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DIVISION S-i-SOIL PHYSICS 

Calculalion of Hydraulic Conductivity: A lfurther Evaluation of Some Predielive MetIiod.' 

R. E. GREEN 

ABSTRACT 
A comtatiitial method based on (lie pore-ioteraction model 

of Marrshall was slowii to colpare favorably svitlh mdified 
methods of .Millingtoi and Quirk and of .Marshall fi, "redic
tioni of hydraulic oiidu etiit' s. water otc oiiit a ,i ber 
of soils and a glass bead system. All metliod required matcl-
ing one point ol the valel'ilaeld hydraulic onlulkity curK, 
to tail experiiictally iiiastired hydraulic conductioitN'ale. 

The calcu lit ion iiethods adetquately prtiilit tedl the elpecri
ncitally muasurel silties aidlerovil, satislactory coidi.clivity 

data fur mauv :ipl)livatiiis. Au adhautilge of the Iroposed 
Iiithol is its i.ditepunduec. of the alue chosen for tile '\1o-
lieit on the uIorsity teiiu in the prelition e(tiatioll. 

Additioal Kc!y Words for Iidexing: soil water. unaturaed 
co nmt o i li~it , infiltratio n, lp uilr e tho ds. 

N II l e .i s I I I u n+i\ h ake the- lit es ig ators ex plore d 

I)OSibililk Of predicting tihe Iti dliaItIlc conductis it ol .... 
porous i.terials ro ntpore-sizc distrilbutionl d i. Interest 
il sLich predictions is \ arranted inas tilluch as the h\dra tlic 

o nid l ict is'itS -\ a te r co n ten t re la t ions h ip K i t) is re l t ive ly 
difficult to i;asure \h e thel re-siz tdistrib lltion i c l r-
acteri/cd easil% bit tle standard i1.asurI1c1int o1 i ll rI eI 
tent S. )rCAtllC. ('hilds and ('0lis-LiCorle f 195)), Mar
shall (1)58). and .illgtoin and O itlk l :i). 1960. 
1961 ) dec loped ¢~t.aiti ls l l t tihis pulpose . and N ielsen 

Ct al. I96(0f. Jackson ct al. ( 19 5i.) ,Sh r mia ( 1966). atd 
K tInze el i. ( 1968 ) hita\e tsted the CqualiOns against cx-
pcliniental data. Soliic oi these tests ha\c indicaled the 
sUiperioril of the Nlillitlgthn and Quirk rmethod \\ hete 
111tt. llii1I fictor is lu d. W ies, reaild tlsC ob COn utMllivily 

cailculat ions has bect discouaged sulneMhatl bV Conflicting 

plublished result, oll the iuplilllltn value of thle expotnent till 

the piirosil\ terinl. 
'Ihis plaper (it) describes a ucs ision of the Marshall clnt-

ptltiiliol a1d fbh ) 'Saltiates tile -e ised 1t1tlli d and those 
ofl M.,rshall nililtf MillingtOt aid Quirk (both inodiied 

h\ the Ise1ti it l,.tching factor ) i\ comliparitng coiptted 
Values s ili published -\perinl il\ ols ined hydriuilic 
condlicliilies,

~l.tiion Ill i, I modified lorrl of tile M ar,,hall andN1-linaion and I.i iitii oat of Marsld inill the la 
lillinghun aii t)iiirk eltlatiilils in s hieh the lactor 

I Joint Lo' ii biliii frm ilhe S ilvannalh River I ab.. I . I. (lii 
Pont tlie Neiniois ('o., Aiken. S.('. 29801 and the t'niv. uuf 
lawaii, lh hlliiui9(6822. Apprio 'etl for pibliition as lI aii 
Agr. Fxp. Sta. Journal Series no. 11-17. The information LOB 
tained in this article w%'asdevelpleed durin the course of -1ol, 
under Conlrail AT(17-2)-I \\ith ile [S Atmo ic Filergpi 
(orninission. Received Oct. 6. 196i9, Approed Sept. 291. 1970, 

SA ,sociale l'rofe solr iof Soil Science. I i . of hi ai iiid 
Research Physicisi, Sarvannah River lab. The woik \as ilorie 
while the senior atlho i was,r an Oak Ridge Assiaihitet tniver-
silies Ricseiarchil irticipant at the Savannah River lab. 

