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1. 

Professional contaets between soil scientists specializing in soil 

sUIvey, morpho].ogy and classification and those specializing in soil physics, 

have been too scarce in the past. Maybe that can eXpla:I.n why the former 

group likes to th:I.nk of the latter as being composed of unpractical, theore-

tically motivated glass-bead mi .. nded, ivory, super specialists, while the 

latter nom their view point look at the others as being empi:r-i.ca1ly motivated 

generalists that shield the:lr basIc ignorance behind linguistically complicat.ed 

classification and ot.her schemes.. Even if there is a grain of truth in t.hese 

1; iews, l'eality dict.ates t.he overriding fact that. kl1O'Wledge about basic transport 

phenomena in soils needs to be available to the soil sUIlIeyor or classifier 

so as to make his judgements on soil behavior more meaningful, while at the 

same time at least some soil physicists ought to know where to find certain 

soils and what a leal soil looks like. 

This guide i~ an attempt to discuss and illustrate some basic principles 

of soil mOTphology, that shou:ld be of' interest to soi.l phys1.c:i.sts and to 

discuss some simplified :flow syst.ems that shoul.d int.erest soil sU1'1Ieyo1's. 

In addition, some recent wor'k in 1-ii.sconsln, discussine; relationships between 

the two types of data and discussing future trends in the practi.cal inter-

pretation of soU. maps, is include a as well. This:i.8 only a first approximat:i.o'1 

and many changes wUl have to be made later. 

Acknowledgement is made f('1' many suggestions and contributions by W .R. Gardner (Uni.v .. 
of Wisc.~aison, Soils Dept. ),P.A.C.Raats, C.R.ilJnex.man ani! Chr.Dirksen (ARS-USDA-Soils 
Dept..Univ.of Wis.) and .F.D.Hole (Geo1.Nat. .. H:ist.Suxvey Unh.Ext. and Soils Dept.UW) 
Students contribl1t.ing t.o different aspects included J.L.Anderson, J.L.Denning, 
W.G. Walker and D. J. van Rooijen. 



2. Sorre basic mor;ph~logi~al characteristics associated with water ~~ 

through soils. 

2.1 INrRODUCTION 

Movement of' water in soi,l can only occur through VOids, and shapes 

and sizes of' these voids wi,I,1 theref'ore futermine the rate of' movement at 

any hydraulic gradient. Movement of' water in soH is, of' course, a physical 

process which is gover ned by characteristic constants as will be discussed 

in Chapter .3. 

2. 

However, morphological soil studies, describing and measuring the occurrence, 

size and shape of' voids in soil Can be helpful to predict the late and patterns 

of' water ,movement as will be discussed in Chapter 5. In addition, movement 

of' water may result in characteristic f'eatm'es in the soil such as cutans 

and iron mottling. Observation of' such and other f'eatmes may be help:f'u.l in providing 

indicator's f'or the hydrodynamic processes in tlle soil.. This chapter, then, 

wHl discuss nethods to describe and measure soH mo~phological f'eatures. 

The scheme of' describing soi,l structm'e, as current ly used in the 

United states, has been presented in the SoH Suney Mar1Ual (l95l). Soil 

structure was def'ined as "the aggregation of' primary soil particles into 

compound parti,cles Or clusters of' primary particles, which are separated 

from adjoining aggregates by surfaces of weakness". An individual natural 

soil aggregate is cal1.ed a "ped" in COlJtI as'!; to (1) a ' clc.'d", caused by 



3. 

Table 2.18 

'" ~ !-Types and classes of soil structure 
-
I YPE (Shape !tnd :lrr:ln;!tmtnt of llc·da) 

Platelike ~ ith one Prismlike "ith two dimensioTlll (the bari· Blorldike; lol;, hed~('nlike. or Epheroidal, v,itb three dimensiona of the same order of 
dimeTLqion (the zonta!) limited Bnd considerablY Ietls IDagmtu e arranged around a point 
Ycrticnl) limited than the nrtiull; llrranged around a 
and glT3tiy l{'~ W'rticai line;, ertical faces well defined; 

Dlocklike; blol'ks or pol~ IlPriron!l hadn~ phne or CJ.so than the otber vertices Bllgular. Spheroids or pol) hedroTlS ha ... ing pbne 
two; arranp:t..d curYed surfaces that nre custs of t le nlOlds or cun'ed S\\r!llCe!5 whith have ISli~ht 
around a hori~ formed by the faces of the surrounding peds or no [l.c('ol,;wodation to the faces of 
20ntal plane; surrounding perla 
faces mustly 
horizontal 

~'ithollt rOllnded ~ith rounclffi ('ap~ Fales flaHf'n€'fi ; 111"$t ::'Iii sed rounded and flat· neln.tiwly non- Porous peds 
(aI'S 'ertiles shelf..,l, "O- wned f:H-eswil hmany porous peds 

gula.r fvunded vertices 
.,------- -------. 

Platy Prismatic Cu]urnnar ('\ngui:J.r) Blocky I Subangu]ar blocky 2 G ... "", Ctumb 
- -

Yery fino ., Yery thin plat} ; Yery fine pm- "NY fine colnm- 'ery fine ungulaI' "'en' fine subangular Very.finegranular; Very fine crumb; 
very thin. <I rnm. nO:ltlc; <IOmm. nar; <10 nun. bloeky; <5 mm. blocky; <5 Dim. <1 rom. <Imm, 

- --
Fine or tbin ..... Thin pla.ty; 1 to 2 Fine pri~matk; 10 Fine co1'lnmar; 10 to Fine Qllgtlhr blot'ky; Fine subang,,]ar blocky; Fine granular; 1 to Fine crumb; 1 to 

DIm. to 20 mm. 20 DIm. 6to 10 nun. S to 10 l!lln. 2mm. 2mm. 

~Iedium ....... _ .. Medium pbty; " ?'ledium I,ris!lJatir; .Medium columnar; lIledinrn Iln.c;ul:l.r l\ledillm sul>angular l\Iedium Ilranu1:u; 1\IcJillm crumb; 
to 5 lnm. 20 to 50 nim. 20 to 50 mm. block}: 10 to 20 mm. Llod<~ ; 10 to 20 rom. 2tolimm, 2t05mlll. 

C,,~,r·e or TlJick platy; 5 to Conrse prismlltic; C()nr~e columnar; 50 Coarse u:Jgl:hr blocky; COafl'e l'llbanJ(uinr COar!le granular; 

<I,,, k. I lOmm. .50 to 100 mm. to 100mm. 20 to .50n,m. blucky; 20 to .50 rom. 5to 10mm. 
- -.. 

\'1".'- _,'""e (,r Very thick platy; Very coarse prig· Very C(l~l"Se ('oJum·· Very coarse angular \'ery Cf':lrse s'1b;:.n;:::ub.l' VeJ'ar~o;fi6 :~n. .. ef: ~ l,l( k >lOmm mafic; >IOOnml nar; >lOOmm blocky; >50 nun ulod); >.:;0 tum 

.. 
: (:I.) ~mf'tirnf's (allecl" 'If. (1)) n,e -word "nnj!"llbr in tl.e name can ordinarily be emitted. 
':::'om('tilll~ called nU<I,f TTl!. 1/11/ or sUoa"llulur TIUl Since the size connutation of these t-ernlS is a SOUfc'e of great confusion to maD), they are not recoDimended 

Table 2.lb GRADE OF STRUCTURE 

o 

1 

Shuctu1'eicss,-Thnt condition in which there is no observable aggre-· 
gation or no definite orderly arrangement of natural lines of weak·· 
ness .. Massive if coherent; single U'Y'ain if non coherent. 
lVeak.-That degr'ee of aggregation characterized by pootly fonned 
indistinct peds that are barely obsel'vabJe in plnce. When distur bed, 
Boil lnaterial that has this grade of structure breaks into a mixture 
of few entir'e peds, many broken peds, and much nnaggregated 
material. If neces"ary for comparison, this grade may be subdivided 
into very weak and mocic1'ately weak 

2 Moder'ute.-That grade of structure cha13ctf'1'ized by we118formed 
distinct peds that are moderately duz'abJe and eyident but not distinct 
in undisturbed soil. Soll material of this glade, when disturbed, 
br{'aks do\\ n into a mixture of many distinct. entire peds, Borne 
broken peds, and little unaggregated material. Examples al'e the 
loam A horizons of typical Chestnut soils in the gl'anular type, and 
clayey B horizons of such RedM Yellow PodzoIic soils as the Boswell 
in the blocky type, 

3.. Sh'ong.-That grade of structure characterized by durable peds 
that are quite evident in undisplaced soil, thnt. adh€Te weakly to 
one another, and t.hat withstand displacement a:ld become separated 
when the soil is distul'bed. 'When removed from the profile. soil 
material of this grade of shucture c".m!';L~t" ,,"(,lOY largely of entire 
peds and includes few broken peds and little 01' no unaggr'egated 
material. If necess8t'Y for comparison, thiB grade may be subdivided 
into 'moderately ,trona and 11e111 8trong _ Examples of stl ong lrl'ade 
of structure at'e in the gl"snular.type A horIzons of the typical 
Chernozem and In the columnar·type B horizon. of the typical 
80lodized-Solonetz ' 



disturbance such as plowing or digging, l2) a "fragment", caused by rupture 

of the soil mass across natural surfaces of weakness and n) a "concretion" 

caused by local concentrations of compounds that irreversibly cement the soil 

grains together. 

Field descriptions of soil structure note: (l) the shape and arrangement 

of peds ("type" of structure), (2) the size of peds t"c1ass") and t3) the dis

tinctness and durab:[,lity of the peds l"grade"). The usual sequence followed 

in structur'e description is: grade -'-- class --- type, for example: 

strong coarse pr'ismatic structure. The structural pattern of a soil 

horizon also includes the shapes and sizes of soi,l pores as well as those of 

the peds themselves. However, the Soil Survey Manual (1951) does not 

p:r'ovide specific terms to describe soil porosity_The classifications of 

types, classes, and g:rades of structure, as defined by the Soil Survey Manual, 

are summarized in table 2.1. 

Soil morphological work by Kubiena ll93Cl), Jongerius l1957), 

Johnson et al. (l9ti2), and Brewer l1964), among others, indicated the need to: 

1. Provide descriptive schemes for soil pores in which they 

are considered as separ'ate individual,s, and 

2. develop schenes for character izing unaggregated soil materials 

without peds that can not adequately be characte:rized by the 

teTllls "single grain" or "massive" of the Soil Survey Manual. 

This text will present a summary of Br'ewer I s system of classification of 

soil structur'e, to be illustrated with pictures of soil structures observed 

in soils in Hisconsin. In addition, sorne pedological features will be 

discussed that may be val,uable for predicting hych'odynamic processes in soil. 

4. 
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Table 2.2 

IEFINITIOllS ACC_:or:; TO BREWER ! 1<J6l:1 

Soll lII4terlaJ. Is the unit of &tudy; it Is that un:!.t :1.0 ",hic!; the characteri8ticB 

b!in@: studied are relativeLy constant, and it \fill ve.ry in size 'oI'ith the kind and 

extent of ~vel.Opment of' those Characteristics. 

Soll Structure - 1be physical constitution of a soillll!l.teriaJ. as expressed 

by the size, shape, and s.rra~ment of the solid particl1!e and VOids, including 

both the pr1mary partlcJ.e8 to form compound putlcles and. the compound particJ.es 

thetueJ.ves; fabric is the eJ.ement of structm-e which QeaJ.& with arrangement. 

Skeleton srains of a soll material are individual gr!Lins which are relatively 

trtabl.e an:1 not readily translocated, concentrated or re-organized by SOll-:fOrming 

proeeSgeBj they include m1ner8J. grains and resistant siliceous and organ1c 

bodies larger than cOlloidal size l:Breller am. Sleeman, 196cl). 

~ of a soil materiaJ. is that part vltich iO capable: ot beit'lg or has been 

lIIOved, reorganized, and/or concentrated by the procer;ses of soil fanation. 

It inc.ludes all the material, miners.l or organic, of colloidal. size and 

relative.q soluble materi8..1. which is not bound up in the ske.Leton grains 

lBrever and ::ileema.n, 1960 I. 

A ~ is an lndividu.a.1. natmal. soil aggregate consisti.ng of a clusteT of 

primary particles, an:1 separated from adjOining peds bv surfaces of wakness 

."h1eh tu'I'! recognizable as nat'Ul"al .... oids OT by the occu:rrence of cutana tBrever J 196Gb) 

I'edAlity. The physica.!. constitution of 9. soU mterial as eXpressed by the Size, 

shape, and arrangement of pedS. 

.Primary Peds. 'Jlte simpJ.est petlB occurring in e. soU material; they cannot 

be divided into SZIJ8.ller peds, but they may be p8.Cked together to form cOlllpOund 

peds of a higher J.evel of organization. 

Simple l-ncking Voids, '!heBe voids IU"e due to random packing of singl.e grains. 

~. Chanrels are voids that are significantly larger than those whlCll 

would'result from norma.t packlns of single gl'a!ns, and have a gererally cylindrical 
shape, 

~ are relativeLy large voids, other than packing vOids, USually irregul.a.r 

and not normally interconn'!c.ted ..,ith other voidt. 01' comparable SIze,: at the magni

fications at which they are recognized they appear as discrete entities. 

Planar voids are simply voids that are planar accoTding to the ratioB of their 

p-rinci'pal axes; by Virtue of their Shape and extent the constitute an obVious 

deViation from the normal. packing of single plasma and sJreleton grains in 

a soil materia.!.. 

COmpound Packins Voids. '1lIeee Voids result frOm pe.cking of compound indiViduals, 

such as peds, Which do not acoomodAt.e each other. 

Basic structure reters to the size, shape ani arrangement of simPle grains 

(plasma and S.trel1!ton grains) and asSOciated pack1ll@ "VOids in prinary peds or 

apedal so11 material excluding pedological ~atures other than plasma separatiOns. 

Itl.tric structure re:fers to the size -' snape and arrangement of s1lDple graIns 

{PlasllB e.nd skeleton grains) and all Voids in primary pedS or apedal so11 

material, eXC.LUding pedological :features other than plasma. separations. 

S·matrix Of a so11 .materia! is the mater:fAl ..,ithin the S1mplest ~pr1JDary j peds, 

or composing apedal Soil mater:Lals-, in whiCh the pedological features OCCur; 

it consists of the plasma, Skeleton grains. and Voids the.t do not Occur in 

pedO.LoglCal features other than plasma separations. 

1':timarv Structure. The structure within an SpeCial so11 D8terial aT within 

the pr~ peds in a pedal. soil material; it is an integration of the size. 

Shape, and arrangelOO:nt of all the pedological ;f'eatUl"f!s enclosed in the 

s-tnatrbc: and the basic structure, or structure of the S-ma:t.riX. 

Second&r:y Structure. '!he sbe, shape, and arre,.neement of the primary peds, 

their interpedal voids, and associated interped8l pedological features 
in a soil mat.e:riaL 

~rtiary structure. 'llie size, Shape, and arrangement of the aecorxlsry pedS or 
a soil material (COmpound peds reSulting from the packing of primary pedS), 

their inte:rpedal. voids and associated interpedal pedOlogical features. 
Vl 
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2.2.1. INl'RODUCTION 

Iefinitions of terms used by Br'eweX' and discussed here have been pl.aced 

in Table 2.2. to facilitate reading of this text. Brewer's definition of 

soil structu:re includes size, shape and ar:rangement of voids and prima:l"Y 

particles, thus including the two omissions of' the Soil. Burvey Manual ,1951) 

discussed in the previous section. The term soil structUT'e, as used in the 

Soil i:>'UrVey Manual, referred to the type and degree of aggregation of' soil 

materials. Br'ewer defines natural. aggregation in terms of' pedality. 

ledal soil mater'ials have peds, ~dal soil materials don't. Fig. 2 . .1. 

illustrates these two different types of' structure. Fbres larger than simp,le 

packing pores, such as channels and ~~ ,table 2.2), may occur in an e;pedal 

soil mass in which the smallest individual mineral particles, defined as 

skeleton grains and plasma, deter'mine the size and shape of the fine simple 

packing voids ,Fig. 2 • .1, left picture). Feds usual.1y occur in soil material.s 

containing signif'icant amounts of cl.ay because of' processes of' swelling and 

shrinking due to wetting and drying. Sizes of simple packing voids in such 

pedal soH mater i,als ar~ usually much smaller than voids occurring i.n apedaL 

soil materlaLs with less cIay ,Fig. 2.1, rjght pictur'e). l'ne Larger pores 

may be channels or .~§., as in apedal. soil material.s; interpedal voids are 

usually planar voids or .£ompound...:E,acldng voids. 

Structur~s have to be characterized at diJ'f'erc llt magnifications, starting 

with the primar'y particles, that ma,y i'onl peds, 1,]]ich, in tur'n, may be part 

7. 

of' compound peds themselves. Different level.s of structure have been distin8uished 

(Table 2.2): 

1. Basic stJucture (redei'ined here acco!dine to Bouma and 
AndersG n. 1973). 



PLASMIC STRUCTURE BASIC STRUCTURE MATR IC STRUCTURE SECONDARY STRUCTURE 

Fig. 2.2. Soil structure of apedal (I, II and III) and pedal (IV, V) soil materials, pictured at different 
magnifications. Pictures of plasmic structures were taken with a Scanning Electron Microscope 
(courtesy Dr. E.B. Sachs, US~ Fbrest Products Laboratory, Madison). Pictures of basic structures 
were made from thin sections as were pictures from matric structures in soils IV and V. 
Matric structures in soils I, II and III were taken from horizontal soil peels as were pictures 
from secondary structures in soils IV and V. Soil I is the C-horizon of a Plainfield loamy sand 
(loamy sand texture). Soil III is the IIC horizon of a Batavia silt loam (sandy loam texture) 
Soil IV is the B horizon of a Batavia silt loam (silty clay loam texture) and soil V is the 
B horizon of a ftibbing loam (clay texture). The little white areas in the pictures indicate · 
tfie areas represented in the adjacent, left side, larger magnifications of the same horizon. 
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10. 

I~1. Granular basic struct.ure I sin\Ple packing voids bet.ween fine sand grains). 

1·2. 

II~1. 

II· 2. 

U'·,3. 

III~1. 

1II-2. 

TII-3· 

IV· I. 

lV'2. 

IV-3. 

IV"",4. 

Granular matric structure. Voids larger than packing voids ace 
not visible in the picture, so there is no essential diff"erence 
between basic and maerlc structure. 

Skelsepic plasmic structure, indicating orientation of clay-plates 
parallel to the skeleGon grains. 

Intertextic basic structure, ino,icat:l,ng that plasma occurs between 
skeleton grains at points of contact, not filling simple packing voids. 

Channe,lled intertexti c matI" ic structure. A few small channels are 
visi,bl,e in the picture. lbwever, their aJrount is ,low and the horizon 
could also be deseT'i,bed as having an l.nterterlic matric structure. 

Argillasepic plaslni c structure, indi ca ting that the plasma gr'ains 
(clay plates) are not mutually oriented. 

Agglomeroplasmic basic sGruct'll'e, indicating an increased content 
of plasma as co!!',paT'ed with 11-2. 

Channelled a[;Slomeroplasmic mat!":;,c structuTe. (Many round channel.s 
aTe visible in the pi.cture). 

A.!'gillasepic plasmic stl'ucture. 

ThrphYToskelic basic structur'e. Plasma and skeleton gr'ajns form 
a dense S·matrix in 1~hich no huger pores are visible. 

Vughy porphYT'osJ<elic matric structUI'€. Vughs and channels occur' 
in a dense ""rphyroskelic S"matr'ix. 

