numeril exmples nd llowed us to otin most of the hydrodynmi prmeters tking into ount hysteresis in the wter retention funtionF hi'erenes etween the prmeters otined y our q experimentl dt inversion nd those otined through lssil lortory experiments @rg nd ustA re proE ly used y homogeneity prolems in the lrge tnk nd evportion on the rg soil smplesF he hydruli ondutivity t sturtion K s is onsistently estimted in ll our ootstrpped dt inversion into the rnge HFVYIFP mFmin -1 F he oneEstep experimentl q dt give more preise results thn the multiEstep experimentl q dtF lues of λ etween T nd IH nd vlues of n etween R nd U were estimted from our q experimentsF foth of these rnges re muh higher thn usully found in the literE qinnopoulosD eF @PHHSAD wodelling qroundEenetrting dr y qprwxD gonstrF fuildF wterFD IW @IHAD USS!UTPF qoylD FD F quptD F ethD nd F ingh @PHHTAD istimtion of temporl hnges in soil moisture using resistivity methodD rydrolF roessFD IH @WAD IIRU!IISRF rinesD F @IWQHAD tudies in the physil properties of soilsX S the hysteresis e'et in pillry properties nd the modes of moisture distriution ssoited therewithD tF egrF iFD PHD WI!IITF rverkmpD FD pF veijD gF puentesD eF iortinoD nd F oss @PHHSAD oil wter retentionX sF introdution of shpe indexD oil iF oF emF tFD TW @TAD IVVI!IVWHF ropmnsD tFD nd tF hne @IWVTAD emperture dependene of soil hydruli propertiesD oil iF oF emF tFD SH @IAD R!WF rurdD FD nd F uin @PHHHAD rydrogeologil prmeter estimtion using geophysE il dtX e review of seleted tehniquesD tournl of gontmF rydrolFD RS @IEPAD ITPQ! ITQHF ruismnD tFD F rurdD tF edmnD nd eF ennn @PHHQAD wesuring soil wter ontent with qroundEenetrting drFD dose one tFD P @RAD RUT!RWIF srvingD tFD nd F unight @PHHTAD xumeril modeling of qroundEenetrting dr in Ph using wtlD gomputF qeosiFD QP @WAD IPRU!IPSVF uleinD vFD nd gF wift @IWUUAD en improved model for the dieletri onstnt of se wter t mirowve frequeniesD siii rnsF qeosiF emote ensFD PS @IAD IHR!IIIF ulenkD FD F tumnnD nd uF oth @PHISAD untittive highEresolution oservtions of soil wter dynmis in omplited rhiteture using timeElpse groundEpenetrting rdrD rydrolF irth ystF iFD IWD IIPS!IIQWF D R A F T November 24, 2015, 12:04am D R A F T unightD F @IWWIAD rysteresis in the eletril resistivity of prtilly sturted sndstonesD qeophysisD ST @IPAD PIQW!PIRUF unightD FD nd eF ed @IWWSAD okGwter intertion in dieletri propertiesX ixperiE ments with hydrophoi sndstonesD qeophysisD TH @PAD RQI!RQTF unightD FD iF qrunewldD F sronsD uF hluD FEF ongD rF fhmnD fF qruD hF lshD tF erhmD nd tF gnni @PHIPAD pield experiment provides ground truth for surfe xw mesurementD qeophyF esF vettFD QW @QAF unollD wF @IWWTAD etrophysil sis for ground penetrting rdr nd very erly time eletromgnetisX iletril properties of sndEly mixturesD hFhF thesisD niversity of fritish golumiD nouverF uoolD tFD nd tF rker @IWVUAD hevelopment nd evlution of losedEform expressions for hystereti soil hydruli propertiesD ter esourF esFD PQ @IAD IHS!IIRF uosugiD uFD tF ropmnsD nd tF hne @PHHPAD wethods of oil enlysisD rt RD hysil wethodsD hpF rmetri wodelsD ppF UQW!USSD oil iene oiety of emeriDsnFD wdisonD sF uowlskyD wFD F hietrihD qF eutshD nd F uin @PHHIAD porwrd modeling of qroundE enetrting dr using digitized outrop imges nd multiple senrios of wter stE urtionD ter esourF esFD QU @TAD ITIS!ITPTF uumrD FD wF ekhrD hF eddyD nd wF wF uumr @PHIHAD istimtion of soil hydruly properties nd their unertinty omprison etween lortory nd (eld experimentD rydrolF roessFD PRD QRPT!QRQSF uunzD uFD nd F vueers @IWWQAD he pinite hi'erene ime homin wethod for ileE tromgnetisD gg ressF D R A F T November 24, 2015, 12:04am D R A F T
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viD FD F sngD rF pngD nd hF io @PHHTAD ixperimentl determintion of ulk dieletri properties nd porosity of porous sphlt nd soils using q nd yli moisture vrition tehniqueD qeophysisD UI @RAD uWQ!uIHPF veijD pFD F rverkmpD gF puentesD pF trinD nd F oss @PHHSAD oil wter retentionX [71; 42; 32; 23; 0; 23; 32; 42; 71] λ * * wi @m 3 Fm -3 A @m 3 Fm -3 A @m -1 A @m -1 A @mGminA @nsA vF mesF 0.03 ± 0.005 0.36 ± 0.005 0.024 ± 0.002 0.043 ± 0.003 8.5 ± 0.5 [0.96; 1.5] HFS E multiEstep E heds = [71; 41.5; 31.5; 22.5; 0; 22.5; 31.5; 41.5; 71] 

D R A F T θ r θ s α d α w n K s λ wi @m 3 Fm -3 A @m 3 Fm -3 A @m -1 A @m -1 A @mGminA @nsA p in HFHS HFQS HFHPS HFHS T I HFS E multiEstep E heds =

  of optimized prmeters were ompred to those otined with lssil lE ortory methods suh s the hnging wter olumn nd the onstnt hed permemeterF D R A F T November 24, 2015, 12:04am D R A F T 1. Introduction nderstnding wter sttus nd trnsport in the vdose zone requires urte knowlE edge of the wter retention funtionD θ(h)D of the vdose zone mterils s well s their hydruli ondutivity funtionD K(θ)F he (rst one reltes wter pressure hedD hD with volumetri wter ontentD θD while the lter mkes the link etween hydruli ondutivity nd volumetri wter ontent or pressure hedF his lssil de(nition of the hydrodyE nmi funtions ssumes tht h is unique funtion of θF roweverD s (rst pointed out y rines IWQHD this ssumption is not vlid euse of hysteresis phenomenF he sis of hysteresis theoryD (rst oserved in mgnetism nd dsorption on solidsD ws set in the works of xéel IWRPD IWRQD iverett nd hitton IWSPY iverett IWSRD IWSS nd reish IWQSF iverett IWSS nd indery IWSS developed in prllel the indepenE dent