AND J. C. COREY" 

K, iK,,. is introduced to match the calculated and observed 

conductivity at saturation. 'i is Iorni of the equatlion is 
similar to that given hN Kun/c ct al. ( 1908). 

K ,, 30-/ •
 
K(0)i - , g . _ [

i : I. 2.. Il 

is here 

Ki(t), is cAlctilitcd i Iiithe honliitt.lt\ specilied 
\%alcr contcnt or p'silic I,.ii Ioll) . 

tl is the Vi,icr c,.on11ent cill c.'ii !iso ii contnt c c it i . 
s %%lc[ C C '~ till \% 

tend,ci. i - I il'lnllll I thClepo c .lss corre
i de llo q ue fihle la \s llc til s file e l 

sponding to. the saturitd itr conlent. and 

gi - ill idl fll 'st i l e 10 1L L.i0iI Li ii0,, tisn t 

he ho\kc,, % ,tci .oiviii l, l h ' hti i\ 
Is c'alctdat .'d 
is 
uctis t n l11.ic .ilIl t l tl ltii tS ). 
', fivle N . , 1.'T I 1 1 0 1 0 . ,k l\ . l l".i11 ) . 

- is the kicl h M.'l ll 1 i11 c l. 

it tiis, tle Il a\iItl I ,1,L k: ,1... 11 1, 11~ CCll 1,.'u 

IN tile it Ill, NsiI L Alli6'. . 

is\ the¢ liItitL\ I l i i . dl icin .i \ ils,11111l 

1) i s d pid'lllh if ,ii +hr ltitrilio,tI1, l. ,iitioll o 
pi oreI ri 111u'icti fit .ic, tisitt h' itet et.lil o+I 

pore la,,,c. 
tota nanidl .i l t M0.t i I1i''r-., /i 

O till .. t11 ,%, it1d a %jrI \ l lil dIe If 

isCest); II11 1 11,1 I ,', ,S \\ill ' dcpLnd
ing oin the cuilciil.ul,,i m thod. ild 

/1, is tlhe llesstlC 101l .1 L'l\ n ckl. of i\k trl-lilled 

pores (ceii of I .O. 

VAlRIAI'ONS IN (:.AI,(:t'1 VII I\ \1llll)S 

The manner in which # ind 1 are \.iril i ll i oi.int in 
equation [I leads, to three iiieihodS i l 1.II f IllII ' ,1fCIlltt
ing K ,). The differece betacen lilcliou I.It II , Ill ale 
stiniari/ed in Tabl f .All tiro CmII ths irnstd\,1 Ih I uIC if a
latching faictor. as implied 11 i'quualiln III Al.hhic \lurshalI 

and Millinetru anid Quirk (it] not uc nui.hhim, 1, h,, . later 
workers (.lackson Li i.. 19)65; K iii,c ti.I . 1I6,1 lfise 11odi
fitd tle M illington and Q.iilk L:ctil it l u ii l'i ts pledicLtion 

ujie2 c \u thisability b i I l;iieid luhiu t \\c h ii t,, t' l 
iliipl'ovelnitll itl the tli.ui.;illl'loll illI lil, '.llhi 

M tIIoI111Li1I. 1.u plt011 h Ll.\1, ilL' ilh..t .,I%c. kJihtr 
I1ll I , M l' i % A I "1 i ,..if.f, ti. iI is tilefiur ih if.IunItu iI\ 
niuiber of poe uI,i,,.'i i [ lie . \ Ie[.LI oIlil il ntci\,l, froi ,eri 
I
 
i t..T lllis. b t * ;ilftt10 itL''L' i' lL' tltlt'nl 'Li'iie.'.
I tin 55,i1er 11

[Or esiilt. Il' uiuiitibr )iit' ;11
Iritiriiiuin if tutu if tIni"L'' 


1),. .- 0f - c iii is 20. Ihen it . (1 citC1
_ till:' 2)0 ,11 iLul : 
;a 501(i of s iiiralion __ , .25 c Li.lIt 1i and 

3 
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Table I-Variutions in the conductivity equation [I1 for 

Defin
ition 
M.-thod 

(Modificed Marshall, with matching factor) 

(Mo ilfh,-d and ti irk, with matcihing factor)MIllhngton 

in 
(thin ipeper) 

of I 

et 
vartable 


e dI 
variable 


e i, 
constant. 