Medium subangular bLocky secondary stTuctur1'l with accomodating peds. 
Tr'anspedal channels have to be quantified by field counts (see data 
in picture 10. Appendix of Chapter 2 for Patavia silt 10am-B2). 

V-1. Mase]?ic pJ.asmic structure. Plasma (clay) plateG "re mutually oriented. 
lliin secti.ons wouJd be needed to i'lrrtheT inves tigate this. 

V"2. furphyroskelj,c basic structw:e. 

V-3. Jointed porphyroskeli~ llla,tri.c stn;cture. Planar vojds occur in 
the porphyros]relic S-·matT ix" 

v-4. l>i=d:lum prismat:i.c sccondaT'J stTuc~ille ":ith &.cco",oest:i.ng peds. 
(See additional data in picture 13& (t.pl;endi.Y;: of: Charrtef' 2 :ro:r 
Hibbing silt loan B2.) 

Soil I is ap€dal C-hoT'jzon (sand) ():;:' rl.fd.!lflLJd lnD:-ny 2a:1d; SO:; . .l II is apedal 
B-hoI'izo:1 (loaruy" sand) of the G8Jae ulll; ;";ry;'] 'Jl~T is apedal TIC hOTizPl1 (sandy loam) 
of Batavia silt loam; boil IV is 1-'eda.ll~2 bCll:l:.'Ufl (silty clay loam)oi.' '~::atav'i.a 
silt loam and Soil V is pedaJ B2 bo:ri.zon (cla.J) ,f' }Ubhine loam. (Descriptions of 
these ~oils' are in Chapter 6.) --' --' 



2. Matric stl'ucture (proposed by Ibuma and Andersen, 1973 
as the structuz'e of the S--matrix). 

3. Primary s truc ture • 

4. Secondary structure. 

5. Tertiary structure. 

The p:\.ctures in Fig. 2.2 illustrate different structures as they are v:\.sible 

at different magnifications. The numbol of pictuz'es, in turn, shows the number 
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of 1.evels of magnifications necessary in each soil material to obtain a complete 

structure description. Complex structuz'es, such as secondary or tertiary 

structures in a clay soil, need studies at more levels of magnification than 

the relatively simple structure of a sand ,Ii thout plasma. Specific techniques 

I : 
have to be used to observe soil. structures, such ,;:s) scanning electron m:\.croscopy 

and microscopy in thin sections or in soil peels at high magnifications and '2.; 

direct observation in hand specimens. Thus, attent1,on is focused on the 

appropriate sizes of samples so as to make them representative for the soil 

material or the stxucture'-level to be characterized. Relatively homogenous 

unjts of structure can be described using morphological. analyses. Such units 

are defined as "the unit of study", the "soU material" (table 2.2). J~cessary 

volumes of sOj,l materials ror study will increase as the si,ze of structural 

pnenomtna increases or with :\,ncreasing heterogenitJ. Assuming, then, that 

su...f'f'icier,tly large 801.1 samples are availabJe to be studied at all desired 

.levels of magnification, the description schemes themse1.ves Iemain to be definea. 



Three elements are essent:i.al in descri.ptive systems of soil structure, 

as foD.owe 1'r'em tile structure def:l.nition. rt!lese are: (1) size, (2) shape 

ano. t3) arrange.rent of' the mineral. particles and voids constituting a soil 

material. Brewer (196/1) d:isc).'sses s:' zes and. shapes of mineral particles 

or aggregate s in considerable detail (p ,. .1 T) • 

~ distributions o:f primary soU mi.neral particles can be determined 

by measur:i.ng the particle size d1.8 Cz'ibution (the term" soil. texture" is used 

in so1.l survey practices), wM.ch 1.s a standard methoo. based on Stokes I law. 

Size distribution of la:rger coherent mineraJ. aggregates such as peds can be 

deterroil1€'d by sievi.ng. A diff'erent procedure involves dire"t measurement, 

using morphometr:l.c techniques applied to thin sections, sO:!.l peels or hand 

spec:iJ!en (Ande~'son and B:i.nnie, 1961; Van de! .bias, 1962; Bouma and 

Anderson, 1973). b:pecif:i.c techniques to measme pore size distributions 

in thin sections or size di.stributions and abundance of channels and 

planar voids in E~.~!!: or in <.loH peE Is, "ill be discussed in Chapter ). 

Shapes of mineral grain£' , 01' aggregates, 'mve been studi.ed in great 

deta:!.1 by sedimentologists \.H=ttijohn, 1957;);bwsrs, 1953; Folk, 1955j. 

1his manual wi.'].} he most concerned ·",:l:tn shapes of' peds, ,,,,d these wiD. be 

defined "h'hen d.J.scussirl£ seeonc,.u.:ry st1"UCGlb-:-'€S. ~~le e'lem.?nt of shape has 

been integrated inoo the dese,[ l'pl~ioll of vo:l.ds by distiT12:uj shing di,f':ferent 

lityp,es" of VOids, each of which with chal"acter.:i.stic shapes, such as cbannels, 

packing voids, vugllB, etc. r.efinitions of t;heL" dlf:ferent pore-t:\T's are given 

in Tab.le 2.2. 
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Final,:ly, the a:rrangeoont-aE'pect of structUl'e is very important and rather 

complex. Brewer even defined a separate term: "soil fabri,c", which relates 

only to arraoeement of pI iT.ary and seconds.ry pal'ticlee, om:!,ttirlCC their si"ec 

and shapes which are part of the broader "soil str'ucture" definition. Brewer 

discusses "a"l"s,ngerrerrt" i,n his book ar. great lengt;h \p. 159), expla:i,ning that 

the term not only relates to (1) the arrangen);;nt of the constituents (plasma, 

ske,leton grains and vOl,ds) "l,th regard to each other, but also (2) with regard 

to specific reference features. There a.re 1;-,70 sepa:r'ate a.spects of a:rrangement 

that app:J;y to aU the j,ndividu&,ls in a soU, material (m,iner!).! grains, voids 

a.nd compound units) at all l.evel.s: distribut"Lon and orienta;tion patterns. 

Des:OTiptions of soilstructmes do usually (quHe fortUTJB.tely) not require 
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a complete listing of' all di,stribut ion and orientation patterns of all components. 

Rather, this descriptive scheme gives the morphol.ogist a logical means to 

describe speci:t'ic re,levant features. Dji'f'e:rent aspects of 'arrangement" wiU 

be described in the foJlowing secti.ons. libr example, the arrangement of' 

constituents with regard to eac:h other lpoint 1. abeve) is very important when 

describing basic fabrics. Hhen pec1aj, soH materials are a,escribed the arra11€ement 

of peds with regard to alike and 8,djacent individuals {point 2 above) is 

most re levant. 

A generalized approacl>w:UJ be used in this text!;o illustrate the use 

of Brewer's system foX' describi.ng toil structur'e et the d:Lfferent levels of' 

structlL-re clBfined ea:dier. Emphasis ,Jill be placed 0,1 tl'e clBscription of' 

pores. TIle reader' is :re:ferI'ed to Brewer's b00k for more detai,ls. 



,2.2.3. ~~1:E!:12!!. scremes i'ox_soil.11!t.::,:£ture \See fig. 2.2 for examples of each type) 

1.. P.lasmjc.st,ruct~!;. (Brewer, 1964, Fage 303) 

Observeup': SCdnniug Electron Ui.cro>lcope (SJ;;11) •. pictures; thin sections. 

To E!;,_noted: s:i.ze and shape of plaSlJ'.a grains ana the:ix roraugement. 

The latte!· can be described i.n terms of: (1) "sepic" (where elongated p.la.sma 

grains, ("domains"), are mutually oriented :i.n specific ways), (2) "asepic" 

«here orientat1.on of dOlll!lins j s at random or (3) i30tropic when dOlIl8.ins are 

:I.rTVizl.ble. (~) Crysbie plasmic fabrics are composed of' recognizable crystals 

and form a sepal"a te gxolW. 

Stud.v of p.lasmic·structures is often of limited value in re1.ati.on to 

flO1{ of' water tl=ugh soils because: \i) pI asma"'pores are usually very small 

so flow of water can be expected to hf' '!sry low, a.nd (ii) study of structure 

of dry soil plas.'l1a. as observed in a thir: secti.on may be highly unrepresentative 

of the structmc that is formed after wetting due to swelling. 

u. Jlasic_~:!,~. (B:rewer, po 170: NlaLed distribution pattern) 

Obs~ed .. 2:~: thin sections, soil peels • 

. ~ be . ..2:!£~~£: s:cze, shape and arrangement of plasnn, skel",ton grains 

end .. ~B;)c:iateSLvoids. 

The a:t'I"s.ng;ement of plasma a.n~ ske.leton g:raj,ns is very impol'tant as it 

determines the Size, sha:pe and c(';ntj71ll:r..ty 01' tl''le ~ores jn basic f::tTllctures. 

The most I·e.1evant aspect of eIT12.ngellJent is here t;he distribution pattern 

relating to the arrangement 01 the CO!lst:;.t·u;,y;t" (pl.asm"', skeleton g:J:eins and 

voi.ds) with rega:rd to each othen" 'rype-Jt£..l[:BS hav(. 1}een suggested by Br'ewer, 

as derived from. ear:liex teTll.S p:rofj{);~e{l bS ~(~JL~~eylB.~ Sol] ,nateria,ls ~7i.th ouly 
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5ke1.eton grains 2nd veTY litt.Le plasma n«ve a granular basic fabric; increasi.ng 

content .of plJ3Slll!l. (which is often conc:entrated around grains and at points 

of contact between grains) is eXpressed by using the terms intertextic, 

agglomeroplasm:Lc and porphYT.os},elic. Pictures of' eac.h .of' these basic fabrics 

ai.oe in Fi.g .. 2,2. 

lIT. Mat!:i£ structure (Bouma and Anderson, 1973). 

abserV~!!: thin sections, soil p",,,15. 
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To be_.~: size, shape and stTungemellt of Vlasma. skeleton grains and associated 

v.oids ~nd of voids signif'i.cantly .1Alr;eX than packing voids occurring in primary 

p'.;ds or :in apedal soil. ma teri.als. 

The ma1;ric structure, as defined here., is the structw'e of Brewer I s 

S-matrL"'{ (p. 147), whJch :i.s "the materi.al wit.hin the s:implest (pr:i.ma.Iy) peds 

or composing apedal s.oi.1 materials" (pedological features, to be di.scussed 

in one cf the fO.ilO\{:i.ng chapter's, .oecu!:' :in the S'··matIix). 

Nomeilcl.at;ure of mai;ric struct.Ul·es can become quite complex (Brewer, p.321), 

but by emphasizing some ill1})o:rtant features ~'alher than listing sizes, shapes 

end ar7angements of all soil :constituents, s:L.'"Tplificati.ons caD be made. 

FOT example, a soil. W:i.tJl an agglomeT'op,la~mi(; bus] s stT'uCCllre, j.rl which many 

chanrlel.s occur vloultl be deBCJ'ibed e8· h8:viT1[~ & (;hc.Dne.'l.led agglomeroplasmic S-nmtrjx. 

It is adv"antageous to descr:th2 111atr'i(' stxuctw'.::-.s in terms of certain types 

of" S-matrix2s. Occurrence and 8.bundal1ce of' pOYco s l.arge) tllan packir~': pores 

tchamJels, planar voids) can be studied '"ith microscopic tech'l:iques app}jed 

to thin sections or soil pee.In OT' by appl,i'ing dilcct counts to horizontal 

sections through pedons .~ s:I~)! (see ChapteT 5 1°0l some examples). 
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The priroa:r.y structure reLates to the occurrence of pedological. features 

that wiJl be discussed in the next chapter. The next category of soil structure 

:!.s the secondary structure. 

:IV. Secondary structure. 

Observed in: soil pee.ls,hand specimen and in .!!itu. 

To be noted: size, shape and arrangement. of peds and interpeda1 voids 

tand interpedal pedologica.l features to be discussed later). 

The Soil Survey Nanual has provided 1l system to describe sizes 

and shapes o~ peds. Bre"er's classification ~p. 342) i.s morEl det.ailed and 

more speci:fi.c. However,these classification scheme&are more suit.able 

for specialized research rather thaD for rOl;tine application in the field. 

ThiB is certainly true for the size"analysi.s which requires, for example, 

extens~ve measurement of lengths of pr incipa1 axes or planimetric determinations 

on thj.!,! sect:!.ons. TIle shape-analysis introduces another, and mor'e basic, 

probl.em associated wi.th field application of detailed descriptive schemes. 

Introduction of' map-y types of shape, some of them only differing in details, 

is rather umea1istic considering the natural variability occurring i.n the 

field and the i.nevitab1e lack of reproducibil<ty tllat occurs when different 

investigators dese! ibe a similar soil. The more detailed the descriptive systems 

are, the more variabi.lity is bound to occux. The basic "cYlJes of' shape dis-· 

tinguished by Brewer lpolyhed.:ral, spher'al and po1ysphe!'a1) correspon<i 

essentially with those of the Soil Survey H8.r'1lal. ShapeS 00 peds, as definer1 

in the Manual, would seem to be acceptabl.e th<?lefo:e for continued use. 

In specific ce.ses, add:Ltions can be made following BT"wer's system. The size 



1'able 2.3 

It?Mlo'!MsJ. fffE¥lG Ri!~gnim.blr! '!mitt; ',.Iitr.in Il. ~U :nater1al 'Which are 

d.tstingu.i8ilab1e :t'rOIII the e~loB1ng m&uI'w,l tor any l'~e.r.'Jn, llIucr. tt.,~ cr.r1t;ln 

(~s1.tion U An .:rrtHy), d:!f*ll"tl(JOtU in concentl"&t1cm of some fraction ot the 

plaeme., 01' tl1tle:ren"e>:' in ~:;:'ar..gamm of thl! conl3t:1toonts (,fabr:ic)" 

~" A IIDdi!'1~e.tion of the t~),.-tu:reJ atr..lct1.lTJl!, o!'" fabric st natUI'aJ surfaces 

in seil mateI'1B.l2 dw to concentrat.i('j,·. ct parM.euls:' soil tcnetituante 01' 1!! ~ 
IOOdlflc&tion of the 1'.l.aszrB.; cutBna aan 'be ('!~BEd of al~r of the COmponent subste.nces 

of the eo11 mat;ttl"ial" 

)i::tran., Mat7anS!iJ"e cofJlpOJ;!d of s:teleton ~e.ins and plaSlllll, a.nd can be 

di~t1ng.rl.flhed f':\"IJm the- s-Wtt:ri:>: b;) hadng 1OO1'e plB6lW. aDli/oi:' delUler pac.1ting 

tmd1fied Il!tel Bre'l,n)" 

]eocutp" l'ieocmtcr..a alT.l eut.ar,s tbltt oeCm! flub<mtsnice.l1y :1mu!.>diately adjoining 

'(;he nat'l.ll''81 sUl1aoes wtth Willen thoy U'e nS1'Ocieted" 

GJ.a,ebul.t! A three d1tn-:!neior;el. unit vithin the ,9·'mE.trix of thp. soU 1IIS.te.l:'ic.l, 

end uaually ap:pl"oxim.l.\tel~" p1'olAte to cQtlent ;in sh~,}~; its :mIphology (espec:!All,y 

BiZli!!. shape, e.rtJ./o'!: 1nteznal h:wI'Ic) is incompatible with its preeent ocCU!rence 

beil"..g within a II1ngle wid III the ,pl"sstont soil 1ll-:.teritiJ." It is reeognized 

... a lUlit either' because at £;, S;:'MOO:r con~nt:u;.tion of SO!'re constituant •• na./ol 

;\ difference in f'6b:ric compltt"ed 'W':lth too enclosirlC, seU matel fal, or beee.uae 

it has a distinct, boundro: y with tile encloail'lf; sol1 mr;tel"W .. , 

~" Glaebules with &Ii undlmrentitrted irrtenci fabric; in this context 

uP.di:f'ferentia:t,ed. ta.bI 1c inclu~i> :?:ecognlzable :r'oe};: ana soil ;f'8.brics, 

Concretions, Gwbcle<;; 1I"ith a gonar'all;; concI';;'ntric i'Sb:r'ic about a cerrt.er vhitiJ 

may be a point, line~ I)r a plane" 

:?apuJ£:~ G~bul.es compo~d &mina:r;l;V at clay minerals with continous and/o),: 

lamella:r :fab:r'iCj t1,ey hs"" GhatI' ex~:tr.al boundaI les ,·pst, collm::mly t,hey are 

p~"olate to eQlUUlt and 201!eY1n&.t. ro:mood, 

1 T. 



and~!!§l2£ classi.fication of the Soil Survey Marmal was l'eproduced in Table 2.1. 

The >'.TTangement of peds, as part of the structure concept, is described by 

Newer i" terms of' three cOTllPonents: 1) m ' 
_~ccomodation (Accomt\dated, 

Par tially accomodated, and UnacccnR,dat,,,d), 2) Packing (Normal" Of'fset, 

Bi--oi'i'set faulted, see :fig. 2.3.) and 3) Inclination (vertical, horizontal, 

inclined). This clasl3ifica tion of arrangement is very useful as it 

refers to the very important pattern of pIansT' pores in so:ils, which is essential 

for predictIng permf.,abH1ty of' pedal soil, materials (Chapter 5). 

Interpedal pores a:re usually adequately described by noting size, shape 

and arrangeJllElnt of' peds. Ii' not, specific ref'erence can be made to pore patterns 

using &'ewer' s terminclogy. 

TtJe 8o:i,1 Sur'vey Manual concept of "soil structure grade" is unsatisfactory 

as a soil morphological tool, as it i,$ not only based on the visibility 

of peds ~g situ ("hich is quHe depe!JdenG on the moisture status of' the 

soil) but also upon their :resistance to distu:rbance, e.g., mechanical strength. 

The latter pr'Qperty can be better descr ibed in te:nns of soil consistency, 

which has been adequately defined in the Soil Survey Manual as a function 

of the soil. moisture content. 

Study of pedologj Cal :features may be useful to predict patterns of' water' 

movement in soils and of' associated processes, Two types of features will 

be discussed here, viz. cutans and glaebules, All definitions are separately 

listed in Table 2.3. Pictu:res of secondary structures are presented 1,n 

Chapter 2.5. 
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2.3.1. 

The definition of cutans can be found in Table 2.3. Type nanr2S are 

formed by adding -an to a term descYi.hlng the nature of the cutanic materiul, 

for example: "argD,la.n" i,s a cutan composed of c lay minerals. Water moving 

through larger soil pores at relatively hig_~ velocities may carry suspended 

clay or silt particles dowlIWards into the soil profile and may erode the walls 

of the pores as well" These particles will be deposited on the walls of 

channels or peds when water is absorbed deeper in the soil by the soil 

matrix. Such deposits, in turn, can then be considered as indicators for the 

type and intensity of the phys5,cal transport processes involved. For example, 

at high flow velocities, smaIl as we]l as large grains are transported and 

sedimentation deeper in the profile will result in cutans ",ith coarse 

components (matr~), When "'ater flows very SlO1dy, on the contrary, only 

fine particles wUI be moved that. may form thin cutans in ",hich the individual 

grains are mutually well oriented (argillan, Fig. 2.4), Skeletans are cutans 

composed of skeleton grai,ns that accumulated on ped faces either' because the 

fine particles were ",ashed out (neoskeleta1!, Brever, page 294) or because 

grains were transported downwards during periods of high flow. Sometimes, 

natural sur'faces of peds in the f:i.eld have a quite different appearance than 

ped i,nter-ioTs but microscopic analysis :!.n thin sections may not reveal any 

accumulation 01' minerals at these sur'faces. TIlen, the difference in appearance 
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may be due to reanangemant of the plasma particles in a small, zore at and just under the 

ped surface. Such cutans, then defi])3d as "~£~~tans", heve ,~!: !:it!! modificati,ons 

of the plasma" TIle reocutan considered here might be claSSified as a ~~trian 

("neo" because it occurs inside the ped a.djacent to the ',oids and is not covering 



the ped and "strian" to indicate the striated orientation pattern of the planma 

which results i.n a di:fferent light reflection). 