domin theoryD whih ws lter suggested to e pplile to soil pillry hysteresis y gollisEqeorge IWSSF he ssumption ehind the independent domin theory of soilE wter hysteresis is tht the pore spe n e divided into disrete poresD eh of whih drins nd (lls independently of the stte of other poresF he (rst pulished ount of pillry hysteresis in term of independent domins ws performed y oulovssilis IWTPD through experiments on glss ed mterilsF re oserved hysteresis in the wter retention funtion depending on wetting or drying proesses nd found good greement etween mesurements nd expeted vlues from the independent domin theoryF ris results were pursued with suess on snds y oulovssilis IWUH nd lsm IWUHF roweverD disgreement etween theory nd experiments ws lso reported for glss ed mteril opp nd willer D IWTTY worow nd rrrisD IWTSD for snd hud nd honyD D R A F T November 24, 2015, 12:04am D R A F T IWUID for sndy lom oppD IWTW nd for silty lom nd ly lom oppD IWUIF hese studies suggest tht the independent domin theory pplies only to dt otined during sttiEequilirium or stedy stte )ow onditions ut fils to depit hysteresis properly in se of unstedy )ow oppD IWUIF pollowing opp9s onlusionD wulem IWUQ improved nd developed new formlE ism sed on the similrity hypothesis hilipD IWTRF his hypothesis is sed on the ssumption tht the pore wter distriution funtion n e desried s produt of two independent funtionsD the pore opening rdii distriution nd the pore ody rdii distriutionF his new formlism resulted in suession of ppers wulemD IWUQD IWURY wulem nd hgnD IWUSY wulemD IWUU where wulem9s formlism of hysteresis is imE provedF hese works gve the sis of the urrently known wulem9s theory of hysteresisD (nlly developed nd pulished in wulem IWVRF sn prllel to the models presented oveD quli(ed s oneptulD empiril models hve een proposed sed on (tting wter retention urves dtF hey re de(ned for spei( types of soils nd do not lim generl vlidity euse their derivtion is not sed on physil representtion of hysteresisF sn the present studyD we will use the empiril model of uool nd rker IWVUD sed on the snning model of ott et lF IWVQD pplied to sndF unowledge of the wter physil stte in soil is required for understnding hydrostti nd hydrodynmi proesses in soilsF wethods exist for smpling diretly the vdose zoneD ut they n disrupt the system of interest nd n rrelyD if everD provide the smpling rte @sptil or temporlA required to fully understnd the omplexD interrelted proesses tht operte in this zoneF D R A F T November 24, 2015, 12:04am D R A F T X -5 e lrge mount of lssil lortory methods hve een developed to otin the hyE druli properties of soil smplesF hepending on soil type ndGor the prmeters imed to e retrieved di'erent tehniques were designed suh sD the hnging wter olumn hne nd ropmnsD PHHPD the evportion methods ind D IWTTY eters nd hurner D PHHVD or the multiEstep out)ow ihing nd ropmnsD IWWQY ihing et lFD IWWRF he hngE ing wter olumn method n get the soilEwter retention funtion prmeters for the dringe nd wetting phse wheres the multiEstep out)ow experiment llows to otin the hydruli ondutivity prmeters s well s the soilEwter retention funtion prmE etersF hese lssil methods re roust nd lredy proved their e0ienyF rowever they need quite long experimentl time @severl dysAD re filityEdemnding nd n not e run in situ on the (eldF edvnes in eletronis in the pst thirty yers hve signi(ntly redued the osts nd improved the quisition rtes of geophysil methodsF heir nonEinvsive nture mkes them highly suitle for studying the vdose zoneF emong themD eletril resistivE ity hou et lFD PHHIY qoyl et lFD PHHT nd eletromgneti heets nd rendrikx D IWWSY ekr et lFD PHHS mesurements suh s xuler wgneti esonne @xwA unight et lFD PHIP nd qround enetrting dr @qA ruismn et lFD PHHQ re the most ommonly usedF hey provide physil propertiesD suh s eletril ondutivityD xw relxtion time onstnts nd dieletri permittivityF hese prmeters re highly sensiE tive to soil ompositionD strutureD density nd wter ontentF he (eld of hydrogeophysis is developing sine dedes ereeken et lFD PHHVY vesmes nd priedmnD PHHSY ruismn et lFD PHHQY rurd nd uinD PHHHF roweverD few D R A F T November 24, 2015, 12:04am D R A F T studies delt with geophysil mesurements s dt to e (tted to quntify the hysteresis of wter retention nd hydruli ondutivity funtionsF unight IWWI onduted lortory resistivity mesurements on sndstone smples durE ing imiition nd dringeF he found tht the resistivity mesured during imiition ws onsistently less thn the one mesured t the sme sturtion during dringeF he ttriuted this di'erene to the presene of eletril ondution t the irGwter interfe nd onluded on the dependene of the geophysil properties on sturtion historyF his (rst study on the e'et of poreEsle )uid distriution on the eletril ehvior during imiition nd dringe ws followed y severl others unight nd ed D IWWSY pleury nd vongeronD IWWVY woss et lFD IWWWF vi et lF PHHT gve q evidene of hysteresis of soil wter funtionsF hey quired q mesurements over soil nd sphlt t vrious degrees of sturtionF heir dt exhiited dieletri hysteresis for oth soil nd sphltD depending on drying or wetting proessesF wore reently eihnht nd foerner PHIR performed q monitoring of the soil wter ontent in high retngulr lexigls R tnk (lled with homogeneous sndF hey used trnsmission rdr dtD one ntenn on eh side of the tnkD t di'erent depths to otin the volumetri wter