In Method II, i is the water-filled porosity ltci ;h water Coi-
tent and /iis the total number of pore ctasses alt - ,it (i.e., 
is a Cotnstant Ce though [he cross sectional lea available for 
l1oc dleei+:,i¢ )."ihWs prettir|c %as devIt-w ilt itllatilliotl 
Oped IlyNf.llinglon and Quirk to det-,,cibe t+dititlion int lager 
CtOndtt+Cislt al Io UCalt't oitt1ts ltian 0;is prCielted by Iar-
shtalls cttltlilt. 1I, Ilcit 1961 P'tpc. Millingtoit and Quirk stilc 
that " . , . I t -lie llittti llo Illtillllatedplt-llit.,e lit tihe 
%;tite Ol I ItiCll is tIhlel tht liitid-tldl+ed porei spatc eld the /r:' 
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three 

ltkfinithon of n 

Nunehcrof waler-filled pore 
clIsauettorre-ponding to 01 

varlahle. 

Total ume r,ofidor-clauses 
iltsaturation;
constant. 


i'ltal snuorter of jort, clas 
at ,iaturationI constant. 

sentation of the 
with it less than 

methods of cot'Ollultat 

Value of r inequtation/11 In 
previous work 

p - 2 

' i. 0 
1 1.33 
p 1.313 
1 2. 0 

water 'ontenl-pressurc 

tieft
reenee 

Marshall (195M) 
Niiesn ci ti. (1960) 
Jacksonel ti. ( 65) 

Ktlt, .t tl.(t t ) 
AitII I ng erandr (NIirk 0 959) 
tackson 0i el. (19I ) 
Sh rllel t|lhh)
 

ci e is Often difficult 
I0.(ailctlaltions slio\eid it.cOlsiseilcicis inl the 

direction of Iht. effect:l of i tin conducliilies at1low water con
tents: this ineonsistet+ %%as appitienllN cte to the interaction 
between the effect of t oiltileassignltlti of piessitte classes 
ndltJhe ineitence fit*t On th+eI lasit tit' I to. 

The value of It in equatio I IIis tot gCett1IA tie siIoe as 
Ill there !ie It \tlctlCtontet clas s lclctl sltl ttioll will 
zero %aIte1 contet. till tlettetit %%fitIhoa is ticrttniplisltl 

Set It", i' LitilltKt llit li';rpptrpite pet0C LtAs. tat I tilte only tileIl classes c h oct h 0alt.' tile C\ltltlllIitl Content-
Iargest pure contiliittite litluid I lie\ C\plii:itl\- do not stilt. that 
tileIe it lt2 i l I ii cjitltl tllI I ( Ihi ceh totkill tsprolit, /I 
Ill ctiOiAierillIII r f Ihispep t . cIl, t, l rI r LaI etI ti ,titlltf 
, is tediec l \%Ill] ioll. tlec . tlltsll;iliuk iIItIletlilht(nit il heir ill is 
iifellcd int Ilicil e'ti. itoll lt iC1+l1.,c pt.ttlit',els ihilof ti lteritls 
%etilt rct Illt c itcelCri piper\% IC "i/C ehi-.littleieiN 11ti t 
( l9 l) I. ;Inil (ltilt. I ilt Ii t iol ie fer hltm -Mllllingt c \rlr 
Ing # IlteeMN cillh ref ait t.,111tttIt I"lie I,,si,(rt [ite iltllitn 
s elit Ire Lhianvc i liII 
ti in tie I -'leli " 

li M+lhod ItClrrir'lI11te 
it) I1 , 'ril it I1C i t 
I t, I[sIhi Illll [Ite 

stdill \%hee ( , i 1 creu tl Llien I 

i \Itc.l ll \% idi ;etc iurn l-colitcd 

I itt.. lh -idiillpli'Osis t cC '101 
hle :l1)i1111emttle kclasses ;iltda re 

,lutirs cit , ,il ucleilll COit-hoel t-

d 1h rell elillct lll kelt.Cs eel re (iU tidef-
i tto1ts fot , ;itel et .it, I'o111 r hilhs .li\.liltel. rht ll's(teth 

,
m de ofll P(t i tili itt t clici eelt ttlilis +:i l rIt' 
Md lis tlie eectime.1t ic ei'2i I I, hlecc 2, iit1, 