Another very important type of cutan i.s composed of oxidized iron (red) 

or manganese (black) compounds. Such cutans may be indicative of redox 

potenti.als occurring i.n soils as induced by periodic satmation with water . 

.3t) _ 4+) . . Reducti.on of iron {Fe ana manganese (Mn compounds may occur dur~ng so~l 

saturation in the absence of free oxygen but in the presence of some energy 

source, such as soluble organic matter. Consideration of chemical. equilibria 

has shown that Mn is reduced before Fe, while Fe is oxidized before Mn. 

This p:tenomenon is signi.ficant for the explanat:!.on .of certain types of cutaw 

occu:rrir,g in poorly drained seils (Bouma and Van Schuylenborgh, 1967, 1969). 

Fig. 2.5 shows a mangan-neo mangan occmling in a poorly dr'ained soil. 

retailed descriptions of cutans and neocutans require analysis of thin 

sections. Tn f"ield descriptions, cutans can be described noti.ng: 

L CoIor 

2. Kind of surface af'fected and the area occupied 

.3. Kind of" cutanic materi.al and its thickness 

4. Details on the i.nterna:I structm'e of the cutan if observed 

5. oharpness of the boundary 

6. fugree of separation (contrast in structme between cutanic and nen-

cutanic rnateria:l) 

7. regree of adhesi.on (adhesion becween the cutanic material and the cutanic 

surfaces). 

Descriptions are included "ith pictures (>1 cD.ians in Figs. 2.4 and 2.5. 
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Cutar.s aT neocutanB are eHller f'ormed 1!!!!.!~ or occur at the locations 

of' deposit ion and both aT'e associated with natural voids. Another important 

type of' pedological features in the soil, the glaebules, are not necessarily 

associated wi'ch natural voidB. 

G1:AEBlJIES (Brewer, 1964, Chapter 1s2, 

'ilie def'inition of' different types of glae bules can be found in Table 2.3. 

Many types of' glaebules have in common that they form a "dif'fer'ent unit in 

an otherwise more or Ie 85 homogeneous S"'mat:r be. 11 

For example, a f'eTTan f'orrred along a root channel, may become broken and 

mixed with the sOl,l due to pedoturbation. Fragments of the cutans, scattered 

through the S'-matrix, would then classify as glaebules. ~taned descriptions 

of glaebules require the use of' thin sections. Tn the field the following 

descriptive scheme can be used, noti,ng: 

1. Col.or 

2. Size and shape (for size classification, see Table 2.5) 

3. Type name (for a lis ti ng of' types, see Tabl,e 2.3) 

4. Disti.nctness as a unit (sharl'l1ess of' external boundary and ease of separation 

of' the gl,aebule as a unit from the enclosir>.g soil. material) 

5. Abundance j,n terms of few t 0-21> of' so:L1 volume) common (2-20',(,) or many 

(larger than 2CJ'fo), or preferably, by an exact count. 

Table 2.5 
Class Name 

Extremely fine 
Very fine 
Fine 
Medium 
Coarse 
Vcr y c.oarse 
Extremely coarse 

(2.) Absoluk Size 

Class Limits 

<0 005 mm 
o 02-0 005 mm 
o 1 0 02 mm 
05-01 mm 

2-0 5 mm 
10--2 mm 

> 10 mm-state actual Bille 



~ 
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Fig. 2.6. Fine round iron-nodules with diffuse boundaries. 

Fig. 2.7. Coarse round iron-nodules with sharp boundaries. 
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Descriptions are included with pictures of glaebu1es in Figs. 2.6 and 2. T. 
-" 

Systematic descliption of cutans and gl.aebules, to be d:i.scuased as pedological 

features, :is to be preferred over· the rather poorly defined system of describing 

"mottles' in the Soil Survey Manual. 

2.4. CONCLUSION 

A descriptive system has been d:!.scussed that can be used to define 

the size, shape and arrangement of the solid particles and voids in any soil 

material.. Using these procedures, pore systems in soi.ls and indicative pedologi-

ca1 features can be represented by a meaningful descr:i:ption that will. facilitate 

communication among scientists. However, direct use of this for predicting 

OI' e>.."pl.aining field moisture regimes, i.s not possible without considering 

basic physical principles that govern movement of water in soils. 



1. 'I" 41' 1 (",,~. A_' ~ ,.) ... arne. 8 •... ,,1; . ealn ...., "'~C ,,-,·g~Uu.c .• J. • 

(v:trgin seil) EJt (l. c.epth of '30 eLl. 

Horizental section threugh Al horizon 

F:i:Ie granular and. subangular··blocky 

structl1X'e 'With par::i.8.11y accomodated peds. fhysl.cal. data: Bulk density 

(B.D.) : 1.14; Porosity (p) : 48%; Pw.·cic1e density (P.D.) : 2.21. 
1\Oxture: silty clay 1oam. 

2. Tama silt loam (Typic il:rgl.udoU). Horizont~. section through BI horizon 

below plow layeI' (culti.vated) at a ,1epth of 30 cm. Coarse subangular 

block;y structuxe with accomodated peds, 

62;3 crn2 (field count). fhysical data: 
Tenure: aU.to' clay loa.m. 

17 channels larger than .1 rom per 

B..D. = 1.37; P = 47%; P.D. = 2.57. 

25. 

3. :?l.ano silt loam (T'Y];lic .ll:rgiudeD). Horizental section thIOugh the Ap hOTbon 

at 20 em depth. Apeo.al eearse platy stlucture 'TH.h aceomodating fragments. 

Physical data: B.D. = 1.42; P = 43.8i; P.D. = 2.51. Texture: silty clay leam. 

4. Batavia silt loam (M:>lHc Hapludal1'). He:dzon"ta.l secti.en threugh the 

Ap hOT'izon at 20 cm depth. Apedal soil mateI ial. with a ehannel1ed 

pOlphyrol5kel1c S-matrix. Hlysical data,: B.D, = 1.42; P = 44.8;1,; P.D = 2.57. 

5. Batavia silt .leam (M:>l1ic Hapludal.fj. Ap horizon. As picture 4; but 

showing a large 'wel'm channel with a 'Werm-'cast inside. Roots preferably 

fol10107 such larger channel.s i.n compacted hOI izonG. Texture: silt loam. 

6. Batavia silt loam (Mani.c Hapludalf). S~!'uct,ue tramitien between A2 

(upper part .of picture) ani'. B2 (lower part). 'This soil peel was taken 

from a ,:::ertical section throq"h the peden. FeGS become larger at increasip.g 

depths and change 

A2: B.D. ~ 1.44; 

P.D. = 2.58. 

from subangul.a:r blocky to pI ismstic. 

P = 44.&;1>; P.D. ~ 2.57. B2: B.D. 

fhys i cal da ta : 

= 1.42; p"~ 45.c)')',; 



§ubsogs (Pictures 7"1.1) 

7. ~ina silt loam (Typ:l.c Argiudoll). Iiorizontal section through the B3 

hO!'izon at 80 em depth (vi:rgin soil). Fine subangl.llar bloeky structure 

,lith partially accomodated peds. 20 fine (1-2 rom d:l.am.) and .3 medium 

(2-ll =) vertical channels per 625 cm2 (field count). Fhysica1 data: 

B.D. = 1.37; P = 47%; P.D. = 2.57. Texture: silty clay loam. 

8. Tame. silt loam. Horizontal sectIon through the B3 horizon (cultivated 

soil) at 80 em depth. Fine prismatic parting to :fine subangulsr blocky 

structure with accomodated peds. 15 fine and 3 medium vertical channels 

2 
per 625 em. Hlysical data: B.D. = 1..43;P = 46%; P.D. = 2.67. Texture: 

si.1.ty clay loam. 

9. Plano silt loam. lbrizontsl section through the B3 horizon (cultivated 

son) at 80 em depth. Mi:>d:i.um prismatic structure with aecomodating peds • 

.15 fine, 15 medi.um and .3 coarse (> 4 rum) channe Is per 625 cm2 (fiel.d count). 

10. BataVia sUt loam (Mollie Ri:lpll.lda1.:t'). Hori.zontal secti.on through the B2 

horizon at 50 em depth (CU:ltivated soil). Medium sl.lbangular blocky 

wiib accomodated peds. 15 fine, 10 medium and 3 coarse vertical channels 

per 625 cm
2 (field count). N:>ts worm channel in lowe right corner. 

Ibysiea1 data: B,D, = 1 .• 42; P = 45%; P,D, =2.58. K'-cl.lrve and moisture 

retention data are in Chapter 6. Texture: silty clay loam. 

11. Batav:l.a silt loam (as 10). lbrizontal section through the B3g horizon 

at 120 em depth. Coar'se prismatic structure with aecomodatir,g peds. 

26. 

Hws:lcal data: B.D. = 1.53; P = 40.8%; P.D. "2.62. Texture: silty clay loam. 



!fu~!!.oils (Pictures 12 ·15.1 

12. Batavia a11t loam (BQ ) (ae 11). Oblique view of' a prism,·f'ace with traces 
Jg 

ot root"growth. :ted f'aceewere "et when the soil was :freshly exposed 

during excavation 'While the interior of the peds was moist, indicating 

water movement along ped faces (see Chapter 5). 

1.3. Hibbing loam (Typic Eutroboralfj. Horizontal section through the B2 

horizon (40 em depth). r-tldium pI ismatic strucutre with accomodated 

peds. Thysical data: B.D. = .1.35; p = 51%; P.D. = 2.75. Texture: clay. 

For K-curve and moisture retention data, see Chapter 6. 

14. AlL1Sll8. sn'~ loam (Aeric G.1ossaqualf). Horizontal section through the 

B2 horizon (40 cm depth). Medium prismatic structure with accomodated peds. 

Fbysical data: B.D. = 1.60; P = 30.0%; P.D. = 2.29. Texture: silt loam. 

For K-curve and mol,sture retent:!on data, see Chapter 6. 

15. Batavia silt loam (as 10). End of a vertical 'WorIn channel is shown in 

the middle of the picture. Natural 'WOT'm channels, when occlllr:!.ng as 

a continuous tube in a core can induce a very high cOTe-permeability. 

n:le same chan;1e1 may, however', in !!.2:!:~ end as shown here, thus not 

contributing much to the K t of' the whole horizon. sa 

2T. 



SOIL PEELS FROM TOPSOILS 





SOIL PEELS FROM SUBSOILS 
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-( 
:. Some basic physical character1st.:!,cs assoc.:!,ated_::::itl}_water movement thro~ 

, . 

Several textbooks on soil physics have appeared i.n the last few year's 

(Rose, 1966; Hillel, 1971; Baver and Gardner, 1973) and a discussion of' the 

basic hydraulic properties of' soils is central in each of' them. This text 

will not repeat what i,s already :!.n the literatUI'e but will present a simplif'ied, 

and, if'possible, non-mathematical approach intended to help the f'ield soil 

scientj,st in applying soil physical concepts. The f'ollowing subchapters 

will di,sCUBS three allpects: 

1. Soil as a three-phase system 

2. Fhysical, characterization of' liquid in soil materials and 

3. Fhysical characterization of' liquid movement i,n soil materials. 

t. Soil as a three-phase system. 

A soil sample consists of' solid paI'ticles and voids, a f'racti,on of' which 

may be f'illed with liquid (Fig. 3.1). If' we assume that the weight of' solid 

partj,cles is M, that of' the water 1l'w' and that total weight is Mt grams, the 

cOIJ"esponding volumes are: V,V,andVt · s w HeT~ also the volume of' pore s 

f'illed with ail" (V ) has to be included, which contli,butes negligibly to weight 
a 

but consti,tutes an important part of' the total soil volume. The volume of' the 

pores is V = V + V. The f'ollowing characteristics are most commonly disti,nguished 
Paw 

(see al,so Hill!'!l, 1971). M=thods of' determi,nation are discussed later in 

Appe ndix 7.2. 



1. Particle density p; which is defined as: 

M s 
p = Va 

TIlis value is used to calculate the volwoo of a certain dry weight of soil. 

Values are usually about 2.6 - 2.7 gr/cm3. 
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2. Bulk density B.D. = 
(based on dry soil weight). 

Thi.s value is always smaller than p, because V and V are also included. 
a w 

Sonetimes bulk density is determined, including water: 

B.D. (wet) 

We will use B.D. (dry) exclusively because this is the value used to calculate 

e fr'om e (see next subchapter). 
v w 

Fbrosity is defined as p = 
V __ ---l!...._. 

V + V + V 
P w s 

and is norrnal.1y expressed as a percentage. This value uses the total volume 

of all pores. Thus, no di.stinctions can be made between different types of 

pores with differ'ent functions l.n the soil fabric. Here, morpho.l.ogical 

analyses can be helpful. 

Soil samples should be sufficiently large to represent the soil, material 

to be character:i.zed. 

A description of soil structure is useful to estimate optimal sample size. 

Thr example, a pedal soil horizon with a fine blocky structure can be 



characterized with a smaJ.ler sample than one with a coa:r'se prismati.c structure 

because structu:r'al units in the former soil a:re so much smaller. A representative 

soil sample should at least contain about 20 structural units in pedal soil 

materials. ~is gu:i.de is quite practical for fire pedal soil materials 

but creates big prob.lems when peds are very coarse or when structures 

are heterogeneous. An al.ternative i.n such case s is to define sub-types of 

structure, each of which to be considered as relat:ively homogeneous. By 

determining the relative importance of each subtype,the soil material as 

a whole can be chaTacterizedby summation of the characterizations of the 

subtypes. 

3.2. Thysical characterization of liquid. in !!.£~terials .• 

;.2.1. Introduction 
Soil wetness can be expressed in two ways: 

Bercentage by weight: 
e 
w 

= 

100 • M 
w 

o where M is determined after drying the soil at 105 c. 
;c s 

Fex'centage by vol UIlle : 
= 

1.00 • V _____ w ___ . 

V f-V +V 
saw 

lliese two cha:r'acter:istics are i.nterrelated as follows: 

e 
v 

where (' = denGity of water. 
w 

e . B.D. (dry) 
v = ._--_.-. 

p 
w 



Soil volume is a relevant factor in several of the characteristics 

defined in 3.1. lliis volume may change when dry soil :is wetted. M:lst so11. 

materials containing clay will expand upon wetting which is mainly due to the 

mineralogical and chemical nature of the clay minerals and to chemical 

characteristics of the wetting liquid. Thus, it foll.ows that B.D., and 

e values will be affected. llie saran-method has been developed to measure 
v 

the amount of swelling at different moisture contents (see Awendix 7.2). 

Soil wetness refers solely to the total. amount of liquid in a soil 

. sap!ple. In addition, it is important to ascertain the distribution of water 

in the soil at different moisture contents, and to \ll1derstand the natural. 

laws that govern it. As the mois~ure content of a soil sample decreases, 

water leaves the larger soil pores .!::ut remains in the finer ones. This can 

be explained by consideri.ng the basi.c phenomena of liquid surface tension 

and cap il.lar ity • Surface tension occurs typical.ly at the interface of a liqui.d 

and a. gas. Mo.lecules in the liquid attract each other from all sides. In 

the surface areas the molecules are attracted into the denser liquid phase 

by a force greater than the force attracting it into the gaseous phase. 

llie resulting force draws the sur'face molecules downward, which results in 

a tendency for liquid to contract. Surface tension has the dimension of 

dynes/ cm. Increasedsalt concentrations tend to increase the sur'face tension 

of water, whereas organic solubles like detergents tend to decrease it. 

Capillarity refers to the we 1.1. known phenomenon of the rise of water into 

a capillary tube inserted in water', due to :i,ts surface tension. The finer the 

tube, the higher the capillary rise and the gleater the negative pressures 

below the water meniscus in the tube. 'lhis negative pressure (p) is a result 

of the cUIvatUI'e of the meniscus, which increase as tubes become slll!l.l.Ier, 

37. 



Fig. 3.1. 

SOLID PHASE 

Weight = M", gr. 

Volume = V", em 3 

Weight =M, gr. 

Volume= V, em 3 

AIR PHASE 
Volume=V. 

Total weight =M, gr. 

Total volume=V, em 3 

Schematic diagram of the soil as a three- phase system. 
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and can be calculated (in d;fnes/cm
2

) as follows (assuming that the contact 

angl.e between water and tube ia zero): 

p = .~ ) r (1 

Where f, = surf'ace tension of the water (dynes/cm), and r = radius of the 

capillary. The height of ca;pi.llary rise \cm) i.s: 

h .. 

where p = density of the water (gr/cm3) and g = gravitational constant 

(cm/sec2 ). Function (1) can be pictured as a continuous graph, relating 

capillary radius to corr'esponding pressure (Fig . .3.2). 'lhe negative pressure 

below the meniscus in the water can thus be expressed in terms of height 

of capillary "pull", which i.s the force than can be exercised by the pore. 

F:ig. 3.2 illustrates that fine pores can exercise a larger "pull" than 

large pores. For' example, a cylindrical pore radius of 100 micron corresponds 

with a :r·e.latively low capillary rise of 2/j em water, a radius of 30 micron 

with a relatively high 103 em. These figures imply that it takes a larger 

force (more energy) tc remove water from a small pore as compared with a large 

one, which, in turn, 1.nr,;>l:i.es ths t water in small pore s has a higher potential. 

level of energy than the. t in the large pore s. 

To represent the porosi.ty of a certain soil material as a bundle of 

ca;piu.aries, with a characteristic size range is, of cow'se, an unreal.istic 

model as real pores in the soil have 6. much more complex configuration with 

varyir.g sizes and discontinuities, as was illustra.ted ill Chapter 2. 

Thi.s representation cannevertheless be helpful to visualize flow phenomena 
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3·2.2. 

in soils, particularl;[ when soil moisture contents are relati.vely close to 

saturation. 

A more sc:ientific expression of the common observation that water flows 

downhill is one stating that water moves from points where it has a higher 

to points where it has a lower energy status. llie energy status is rei'e:rTed 

to as the "water potenti.al", a cent:r'al concept in soil physics. A thorough 

and clear discussion of thi,s concept has been given by Rose ll.9(6) and 

only a brief summa:ry will be presented in th1.s text. The total potential 

lor energy per unit quantity) of water l'\') is defined as the mechanical. work 

required to transfer unit quanitity (e.g., uni.t mass or unit volume) of water 

from a standard reference state l't'; 0) to the situation where the potential 

has the defined value. llie total potential of water (which in the follOWing 

wi1.l. be expressed in terms of energy per unit of weight because this r'esults 

in the simplest expression) is composed of several components, which will now 

be discussed separately. 

1.. Pressure potentiIU i!'l 

Water in unsaturated soil occurs only in the finer pores and not in the 

la:rger ones because the tota.l amount of available water is insufficient to 

fill all. the pores while the smallest pores can "pull" strongest and thus get 

f:LLled, thereby excluding the larger ones. llie pr'essure in the water is then 

less than that of' the local atmosphere. As the availabl.e amount of' water 

decreases, the diameter of water-filled pores decreases and the moisture 

pressure become s mor'e negative. It 1.s convenient, but not necessary, to 

40. 

refer to a negative (less than atmospheric) pressure as a "tension" or' "suction". 

lliis potentj.al is referred to as the matri£. Or capillary notentiaJ. M. l:xpressed 

per unit weight the dimension of the matric potential becomes: 
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g -2 -2 em. • t .. em 
'"3 --:2 

em' -cm"t 
= cm 

g 

ilie matdc potential is thelIDst important component of the pressure potential. 

in most cases because soils above 'the water table are usually unsaturated. 