ontent during moving wter tle experimentF he otined dt showed di'erent snd wter retention funtions for dringe nd imiitionF hespite the ft tht no hydrodynmi modeling ws usedD the ide of oupling q mesurements with wultiEtep yut)ow @wyA experiment ws lredy n dvnementF he snstitute of invironmentl hysis in reidelerg niversity reently performed inE teresting studies hgenh et lFD PHIQ nd ulenk et lFD PHISF hey used the eiE D R A F T November 24, 2015, 12:04am D R A F T X -7 q test site to monitor the wter tle during )ututing wter tle experimentsF foth studies were inspired y the preursory works of sol(s et lF PHHI nd indres et lF PHHH interested in pillry fringe oservtion with qF hgenh et lF PHIQ set sttionry q ntenn instlled t the soil surfe nd reorded tre t onstnt time stepF hey studied the experimentl pillry fringe re)etions during dringe nd imiition nd ompred them to those otined numerilly with three di'erent wter retention modelsD nmely frooks nd gorey IWTR nd the onstrined nd unonE strined vn qenuhten IWVH modelsF he study they onduted on the pillry fringe re)etionD mplitude nd phse is similr to the one rried y out intenoy nd ropE mns PHII nd himnti nd edmn PHIRF ulenk et lF PHIS performed rdrgrm pro(les t di'erent experimentl times nd studied the wvelet ssoited with peulir re)etions during dringeGrelxtionGimiition ylesF heir omprison etween nuE meril modeling nd experiments llowed them to otin informtion on the reltive hydruli properties of the mterilsF ell the studies presented ove did not go further thn qulittive mesurements nd pved the wy for hydrodynmi prmeter estimtion using geophysil methods nd prtiulrly qF sn the present study we developed n inversion method to otin the wulemEvn qenuhten @wEvqA wulemD IWUTY vn qenuhtenD IWVH prmeters hrterizing sepE rtely the dringe nd the imiition wter retention urvesF o hieve this golD we (rst set up numeril experiments to test the possiility of hrterizing hysteresis from q dt quired with ommeril ntenne pled t the top of soil olumn sujeted to ontrolled wter tle vritionsF e provided n inversion of the syntheti dt to D R A F T November 24, 2015, 12:04am D R A F T otin the wEvq prmeters hrterizing independently wter retention funtions for dringe nd imiitionF he im of the study ws to develop method le to otin prmeters s urte s the lssil lortory methods ut with muh shorter experimentl timeF his gol hs een relized y working under dynmil onditionsF nertinty nlysis ws onduted using multiple inversions performed on independent noiseEdded syntheti dtF pinlly we inverted experimentl q dt quired in lortory experiment to retrieve hydruli properties in dringe or wetting ondition of lrge snd olumnF he dispersion oserved in the dtD nmely shift in frequenyD is tken into ount to model the oserved phenomenF ttistil nlysis on the experimentl dt is drwn using ootstrpping method ifronD IWUWF he results re ompred with the wEvq prmeters estimted from lssil lortory experiments suh s hnging wter olumn hne nd ropmnsD PHHP nd flling hed experimentsF 2. Background 2.1. Soil hydraulic functions he soil hydruli funtions n e desried y severl mthemtil expressions uoE sugi et lFD PHHP requiring di'erent numer of prmeters depending on the hosen modelF por the θ(h) reltionshipD one of the lrgest groups of models represented in the literture is the power funtion model of the formX (1 -S -a e ) b S e = αh, @IA where S e = θ-θr θs-θr is the e'etive sturtionD θ s is the sturted volumetri wter ontentD θ r the residul volumetri wter ontentD nd α @bHAD a nd bD re (tting prmetersF D R A F T November 24, 2015, 12:04am D R A F T X -9 wny models sed on this power form hve een proposed to (t wter retention dtD suh s those presented in qrdner IWSVD frooks nd gorey IWTRD predlung nd ing IWWR nd vn qenuhten IWVH mong othersF heir mthemtil equivlene ws studied y puentes et lF IWWPF sn the urrent study we used the eqution from vn qenuhten IWVHD S e = (1 + (αh) n ) -m , @PA where α is the inverse of the solute vlue of the soil mtri potentil t the in)etion point of the θ(h) urveF he two dimensionless (tting prmetersD n nd mD re linked y m = 1 -k n , @QA with n > k rverkmp et lFD PHHSY veij et lFD PHHSF por simpliityD k tkes integer vlues whih orrespond to di'erent models giving losed form nlyti expressions for the hydruli ondutivity funtionsF he se k = 1 orresponds to the model of wulem IWUTD while k = 2 gives the ondutivity model of furdine IWSQF sing k = 1D the hydruli ondutivity funtion is written s

  where f is the frequenyD ε b (f ) the rel prt of soil permittivityD ε b (f ) the imginry prtD inluding the relxtion lossD nd σ b the ulk ondutivity leding to ondutivity D R A F T November 24, 2015, 12:04am D R A F T lossesF ε 0 is the permittivity of free speF sn the litertureD petrophysil models re divided into four tegoriesX e'etiveEmediumD empirilD semiEempiril nd volumetri models elhrthi nd vngeD IWVUY unoll D IWWTY hivolD IWWWF e used the volumetri gsw model firhk et lFD IWURY oth et lFD IWWHD where the reltive dieletri permitE tivity of the porous geologil mterilD ε b D is funtion of the mteril porosityD its stte of sturtion nd the respetive permittivity of eh of its individul onstituentsF he soil we used in our experiments ws pontineleu sndF sing the gsw reltionship