At Vl c c l 1 Il ii.ii,,l et ti lt Methode+ h I . il eelii iti\ cte1 e 
( e) t le/ is *kllelilk It.etol spetelld ir le li lttlct+e ofl la.sses 
el iee! 1 ///, ,I rolk', (in he etherl hInd Il lctlhed Ill. , it2 

is 
0eetls),Il.1 , I hCIC ire ile 1l,1 pe 'etl\ 'Id re tee the iitiitlscr,irIe 

o l I tit111et l' . tI i:iCd eelree .e teetidl..s (et tll,tilt-

it11I ile, WO eltIe,11 ie Itt itl
,hlies c.tistn C'eticept. lead 
It liet Sett' t ethl Ik %Shel / 2 I lie e1- Ill in \tial-
lhell's Cqucetlrti is 1!1C 1,tedite I I ictillCs qttieliOtId i of Ill 

Ich+cii ;i1et+le tee [enltri, ntit)Li I ,itkl, I,-\%hih tcsiels fIoii 

the pet+ itC.iielle itte,l 

ll Ill II.ru r' te ll k, tihe 

epleedl teI0 the th11C Ot kelkl't;eleIIptl-Oleird hIre 


Ill cilt ti, i %%c d ee I eq '.it'llloli 
1e HIeelee 

lie c\p1r'h Iir ll , he,e- CI , 's tic (I \de siece 2.01 N ar-
shll . I ;I I Ntill1!e t,,iitiil (,ttitk, . iltl11 I kitit/ ci al.).

ile l12%te, t01ret \Irtcl iell 1.111 d I ire1), I - 2. d jc ii2dingi 
Oll tieht' , I Il te tii'ltitlle dr1cer eeleell\ ile IhysiCid 
mtodetl lick ur. 1":11 nete , .;: lae:l Ill Il isetlil.elihlle CIN eil 
I's I ic \0i, It IL'Iee'Cd IiItt ietie|ts I 1)01011" |Itliac t, 

(l'lulip. t iSi. Hi c e,1l1tC hil /. etpi1c.;att leilt.tIwtili 
rtt 1lio\c del ti t. e1t 

Ill11 IltC ithci0iW111 ll 111,11h1W retI' . cithsIi al all 
e l err lie%tle[CitOICIt.: 111 t ie 0) c ii lS mithrer (ef 

pioleklaseS teel \hl bI;tIt CII 
, 

;stic iteldtd illthe ctlcitaltitOll 
i itimtioltl 

A c.ellte 20 \s.1" l 1e .etltla.e iVeCIil Itt LtrIt tl I'tills 
Ill til, Itpolil is a sICII i a c lalloiieIef liec effct of 

chiltti:es in /t (5. II. 20. mi.d 501)) (ilie lioleIteelkcih¢ pie 
dicled tird Ilesit|ed Ko ¢le\cs. Ihc l itipl Cttside lin 
illCehoositg it for the Ctaltulatits c%.h,,ietm;itel ieptescntation 
of thie acitlal water conlte|t-ptessuie ct:. \hitih det-|tiesc 
Ilte plessmle 5atlues assigned te cach prle cl'ass. Accura.te tepte-

pIessute crtit. 1hs cllh It 20 it the piCsl+irstlltl . tlhe 21 
classes .oCIe d il 0, ter C0eitt.1it stlitll;lioln to\oit-e I;1Et +:Ie011 

IocCSt Ie % h i L I ttel tIte %tierConttlett 0 tl e\s1t.1llttltltti \:ICte 
;I\aii l ¢., It'- I ti e 0 dIrt eet1011 eett [lte "Ic\Ipct tticit+ I 
Imtoistire cihaacle istl ci \tc;,til or is (lic \.dCtcO111CIttit1sill
iration. then ile chalcr cetltit ttt i,e ret I Atdh pt-s"Ult: 
tS t'ttiespOerl II tt , tdtlrd \iAn 11-te-tit'lltIItticllI llt1,s ldr t 

-%thichis calculated ts folliss I ol )i 2(0. I +ie mailt 
cer i illequatio ll1I is it r.ci r. d , (, 0 0lI . IIlls. 