:the soil water is at a pressure h:1gherthan one atmosphere :l.:t submerged 

beneath a free water surface. The potentia,l associated with this has been 

caned the subme~ pot.ent~ (0) by Rose, 1966. !!he submergence and matric 

potent:!.a.ls an: mutually exclus5,vepoSSi,bili,ties, if eif:ther of 'them is non·-zero, 

the othe~' must be zero. F:\.nally, anotherroosible cause of pressure change 

in soj], 'IE.ter i,e a change in 'the pressure of the air adjacent to :I,t 

~umatic potential G). Gas pressures in natu:ral soil win usually not be 

d:l.fierent :froru the atmospheric pressure. In summary: 

P = M tor S) + G (em) 

2. Gravitational polential.,W 

!!he gravitational potential is due to the attraction of every body on 

the earth I s sur:f'ace tovards the center of the earth by a grav:Ltational force 

equal to the "eight of the body. To raise th:Ls body against this attraction, 

work must be done, and this >fork is stored by the raised body in the form 

of gravitational potential, energy (Z) which is determined at each point 

by the elevation of the point relative to sorre arbitra:ry reference level. 

lliere fore : 

Z=M"g-z 

where Z is the gr'nvj,tational potential energy of a mass 14 of water at a 



height z above a reference and g ~ acceleration of gravity. Th1.s potential, 

expressed per unit weight, becomea: Z = z {i.n cm}. ----_._--- ----,- ' -----------------
The osmoti.c potential {oj describes the effect of solutes on the total 

potential of soil ;;ate! and is impDrtant for the study of water movement into 

and through plant roots and for studies of evaporation and vapour movenent. 

:1J1is component-potential wi.l.1 not be discussed further here as it does not 

signtficantly affect the mass-movement of' ;;ater through soil between tensions 

of 0 and 100 em which is of most :i.nterest in the context of this review. 

:1J1e total potential ('l') of soil water at any place in the soil is thus 

equal to the sum of the component·-potent:i,al.s P, Z, and O. Theory of water 

flow uses the hydraulic E!?:ten:!;.ial (cm), which is the sum of the pre~~~ 

and gravitational potenj;ial[ previously defi.ned. It is common to refer to the 

hydraulic potential i.n terms of the "hydraul.ic head {E}". {em}. 

At zero tension aJ..l pores :i.n the so1.1 are fill.ed wi.th water (assuming that 

iso.lated air pockets do not exist). With increasing soil moisture tension 

progressively amal..ler pores wiTi empty as the cap:!..l.lary force they can exercise 

becomes :insufficient to retai.n water against the suct:!.on applied. The rate of 

decrease of ;;atel content in a soH sample upon increas:ing tension is 

characteristic fOT each soil material as it is a function of its pore sl.ze 

dist:ribut:!on. :1J1is s:i1np1ifjed discuss:ion assumes that the S'-matrix is rigid 

and that water extraction does not !'esult in soil shrinkage, thereby releasing 

water "ithout creating empty vojdG. This is, however, an important process 

in clayey soils. Use of the saran-method (Appendix), can yield data on 
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vo.lume changes of soil upon a.£saturation. 'Techniques are available {Appendix 7.2} 

to experimenta11y determine the so- ca.l.led ' soil··moist1.U'e·'·retention'- curve" 

which gives the water content of the soil at any given tension. F:igure 3.3 shows 
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Fig 3.5 
Cross·~l."c!jon through an iJc.:tIll.~d wid of maximum 

effective radius R, intcn:onnc(:(cd v.ilh the rc~t of the pore space 
through two channels, of effective radius r, 

(From:Ro5e. 1966) 



such curves :for a sand (see SoU :r in Fig. 2.2), a silt loam (See Soil. IV 

i.ll Fig. 2.2), and a clay soil (see Soil V in Fig. 2.2), demonstrating the 

ef'f'ect of their different pore types. These pore types are schematically 

represerrted in Fig. 3.4. The sand has many re.lative.ly large pores that drain 

at relatively low tensi.ons, whereas tre clayey so:il.s re.lease only a small vo.lllllE! 

of water, because most of it :I.s strongly absorbed in very fine 110res. 

~ silt :l.OBm. has more coarse pores than does the clay soil. 

Moisture contents in a soil S>lll1Ple a.-r·e different at corresponding tensions 

depending on whether the moisture content was reached by desorption of all 

initially wetter sample or by adsorption of an in1.ti.a1ly drier samp.le. 

This phenomenon :I.s referred to as hysteresi.s, and can be illustrated using 

Fig. 3.5. The water-filled vo:!.d (left) w:l.ll. drain (desorption) :\j' the tension 

exceeds P where P = 2'(,/r and r = radius of the smaU.estpore "neck" in 
r r 

the system. The whole void w:l1.1 fill (adsorption) 1:f'the tension is less 

than P
R 

where R = max:lnrum diaJreter of the void itseli'. It follows that the 

water corrtent of a soil will be greater on desorption than on adsorpti.on at 

any given tension, because :PI' > PR, 

'I'he amount of flow throug.'l a soil sa.mple is proportionate to the drop 

of the hydraul.:i.c head per uni.t distance :tn the d:!rection of flow. This, 
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baSically, :I.s Da.rcy's law as stated for a one··diloonsi.onal steady·-state condition 

of flow: 

(2) 



PLAINFIELD LOAMY SAND (C HORIZON: MEDIUM SAND) 

SATURATED 

K = 500 cm./day 

ONE FOOT (30 cm.) MOVEMENT IN THE SOIL IN: 33 minutes 

(hydraulic gradient : 1 cm.! cm.) 

AT 30 mb. SUCTION 

K = 5 cm./day 

13 hours 

o Skeleton grains 

OVOidS 

Liquid 

100 microns 

AT 80 mb. SUCTION 

K= 0.1 mm./day 

300 days 

Fig.3.6 Occurrence and movement of liquid in a saturated and unsaturated sand (C horizon of Plainfield 
loamy sand). 



SAYBROOK SILT LOAM (lie STONY SANDY LOAM TILL) 

SATURATED 
K= 80 cm/day 

ONE FOOT (30 cm.) MOVEMENT IN THE SOIL IN ; 3 hours 

(hydraulic gradient ; 1 cm / cm) 

At 30 mb. SUCTION 
K = 7cm/day 

30 hours 

D Skeleton grains 

Plasma 
(very porous 
and calcareous) 

D Macrovoids 

II Liquid 

I I 
100 micron 

At 80 mb. SUCTION 
K = 7mm/day 

8 days 

Fig.3.7 OccUITence and movenent of liquid in a saturated and unsaturated sandy loam (IIC horizon of a 
Saybrook silt loam). 



w h e r e  V = f l u x  (cm . t-') of mter [= &/(~.t.)], which is the vo,l- (Q) 

of w a t e r  flowing through a cross-sectional. a rea  A per tire t. K is the  

hydraulic conductivity (cm t - l ' )  and R/L 3,s the hydraul i ,~  gradient 

(dimensionless). This equation applies to  both saturated and unsaturated so i l s ,  

f o r  steady-state conditions of flow. 

The flux V is measured per unit  cross-sectional area. Par t  of t h a t  

area ( a t  least 4@) is occupied by the so l id  phase, which implies t h a t  the 

real, veloci ty  of  flow i n  the  s o i l  pores i t s e l f  is larger thah V. If the s o i l  

~~..,> *~ ; would be compo,wd of  simple capFLl.ary tubes, with a specif ic  size,  calculistions 
< 

of  the r e a l  flow veloci ty  i n  thcepores  would 'be easy. However, pores 

vary i n  shape, width and direction, and the acttasl flm velocity i n  the s o i l  

pores i s  variable.  A t  best, therefore, one can refer t o  some "average" velocity 

(v) t h a t  can bf calculated on t h e  'basis of the water-f i l led porosity at  each 

tension. 

where E is  the water f iLl.e& porosity, a s  derived from the moisture re tent ion 
W 

curve. A t  uni t  hydraulic gradient, we find: 

UsiAng these relat iorships ,  travel times a t  different  moisture contents during 

steady-state fla: can be e s t i m k d  f o r  different  s o i l  horizons if a K-curve 

i s  available. %is was do= ( in  Figs. 3.6 and 3.7) for three moisture contents 

fo r  the C-horizon of a r l a in f i e ld  Loamy sand (soil 5, Fig. 2.2) and the 1 I C  

horizon of  the  Batavia s i l t  loam (Soi l  111, Fig. 2.2). According t o  equation (2), 

f l o w  rates i n  a given soil. material a t  a cer ta in  moisture content can vary 
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considerably yi th varying hydraulic grad1.errt. ~'he hydraulic conductivity tK), 

hO"W'ever, is def'ined as the f'lux at uni! gradient, and can, theref'ore, be considered 

as a characteristic value f'or the soil. Methods f'or measuring hydraulic 

conductiv:!.ty K in the f'iel.d Yill. be di.scussed in the Appendix. These :I.nclude: 

1) Bouwer a.::wle-tube nethod f'0J:" rooasurement of' K of' saturated soU tAwendix 7.3). 

2) The crust test (Appendix 7.4) and the instantaneous prof'Ue method tAppendix 7.5) 

f'ox- measuring K of' unsaturated soil. 

K curves of' di.fferent soil. material.s vary wi.dely due to different pore 

size distr:ibutions in the soils. 

Pnysi.cal equat:l.ons have been developed for certain types of' pores to 

relate pore sizes to f.low rates at a g:l.ven hydraulic-head gradient tChHds, 19(9). 

For a cylindrical pore of' radius r we f'ind: 

Qjt 
4 

IT gpr 

8" 

• grad ¢ trig. 3.8) 

FbI' a plane silt of' width D, and unit length: 

gpD3 
Qjt; grad ¢ (Fig. 3,8) 

3 2 "3 Yhere Qjt ; flow rate (em· / em / sec), p ~ density of ;Tater (gr/ em ), 

g ~ g:ravitaUonal constant (cm2/sec), ,,~ viscosity (dyne/cm), grad fJ ~ 

hydraulic gradient (cm/cm), lliese equations are gra:ph:l.cally expressed in 

Fig. 3.9, demonstrating the great effect of pore si.ze on flay rates. For 

example, these graphs shay that a tubular· (cylind:dcaJ.) par", with a diameter 

of 100 microns ;;ill conduct about 2 em 3/day at a gradient of 1. cm/em (S em3/daY 

at a gradient of 4 cm/em). A plane silt w:l.th a width of' 100 micron (and unit length) 
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will conduct 700 cm'3/day. A plane slit with a length of 4 em will conduct 

!:l4oo cm3/daY if the gradient :I.s :3 em/cm • (12 x 700 em3/day). 

Morphological studies (Chapter 2) attempt a classification of pore types, 

among which cylindrical channels and planar voids f:Lgure prominently. 1t 

sppears pOSSible, at least for some soils, to calculate K values from morpho-· 

metric date, USing Equations (3) and (4) that relate pore size to permeability 

(Chapter 5). A physical method was introduced by Marshall (1958) to calculate 

K values from moisture retention data, following an equation which relates 

pore sizes to Ie values, inc.luding a par", interaction model. Pore sizes are 

ind:!=ct1.y derived frOID the moi.sture retention curve, using Equation (1). 

ih:!.s procedure, and i.ts limitations, will be discussed in Appendix 7.6. 

ihe dominant effect of pore sizes on permeability is evident when IC values of 

a soil material are compared, that are measured at different degrees of 

saturation. Unsaturated soil below an infiltrating surface may have different 

causes, such as the occurrence of a physical bar'rier to flow or an inflow rate 

which is lo"er than the saturated hydrauliC conducti.vity. We may assume three 

different soil mater i.als, with pore size di.str·ibutions schematica.1.1y represented 

in Fig. 3 •. 10. Tbe upperIDost "soil" is coarse porous like a sand, the 

lowest one is fine porous \l:ike a clay). Without any physical barrier 

(a "crust") on the soil surface and wi.th a sufficient supply of water, aU. 

pores are filled and each will conduct wateI dowrTh'8rd as a result of the 

potential gradient of 1 cm/cm, due to gravity. ~e larger pores will conduct 

much more water than the smaller ones (see Equation (3) and Fig. 3.9.). 

Suppose a weak crust forms over the top of the tubes. Pores will only fill 

with water j.f the capiLlary force they can exercise :Is strong enough to "pull" 

the water through the crust. ~e larger the pore, the smaller the capillary 
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force that can be exercised (Equation 1). ~erefore, larger pores will empty 

first at increasing crust resistance, creating unsaturated soil and soil moisture 

tensions tChspter :3.2) which, in turn, leads to a strong reduction in the 

hydraulic conductivity of the soil. 

With no crusts present, similar processes can occur, when the rate of 

application of water to the capi11a.ry system is reduced. With abundsnt supply, 

all pores are filled. As this supply (which is supposed to be divided evenly 

over the infiltrating pore system) is decreased, insufficient water is available 

to keep all pores filled during the downward movement of the water lit is asstmed 

here that pores are horizontally interconrected). Iexgex' pores wi1~ empty 

first, as they conduct most liquid While at the same time, they exercise only 

relatively small, capil.lary forces. ~us in this system, a certai.n size 

of pore can only be filled wi,th water it' smal.ler pores have an insufficient 

cspacity to conduct awaytbe applied water. 

The degree of reduction in K upon desaturation and increasing soi,l moisture 

tension is thus characteristic for the pore-size distribution. Coarse porous 

s011.s have a relatively high saturated hydr'aulic conductivity lK t); but 
sa 

K drops strongly with increasing tension. Fine porous soils have a relatively 

low Ksat' but K decreases more slowly upon increasi,ng tension. Experimental 

curves., determined in the field with the crust test show such patterns for 

natur'al soil. Fig. 2.11 shows curves for the C'·,hori,zon of the Plai,ni'ield 

loamy sand (sand; Soil I, Fig. 2.2 in Chapter 2); the IIC horizon of Batav:l,a 

silt loam (sandy loam; Soil III, Fig. 2.2); the B2 horizon of the Batavia 

silt loam (silt loam; Soil IV, Fig. 2.2) and the B2 horizon of the Hibbing 

loam (clay; Soil V, Fig. 2.2). The curves for the pedal silt loam and clay 

horizons demonstrate the physi,ca1 effect of the occurrence of relatively large 
, 

interpedal planar voids and transpeda1 root and wor'm channels. Soil structure 



\ 
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inside the peds is very fine porous (see Fig. 2.2) and these fine pores hardly 

contributE to flow. The large structural. pore s give relatively high K t values 
sa 

(140 =/day for the sUt loam), but these pores are not filJ.ed with water 

at low tensions and K values for these pedal soils drop,therefore, very 

strongly between saturation and 20 mbar' 11 .• 5 cm/rmy for the silt loam). 

~ese phenomena, shOWing re.lat1onships between pore size distributions and K, 

are schematically represented in Fig. 3.10. 

In summary, then, the higher,the "crust" reSistance, or the lower the 

steady rate of application of water, the higher the soil moisture tension 

in the underlying soil, and the lower the water content and the re.levant 

hydraulic conductivity (Jr). These characteristics app.ly to steady state 

cond:l.tions in a one-dimensional system, where, at a hydraulic gradient of 

1 cm/em, flow rates are equal to the hydraulic conductivity. M:Jre complex 

flow systems, for example those where the moisture content is changing w:l.th 

time, need more complex mathematical expressions. 

Some of these expressions wi1.1 be discussed because the principles involved 

are part of flow models to be discussed in later chapters. The steady .. state 

p~'ocesses, discussed so far, are already quite helpful and the not-

mathematically inclined reader may want to omit the following. 

Darcy's law can be written as: 

v = -I: = -K ~LlM + Z) =-K oZ .JM.._ -K 
oZ 

54. 

for downward flow, where H = hydr'aul:lc head (em), M = soil moisture pressure 

expressed per unit weight lin em) and Z = vertical coordinate lpositive upwa.Ids). 

If' water contents a.I'e changing during n.ow processes, it is convenient to 



i n t~oduce  the soil-water d i f i s i v i t y  D which is defined as:: K . a a e  : 
the  latter of  both terms b e i w  the slope of the moisture re tent ion curve. 

To introduce D, the W c y  equation can be writ ten as: 

( t h i s  is a mathemtical t r ick:  multiplying with a@ and dividing by a@ does 

not change the vdue  of the product on the r i g h t  hand side of the equation, 

but creates the opportunity to introduce D) 

&asurement of  moisture conditions i n  the f i e l d  usually r e l a t e  t o  the  misture 

content 0 a t  different  times and depths and not to flow r a t e s  a s  such. It 

i s  therefore advantageous first to d i f fe ren t ia te  t h i s  equation with respect 

to z, as follows: 

and then t o  apply an equation of l iqu id  conservation: 

ii e av = - -- (dqmmrd flow) 
? t a= 

which expresses the requiremnt t h a t  the change i n  water content per uni t  the 

of any small volunae of soil.  equals the net flow of l iqu id  across the boundaries 

of t h i s  volume. It does, i n  fact ,  state t h a t  water cannot be lo s t  d u i n g  the 

flow in to  and through any -11. volume of so i l .  Substi tution i n  equation (7), 



results in: 

= lD. -~) 
~z 

+ 

This equation forms the basis for the analysis of vertical entry or drainage 

of water ln insaturated soU. 
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It is possible to avoid using D values in describing unsteady flow through 

sOil., by transforming the above equation as follows: 

= 

= 

= 

iii 
= 

(')z 

'08 () 
= -_._. 

at "z 

lD • --- + 

lK • 

K • l 

r 0 
K • --. 

i:)z 

l ~J K • 
(lz 

K) 

+ 

+ K) 

¢z 
-_.) 

(lz 

(M+ Z) ] 

These equations wHl be used in .later chapters to discuss processes of unsteady flow. 
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4. Applic§!:~ion of ~he fl~ theoryto_s:pecific examples. 

These app1.ications assume the avaiLabi1.ity of K-curves and of moisture 

retenti.on data tfor methods, see Appendix), and wUl be concerned with problems 

of increasing complexity start:!.ng with satwated flow. 

4.1.. One dimensi£B!!:± steady saturated flow. 

4.1. 1. .2!!!:..Layer. 

Fig. 4.1. illustrates flow of watex' ·through a soil core under saturated 

conditions. llie soil in the ri.ng has a height of 10 em, and 1 em vater is 

ponded on top. Assume that water is leaving this ring at a flow rate of 

5 em/day while the 1 cm head is maintained at the top. The questi.on to be 

anmrered is: what is the Ksat value of the soil in the core? FoUowing 

Darcy's Law tV; K • t;J:l/L), we need to know LIB i.n order to calculate K, since 

L = .10. H is corrposed of :P tpxessure potential) and Z (gravitational 

potential). It is advantageous to obtain differences in I' and Z between top 

and bottom of the core separately and then adding them up. The alternative 

would be to calculate II (:p + z) for the top and for the bottom and then to 

determire the difference. This approach is without problems for saturated 

flow but confusion often results 1'0:1:' flow under unsaturated conditions when 

pressure values may be regative. For the simple case discussed, we find: 

LIP = 1em, r,Z = +10, and thus /j,H ; 11. tReference level for G at bottom of core 

and P = 0 at bottom of core" because outf'lm, occurs under atmospheric 

pressure). It follows that K ; 5/1.1 ; 4.55 cm/day. llie values for the 
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pressure, the gravitational. and the total potential have been pictured in 

Fig. 4,,1 for d1fterentpos:ltions ins:!.de the core. 