  2. 1D velocity modeling D R A F T November 24, 2015, 12:04am D R A F T o void timeEonsuming phh modeling in our inversion lgorithmD we omputed the wo y rvel ime @A of the wve re)eted t the ottom of the tnk ssuming Ih propgtion through stk of S mm thik lyersF he eletromgneti wve inside eh lyer ws omputed with eqution @VA tking the dieletri permittivity vlue de(ned y equtions @IHA nd @IIAD nd the wter ontent distriution modeled y rhEIhF e took into ount the dispersion of the wve due to the heye relxtion phenomenD evluted for the mximum frequeny of the onsidered re)etionF o do soD we seleted time window where the ottom tnk re)etion wvelet ws inluded nd took the domE innt frequeny resulting from snstntneous pst pourier rnsform @sppAF roweverD this oserved dispersion originted from two phenomenD heye dispersion nd vritions of the ntenn oupling through timeF hese two phenomen re di0ult to seprte in experimentl dtF roweverD we show tht this dispersion ws inluded in the unertinties in the numeril simultions showed in the next setionF 3. Numerical experiments 3.1. Set-up e onsidered homogeneous ylindril medium @UI m height nd TH m dimeterAD with porosity set to HFQW nd hydrodynmi properties in the rnge of wht we mesured with wter hnging olumn experiments nd w ust ystem on pontineleu snd @setion RFIAF hese prmeters re summrized s p in in le IF e trnsmitter @emitting iker wvelet entered on IHHH wrzA nd reeiver were positioned t the snd olumn surfeF he drft of the pprtus is presented in pigure PF he tue on the right indites the di'erent wter tle levels set during the experimentF he two tringles symolize the q trnsmitter nd reeiverF e very thin lyer of erfet iletril D R A F T November 24, 2015, 12:04am D R A F T X -15

  experimentl times t OS = [700; 6600; 8100]F e volumetri wter ontent pro(le ws omputed t eh experimentl time step using rydrusEIh with the wEvq prmeters p in presented in le IF he hysteresis e'et ws fully represented y the prmeter αD tking α w = 2α d ording to uool nd rker IWVU nd imunek et lF IWWWF he two wter retention funtions @wetting nd drying urvesA orresponding to the prmeters p in re shown on pigure IF errows symolize

  the frequeny shift oserved in the numeril rdrgrms @pigures R nd pigure SA hs two souresX heye relxtion nd the permittivity grdient reted y the retention properties of the mediumF yur IhEveloity modeling does not tke into ount these soures of signl dispersion nd we oserve smll disrepny etween the piking of the re)etion presented in the rdrgrm REA nd A nd our Ih veloity lgorithm resultsF hese two urves re displyed on pigure TEA for the oneEstep protoolF he oot wen qured irror @wiA etween these two urves is 0.09 nsF en other soure of unertinty in our dt is the one ssoited with the pplied hedF por determining the unertinties ssoited with the pplied hydruli hed unerE tintiesD we onsidered the wi etween the urve resulting from the hydruli hed presented in setion QFI for the oneEstep experimentD nd one other urve generted with the initil hydruli hed h 0 deresed y 1 cmF hese urves re presented in pigure TEAD where the red urve represents omputed with initil hydruli hedD wheres lue urve represents the initil hydruli hed -1 cmF he wi etween these urves is 0.11 nsF et lst we onsidered the piking unertinties y onsidering tht time piking n not e etter thn the one time stepD whih ws 0.058 D R A F T November 24, 2015, 12:04am D R A F T ns for experiments presented in setion RFQF iven if the timeEstep ws muh smller for the numeril experiment we hose to tke the experimentl time step in order to etE ter represent the unertintyF king these three soures of unertinties in our oneEstep numeril experimentsD we estimted our overll unertinty ssoited with eh dt pointD using qudrti summtionD to σ OS = 0.15 nsF he unertinties for the multiEstep se ws omputed with the sme proedure to σ M S = 0.13 nsF 3.4. Inversions on Numerical Data Perturbed by Gaussian Noise e used the of the ottom tnk re)etion s presented in pigure QEA for the multiEstep experiment nd QEA for the oneEstep se s dt to e (tted to get the set of wEvq prmeter vlues p = {θ r , θ s , α d , α w , n, K s , λ}F he optimiztion proedure ws the hu1ed gomplex ivolution @giEeA lgorithm hun et lFD IWWP minimizing the ojetive funtion expressed s the wi etween the modeled nd oserved of the ottom tnk re)etion to e (ttedF his wi ws given y RM SE = 1 N N j=1 [τ xp (t j ) -τ mod (t j , p)] 2 , @IQA where τ xp is the rdrgrmEmesured generted with the hydrodynmi prmeters p in t experimentl time t j D nd τ mod is the modeled re)etion t time t j sujet to soil hydruli prmeter vetor pD nd N is the numer of points used for omprisonsD iFeF the numer of onsidered experimentl times t j F e smpled the prmeters in rnges de(ned ording to the vlues found in the litertureF he rnge for θ r ws [0.01; 0.1] cm 3 /cm 3 D the one for θ s ws [0.3; 0.4] cm 3 /cm 3 F K s intervl ws [0.05; 3] cm.min -1 D n ws llowed to get vlues etween P nd IHD nd α W nd α d rnges were oth set to [0.01; 0.1] cm -1 F e set the λ rnge to [0; 10]D onsidering D R A F T November 24, 2015, 12:04am D R A F T this prmeter s (tting oneF he historil pper of wulem IWUT proposed λ vlues in the rnge of [-1; 2.5] nd onlude on good (tting for most soils with λ = 0.5F his vlue is the most used in the litertureF he studies of hp nd veij PHHHY hp et lF PHHIY hp nd vn qenuhten PHHS were mong the (rst to develop wider rnge for λ prmeter [-1; 1]F e then sed our λ rnge on the study of östen et lF IWWWD on the dtse of iuropen soilsD where λ ould reh