it is InItlttblc" h t i a oflte of 'lasses Iul.ch IrisLic mcipilt!c the 
,itnkidard i¢CIeti111t I itite kkIili ie lleui\eter onleit iltige 
front saltural itn to icwI .rI be dit\ idcd. Ilisllllmitl. it , It 
except for those c'ases ill0 Iidl 1, 0.I I lietelationship be
tweei l it and ,iis .stll i t .Iitill tlitti ll121: 

[ --- ][21 
9,, 0 

The distinction betecet it rid tit\, |cctgni/ed tl:.plicid) 
in the exanple shown , ,tistitll I 195s. his Iig I id Trable 
I) in which it - 14 t,ild ti 12 l ouit dclinilots. I tier 
papers on the subject ha\¢ net cptieitll statled ttil,, dtstinction. 
A word of ciftiotll hetee ,.c mertnltd in that tt112eet1ors in 
t i calcutlted ctttecs obtaied l\ Mciliod I %kitltesilh if it is 
given the kaltt of Iit %htell it1 I. Nctlhd II antd Ill tesillts 
are unaffected by lill it lld ,1t.rltettcoiistl ikrig 

COMAlRhIISON OF (CAI,('f LATI I) AND 
EXIE RIl E A I. D AA ' 

W e calculated hydraulic condutetivilies for glass heads 
and a number of soils with Methods 1, 11, ;nl Ill and 

eqution [IJ. Tlhe cllculations w'ere made Ikith a com)uter 
program that is a rCvision of one provideil by l)r. R. J. 
Ktlnze. Method I calcul:ltiOlS \%ere made with p zz 2.0. 
Method I1calculations \cere mad: \itllp _ 1.33 and p _ 
.) il vie.\ of the pr \ious tlseof p/I 1.33 hy Millington 

and Qlirk (1959) and 1p - 1.0 hi Kunze et al. (1968). 
Method Ill calctlaliollns ate indplICeI t of the Valle of 
p, bitt the Itmatching factor changes \ill p; all Method Ill 
calctliliols \%cere maIde with p :: 2. 

i lie first Cemparison llof he three ietlhods was made 

\ilh data otl i (itelph loat (Elrick and Bowman, 1964). 
I hese salle data had been u'ted in a previoues lest of vari

http:Accura.te
http:eectime.1t
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Fi. I C V iat( Iv i:ai Ii t ittc Ii-S Ilt l-I)Ij~ ol i.2- lc~ 

'0in fcm uaintopld %a upj 1s vlst~m iv ittiltilc/ehd 

metld t m a 1.4 th4/Ii.I-1ihvpliltoa aa14li'yp 'ld M lu 96 hrn -ikadB 
I-g49 ti alI7atd al ]itllId ta \(i 1at e

atil \%(Ic e pelill entll t t 

OLI c llJ atlc m l ri c uat onl. 9 65 11Il th if cttia io II I i .1i, 1 ll -1 1p if ll" ls %\:/ 

C alc lat d aldI atticd 

h k - cl ( . 
11 1C ll k C ~ ,b ) 1 ' 1 ~ C I~) -T 4.1 1 1 i 0 ,1C.,?, 1/1 - W C NI C d s lO I t I l C ,4: 1 ( 111 l 1 C l 
1,1il 54:0te ,it e , 1 g I H MO-l t l h i t 'l l 1 11 C " L I C ~C i l 1 0 1 S / 1 1 0 C li kt a c 
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Ci)CiI SIS II0 ,1 C il C I IU C IN f ll IM e ia M e ;11 hi he l~ ii t ,,k y c m i ii a k c":tte 

I1 k l 111% ,l ,d/ .*,, 

Mo ts Ia d I %Nit p. it 'litN 111 % /ld 

hgth ne toe o sic .
 457-'l cm it I I..1 - Iim d 1, - n) l 

Ltio iict a ndat o plwi 1tt il1( :iw il ,i1t,)iti I~-t J e I*I f it \ I ti caltilci \ Nieatt oel & ( 1964 Illl oll, st 

Otis tifl~l~l\ i1 l9es '1. it cq ih. i ed at Ii i I file Cllil cicl 

thrne d b\ ftiled [life( icliil cs fiiilc~it Afi l uli C p i bIlit! litit ilc i C oll l l il 011 i ClID ,. iij11 I UseIlI C cause fIile 
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m3irii~iI 