4.1.2. Two layers 

A slightly more complicated situation is found when steady saturated 

:t:J..ow occurs through a soil core that has two layer's wl.th different Ksat 

values. Fig. 4.2 shows two .layers, (12 and 5 cm thick) of soH in a core, 

with are cm of water ponded on top. Assllllle Ksat(I) = 10 Ksat tLl.). 

Question: what are the values for the d:i.fferent potentials in this flow system 

at steady--flol; conditions. 

60. 

llie flow rate can again be expressed as: V = K • V can only 

be constant i.f AHI L varies inversely as K. lliis means that the sl.ope of 

the H-potent:!al l.ine should be ten times as steep l.n I as compared with 11. 

We know the two end points of the H-potential line (Top: P = +1, Z = +20 if 

the reference l.evel is taken at the bottom of the 20 cm high core. llierefore: 

H = +21. Bottom: Z = 0, F = 0 since outflow occurs). The H .. potenti.a1. line 

can now be constructed us:!.ng the proper slcrpes. The z-potential line in known 

as it varies fiom zero at ·t,'1e bottom to =20 at the top. llie P-potential 

line can be constructed from the other two, subtracti.ng Z from H. llie P 

l:i.ne shows that pressure increases with depth u..TJtiI the interface with layer 

II is reached. 

4.2.1. One layer 

Tne fl.ow conditions in a hOl!JqS6r''lOUBSoil !r~'lter:ill.l. O'e very simp.le and have 

been discussed already i.n Chapter 3.3, that dealt with water moveJrent through 



>-« 
Cl 

:E 
u 

"" 
>-
I-

> 
I-
U 
:::> 
0 
;z: 
0 
U 
U 

--' :::> « 
0:: 

'" >-
:t: 

Fig. 4.3. 

10 

I 

0.1 

B2-crusllesl .. , 
...... 

l-----·--~I------_¥I-------rl-------rl ·----~I 
~ ~ ro 00 100 

SOil MOISTURE TENSiON (eM) 

ltfdraruic conductivities fox the Ap and 132 hOI ieon of' 
the Batavja silt loam det<s!mincd :In situ 1<Iith the CIUst 

te at. ('lJ:te figure also include s ~e s de termined "i th 
the instantaneous profile method, see Appendix 7.5.) 



soH, k'Jy given steady flow ",are that is lower than the saturated hydrauUc 

conduct:lvity of a soil mater:!.al corresponds with a characteristic son. moisture 

tension because it is relatecl to its particular pore-size distribution. 

Flaw occur£; onl.y by forces of gravjty expressed by the gravitational potential 

Z because the pressure potent1s1 P tor better the matric potential M 

because pressures are negative) is constant at all depths under condi.tions 

of steady fl.ow. F:4!;. 1!.3 (same as Rig. 7.14 in Appendix 7.5) gives the 

hydl"aulic conductivity curves for the AI' and the B2 horizon of a :Eatav1s 

silt loam (Typic AIgiudoU) lJEaSUTed .~!! .situ wi.th the crust test at the 

Cha:rmany UW~. Farm. in Madison, Wisconsin. Curves like these make i.t possible 

to p7'edict moisture tensions land correcpondingphase distributi.ons if moisture 

retention data are avaHable} at steady flow rates I,unrealisticallyassuming 

that the horizons aI'e of senti-infinite depth, see next section). For example, 

tem:j.ons at a steady flCII{ rare of 1 em/daY would be 20 em in the 112 and :30 cm 

in the AI'. At 5 rom/daY these tensions would be 26 an1 58 em respectively. 

SoH horizons, of course, are not semi:·'inf'i.nite and interIerences of underlying 

horizons strongly intl.uence tens:i.ons ,'lith depth. lliese effects can be calcu-

lated using an approach published by lW"boTCli (1968). 

Dxrcy's Ja" can be wrj.ttSD as) 

db 
-K (1 + ._ .. _.) 

dz 

"here z is the vertical direction ("m), K is the hydraulj.c conductivi.ty 

(C'Jll/day) and h ~ soH mo:i.stuxe potellt1s1. (em). '1'his equation can be integrated 



as fol.lows: 
h 

n 

f 
o 

db 

1. + V 
K 

(Bybordi, 1968) 

where Z is the height above a hori.zon boundary tor a water-tabLe 1eve1) at 
n 

which the pressure h :I.S exper:ienced. So by choosing a steady-ve.10city V 
n 

for the f.10w system and by reading appro-priate K values fiom the K-curves 

for t11e different layers, a complete profile of Z vs h may be p.lotted if a 

su:f'fici.ent.ly high number of different limits h is used. ~is method will 
n 

be illustrated by using K-data f01> the two surface horizons of the Batavia 

silt loam tFig. 4.3). (Crust test data). 

We assu.:ne that the :8
2 

extends very deep and that onJ.y flow fioIn the Ap 

into the deep B2 will be considered. 

At a steady flow rate of 4 IDJJJ./day, the tensi.on in the B2 is 30 em. 

'Ibis tension will. occur, therefore, at the boundary of Ap and B2. However, 

a steady f1.ow rate of 4 mm/daY represents a tension of 83 em in the Ap. 

Tensions are always continuous :In a soil and an abrupt change from 83 em 

to 30 em tenzion at the interface of the hori.zon is therefore not posSibl.e. 

TIle i.ntegration procedure i.s used now to cal.culate tensions in the Ap :I.n the 

transition zow between 30 and 83 em. '['he basic questi.on is as follows: 

At what height h above the boundary does a tension occur of, for exa.mpl.e, 

40 cm l to construct a tension curve for the transi.tion zone, small intervals 

have to 'be used). TIlus: h = 40 em, V = 0.4 em/day and K = 0.7 em/daY 
n 

t= K at 40 em tension in 1;,.1,e Ap, read fiom Fig. 4.3) db = IfO-'30 = 10 cm. 

Since dowrrwar'd flow is considered, V has a negative sign. 
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Thus: 

z = 
n 

40 

-J 
30 

10 
--Q.1j. 

1 .. 

Z = 23.3 cm 
n -------

Result: at 23.3 em above the boundary of A2 and £2' a tension of 40 cm 

occurs at a flow rate of 4 mm/day. The next point could be to calculate 

a tension of 50 em as follows: 

Z = 
n 

50 

f 
40 

10 
-1.-"""QJi' 

.. o:b 
Z = 28 cm 

n 

which gives a total di.stance of 5.1.3 em. Tnis integration can be continued 

until a tension of 83 em is reached which is the equilibrium tension at the 

given flow rate. 

A part of the complete calculated curve is in Fig. 4.4, where other 

curves for additional. flow I'ates were also calculated. Note the curve for 

a flow :rate of 2~ cm/ day, when tensions in both horizons are 10 cm. Horizons 

are often not deep enough to reach equilibri.um tensions cOI'responding with 

steady flow rates ~ 'Il1is is certainly true of the A just discussed. 
p 

Whatever its depth, theoretical tensions at the soil surface can be estimated 

(assumi.ng all the time that there is no evapmation) by drawing a horizontal 

line at any desired depth in the Ap and by reading the tensions at that level 

from the calculate d curve s • 
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A special C>1se of the two··layer flow system occurs when very thin layers 

with different hydI'aulic properties occur in a flow system. An example wi1.1 

be dis,"ussed concerning thin cr<lsts on top of infiltrative surfaces (Hillel, 1971.). 

Assuming steady infiltration (ss win be occurring dur'ing the crust-

test meaS11l'eruent Go be discussed in Appendix 7.4, the flux through the crust 

(qc) should be equal to the flux in the 8ubcrust soil (qs)' 

or = K 
s 

dH (_._) 
dz s 

where K and K are hydraulic conductivit:i.es of the Clust and the sub crust 
c s 

soil respectivie1y with dRjdz the hydraulic head gIadierrt in both materials. 

The hydrau1i.c-head grad;i,ent wil.1be approximately unity at steady state 

infiltration as the gradient of soil moisture tension decreases with increasing 

wetMng depth. Assu.ming flow in the soil thu.s to result only from gravita-

tiona1 :forces: 

q = = K 
c 

H + M + z o c 

"here Ks(M) is the unsaturated K of' the subcrust zone at a moisture tension 

of' M em "ate~·; H is the pos:i.tive hydraulic head imposed on top of the crust 
o 

by tl1e pO:1ded "ater and z is the thickness of the crust. Cr'usts may be 
c 

very thi.n relative to the tension induced in the subcrust soil (-·z «M). 
c 

The same may hold for H ji' water i.s only very sh21J .. o"ly ponded on top of 
o 

the crust (-H «M). Then jt :follows: 
o 

q K 
c 



or 

M 

K 
c 

z c 

= 

1 

R 
c 

hydraulic cr'ust resistance). 

Thus, "he ratio of' the K of' the subcrust soil to its tension is approximately 

equal to the ratio of' K
sat 

of the crust to its thickness. '!be latter ratio 

cen also be expressed ae 1 where n is hydTau1i.c crust :resistance. Use of R 
Bc e c 

.0l8Y be very helpful in analyzing natural crusts, the thickness of which 

may be di:ri'i cuU to measure. '[he R value fo1.10ws of course, from Darcy's 
c 

law as appl.iec to a crust, for example: 

fiR K /lH 
q K 

c 
fiR .- or q = = c 

z Zc Rc c 

Knowi 111", the depth of ponded ,,;ater On top of the crust (R ), the SUbCIust 
o 

tension (M), and thickness of the crust z , AH can be determi.ned as: 
c 

Ho + H + z c. w'hen the n.m:: q i.8 known, resistance Re of the crust can be 

determined. Kc can on1y be calculated if' the thickness of' the crust is 

known. The hydraulic resistance (R ) DL'''Y be pa:cticularly useful to predict 
c 

hyrb:'F.rul~,c eITectB o:f CT''Jsts on different soi1.s by conside:ci.ng, again, the 

assumpt:ion of' steady gravitational flow in the SU:)CT'ust soil: 

q K 'vl 
S \ "1 

~ 
R c 
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Ii' the K',curve of the subcrust son is a.ve.:L1able ( Ks(M) ), it is possible 

to calculate the steady,·flml rate q in nny subcr'ust soil on the basis of a 

known R va.lue for the C?ust. .Far example, assume a crust with R ~ 5 days 
c c 

on top of 11 soil with a K-Cl1rv-e p:f.cture<': in Fig. 10,.5. Question: what are 

subcrust tension and i.ni'iltretJon rate nrder steady .. state conditions 1 It 

fol]o;,s from the abcve description that P. 
c 

fli 
~ ._._-

Ks(M) 
5· A line can be 

drafted in Fig. 4.5 <l.escribing 5 Irs (M) ~ H. The point "here this line crosses 

the K-CUX'le gives the ~-equired values for subcrust tension and ini'iltration 

rate. It sh:)uld be 110i.nted out that the ass1.ullptions of steady"state 

gT'lwitationa}. flDi' unc1er 6 very small hyClxaulic head (Ho) may not apply under 

IJ'2.ny co"ditlOT,S occlll'ri.ng in nature. But "'la.ly·sts of the pr'oblem becomes 

compl:icated then, and these simplified cfdculations ~ be quite meaningful 

for applied "07'k. 

Lf. '3. One- dimens tonal unstea~_lmsaturated fIm,. 

Fl ow conditions considered so fer in thi,s chapter were steady-state, 

whi ch in.'p.lies the. t moistux"e contents and tensIons did.. not change w:i.th t5.me 

and. location in the flow system. ~:!.s condition may occur in the field. in 

deeper so i1 horizons or during extended ini'i..ltx sti.on through 5.mpeding layers, 

such as cn;sts. (,,erera.l.ly, though, flo. 'Ve.loeities 1d.ll be constantly changing 

in the UPDO soi 1 hor jzons as period:!.c Hl.inshc."er e add water to the soi.l while 

,Jate:t is ext7actef' by evapotransprrati.on and deep dIai.nage. This means that 

the eenera:!. flo« equati.on cannot generall.y be 801''ed analytically. Fbi.Hip 

(1957) developed a ruathe.maticI'J.1-anelytic1l1 method to d.escri.be hOT jzontal 

and. verti.ca:l. infiltratjon of water into soil. Discussi.ons of this procedure 



are in the literature. When i.nf':l.ltrat:ton takes place under shallow ponding 

co~itions into an initially dry Bail, the soU moisture tension gradients 

in the topsoil are at fixst much greater than the g:mvitational gradient, 
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and the initial vertical ini'lltrati.on rate will be relatively high to decrease 

with t:ilne to alowcr rate as the wetting zone increases in depth, thereby reducing 

the hydraulic gradient. The final inf'iltration rate at steady state equals 

the saturated hydrauJ.ic conductivity (hydraulic gradient = .1 cm/em) of the soU 

"hen no crusts are pz·esent. TIli.s fi.na} i.nfi.ltrat:l.on rate is :l.ndependent 

of the initial moisture content of the soil. But the initial :lnf':ll.tration 

rate is strongly affected by it, because this rate is mainly determined by 

the gradient of the 80i.1 moistm'etension, wh:i.ch ,dll be lower as the original 

moisture content 1s higher. Iower gradients result in lower flow rates, 

thus giving 1m,ez initial infiltration rates when the :l.nitial soil moisture 

content was high. Oi' great practical interest tn areas without irrigation 

is the problem of :i.nf'i1.tra tion fol:1owed by :r'edistribution of limited quanti t:ies 

of water, as may be added to the soil by a s1.ngle shower. Infiltration of, 

fox exasnp1e J a few cent:imete:r's of water usuaLly proceeds rapidly in most soUs., 

unJ.css strong soil crusting ocems. This ,later wil.l then flow downwards i.n 

thc soH, wetting the soil. fh st, follm·,ed by drying as the wett:ing :front 

moves dcrwnwards and no new ''later is a.dded on top. Thysjcally, these conditions 

are very diff'icl11t. to 0.escribe because nOvi T'21;~s and tensions change continuously 

and sbong hysteresis processes (Chapter 3.2) ar'e .1nvolved because "etting 

(moisture adsorption) and drying (moisture desorpti.on) occur within a relatively 

short t:iJr"!e-'span" A complex m . .llrerical computer a r...aJ..ysis can be made to analyse 

the problem .fOI' a:r\.\r paT·Jeicular situation w:i.th ,\-,ell defined boundar~}r conditions. 

Howeyer, an attTactive a.pproximate analysis was published recently by :Feck (1971) 



that will be summarized here. Pesults :("rom a field test of this method 

for the Ap of the Batav:!.a silt loam wil.l represented. 

4.'3.1. Th~_):'eck-approximation for redistribl.'tion of water after infiltration 

After i.nfiltration of a certain quantity of water into a soil, the 

moisture content (9) and the water potential ('t) i.ncresse during redistri

buti.on to maximum values (9*. andf*. respecti.ve.ly) and then decrease. The 

max:ilna occur at greater depths at ever greater times. At the time the maxima 

are at depth z ~ Z;I> the soil is drying in the zone above z* and wetting 
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i.n the region below z*. The plane Z ~ z*. uhich moves do1mwards i.nto the profi.le, 

is referred to as the tl'ansi.ti,on plane. 

Fundamental to the analys:!.s is the development of an expression for 

the function 9* (z). 'nle mean moisture content (Q) in the drainage region 

o < z ~ z* is defined as: 

~ 9 dz 

z* 
(8" ., 9 ) • z 

o .* J (Q - Q ) dz o 

o 

Where: (3 
o inIti.al moisture content which shoul.1I represent a state of semi-

equilibrium. Q* may be identif'ied as that part of the infiltrated water (Q) 

(1) 



wh:!.ch is instantaneously in the drain:lng zone 0 .::: Z ~ z*' The following 

transformations can be made: 

or (9 - 9 \ \ *' 0 I 
= 

Where: 

s~ 
a - and 

Q 
S = 

= 

(9 ., 9 ) 
* 0 

'--~----' 

(9 - 9
0

) 

-.S_ 
Q 

The contribution of hysteresi.s to redistribution is thus incOiported in 

the f'actors a and 13. Empiri.cal data is necessary to obtain these values. 

B=ck analysed several papers on the topic and suggests u= 0.70 13 = 0.78. 

Equation (?) gives the moisture content in the transition plane 9 .. as a 

function of the depth z,*" of this p,lane in the soi:1. The only element left 

to be defined is time, and this can be achi.eved by differentiating equations 

(.1) and (2). Detail.s aI'e to be found jn B=ck's paper. The final equation 

i.s as follows: 

d9* (9 ., 9 ) (9* - 9
0

)2 -l 
~ *" 0 ,-_."--_. D ----- .. 

~l dt aQ ClQ 
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Table 4.1: Results of Feck-calculation of redistribution of water after infiltration 

:!.nto the A of a Batavia silt loam. The infiltrated quantity of 
p 

e* 
(cm3/cm3 ) 

0.49 

0.48 

0.47 

0.46 

0.45 

0.44 

0.43 

0.42 

0.41 

0.40 

0.39 

0.3tl5 

water lQ) was 1 em., the initial moi.sture content (9.) was 
33

0 
0.38 em /cm a = 0.70 (aQ = 0.7). 

INPlJI'_ OUTPUT 

»--9 * 0 
K D Time Z* --------------

( cm3/ em3 ) (cm/day) (cm2jday) (days) \em) 
--------------~.---

0.11 5.5 4b4 0.004 6.4 

0.10 4 332 0.008 7.0 

0.09 3 264 0.013 7.e 

0.08 1.8 234 0.022 8.7 

0.07 1..4 23tl 0.033 10.0 

0.06 1.1 231 0.051 lL7 

0.05 1 260 0.072 14.0 

0.04 0.8 240 0.130 1.7·5 

0.03 0.75 288 0.208 23·3 

0.02 0.68 340 0.400 35·0 

0.01 0.60 579 1002 70.0 

0.005 0.55 550 2.45 140.0 

9 

\cm3/cm3 ) 

.521 

.508 

.495 

.4tl3 

.470 

.457 

.444 

.431 

.418 

.406 

·393 

.3Cl6 
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Fig. 4.6. Pedistribut:!.on of one em of liquid after infHtration into the Ap 
horizon of a Batavia silt loam. The measured values were compared 
with values calculated with the Beck-procedure. 
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given values of a (constant ~ 0.70), Q (~ infi.ltrated quantity of water) 

and eo (initial moi.sture content) and the functions D (e) (di.f:fusivity) 

and K( e) (hydIaul:!c conductivity) f'or 'Wetting from eO' Equation (3) can 

be used to approximate de*/dt, and thus dt/de* for each value of e*, including 

the one at t ~ 0, when all water has just infi.ltrated (e", ~ esat )' The dt/de* 

val ue can then be used to calculate t values, by substituting the proper 

del!- value (in our example de*- ~ 0.01). The value for e (~ 0.78) can 

be used. to calculate e (the average moisture content above the transition 

plane). Finally, z.* values are easily obtai.ned from Equation (2). 

A programmable USDA-ARB *,wlett-Packard calculater was used to write 

a simple program, that printed out values for t, z*, and e. Results for the 

A of' the Batavia silt loam are presented in Table 4.L 
p 

The moisture 

adsorption curve was used to calculate diffusivity (D) values fl'Om K values, 

measured .in situ with the crust test. The slope of the absorption curve 

(dP/de ) was graphically determined and then multiplied with the appropriate 

K value to obtai.n the corresponding D. 