vlues higher thn unityF por eh generted prmeter set pD we omputed the of the ottom tnk re)eE tion using the Ih veloity modelF his inversion modeling proedure is presented s )ow digrm in pigure UD where the ojetive funtion is the wiF e used PH omplexesD SHDHHH itertions for eh loop nd onstrint on QHDHHH itertions to stop if no etter model ws found during the gomplex serhF ine the inversion lgorithmD giEeD is not following the fyesin ruleD the sttistil nlysis performed on one single inversion nnot e onsidered s mthemtilly orret @see the works of rugt et lF PHHQ for disussion on this topiAF e deided to perform sttistil nlysis on models otined y independent giEe optimiztion proedures rried out on di'erent noiseEdded generted dtF ixmples of the pertured re presented in pigure V s purple pointsF hese dt orrespond to the originl simulted oneD in lueD to whih we dded smll time delys smpled from qussin distriution entered on the originl vlueD with stndrd devition σ M S = 0.13 ns for the multiEstep se nd σ OS = 0.15 ns for the oneEstep seF e performed VH inversions on VH di'erent qussin noiseEdded dt in oth sesF sn the multiEstep seD we seleted the models with ssoited wi smller thn or equl to 2 σ M S = 0.26 nsF sn the oneEstep seD we seleted the models with ssoited D R A F T November 24, 2015, 12:04am D R A F T wi smller thn or equl to 2 σ OS = 0.30 nsF ossile doule models were tken out in order to keep the sme weight for ll modelsD nd not in)uene the histogrmsF st resulted on WTVDPWI models in the multiEstep se nd RRVDSHU models in the oneEstep seF he sttistil distriutions of eh prmeter of ll the seleted models re presented in pigure WEA for the multiEstep se nd pigure WEA for the oneEstep seF he vlue for eh prmeter set s input is represented with the vertil dshed ornge r nd n e found in le IF ixept for θ s nd λ these histogrms show tht the input prmeters re inluded in every distriutionF he volumetri wter ontent t sturtion is over estimted y men vlue of HFHPS 7 in oth experimentl proeduresF he histogrms presented in the oneEstep seD on pigure WEA seems to hve more di0ulty thn the multiEstep seD to estimte urtely the prmeters α d D nd α w F yne possile reson for α w is the rewetting phse oserved with only IH dt points in the oneEstep seD nd RH points in the multiEstep se @ompre pigure QEA nd AAF sn dditionD interEorreltion etween prmeters existD s presented in pigure IHD where ojetive funtion plots re displyed for the multiEstep se @ AEAEeAEgA A nd oneE step se @ AEdAEfAEgA AF he ojetive funtion plots re di'erent depending on the experimentl se @multi or oneEstepAF his mens tht the interEorreltion oserved is prtilly due to the theoretil link etween prmeters s well s the design of the experimentF yne n see on IHEAEAEAEdA orreltions etween K s nd α w nd nF piguresIHEgAEhA show link etween λ nd n depending on the experimentl protoolF hese ojetive funtion plots show tht the regions with lowest wi @drk lue resA lwys onE D R A F T November 24, 2015, 12:04am D R A F T tin the input prmeterD exept for lambdaF his is prtiulrly well illustrted on the pigure IHEeA where we see tht α w = 2α d orresponds to the drk lue regionF he se of λ prmeter nd its link with prmeters require nother nlysisF yn pigures VEA we displyed Q urves of the ottom tnk re)etion for the oneEstep seF he set of prmeters tken for the originl lue line dt is the one set s input @le IAF he two other lines represent the result of n inrese or derese of the n vlue y PF snresing n results in inresing the vritions nd vieEversF pigure VE A shows s well the e'et of n inrese or derese of the prmeter λF et the opposite of nD inresing λ from HFS to P results in deresing the vritionsF pigures VEA nd dA re the equivlent for the multiEstep seF prom these (guresD we see tht di'erent ouples of @nD λA will (t s well the noisy dt @purple pointsAF e too smll n vlue ssoited with too smll λ vlue will result in the sme urve thn too high vlues for oth n nd λF his is illustrted y the ojetive funtion plot pigure IHEgAF sn dditionD multiEstep dt re not sensitive to λ vritions in the (rst three steps nd the lst one @pigure VEdAAD wheres most of the oneEstep dt re sensitive to this prmeter vritionsF his might explin di'erenes in the two experimentl dt inversion resultsF his numeril nlysis showed the roustness of our modeling for inverting most of the hydrodynmi prmeters s well s some di0ulties due to interEorreltions etween prmetersF roweverD we see tht working under dynmil proessesD without witing for stti equilirium t eh stepD did not prevent us to retrieve most of the hydrodynmil prmeters even if we pplied quite rutl unertinty nlysisF por instneD we pplied the sme unertinty to every point of the dt not onsidering the in)uene of the frequeny shift unertinties is stronger when the soil is eoming drierF sn dditionD n D R A F T November 24, 2015, 12:04am D R A F T unertinty of I m on the hydruli hed is pessimisti estimtionF o e onvined tht the noise we dded ws relly strongD le I shows the optimized prmeters retrieved on nonEnoisy dt with wi smller thn HFHIS nsF 4. Laboratory Measurements 4.1. Characteristics of the sand he vn qenuhten wter retention prmeters were otined y (tting the dt oE tined with three hnging wter olumn @rgA experiments performed on pontineleu snd ore @250 cm 3 A smples pked t 1.67 g.cm -3 ulk densityF e onsidered unE ertinties on h t σ h = 1 cmD θ = 0.03 cm 3 .cm -3 F e suspet tht some evportion hppenedD whih gve the low vlue on θ r prmeterF he vn qenuhten prmeters otined re presented in le PD under the lel vF mesFF pigure II shows the retention urves dt quired from the rg experimentsF hey were (tted using the vn qenuhten modelF es expeted for this type of soilD α w ws lose to 2α d F he rg results on(rmed tht the n prmeter ould e onsidered s independent from drying or wetting proessesD sine the urvture of the wter retention urves re very similr for drying nd wetting rnhesF he sturted hydruli ondutivity ws determined on severl 250 cm 3 soil ore smE ples pked t 1.6 g/cm 3 D using the w ust ystemD under onstnt hedF he rnge of vlues otined re presented in le PF he λ prmeter ws not determinedD ut its vlue ws initilly expeted to e lose to HFS wulemD IWUT without hving ny other mesurementsF qrnulometri determintions on the pontineleu snd used for the experiments showed tht IQ7 of its grins hd dimeter lrger thn HFPS mm nd WV7 lrger thn D R A F T November 24, 2015, 12:04am D R A F T X -23 HFIPS mmF sts verge prtile density ws 2.8 ± 0.1 g m -3 F he snd ws pked to porosity estimted to e HFQWF 4.2. Experimental Set-up he experimentl pprtus onsisted of two ylindril tnks @VH m height nd TH m dimeterAD one tnkD T S D (lled with the pontineleu snd nd the other oneD T w D (lled with wter t level orresponding to the hydruli hedF T s ws (lled with QPI kg of sndD ompted mnully in order to otin ulk density of ρ b = 1.7 g.cm -3 F he snd lyer ws put on top of S m grvel lyer in order to drin nd wet homogeneously the sndF o otin strong re)etion t the ottom of the snd we put etween the grvel lyer nd the snd thin luminum sheetD (nely meshedD to let the wter go throughF hree pitures of the experimentl setEup re presented in pigure IPF pigure IPEA shows T w D where we see the holes used s over)ow to mintin the wter tle during dringe nd where we see the green wter supply pipeF T s nd T w ottoms were linked through four independent plsti tues with tps @pigure IPEA AF pigure IPEA displys T s with the ntenn set t the top of the sndD mintined in position y lodF he white thin lyer is geoEtextile enlosing the sndF iezometers were onneted t the ottom of eh tnk to indite the pplied hedF 4.3. Experimental measurements pour experiments were rried out using this experimentl setupF por eh experimentD the whole soil pro(le ws initilly wter sturted in order to e on the min dringe urve during the (rst yleF foth tnks were hydrulilly seprted y losing the tps on the linking tuesF he level of wter ws set to the desired level @for exmple RP D R A F T November 24, 2015, 12:04am D R A F T mA in T w using n over)ow holeF hen the hydruli ontt etween oth tnks ws estlished ginD opening the tpsF he wter drined out of T s ws evuted through the over)ow hole in T w F his proedure ws repeted for ll steps during drining nd wetting proessesF he rdrgrm mesured during one of the multiEstep experiment is shown in pigE ure IQEAD nd during oneEstep experimentD in pigure IREAF he horizontl xis is the experimentl time in seondsD nd the vertil xis is the in nnoseondsF huring the dringe nd imiition yleD the diret wve signl evolves through timeD due to the evolution of the medi properties surrounding the ntenneD whih 'ets the ntenE ne ouplingF he re)etion on the luminum sheet t the se of the snd is rriving round PV nsD other re)etions re tnk side e'etsF es expeted the of this reE )etion evolves with the wter tle levelF sn the multiEstep experimentD the heds were hnged t VHHYISHHYPHHHYPWHH seonds for dringe nd RRHHYSPHHYSVHHYTVHH seonds for reEwettingF yn pigure IQED we disply the instntneous mximum frequeny of the onsidered re)etionF yn this (gure we disply s well the of this re)etionD relE tive to its initil D when sturtedF e see tht the ehvior of this re)etion is omprle to the one we simulted @pigures QD R nd SAF hespite the ft tht we used wlå m ntenne with nominl frequeny of IFT qrzD we lerly see tht the enter frequeny is fr from IFT qrzD due to ntenn ouplingD heye dispersion nd the dieletri permittivity grdient inside the olumn sndF qrphis presented in pigure IREA nd A re the nlog of pigure IQEA nd A for the oneEstep experimentF he level of wter is rought down to H m from UI m @sturtedA nd then rought k to full sturtion of the lrge tnkF e see tht the of D R A F T November 24, 2015, 12:04am D R A F T X -25 the ottom re)etion on pigure IQEA exhiits the sme ehvior s the simulted one presented in pigure QEAF 4.4. Inversion of Experimental Data 4.4.1. Frequency shift correction he frequeny shift oserved in the experimentl dt @pigure IQEA nd pigure IRE AA hs to e tken into ount in order to orret for the higher frequeny pikingD sine ll our re reltive to the sturted se @low frequenyAF sing the following proedureD we orreted the s due the frequeny vritions during the experimentF e onsidered tht the wvelet ssoited with the ottom tnk re)etion ould e ssimilted s time derived iker wveletF e then mesured the time dely etween the mximum pek rrivl of wvelet omputed with the lower frequeny of RTH wrz @oserved when the snd olumn is fully sturtedAD nd the mximum pek rrivl of wvelet omputed with the frequeny ssoited with the experimentl time t whih we wnt to pply orretionF his priniple is represented in pigure ISF pigure ISEA represents the time orretion with experimentl time for the multiEstep seF es expetedD when the frequeny di'erene etween the