IiAl of f 1 col puexilei cure, i ili i e1 I~iim ii'l C.ISC~ le 3t(~i 31111 it lCS~IC ~~I 111 .1131 i i 

iiue i lx jiw' ii iii~~II [cm 

thLe al3er coetic pilC eiCtli't [1311cr~ I w,11 3.( 19 9j iii CI DISl3CSSIONx , 21,l~ ltCIiC 

41eneath the ixx81C3 ichcont.I oiIit ic 4)IIr L IX-IxIC211- t IcIi LIIC f31rion\iitf 
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Fig ltd I d aii oliut iisfl.H li i al 

lollll 6 sominpliol lilut n~v~lod'haltit--isic. II 
tail volip'I 7/lp 
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Fig. 6-Calculated hiydratil ic condc ivities for cla 
ising three methods of colll(-loan (-(* to 12-inch depth") 


tation copilared with experimential data froim Nielsen et al.
 
(190i-4, their lig. I I). Caleulated and experinientali data
 

, 
were IllatchedI i I) 0.:J5Ini'Il' 

niental data at low ater 	 contents. All methods of coin-

pulation appear sLtliiciently el iablc to he Used rouLinclN fol 

many field applications. Considering the variation of soils 

in the field, boIth horizonrilly and verticallly, iahigh degree 

of actirac', in condluctivity ClcltliOns is not essential for 

nieaningflul al'lpiication o f co nip ld reTlllStio ficd prob

feris. It I1;1N,illfact. he m11ore ilipoltait it chalacterii: Ihe 

%ariation in the presstlire-s ater content iCltiOn of soiloreCOl-' 

froni ianv field J13illiOn at tl,lsites in it tllall o lv Ilta-

stire the K (t) relation ol at\C[lV lilitCd nitIber121 ol cores 

or field sites. 

Anolher importint requircnent lfo ncaninglul calcu

fllted CtiduiCtivities1 is 0 icasuired saturated conlductivity. 
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I-h dlratilic conductivity results oniae-stiae field..... 
lor difleCenl fromlcorc are LlsLiall, \ery nonuniforn COics 11 

the same field site. lIhis is dLlC to iriilinIIS Milnolc coles in 
tll. i r-nica,1
%C Iothle najttire Of' large C111clianiind core boiindnirics. (oresdtii1Iibes
tle 

,
\%hich slumt liliC diflflClcs in colductiC it at ,altirationh 

tic Fo1rA le 1i/O 

tcri h charaic-
ns\;illr c.Orthe A h iii Ii tnli est ltr ased" to' Ie as i1r 

tug saturated condtuctivity Oii 1ALijisiurbed- COleS iia b 
to Itlilcasire tile"CquIilibiiin" infiltration rate in1thc I held 

wilh i suitable dloLible-ring ofiltronleter. For lCteli• soil 
1\ Nielsen ei il ( 1964) cain 

Illay be itqile ilniformnll itli respect to tile iloistille 

dl10tlS, the fieldiCLethod ILISId 

hie used to deterine s ater conduuctivitv :it One or, tiiorC 
water conitetnt for the pirpowL of natchiig calcuilated con-

ductivities. Matching calculllted clr\cs to i cturately Inca-

sfred saturated condulctivity Villies has a distinct advanlage 

over matching at lower waler contents. Inaccuracies in 

calcLilated cLirves ran be tolerated at low water content . 

hillnot at high water contents when tlhe K(0) resutlts are 
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Fig. 8-Cilculated hydraulic condulilitties fioir l'a nlh dayii 

t i.'l
loami (IS1 to 24*iiich depth-' I Ilsin~t:I/cntbreL' methodsll ofI((llipli' 

vv: t).:35 
titiiOll alield11twith epleill til ilta froln Nilktli CI ill.t{chdlw~~~ere
(1964, their Fig, I1). Calculalled alld -vI' lllil idilta 

Io he Lsed in silsecquent cilctilnllolis f iniltration or 

c\iporation (lanks and ossers, 1963 ). 

(alculations of K %cl~ilis 0 %%ere tuiade bit not rlported 

for three Il maiian soils ising Mclhod Ill. "Fquilibrini" 

infilriliti rits were uised foir matching, and the averm 

noistuire characterisi ics obtaiied froniLLdulplicate or tripli
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