A field experiment was made applyip~ one cm of water to the A horizon. 
p 

Tensiometer's are installed below the surface at 6, 12, 18 and 24 cm. The 

i.niti.al moisture content of the A horizon was 3f!ff, and rather constan t 
p 

throughout because the soil had been covered with plastic. 1I=nsions durj.ng 

redistri.bution were followed w:!.th time and the averege moisture content of 

the Ap horizon was graphically represented in Fig. 4.6. The calculated 

moisture contents (e) were plotted in the same figur'e and IIhow that the 

method gave good agreement here for periods exceeding 2 hours. 
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As discussed, f!'ow of' 'water under natural conditions in the f'ield w:l,ll 

usually be unsteady as periodic rain showers add water to the soil interm:i.ttently, 

w!l:!,le sw:fac( crust:l,ng may inhfblt ini':i.ltxatJon and induce runoff. In the soil, 

'Tater is extracted by plants to cOllsiderable depths :In the gr'owi.ng season 

and by evaporation at the soil surface. In addition, deep downward drainage 

wjll. remOVf, wB,ter n'om 1,;he root zone. '!he3e processes occur concUI'rently, 

though each of them will peak at dii'ferent tir"es. Drying and wetting will 

)CCtu s:imult8neou3,iY il) di:t':i,erent p13.T'tS of the profile a' the same time, whicl, 

i1n:yl1es that llYcb. !:luI.ic gradic!lts end flow re.tes '~Til1. vary widely at any given 

t:l.1nE. Tbe j)1.cture is eve" lJ10re compli,cated because of hysteresis p11enOmel'b. 

SirGrlified spprox:l..rnate methods such as the elne of R?ck (1971) may give inSight 

l.nto sorne 0:1 these processes without go:l)18 into complicated mathematical 

0,' nW'''''?'ical methods. Detai,ls of' theco procedu.:res are in the liter'a tu:re, 

OL't it is ailvantageous to discuss the pl' inci,ples of numerical anal..ysis to 

ilhstrate ita potentia'] and its l:imitations. C.R. Amerman (~£ Hillel, 1971) 

gave a very clear descri.ption of the topie, which wi.,ll be followed in this 

ccntext. Ore example of' a very simple nume! ical analysis, describi.p.c; a steady-

statE SY3t.em l.dth sat'Ltr'ated flaw ¥jth a known solution, "ill be worked out 

to tlIus tyS te the proceduxc, Modelling involves "hree phases: 

L CO'lstruction of a mathematical model of' soil",rarer flow. For this, the 

po.rUal d:!t'ferencia.l equation discussed earlier can be used: 

, oR "K ~ 

(Ji ._ ... _) 

:y< 3X ;")z. 

Since K is" tum:tion of 8, this equation cannot be solved dilectly. 



2. M:>delling of' the rnathernaM.cal equation by means of' a system of' f'inite-

difference equations and 

3. Modelling of' the finite-difference system by means of' a digital computer 

using iteration procedures. 

Example of' f'inite:difference model of' stea<ly,_ saturated flow 

(See C.R. Amerman in Hillel, 1971) 

Assume saturated f'low in a core with lenght L (L = 8). Th:i.s is a very 

simple situation that can be solved analytically. A small layer of' water 

is continu:>.lsly suppli.ed to the surf'ace of' the core, so that the positive 

pressure on the top surface of' the core is effectively zero. A pressure of' 

zer·o is also maintained at depth L where water :f1.ow £'rom the core at atmospheric 

pressure. S:i.nce the pressure on both boundaries is zero, the pressur·e at 

every point in the soil is zero as well and the hydraulic head gradient is 

entirely gravitational (1 em/cm). The hydraulic head at any point between 

z = 0 and z ~ L is si.mp.1y z, whi.ch is the elevation of' that point (cm) with 

respect to some datum. In this example, the bottom.of' the core will be taken 

as 2 ~ O. The f'low equation f'or one-dimensional saturated f'low reduces to: 

= o (1) 
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Now the finite-difference form for this equation has to be 'Written for every 

node, except for those at the top and bottom of the core, where H is known. 

Adjacent nodes are separated by 1. em intervals. 

ASSUIIe three adjacent nodes: i - 1 is the upper, i the middle and 

i + i the lower node. Then: 

oR 

OX 

~us: 

II 

OX 

~ 
(---) ~ 

-ax 

Hi + 1. 
= 

1. 
t.,x 

;:.H 
(---) ~ 

;:.x 

1 (~; -l- ~H 

--- ) 

2 

- Hi oR Hi 
-

OX 
2 

Hi + 1_-2Hi + ~i - 1 

t.,x" 

and by substitution the right side of (2) into (1) we find: 

= o 

and 

- Hi - 1 

t;x 
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Table 4.2: ExalIjp1.e of iteration procedure as part of a numerical analysis 

of steady saturated f1.ow...1see text) 

Z i1. 1. 
2 i3 14 i5 i6 iT 

--------
B 8 8 8 8 8 8 8 8 

T 0 4 5 5.5 5.81 6.03 6.20 6.33 

6 0 2 3 3.62 4.06 4.40 4.66 4.86 

5 0 1 1.T5 2.31. 2.T6 3·1.2 3.40 3.64 

4 0 0.5 1.0 1.46 1.83 2·1.5 2.42 2.65 

3 0 0.25 0.62 0.91 1.18 1.43 1.65 1.85 

2 0 0.125 0 • .33 0·53 0.T2 0.90 1.,05 1..18 

1 0 0.062 0.16 0.26 0.36 0.45 0·52 0.59 

0 0 0 0 0 0 0 0 0 

L = 8 cm. 
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The completed model consists of Equation (3) for all interior nodes of 

the solution mesh and the two boundary conditions: x = 0, H = 0 (bottom core) 

and x = 8, H = 8 (top core). The operation of this model is quite simple. 

We arbitrru:ily assume the value of H to be zero at every node; except for 

x = L where H = 8. N::>w start at the fll"st node beneath the surface and solve 

for Hy using Hi _ .1 = 8. The value of Hi ( = 4) wiD. be the first estimate 

of H at node no. 7. Then, the second node below the surface is considered, 

where the value to use for H. 1 is the one just calculated for that node. 
~ -

This operation can be repeated for each interior node in the solut1.on mesh. 

For results, see Table 4.2. In thi.s simple case the answer to iIle problem is 

known. The figures in Table 4.2 showthat after 7 "runs" (also call.ed 

"iterations") H values are still not corresponding to the real H values 
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in the system but they are approaching these values. Several hundred iterations 

are usually required to obtain reali.stic estimates of the real H-distribution. 

The iteration procedure is stopped as soon as the difference between results 

of successive iteration "runs" is sufficiently small. Stopping calculations 

requi.:res therefore a, by nature, arbitrary decision as to required accuracy. 

A cOllIputer is necessa:r'y to make these calcu.lations. The procedures described 

here are essentially similar for the more compl:i.cated, unsteady, unsaturated 

flow (Amerman, 1971 :i.n Hillel, 1971). Th:!.s simple example illustrates a maJor 

aspect of numerical analysis; namely that the operator has to select some 

initial distr·ibut1.on of the dependent nn:iable (in our' example H), "hile known 

boundary values (here: H = 0 and H = 8) ar'e ~~ntia1 to the calculation 

procedure. The latter requirement makes this method rather spec:i.fic: certain 

flow geometries can be calculated but each new one needs a new progrs'l1. 

Good agreement has been reported for flow processes :i.n 50:1.1 columns using 

numerica.l techniques (see references in Chapter 6). 



5. Relationships between soil structure and .. hydraulic conductivi:!:l. 

Resea:r'ch has been oomucted in the years 1970 throughl972 in the 

Soil Survey Division of' the Wisconsin Geological and Natural History Survey 

in cooperation with the Soils Department, College of Agricultural and Life 

Sciences, on T'elationsnips between soil structure as chSIacterized with 

morphometr'ic techniques and hydraulic conductivity (K). n,ree papers on 

this topic are in press at this time or have been submitted and abbreviated 

versions of' these papers will be presented in this chapter in the context 

of'the general discussion of' hydr'aulic behavior of' soil pedons. The three 

papers are: 

L J .. Bouma and J. L. Anderson (1973). Relationships between soil 

structure cha:r'acteristics and hydr'aulic conductivity ,~~: 

R.R. Bruce. Ed. The Field Soil Moisture Regime. ASA-Sj:iecial 

Publ:1cation, based on the Syposium at the ASA-meetings, New York, 1971.. 

2. J.L. Anderson and J. Bouma (1973). Relationships between saturated 

hydr'aulic conductivity and morphometric data of an argillic horizon. 

In press. Soil Sci. Soc. Arner. !Toc. 

3. J.T,. Denning and J. Bouma. 197.3. A compa:r:1son of' hydraulic 

conductivities calculated with morphometric and physical methods. 

Soil Sci. Soc. Arner. !Toc. (Submitted f'or pUblication). 
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5.1. REIATIONSIITPS BETWEEN SOIL STRUC~ CHARACTE:RISTICS 

AND HYDRAULIC CONDUCTIVITY IN rnDAL SOIL MATERIAIS 

ABSTRACT 

Relationships between soil structure, as chaI'acterized by morphometIic 

methods, and hydraulic conductivity (K) were explored fOI four pedal, soil 

horizons. MJI'phometric analysis was shown to have a specific function in 

studying the occurrence of pore types, such as planar voids and channels, 

that constitute only a small. :flaction of total. pore volume, but strongly 

affect K t' :Results were used to construct simple models of natUTal soil sa 

structures. A p1.ansr'",void model, assuming vertical plane continuity, was 

used to calculate K t of the four natural pedal soil materials. Results sa 

obtained were close to experimental values, measured .in situ by the doubls-

tube method. 

---,-------,--
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B3. 

INTRO])!JC'l'ION 

Questions about the physical behaviour of soll types, and in particular their 

capacity to transmit water, are becoming more specific as soil maps are increas·' 

ing1! used. 

Field methods are available to measure hydraulic conductivity (K), of 

satm'ated and unsaturated soil well above the groundwater table (Jlouwer, 1961, 

1962, Bouwer ~ ~., 1964, 1967; Boersma, 1965; Gar'door, 1970; Bourne. ~ al., 

1971b). Such methods are preferable to those requiring sampling of "undistm'bed" 

cores in the fiel.d and subsequent measurement in the laboratory (Klute, 1.965). 

The field techniques require instrumentation and are laborious. HYdraulic 

field characteri7,ation of major hori.zons is too costly to be applied to all 

soils represented on a soil map. An alternative could be to study horizons of 

benchmark soils and to extrapolate measured values to other soils, that are 

somehow character ized as being comparable. Such pr'ocedur'es would require a 

reasonable understanding of flow patterns of water through pores of soils. 

For this a detailed functional characterization of' pore systems in soils is 

needed. One method is to estimate pore size distributions of' non-swelling soil 

materials from moisture retention data and to use this derived pore-size distribu-

tinn in a pore model to predict K values (Mar shall, 1958). This method has 

also been applied to swelling soil materials by Green and Cor'ey (1971) who 

reported r'essonable agreement bet"",en calculated and measured K values, both 

for saturated and unsaturated soil.. Eecause calculated and measured values 

did not agree dnectly, it was necessary to measure one K value (K t) experisa 

mentally to determine a "matching f'actor". Tnis is the ratio between the meas1r!'ed 

an,j calculated value. All other calculated values, 6.pplying to unsaturated soil, 

had to be !'luI t ipli.ed by this f'actor" 

Howevel, many pores in soil can be ocs:rved directly and then sizes 

rreasured b,l' mer phological techniques. DIfferent type s of pores, with supposedly 

different functions in the soil, can be distinguished (B.rewer, 1964). In 

addition, physi~al theor'y describes r'elatio!1ships between pore size !lCld cond'-lctivit, 

f::n planar and tubular pores (Childs, 1969). 
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.i-{ PLANAR VOID PATTERNS 

CHANNELS 

Fig.5.1 Secondary structures of four pedal soil materia1s.'1he numbers on 
the pictures correspond with those in tables 5.1 and 5.2. 



In this investigation, relationships between soil structure and hydraul.ic 

cDnductivity were studied at the level Df secondary structure. Secondary 

structures were observed in sDil peels, prepar~d £'rom undisturbed horiZDntal 

sections through selected sDil horizons. SecDndary structures were described 

in the field by noting s:i,zes, shapes and arrangements Df peds and abundance 

of' channels (Table 5.1). Pictures Df soil peels of' the studied horizDns are 

presented in Fig. 5.1. Sizes and shapes of' peds were classified according to 

the Soil Suney Staff (1951) and Brewer (1964), Arrangement of peds was 

described by noting (1) accD~dation (a measure of' the degree to which adjacent 

f'aces are molds of' each other), (2) pack:!,ng (whether with some Drderly arrange-

ment or at random) and (3) inclination (orientation with reference to the 

vertical or horizontal) (Brewer, 15/64, p. 345). 

D=scription of' grade of structm~ (Table 5.1) (Soil, Surwy Staff, 1951) 

is diff'icul,t. The (l) "degree of evi,dence in place" and (2) the durability 

of' peds after an undefined procedure of' "distUTbance", result £'rom processes 

of adhesion and cohe sian which ar'e mainly funct:!,ons of' va! iable moisture content. 

Ped dumbUit.y may be expressed in terms of' roil consistence (Soil Survey Staff, 

1951), "D=gree of evidence" of' peds in place may be based on observation 

of' arrangement of' peds, including acconlBdstion and packing. 

D=scr ipt.lve morphological classifications of' secondary str'uctUTes are 

becoming very complex, with increasing numbers of' categories of size, shape 

and arzangement., The more detailed such vocabulary becomes, the mor~ 

t.erms are needed to describe natmral var'iability in a hor'lzon. This devel-, 

opment r.ay be unfavorable fa!' applieil stud~s, insofar as one of the purposes 

of structure desc! iptions is to distinguish basic order in the overwhelming 

f 
I 
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cemplexity .of a pedal seil material. TI1is peints to the need fer quanti

tative measUI'ements .of specific well defined structural features. 

Abundance and sizes .of channels were measured en seil peels by Van der Plas 

et al. (1964) and Bouma and fule (1965). Counts .of ,large channels 

(> 1 nun dia.) on horizontal sectiens through sei1 horizens were made 

in the field by Slager (1966) and Baxter and Hele (1,967). A technique 

is explored in this paper te quantify patterns .of natural planar veids 

in seil peels. 

In this study .of relatienships between veid patterns and hydraulic 

cenductivity the attempt has been made te represent natural structures 

by simplified rrarphelogical medels, that use a few pere types (channels, 

planes and packing voids) fer wh:!.ch phYSical expressiens are available 

to relate per'e size te cenductivity. In such medels much emphasi,s has 

te be given te centinuity .of peres in the soi1., as this determines their 

effectiveness in transmitting water. studies .of peres i,n thin sectiens 

and in seil peels, yield data that applies "hle··dimensienally. Statistical 

precedur'es are necessary te use this data in predicting the behavi.or 

.of a three-dimensional velume .of s.oil. 

5.1.2. Soil mate:!:ials. 

Soil peels (B:mma and Hole, 1965; Jager and vander VO.ort, 1965) were 

prepared fr.om horiz.ontal secti.ons through selected seil horizons having 

well developed pedality. A bleck of soil was carefully carved out in ~it~ 

fr.om the level of the section dowrrwards to fit int.o a rectangular metal 
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Table 5.1. 

Table 5.2. 

?brph:Jl:)gical characteristics :Jf B:Jil h::lriz:Jns, sampled :for studyinG K values :)f 
sec:mdary stl'tlcttu'es (Fig. 3). 

S::Jil Classificati::m 

1".2 1"-.rpic Argiud.)ll 
(fine silt!, m:J.:)red, mesic) 
Tama silt lc:l8ln 
3

3
-(Silt,-; clay bam). 

TyJ:lic Arglud::Jll 
(fire silty} mixed, n:esiC) 
Plan:::> silt loam. 
B
2
-(Silty cla.,y bam) 

Sane as 3 
B

3
-(Silty clay bam) 

T:i"PiC Eutrxbrept 
(very fire, mixed, tresie) 
:jshk::.sh clay 
53 (silty clay) 

:i'ypiC lliipsamment 
(sandy, mixed, mesic) 
Plainfield loamy sand 
3

2
(108llJy f:'rJe sand) 

S~iJ. Survey Manual 

(strong) !lEd.1um prismatic 
parting to (nOOel'ate) 

medium 8Ubangular blocky. 

(weak) medium prismatic 
parting to (moderate) 
fine subar,gular blocky 

(m'Jderate) coarse 
prismatic 

(moderate) medium 
prismatic parting 

to strong medium 
angular blocky 

single grain 

Field Structure 

Bre=r 
Channels (c:Junted in 625 cmGi 

exp:)aed h?riz:Jntal planes) 

Acc:Jnl%ated, faulted, !Tedium 
tetracolum.nar sec. peds, 
c:)lllPoed of accomadated, 
normal, rredium, subrC'Junded 
octablClcky pri.'na.ry peds. 

6 fiM (1-2 rom dirureter) 
1 medium (2-4 rom diameter) 

Acccmodated, faulted, medium 
tetracQlumnar sec. peds, comp:Jssd 
:Jf eccOJDDda.tedJ nc;rmal, fine 
subrounded perrtabl:Jcky primary pedB. 

Accomodated, bi -offset, 
medium pentacolumnar pr:ima.rj 
peds. 

Accomodated, bi-offset, locally 
offset f'aulted, medium tetra
colul'nnar sec. peds, c::'DIposed of 
accomodated, normal, medium 
hexabl:)c!(y primary peds. 

Aped&l; basic fabric with 
intertextic related distribu
tion pattern. 

12 fine 
10 medium 
2 large (larger than 

4 mm diw:reter) 

4 fine 
4 medium 
1 large 

4 fine 
1 rredium 

4 fine 

Physical properties of soil horizons, used for studying K values of 
secondary structures. (Fig. 3). 

Bulk Penicle Orgruric 
density densit! Porosity matter 

No. T:-~ of soil and horizon (lL3b ) (I.\r!cm l (~l ~) E! 

1 + 2 Tama ail t loam ~ 1.35 2.65 49. 0 0.5 5.5 

PIa-i.o silt loam B2 1.41 2.63 46.3 0.4 5.2 

PlanQ silt loam :83 1.45 2.64 45.1 0.7 5.1 

Oshkosh clay E2 1.43 2.62 45.5 0.8 7.7 

6 Pla.infield loamy sand :82 1.45 2.65 45.3 1.1 5.8 



container. This was gently pushed down over the block of soil, which 

was then cut loose fI'Om below and removed with the container. '!he soil 

Burface was smoothed, a peel was prepa:red from it and was mounted on 

masonite. General physical character'istics of the four studied horizons 

are reported in Table 5.2. 

5.1. 3. MEASUREMENT AND CALCUIATION OF K 

Fhy~ical methods. 

Moisture retention curves 'Were determined with standard procedures on 

la:rge Sa:ran coated fIagments or field clods (Brasher et a1., 1968). 

COrE values (Grossman et al., 1968), bu.).k density and porostty were 

calculated from these data, the latter after determini,ng partic1.e density 

(Blake, 1965). HydrauUc conducti,vi ty was measured ,in ~.!!:!:! in the fi,eld 

with the double-tube method (Bouwer 1961, 1962; Bower et a1., 1964, 

1967; Baumgart, 1967) for measuring K
sat 

in soU well above the groundwater. 

Morphological methods. 

Peda1ity and occurrence of transpedal channels were described with 

methods, discussed in Sections 5.1.1 and 5.1.2. Here, a method will 

be explored to quantify patterns of interpedal planar voids, between 

accomodated peds. Flow through pIane slits can be described by physical 

equations that relate pore size to moisture flow at defined hydraul.ic 

gradients. FbI' a plane slit of unit length and width d,: 
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Q/t = (oga3)/12,,)] . grad ¢ (1) (Childs, 1969) 

/ 
-1 ... 1) where: Q t js the amount of liquid, with viscosity ,,(15 cm sec ,conducted 

( 2 -1 -'3) per unit time aEd length cm sec' ) and 0 = density of liquid (15 cm ,g = 

gravitational constant (em sec-2 ) grad ¢ ~ hydraulic gradient (cm/em). 