initil mesurement with the urrent one is lrger the mximum time di'erene is lrgerF ell numeril were orreted using this proedureF 4.4.2. Data Inversion and Uncertainty Analysis with Bootstrapping sing the sme inversion loop s the one presented in the numeril se summrized in pigure UD we inverted the experimentl dtD smpled every PH seondD to otin the hydrodynmi prmeters of the onsidered soilF he prmeters minimizing the ojetive funtion @iqF IQA etween the simulted nd the experimentl dt re presented in D R A F T November 24, 2015, 12:04am D R A F T le PF e will present the unertinty nlysis only on two experimentsD the multiEstep experiment ISEHIEPT nd the yneEstep experiment ISEHIEPUF hese two experiments will e further referred s multiEstep nd oneEstep experimentF he unertinty nlysis ws sed on running multiple giEe inversions on downE smpled dtF his pproh is similr to ootstrpping without replementF por eh experimentl seD we hose rndomly SH sets of VH pointsF por the multiEstep dtD we seleted RH points during the dringe nd RH point during the rewettingF por the monoEstep dtD we rndomly took TH points during dringe nd PH points during the rewetting phseF e performed inversions on eh ootstrpped dt susetF sn eh seD we seleted the models with wi vlue smller thn or equl to the wi of the est (tting model dding IH7 to its vlueF ossile doule models were tken outF st resulted into PQIDIWP prmeter sets for the multiEstep se nd PQVDRQP prmeter sets for the oneEstep seF he distriutions of eh model prmeter re presented s histogrms in pigure ITF hese models re lso displyed s ojetive funtion plotsD pigure IU nd pigure IVD for the multi nd oneEstep se respetivelyF por eh suE(gures @A to kAA the prmeter plne is lel on x nd y xisF por instne pigures IUEA nd IVEA plots in the {α w , n} plne ll the models (tting the ootstrpped dt with wi vlue smller thn or equl to the one of the model optimizing the originl dt smpled t PH sD plus IH7D for the multiEstep nd oneEstep experiment respetivelyF he olorr in pigure IUElA nd pigure IVElA represents the wi etween modeled dt nd inversed dt s omputed from iqF IQF he prmeters (tting the rg lortory mesurements re displyed s lk pointsF K s extreme vlues re represented y two lk dshed lines s well s λ = 0.5F he optimum prmeters @see D R A F T November 24, 2015, 12:04am D R A F T X -27 le PA otined y inverting the originl dt smpled t PH s re symolized y lk tringlesF 4.5. Analysis of the Experimental Results e look t the prmeter sets otined for the four di'erent lortory experimentsD summed up in le PD shows di'erenes in results tht re hrd to explinF e gin muh more informtion looking t the histogrms nd the ojetive funtion plots issued from the ootstrpping nlysisF he min di'erenes etween multiEstep nd oneEstep results onern the prmeters λ nd nF he ojetive funtion plots inluding the λ prmeter re in pigures IUEAD EdAD EgA nd EjA nd IVEAD EdAD EgA nd EjAF yn pigure IUEAD we see tht λ nd n re orreltedD with two regions of minimum wi round the points @λ = 1D n = 3A nd @λ = 9D n = 7AF his sitution is similr to our previous nlysis using pigure IHEgAF roweverD the rg mesurements indite high vlue of nD even higher thn the upper vlue found fter ootstrpped dt inversionF he rg experiment is giving dt t hydrostti equiliriumF herefore they do not involve hydruli ondutivity nd the n prmeter (tting these dt is independent of the λ vlueF gonsidering the rg resultsD the ouple @λ = 9D n = 7A seems to e more resonle thn the ouple @λ = 1D n = 3AF he oneEstep experiment is exploring diretly the whole possile rnge of wter sturE tion ttinle in our UI m high olumn wheres the multiEstep is utting this rnge in four smller rngesF st might explin why the oneEstep dt (tting n not e hieved with smll nD nd smll λ vlues @pigure IVEAEdAEgAEjAAF sf we exlude ll the models with smll n nd λ vlues in pigure IUD ll optimized prmeters re in similr rnges in oth experimentl ses exept for α w @see histogrms D R A F T November 24, 2015, 12:04am D R A F T of pigure ITAF pigures IU nd IV dA to fA show tht K s is very well de(nedD even if smll disrepny is presentD ompring to the mesured dt @le PAF pigures IU nd IV hA show tht the ftor of two etween α d nd α w is more or less retrieved nd no other orreltion re foundF sn ddition α d seems to hve iEmodl shpe over the two types of experimentsD even if the seprtion etween oth peks is quite smllF enyhowD oth α d nd α w re more e0iently retrieved in the oneEstep experiment thn the multiEstep oneF higrms on pigures IU nd IV show us tht θ r D n nd λ optimized prmeters do not mth the rg prmeters determined in the lortoryF et lest two ftors must e onsidered when ompring qEderived prmeters nd lssil lortory prmetersF pirstD the prmeters otined in lortory re mde on PSH m 3 ore smplesF ine out QQH kg of pontineleu snd were used in the lrge tnkD the omption ws de(nitely not s homogeneous s in the se of smll PSH m 3 ore smplesD despite the ft tht we tried to reh the sme ulk densityF sn ddition we re onvined tht evportion in)uened the rg mesurementsD whih ould explin the low θ r vlues otined with these experimentsF eondD the hydruli hed rnge overed y the rg experiment is di'erent thn the one overed y the lrge sle experimentF sndeedD looking k t the rg dt presented in pigure IID we see tht the (rst dringe urve rehes IRH m of sutionD wheres in the se of our dynmil experiment we re deling with t the most UH mF hen it is possile tht we re not on the min wetting urveD ut rther on n inner yle urveF rowever this e'et is tken into ount y the hydrodynmil modelingF D R A F T November 24, 2015, 12:04am D R A F T X -29