Assuming that only planar' voids contr'ibuteto pore volume in a soil body, 

whiclJ has n parallel slUs per unit area, each of width d, one finds: 

K t = gpfd
2
/12", in which l' = total porosity occupied by theseepores = sa 

n • d (Childs, 1969). In natural soU 



materials only very small f':racti.ons (1-2%) of total pore volume are occupied 

by plana:! voids. Fine voids in the basic fabric that contribute only negligi.bly 

to flow, account for a high percentage of total porosity 

llierefore this equation for Ksat was not used, and flow pel· un:!.t 

area is described by: 

_ n( / ) _ (ngOd
3 ) 

v - s Q t - 12n.S 

2 
S ; top surface area of JOOasureJOOnt in a soil pee.l (cm ) in which n cm 

of plana:!· voids occur. K (cm/sec) is derived at grad ¢ ; 1 cm/em. 

For tubular pores we find that flow rate and pore size are related as follows 

(Childs, 1969): 

Qjt ; P&8~ 4. • grad ¢ (3) 

whele: Q/t is the amount of liquid, wi th viscosity n, conducted per unit 

time (cm3/sec) and r is tube radius (cm). 

v ; n{Q/t) 

"'ith n tubes per 

4 
; np§:_ • grad ¢ 

2 cm , it follows: 

2 IT these tubes axe the only pores, nTTr ; f, where f ; total porosity. llien: 

o r2f 
. grad ¢ and K ; ~- (Childs, 1969) 

Hhen scr:.tteled large channels occux· in a porous soil mass, use of f may be 

confusing, since channels contribute only a small f':raction (f) to total 

porosity (see 'l\3.ble 5.3). If a soil horizon has n channels of ladius I' per 

2 S cm horizontal soH surface, the fo.llowing relationship applies: 

4 
v ; ~(Q/t) ;~~§:;- . grad ¢. FOl grad ¢ ; 1. cm/cm we find K: (cm/sec) 

4 
K; ~ s·Sn 

where: v"' the measuxed rate of infiltration into soil sUIface ayes S, at 

saturation and at a given hydraulic gradient. 



A PLANAR··VOID STRUCTURE MODEL 

___ = planar voids 

A TUBULAR··VOID STRUCTURE MODEL 

~Chaf1nel 

---- 9 ~ :, I -- ' , / 
~1O'm 

1-------lOcm----

fig. 5.2. Horizontal sections through a tubular and & plan&r void. 
aodel. of soll structure. 

Hydraulic COildilctiYities Md poroeities of ~lBJla:r 
and t:abu1.ar pore models of soil atructure (:Fig il), 

Planar void model 
Width of Porosity 

Size of bloeks planar VOids -ID __ K Cem/day) 

1 =' lOu 0 .. 2 1.5 
50u 10 180 

l00u 2,,0 1440 

4 =' lOu 01 o. , 
5'" 05 90 

1<"" 10 720 
1000.0 10 7l9'n2 

'J'ubulal' pore modd: 
Porosity 
~ K (em/day) 

lOOU 0.8 x 10 .. 4 0 02 
2(l().l Q,3 x 10-3 0.34 
500u 0,2 JI: 10-2 14.6 

100Q..1 0 8 x 10-2 21.1 2 
4000!.! 0,13 54130 .. 5 

90. 
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This app:r'oach can be illustrated by calculating Ksat values, considering 

horizontal sections through abstract models of "soil" (Fig. 5.2).The upper 

2 figu:r'e shows a surface of 100 cm , occupied by square blocks, mutually 

separated by a distance d. The blocks are impermeable and water moves only 

along the planes. The lower figure shows the same surface with one tubUlar' 

pore (channel). Water can only move through this pore. K values for these 

models ~re calculated for different sizes of pores [using equations (2) and 

(4), derived f'rom (1) and (3) thatllere graphically represented in Fi,g. 3.9 in Chapter 3). 

assuming that planes and channels extend vertically downwards (see Table 5.3.) 

"Effective planar widths" (dl ) were calcUleted for the four secondary fab:r'ics, 

following this procedure in :reverse by measu:r ing length of natural planar' 

voids in soil peels and using a measured K t value. sa 

It was assuned that movement of water occu:r's along planes only, that 

planar voids have one "effective width" and extend downwards into the soil for 

a distance of, in this case 12 em (Bouma and Hole, 1971a). 

(5 ) 

where: 1 S ~ top su:r'face area of the soil peel and d = effective planar width. 

L ~ total length of planar voids in soil peel. Other te:rms we:re explained 

earlier. 

H~ver, p,lanar voids will usually not be vertically conti.nuous in a 

soH sample, that is several times larger than the average ped size. The 

following procedure, usi.ng a method to estimate ve:rtical plane continuity, 

was therefore applied to calculate K t of the four secondary structures sa 

with a planar void model. 



The procedme had the f'ollowing steps: 

1. A pictme was made of' soil peels from horizontal and vertical 

sections of' the horizon to be characterized. :<eels were large enough to 

represent at least 25 pri_ry peds. 

2. Tracings wer'e made of'the pictures, showing patterns of' natur'al 

planar voids (Fig. 5.1). Total .lengths of' planar voids were measured from 

pictures of' horizontal :peels with a map measurer and ped sizes were determined 

by est:i1nating f'or every exposed ped the diameter of' a cir'cle with a similar 

surface. Then average ped size was determined. 

3. Di.stribut:1.on of widths of planar voids was deter'mined in air-dry 

horizontal soil peels, with a ribbon·-count procedure (see Van der Plas, 1962, 

Brewer', 1964 p. 50). Line or poi.nt-count procedures were not suitable because 

the surface of planar voids was only a very small fraction of the total peel 

surface. The ribbon-·count procedure implies measurement of numbers and sizes 

of individuals in the soil :peel with a binocular microscope at a magnification 
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of, in this case, 3Ox. The microscope was mounted so that the field of vision, 

including a "",asuring scale, could be moved over the peel sm·face. A small 

observational ribbon 60 microns wide, was thus projected on the peel. 

Every planar void that crossed the ribbon was counted, and the smallest observed 

dimension was recorded. In each peel at least 300 planar voids were counted, 

and grouped in size classes, corresponding to scale units. 

4. A "representative plane length 1." was cal.culated for each size 
~ 

class: 1. = L(p. /Pt) where L = total length of planro' voids in an air-dry 
1 ~ 

peel, Pi = number of planes in a certain 81.ze class i, i = 1,2,3 .• "n, and Pt = 

total number of planes cOu.>"lted. Plane widths "ere measured in air-dry soil peels. 

com val.ues (Grossme.n -"~ ~., 1968) were determbed for pr:i1nary peds to 

estimate volume changes of air-'dry peds upon saturation, and resuTting decreases 

in pla,-,e wi.dth. If average ped size is ]0 mm, a COLF. value of '''Jf, wEl increase 

this to 1.0.3 mm. In a soU material with accomodated peds, the width of aU 
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planar voids will then be ]00 microns less. Plares smaller than 300 microns 

in the air-dry peel will close. 

5. Calculated K values are to be compered with values measured 1!! situ 

with the double·-tube method. Simulation techniques have shown that measure-' 

ment involves a soil sample with a height of about 2R
c

' which is 12 em 

(Bouwer,1961). In pedal. soil materi.als with peds, much smaller than 12 em, 

Ksat wiD. be determined by the smallest voi.ds in the interpedal void system. 

A model is necessary to predict sizes of such "planar necks" in the flow 

system. The hypotheSiS used is that interconnected open plana!' voids govern 

the flow pr·oeess. With an average vertical ped si.ze of v cm, there are 12/v layers 

of peds. Swelling resulted in a reduction of the number of classes from n to 

n-x, where x is the largest pore size class closed by swe.l1ing (aD. classes 

between 1 and x are closed too). Chances of a size class of planes to be 

verticall.y continuous, can be estimated as they are proportional to the li 

values for each open class, consider:i.ng a structure model wi.th 12/v layers of 

peds. For example: open planes, intercon'1ected through the layers of peds 

according to the hypothesis, are of size class (n-x+l) or larger. Chances to 

be of class (n-x+2) or laxger (excluding class n· .. x+l), are l.ower. Suppose li 

values for the classes are 1 l' 1 2' 1 3'" etc., with total. length of 
n-x~ n-x+ n-x~ 

open planes after swelli.ng It' Considering the contact between the fir'st and 

second layers of peds, probability of a plane of class (n-x+2) to be connected 

with a pore simi:lar or lax'ger' in size than itself is proportional to the Ii 

values involved: (It - 1 l)/lt' A similar expression can be derived for n-x+- . 

the first three l.ayers of peds. Finally, probabi.lity that planes of si.ze class 

(n-,x+2) are cOlLnected throughout the 12 cm long sample, by planes either of its 

own size or 1ru:ger is: [(It - In-xH )/l
t

] (l2/v) - 1. A Similar calculation 

is made for the class (n-x+]) etc. Only if such probabi.lities are higher than 

2% are they considered statisticaLly s igni.ficant, and corresponding pore classes 

ar'e includec1. in the calculation of conductivity ( z was arbitrarily 
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chosen as 5;t). Assume that class n"x+s represents the last class to have a 

probability higher than 'If/o of being contirruous into a similarly sized or larger' 

pore-class. Now only a fraction p of open pore-length (where p = 1 4 n-x+l 

1 2 + ••• 1 ) contributes to conductivity. Flow into voids of size n-x+ n-x+s 

class n-x+s+l or 1ar'ger' 'WiD" according to the model, have to pass voids of 

size class n-x+ 1 or larger, while moving through the 1.2 cm high sample. The 

probability that fl,ml occurs through size class n-x-tl, is highest. Therefore, 

li values of all pores lar'ger' than class n"x+s are assigned to class n-x+1. Two 

1i values are therefore given in Tab1e5.4for this class, one dir'ectly cru,culated 

for the class, and the second as a rest factor. The final equation for the 

calculation of K, using equation (5) for each of the size classes, becomes then: 

i=n-x l-S 3 .3 ( ) 
K = 86400r( '\ ~gdi '\ x 11) + ,~:d n-x+l x \ - 1n_x4l + In-x+2_·_ .. _+......;lnO!._-.:.x::..;-Hl.::....] 

L ,,_ L l' 12'1")) s, 12'1") S },o:;n-x+ 

where: K is the hydraulic conductivity (em/day) and d
i 

= is the average width 

(em) of a planar void in a size class i. S = top surface area of the soil. peel. 

The rest of the terms are explained in the text. 



Table 5.4. Calculation of Ksat. for four secondary soil structures (Fig. 5.1) 

Open pores 
K (em/day) Average after swelling 
calc 0 s:: ped size 

Size# 
planar model 0 (cm) N ..... L It class Per 

Soil type £ Hor. Vert. COLE (em) (cm) (f,L) Ii (cm) class Total 

Tama silt 
loam 36 15.6 + 20 4.0 
(No.1, F1&5.l) B:3 1.50 2.0 0.030 127 48.6 96 9 19.9 23.9 

Plano silt 
loam 37 9.8 of- 7.7 2 
(No.3) B2 .91 1.7 0.030 157 26.5 97 9.0 20.7 22.7 

Plano silt 18 3.4 + 8.1 0.1 
loam 78 5.1 6,8 
(No.4) B3 1.90 2.5 0.028 86 18.4 138 1.8 U.8 18.7 

Oshkosh clay 32 5.9 +10.9 1.4 
(No.5) B2 0.76 1.5 0.029 107 23.0 92 6.2 6.2 7.6 

Planar 
poros

Effective ity 
planar 

K widthd' ('f,) 
meas. (f,L) 

22 39 0.2 

20 38 0.2 

12 36 0.1 

6 29 0.1 

K 
Calc. 

channel m::ldel 
(cm/day) 

1500 

25000 

21650 

1390 

#One microscopic scale unit corresponded here t::l 60 micr::lnsj larger magnifications are recommended for future w::lrk. 

\0 
Vl 



5.1.4. RESULTS AND DISCUSSION 

Occurrence of planar 

voids and channels in s01.l materials can result in high K t values, even sa 

though they contribute minimal fractions to soil porosity (Table 5.3 ).M'othods 

to estimate K
sat 

which ere based on relative vol~ of pore size classes, 

either determined micromorphologically with point counts or phYSically by 

moisture retention measurements tend therefore to be very unsensiti.ve because 

of' the experimental error involved. 

An alternative is to count the number Or length of 

specific pore types in a certain soil surface area, as discussed in this paper. 

Calculated values of d' (effective pla.nar width (equation 5), var ied 

within a narrow range of 29 to 39 microns (Table 5.4). Thi.s could point to the 

feasibility of a method wher·e total planar .. void length L is measured ill a. 

certain soil surface area and K is calculated according to equation 5, after 

estimating an"effective plana:r width d'''. The calculated values of K t for sa 

four secondary soil structures according to the p.lane-·slit structure model 

(equation 6) were close to those, measured with the double tube method in 

the i'ield (Table 5.4). This model applies to structures with accomodated, 

relatively large peds, that should have a small range in horizontal size, so as 

to make the corrections for swell.ing applicable. Flow in the model is supposed 

to be occurring only along planar VOids, open after swelling, that constitute 

a system with interconnected planes. Since all basic structures oi' the four 

so:i.l horizons had a porphyroskelic related distribution patter·n ( see 

Chapter 2), it can be assumed that water movement through these very fine 

basic structures is negl4;ible. Relatively l.ax·ge but isolated and vertically 

discontinuous voids Buch as VughS and chambers wil.l not cant! ibute to the 

conductivity of a soil layer about 12 cm thick. However, channels trey be 

vertical.ly continuous for quite a distance. ,'orm or ant channels, for 

example, may extend from the soil surface dowmrards to a depth of 5 feet 



Fig 5.3 Bed interior (upper) and ped surface (lower) in a B2 horizon of a Plano 
silt loam. Picture was made with a scanning electron microscope (Photo 
courtesy of Dr.E.B.Sachs,USDA Fbrest Products Laboratory,Madison, Wis) 



97. 

(Baxter and Hole, 1967). The planar structure model was neve!'theless used as 

an hypothetical model because: 

1. Dluvwtion and. other cutans, and ske1etans on ped faces strongly 

indicate movement of I.i.quid through planar voids. A picture of a ped surface 

and a ped interi.or of theB2 of a Plano silt loam (Fig. 5.3), taken with the 

Scanning Electron Microscope, shows that ped surfaces were partly sealed, in 

cont:r'ast to the open ped interior, although nO ped-i11uviation cutans were observed 

in thin section. Similar examples were given by Iunn and Grossman (1970). 

l-Preover, ped faces in a freshly exposed son are often wet, while interi.ors of 

peds are only slightly moist. 

2. .Fl.ow rates were calculated for the foUl' studied soil horizons, using 

the counted number of channels on exposed ho!'izontal sections, in the field 

(table 4) and equation 4, applied to each size class, followed by summation. 

calculated K values for the four soil. horizons, based on the occUlrence 

of channels only, are in the last column of Table 5.4. Values are unrealistically 

hieh, particularly when channels .lerger than 2 rom are present. This is mainly 

caused by the lack of a sui.table pore-continuity model (like the one used for 

interpedal planar voids) for' channels occurring in natural soil. Very high 

K t values may be measured when large channels are vertically continuous sa 

throughout a relatively sma1.1 soil. core, that is used to determine K t in sa 

the laboratory (Klute, 1965). In a natural. profile, however, chances a:I'e 

that such a large pore, if in contact with tension-free water ,,,ill fill up, and 

drain through surroundi.ng smaller, but more numerous planar or packing voids. 

0bviollSly, more research is needed to establish the hycaaulic functioj.l of 

channels in tlle natural 601.1 f'a,b:r-ic. 

3. The cal.culated values were compared with those determined by the double-

tube method in the field. This meaSUl'ement involves both horizontal and 

vertical flow components. Planar void patterns extend in all directions, whereas 

channels, not",bly the larger ones, tend to be more vertically oriented. Agreement 

between calculated and measured val.ues is pa:rtly a result of the method used. 
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5.2. RELATIONSHIRl BETWEEN SATURATED HYDRAULIC CONDUCTIVITY AND 

MORPHOMETRIC ~TA OF AN ARGILLIC HORIZON 1 

Abstract 

A method of calculating Ksat in pedal soil materials on the basis of 

morphometric data yielded l'eproducible results for seven soil peels sampled 

in the argi.llic horizon of a Batavia silt loam. Calculated values were 

reasonably close to those measured in situ with the double tube method. 

The method was also successfully applied to impregnated horizontal 

sections through soil cores. D,ye studies demonstrated the validity of 

some of the underlying assumptions of the method, which predicts a strong 

relationship between core height and measured hydraulic conductivity in 

pedal soil materia.ls. Experiments confinned this relationship and a 

representative core size was defined for the studied horizon using the 

morphometric data. 

Additional index words: double tube method, dye-tracing, pore 
interaction model. 
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5 .2.1. Introduct ion 

1 Re.lationships between soil morphology and saturated hydraulic con-

2 ductivity (K t) are potentially useful tools for the soil surveyor in improv,. sa 

3 ing his ability of estimating soil permeabilities in the field. Estimates of 

K t may be quite general but still satisfactory when applied to relatively sa 4 

5 large soil areas such as mapping units (Klute, 1972; Nielsen, et a1., 1972). 

6 Since water moves through the pores in the soil, morphometr'ic techniques were 

7 developed to study sizes and patterns of soil voids in soil peels (Bouma and 

8 Hole, 1965; Bouma and Anderson, 1973). 

9 Methods of calculating hydraulic conductivity (K) from moisture r'eten-

10 tion data have been widely used (Marshall, 1958; Green and Corey, 1971 and 

II many others). The essential part in these methods is a pore··interaction 

12 model, that descr ibes the dcminant effect of small pores ("necks") on the 

13 conductivity of a three dimensional porous body having a wide variety of 

14 pore sizes. This concept was found to apply also to planar voids on soil 

15 peels of different horizons. Ksat ' calculated with morphometric data using 

16 a newly developed planar-void pore··interaction model, agreed well with K t sa 

Ii measured .in sit~ with the double-tube method in four soil horizons (Bouma 

18 and Anderson, 1972). This paper examines the reproducibility of the Ksat 

19 calculations from morphometric data obtained from several peels of the 

20 same horizon. 

21 Several techniques have been developed both for field and ,laboratory 

22 use to measure Ksat (Bouwer, 1962, Klute, 1965). Methods to measure K 

23 in ~itu are gener·ally preferable to those using soil cores in the laboratory 

24 because field sampling of cores and associated transport may involve dis-· 

25 turbance of the natural structure that could result in erroneous unrepre·· 

sentative measurements. However, in sit~ methods may be quite elaborate 

and measurements lin soil cores remain an efficient and therefore attractive 

procedure. 



1 In this study measurements of Ksat on cores are ccmpared with Ksat-

2 computations from morphometric data, to investigate the often great 

3 variability among Ksat values derived from different cores in the same 

4 horizon. Part of that variability is due to the heterogeneous structure 

5 of the soil, and although it is genera,liy agreed that core samples 

6 should be sufficiently large to be representative for the soil volume 

7 to be tested, the necessary vO.lumes of such cores for different soil 

8 materials have never been clearly defined. Morphometric soil structure 

9 analySiS, defining the size of the elementary structural units in the 

10 soil, can be used to illustrate differences in structure among soil hori-

II zons (Bouma and Anderson, 197:3)- The pore-interaction model used in 

12 that study predicted a relationship between core height and measured K 

13 which is further exp.lored in this paper. 