  ture for lssil ndGor speilly designed lortory experiments on soil smples vikos et lFD PHIQY esi et lFD PHIPY uumr et lFD PHIHF hese methods give dynmi voluE metri wter ontent dt to e (tted using iqution @RAD with the onstrin on λ = 0.5F e tend to think tht this onstrin led to smll n vluesF he prmeter λ is importnt to retrieveD euse it hs lot of in)uenes on the other prmeters to e estimtedF sn the study presented hereD the hysteresis of the wter retention funtion is represented y the α prmeter onlyF yne of the possile improvement would e to give higher degree of freedom y representing the hysteresis e'et s well wit the θ s D n nd λ prmetersF iven if this work did not im to study the e0ieny of the empiril model of hysteresis used for the wter retention funtion @model of uool nd rker IWVUAD we tend to think tht other models should e testedF e prtiulrly think tht lterntive models sed D R A F T November 24, 2015, 12:04am D R A F T on ontt ngleEdependent hysteresisD suh s the one of hou PHIQD re very promising nd my led to etter physil representtion of the hysteresis phenomenF rowever in this se the ihrds9 eqution need to e solved y nother ode thn the urrent version of rydrusEIhF pinllyD the hydrodynmil prmeters optimizing the dt would e etter onstrined using mplitudes of the re)etionsD prtiulrly for the (n, λ) oupleF ht is why we enourge the development of fullEwveform inversion lgorithmF Acknowledgments. he uthors thnk the reviewers for their onstrutive remrks on the (rst version of this pperD s well s quillume qiot nd sselle gousin from sxe yrléns for their mesurements of the hydruli ondutivity t sturtion on snd smplesF ell dt re ville upon request from the orresponding uthorF References esiD pFD wF tvuxD wF nloosterD nd tF peyen @PHIPAD istimting hysteresis in the soil wter retention urve from monolith experimentsD qeodermD IVWD RVH!RWHF ekrD wFD eF uenimerD F eryD nd rF oert @PHHSAD oil wter estimtion using eletromgneti indutionD rnsF eeiD RV @IAD IPW!IQSF elhrthiD eFD nd tF vnge @IWVUAD oil wter sturtionX hieletri determintionD ter esourF esFD PQ @RAD SWI!SWSF ennnD eF @IWWWAD qround enetrting drX orkshop notesD ehF repFD ensors nd oftwre snFD yntrioD gndF firhkD tFD vF qrdnerD tF rippD nd tF itor @IWURAD righ dieletri onstnt mirowve proes for sensing soil moistureD roeedings siiiD QS @IAD VS!WRF D R A F T November 24, 2015, 12:04am D R A F T X -31 frooksD FD nd eF gorey @IWTRAD rydruli properties of porous mediD rydrolF ppF QD goloF tte nivFD port gollinsD goloF furdineD xF @IWSQAD eltive permeility lultions from poreEsize distriution dtD tournF etrF ehFD S @QAD UI!UUF giD tFD nd qF eF wwehn @IWWSAD yEsed synthesis of istti qroundEenetrting dr pro(lesFD qeophysisD TH @IAD VU!WTF gollisEqeorgeD xF @IWSSAD rysteresis in moisture ontentEsution reltionships in soilsD roF xtF edF iFD PReD VH!VSF hgenhD eFD tF fuhnerD F ulenkD nd uF oth @PHIQAD sdentifying prmetristion of the soil wter retention urve from onEground q mesurementsFD rydrolF irth ystF iFD IU @IAD TII!TIVF hneD tF rFD nd tF F ropmns @PHHPAD wethod of soil nlysisD rt RD hysil methE odsD hpF rnging wter olumnD ppF TVH!TVRD oil iene oiety of emeriD snFD wdisonD sFDeF heyeD F @IWPWAD olr woleulesD hover ulitionsD xew orkF himntiD xFD nd eF eF tF edmn @PHIRAD smpt of grdtionl eletril properties on q detetion of interfesD in qround enetrting dr @qAD PHHR ISth snternE tionl gonferene onD ppF SPW!SQRD siiiF hunD FD F orooshinD nd F qupt @IWWPAD i'etive nd e0ient glol optimiztion for oneptul rinfllEruno' modelsD ter esourF esFD PV @RAD IHIS!IHQIF ihingD FD nd tF ropmns @IWWQAD yptimiztion of hydruli funtions from trnsient out)ow nd soil wter pressure dtD oil iF oF emF tFD SU @SAD IITU!IIUSF D R A F T November 24, 2015, 12:04am D R A F T ihingD FD tF ropmnsD nd yF endroth @IWWRAD nsturted hydruli ondutivity from trnsient multistep out)ow nd soil wter pressure dtD oil iF oF emF tFD SV @QAD TVU!TWSF ifronD fF @IWUWAD footstrp methodsX nother look t the jkknifeD he nnls of ttisE tisD ppF I!PTF inderyD tF @IWSSAD he domin model of hysteresisD rnsF prdy oFD SID VQS!VRVF indresD eFD F glementD nd hF udolph @PHHHAD qround penetring rdr imging of n quifer during pumping testD qround terD QVD STT!SUTF iverettD hF @IWSRAD e generl pproh to hysteresisD prt QX forml tretment of the independent domin model of hysteresisD rnsF prdy oFD SHD IHUU!IHWTF iverettD hF @IWSSAD e generl pproh to hysteresisD RD rnsF prdy oFD SID ISSI! ISSUF iverettD hFD nd F hitton @IWSPAD e generl pproh to hysteresisD rnsF prdy oFD RVD URW!USUF pleuryD wFD nd hF vongeron @IWWVAD gomined resistivity nd pillry pressure mesurE ments using miropore memrne tehniqueD tournl of etroleum iene 8 ingineerE ingD IWD UQ!UWF predlungD hFD nd eF ing @IWWRAD iqutions for the soilEwter hrteristi urveD gnF qeotehF tFD QI @RAD SPI!SQPF puentesD gFD F rverkmpD nd tF rlnge @IWWPAD rmeters onstrints on losedEform soil wter reltionshipsD tF rydrolFD IQR @IERAD IIU!IRPF qrdnerD F @IWSVAD ome stedy stte solutions of the unsturted moisture )ow eqution with pplition to evportion for wter tleD oil iFD VSD PPV!PQQF D R A F T November 24, 2015, 12:04am D R A F T X -33
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