14 Studies are reported on the use of a dye to establish patterns of 

15 water movement in natural soiL The patterns, indicated by the dye,are 

16 

17 

18 

19 

20 

21 

22 

23 

24 

25 

used to interpret measurements and calculations of K t and also the rela
sa 

tionship between the two. 

5.2.2. 

Materials and Methods 

The horizon under study is the B21t of a Batavia silt loam 

(Typic Argiudoll) at the Charmany University Experimental Farm in 

Madison, Wisconsin. Horizon boundaries were between 33 and 66 cm 

below the soil surface. Samples were taken downwards from the 40 cm 

level. The horizon description was as follOWS: Dark brown (7.5YR 3/3), 

brown to dark brown when broken and rubbed (7.5YR 4/3); silty clay loam; 

weak coarse prismatic parting into strong medium subangular blocky; 

10:3. 



1 

2 

3 

4 

5 

slightly firm; ped surfaces smooth, root channels abundant inside peds 

but not reaching the ped surface; ped cutans common; gradual and smooth 

upper (with A2) and lower (with B22) boundaries. 

The number' and sizes of channels were detennined in horizontal 

sections of 625 em2 (25 x 25 em) each throughout the profile (Bouma and 

6 Hole, 1965). Results for' the B21t, averaged from three observations, 

7 are as follows: 3 channels larger than 4 mm; 14 channels with sizes 

8 between 2 and 4 mm and 11 channels between 1 and 2 mm. 

9 K twas detennined in situ by the double tube method (Bouwer, 1962). 
sa ---

10 During the faU of 1971, and the spring of 1972, three 30 em high 

11 columns (Bouma, !.'!:. al., 1971) were carved out of the horizon at 40 em depth 

12 and dye experiments perfonned in them to demonstrate patterns of liquid 

13 movement. The top of two of the columns was exposed and c,leaned with a 

14 hole cleaner (Bouwer, 1962) to pennit saturated flow. Rhodamine B dye 

15 was mixed with water in a ratio of 1:10 and was ponded on top of the column 

16 for a period of two days. Afterwards, three soil peels (Bouma and Hole, 

1'i 1965) were sampled fran each col:wnn at 7 cm intervals. A morphometric 

18 

19 

counting technique was then applied to each of these peels to calculate 

K t for the purpose of investigating the reproducibility of the sa 

20 counting technique. Color patterns in these peels were used to discuss 

21 differences between calculated and measured Ksat values. 

22 The remaining column was prepared to demonstrate flow patterns 

23 associated with unsaturated flow induced by a gypsum crust (Bouma and 

24 Denning, 1972). Rhodamine B was again arlded to .'ater infiltrating through 

25 the crust and soil peels were taken of the subcrust soil. The 
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equation to calculate the Ksat is based on the physical relationship between 

the width of a p.lanar void and its capacity to transmit liquid at a given 

gradient and includes a pore interaction model (Bouma and Anderson, 197.3). 

= [i~X+S(Pgdi~) • til 

Ksat i=n~X+l 1211 S J 
where: 11= density of water, g = gravitational constant,"= viscosity of 

water, d
i
. = aveI·age width of a planar void in size class i, ti = repre

Pi 
sentative plane length for size class i: t i = L(-) where L = total length 

Pt 
of planar voids in an air-dry peel and Pi = number of planes in a certain 

size class i, i = 1, 2, 3 •.• nand Pt = total number of planes counted in 

air-dIy peels in the ribbon count procedure. Plane widths are counted in 

air-dIy peels and are corrected for swelling by using COLE data (GrosStnan, 

et 801., 1968). S = top surface area of peel. Size class n-x is the 

largest class to be closed by swel.1ing. Class n-x+s is the largest class 

to have a sufficient probability of being continuous throughout the sample 

through planes of similar or larger size. It is assumed that flow occurs 

through all planes open after swelling. The second term of the equation 

gives the contribution to flow of all planes large I than n'-x+s, which 

are assumed to lead into "necks" of size n,··x+l, the sma.llest open size 

class. 

Soil. cores 10 em high with a diameter of 7.5 em were taken in the 

field in the fall of 1971 and the spling of 1972 to measure K
sat 

in the 

laboratory (Klute, 1965). Rhodamine B dye, mixed in a ratio of' 1:1 with 

water, was run through the cores after the measurement to make visible 
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1 the patterns of liquid movement inside the cores. The cores were then 

2 

3 

4 

5 

6 

7 

8 

oven dried, completely impregnated with plastic (Buol and Fadness, 1951) 

and cut into .3 em thick horizonta.l slices, the faces of which "Were polished. 

A counting technique similar to the one used for the soil-peels was 

employed and K t was calculated from the morphometric data. sa 

To investigate the effect of different core heights on measured K t sa 

values, series of ten cores with a diameter of 7.5 em but with heights of 

5, 7.5, 10 and 17 em were taken, and Ksat was measured in the laboratory 

9 (Klute, 1965). The first three sizes were sampled with metal rings 

10 using a core sampling device. The 17 cm cores were obtained with a 

11 hydraulic probe by cutting the proper .length fr'om the probe borings. 

12 This 17 cm sample was then p.laced inside a cyli.ndrical metal container 

13 of such height as to allow both ends of the core to be free from 

14 obstruction. Then a viscous gypsum mixture (Bouma and Denning, 1972) 

15 was applied inside the container around the outside of the core encasing 

16 the sample. Good contact between the sample and the hardened gypsum 

avoided boundary flow during the K measurement. 

18 

19 

20 

21 

22 

23 

24 

25 
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Figure 1. Representative picture of a soil peel surface sampled from 

a horizontal section through the B2lt horizon in a Batavia 

silt loam. 
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5.2·3. Results and Discussion 

5·2.3.l. 
Reproducibility of K-caJ.culations with morphometric data 

Results of K-caJ.culations using morphometric data were reported 

earlier for four soil horizons from four different pedons, each horizon 

being represented by one soil peel (Bouma and Anderson, 1973). This 

paper describes results of the method as applied to seven soil peels 

sampled in one horizon in a Batavia silt loam pedon. A representative 

picture of a soil peel surface is in Fig. 1. Average ped height, as 

measured in a soil peel taken from a vertical cut through the horizon, 

was 2.0 em. 

The caJ.culated K values for the seven soil peels were very close, 

even though there was some variation among peels in average ped size, 

total length of planar voids in the air-dry peel (L) and the total 

length of planar voids after swelling (~t) (Table 1). These results 

demonstrate the effect of the planar-void pore-interaction model, as 

applied in this caJ.culation, which descdbes the dominant effect on 

permeability of the smaller pores in a heteI'ogeneous pore system (Bouma 

and Anderson, 1972). The unrealistically high K t of 60,000 ! 3,000 sa 

em/day would result if all open planes were used in the K-calculation 

(according to equation 2), including the larger ones exposed in a two-

dimensional soil peel surface, thereby neglecting the "neck" effect 

introduced by underlying smaller planar voids. 

KaU planes '" 

i= 
\' 

G 

i=-x+l 

(2 ) 
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1 The K-values calculated with the pore-interaction model were lower, though 

2 of the same order of magnitude, than the double-tube values measured 

3 in situ (Table 1). This could be due to flow through tubular or e.longated 

4 pores other than planar voids, that may inter'connect planes in the soil, 

5 thereby bypassing planar "necks". The dye studies made in excavated 

6 columns in the field, confirmed flow through some channels to a depth of 

7 14 em below the infiltrating surface, as evidenced by staining of channel 

8 walls. However, many channels were found to be uncolored at the same 

9 depth, indicating that these channels did not contribute to flow, pre sum-

10 ably because they were not connected with voids containing tension-free 

11 water. For the same reason all channels were left uncolored under con·-

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

23 

24 

25 

ditions of unsaturated flow into a column capped with a gypsum crust, 

that created a sub crust tension of 20 mbars. In any case, larger channels, 

though colored, were never completely filled with water and continuous 

through the sample. This follows from calcul.ationa of K t based solely sa 

on the occurrence of channels (according to equation (7) in Bouma and 

Anderson, 1973), using morphological counts made in the field of channels 

exposed on horizontal sections in the pedon, and assuming that all channels 

are filled and conduct water. These calculated K t values were unrea.listic
sa 

ally high (Ksat = 32,000 .:!: 5000 cm/daY). In conclusion, the figures in 

Table .1 show that the morphometric method of calculating K t' including 
sa 

a planar-void pore interaction model, yields reproducible results in this 

horizon that are of the same order of magnitude as values measured in sit]! 

with the double tube method. 
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I • i CHA\NfLS I2SJ COLORW PLANAR voms I ICM 

Figure 2. Pictures of impregnated horizontal sections through soil 

~ 
III 

cores with drawings showing the decrease in length of colored 

planar voids with depth. The sections were 3.5 em (upper), 

6.5 em (middle) and 6.8 cm (lower) below the top of the core 

(see asterisks in Table 2). Note the many uncolored planar 

voids in the sections. 



1 

2 

cal£ulation of K:sat from morphometric soil core data 

K t was calculated from morphometric measurements for thi,rteen faces, 
sa 

3 of three different corell (Table 2). Each face had a surface area of 45.4 

2 4 cm. Fig. 2 Cleft part) shows three faces obtained at increasing dis-

5 tances from the top i.n core B. Sizes of all plana,r voids, as measured 

6 on these faces, were uSed for the X-calculation. The calculated Ksat 

i values were close to those measured experimentally i.n two cores and of the 

8 

9 

10 

11 

12 

13 

14 

15 

16 

18 

19 

20 
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22 

23 

24 

25 

same order of magnitude in the third. Each face yie,lded an estimate of 

K for the complete core after use of the planar .. void pore-interaction 
sat 

model, in the calculations because each face was sufficiently large to 

represent the fine pedal structure in this horizon. The large number of 

about 50 peds were present per face in each core. However, soil struc-

tures with larger peds, such as occur in some B3 or C horizons, would 

require much larger face areas to be Iepresentative. For such horizons, 

counts made on relatively small faces of 45 cm2 would be inadequate for 

calculating Ksat for the horizon as a whole. 

Dye studies were made to trace patterns of water movement during the 

measurement of K t. Use of dyes offers many problems since coloring sa 

substances may be absorbed by the soil during percolati,on, thereby losing 

their f'unction as tracers (Reynolds, ,1966; Corey, 1968). However, in 

th!>se experiments conductivities "ere measured in the relatively smaLl 

cores before and after ap:pli.cation of the dye solution, showing that 

rates wer e only insignificantly lower afterwards and that the so.lution 

leaving the COre had an unchanged very red color. The assumption is made, 

therefore, that only voids with colored ,;s,lls, as observed in the polished 

112. 



1 faces and represented in the drawings of Fig. 2, conducted :liquid. The 

2 total length of color'ed planar voids was measured in each polished face 

3 (i
cOl 

in Table 2). According to the assumption made in the calcuLation 

4 procedure that flow fo,llows a1~ open pores, this length of colored planes 

5 should be similaI' to the calculated.i
t 

values, Which represent the total 

6 length of all, open pores after swelling. Agreement was good for the 

7 lower slices in the cores, considering the much larger total length of 

8 all planes (L). The length of the colored planes in the top slices of 

9 the cores was much higher than the corresponding.i
t 

values. Liquid appar,' 

10 ently moves into planes here that are supposedly closed after swe,Lling. 

11 This phenomenon can be explained by considering that faces of adjacent 

12 sub angular blocky peds will not completely seal off interpedsl p,lanar 

13 voids upon swell:!.ng due to their curved and not strict planar morphology 

14 (see Fig. 1). Even though Bubangular blocky structure is present 

15 

16 

17 

18 

19 

20 

21 

22 

23 

24 

25 

throughout the samples, effects of partial sealing apparently become 

insignificant within a few centimeters depth, Where conditions prevail 

corresponding to those of the model. 

In conc,lusion, these data demonstrate that only a few pores, con

tributing an insignificant small fraction to the tota:l pore volume, 

determine Ksat of the entire core. 

113. 



:r 
L ~." IlflJBLI 

" .~-:-~' w. 
,.. 
. I 

~S'I< 
1& IS 

lfEj{arQ!'COIlE5,CMl 

Figure 3. Measured and calculated hydraulic conductivities and standard 

deviations (s) for series of cores with different heights. 

K values measured with the double-tube method are included as 

a reference. 
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1 Relationships .. between 1imensiol1s of soil cores and measured K-sat 

2 Although it is generally realized that soil cores should be sufficiently 

3 large to represent the soil material to be characterized, minimum lengths of 

4 cores from different soU materials have never been defined. The dominant 

5 effect of smaller pores on the hydraulic conductivity of a soil material 

6 has important implications for this problem. The probability of a small 

7 plane forming a "planar neck" in the flow system increases as a core 

8 becomes 10ngeI' and the probability of a large plane being continuous 

9 decreases. This was expres~ed in the por'e-interaction-model where 

10 probabilities were calcul,ated for certain sizes of planes to be continuous 

11 throughout a samp,le (Bouma, s,nd Anderson, 1973). This can for example be 

12 

13 

14 

15 

16 

Ii' 

18 

J9 

2IJ 

21 

22 

23 

24 

2,'> 

illustrated for the second largest plane··size open after swelling, with 

t i = t n .. x+2' Considering the contact between the first and the second 

layer of peds, the probability (p) of a plane of class (n-x+2) to be 

connected with a plane sin:.ilar or J .. arger than itself is proportional to 

the ~"i values involved: 

(I .. J ) 
P = .. _ t __ '-7-n:.,.-.:;x:..;,+;::l_ 

I 
t 

where ~'t is the total length of open planes after swelling and where 

.t 1 j s the length of the smallest pl.a.ne·,size-class open after swelling. n .. ,x+, 

'l'he probability P of a plane of si.ze class (n-x+2) to be connected 

throughout a sample w'ith height H by planes either of its own size or 

larger can be expressed as: 

(3) . {, ,)F ,lj(H/V)-l 
n··x+l t 
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1 where v = average ped height to be measured on soil peels taken fran 

2 vertica.l sections through t.he horizon, Equation (3) indicates the effect 

3 of sample height because P will strongly decrease with increasing H, all 

4 other factors being cons ~aI'.t. Th:l.s implies that larger pores tend to 

5 become discontinuous throughout higher cores, which would result in a 

6 considerable drop in the hydraul.ic conductivity. Equation (1) was used 

7 to calculate Ksat values for cores of the studied horizon that were 5, 7.5, 

8 .10 and 17 em high, aU with a diameter of 7.5 em. Ca.lculated K values 

9 were 2000, 500, 60 and 4 em/daY respectively (Fig. 3). The experimentally 

10 measured K va.lues showed similar tr'ends, although somewhat less extreme. 

II Soil structure is considered as a constant in these experiments, whether 

12 a core is 5 centimeters or 17 centimeters high. The sub angular blocky peds 

13 increase somewhat in size with depth but thiE increase is sufficiently 

14 small from 40 to 57 cent.illleters depth in the horizon to be neglected. 

15 Standard deviations, indicated in Fig. 3 for each set of measurements, 

16 decreased strongly as sample height increased. The 17 em high samples 

17 were closest to the values measured in situ with the double tube which is ---
18 considered as the reference level, although the real reference would be 

19 a core with the height of the horizon to be tested. The data indicate 

20 that in this horizon, which is representative for pedal horizons in 

21 si,lty soils, Ksat va.lues measured in cores are an inverse function of the 

22 height of the core. Cores from this horizon to be used for K measure-' 
sat 

23 ments should be at least ,17 em high to be representative. 

24 

25 
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1 A comparison of hydraulic conductivities calculated 

2 with morphometric and physical methods 

3 

4 
Abst:ract 

5 

6 Hydraulic conductivity of coarse porous media with packing pores could 

7 be calculated not only ~r:i.th accepted physical, but also with morphometric 

8 techniques if matching factors were used. Morphometric K curves were closest 

9 to physical. CUl'ves derived from moisture adsorption characteristics. The 
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morphometric technique can be applied exclusively to small or fragile homo-

geneous soil materials that cannot be sampled for moisture retention deter-

minations in toe laboratory. The pore interaction model of Marshall over-

estimated K t when measured r-values weI'e used. Moisture retention curves, sa 

calculated with morphometric data, agl.'eed well in coarse porous media with 

physical adsorption curves. 

Additional Index Words: moisture retention, adsorption, desorption. 
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5 • .3.1. :mTRODUCTION 

Calculation methods to derive hydraulic conductivity (K) from moisture 

retention data are increasingly used because of their attractive simplicity, 

as compared with elaborate direct K·-measurements (see review by Klute, 1972). 

Good results have been obtained by the methods of Marshall (1958) and Mill-

ington and Quirk (1961, 1964) if matching factors are used (Green and Corey, 

1971; Jackson, 1972 and Bruce, 1972). These methods use a pore-interaction 

model to express the dominant effect of smaller pores ("necks") on the 

overall permeability of a three-dimensional soil sample with pores of many 

sizes (Marshall, 1958). 

Total porosity is divided into n small classes, each class being repre-

sented by a pore size rn(rl > r
2 

> r3 > ••• r n ). The radius of the 

circular "neck" area r t , considering all pores, is then defined by: 

e 2 2 2 2 
r t ="2" (rl + 3r2 + 5r

3 
+ ••• (2n-l)r

n 
(1) 

n 

where: e = porosity. This "neck" model also applies to unsaturated soil 

where larger pores are filled with air. Then, larger size classes are 

omitted and, for example, the following equation would apply for the "neck" 

if size class r
l 

is filled with air: 

e' 
(2) . 2 

(n-l) 

where: e' = total porosity minus the porosity contributed by size r, and 

(n-l) is the total number of pore classes considered. Conductivities are 
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calculated, using the dimensions of the thus defined "necks." by substitution 

in Poisseuille's equation that relates the flow rate in tubular pores to 

their diameter at a given hydraulic gradient (Marshall. 1958). The resulting 

equation relates K to pore sizes as follows: 

k(e) . 
l. 

p 
e ;n2 x 

m 
l: 

j=l 
(2j + 1 -, 2i)r. 2 

J (3) 

i=1,2 •... m 

(Equation 3 is similar to equation 5 of Marshall (1958) but is given in the 

notation of Green and Corey (1971) and includes a matching factor (K /K ) s sc 

which is the ratio between the measured and the calculated K ). 
sat 

k(e). is the calculated k (intrinsic permeability in cm2) for a spec,
l. 

ified water content e. (Numerically hydraulic conductivity K = 1 cm/day "" v 
-10 2 

k. = 10 cm). e and n were defined previously; p = coefficient varying 
1. 

in different calculation procedures between 0 and 2 (Marshall, 1958; p = 2); 

m = number of pore-size classes (each of which of the same size as an n'-

class) for which r values are available. Pore size distributions can be 

estimated from moisture retention data, if a directly measured pore size 

distribution is not available. Bouma and Anderson (1973) applied equation 

(3) directly to results of point counts made in thin sections of basic fab-

rics of soil materials and reported fair agreement for some samples between 

K curves calculated with morphometric data and those calculated with moisture 

retention characteristics obtained by desorption. Agreement between these 

curves and experimentally determined curves was reasonable for some samples. 

This finding could have a practical application for calculating K values of 

small samples. such as crusts or thin layers in sediments, that are too small 

or fragile for individual sampling and moisture retention determinations to 



122. 

1 be followed by K-calculations. Thin sections can be made of such samples, 

2 however, and point-count procedures can be applied to obtain a pore size 

3 distribution which, in turn, can then be used to calculate the K-curve. 

4 A K t value can usually be measured in situ for curve matching purposes 
sa ---

6 even in small samples. 

6 The purpose of this study was to: (i) further investigate the poten·-

7 tial of the morphometric method by comparing results with those obtained by 

8 accepted physical methods. Moisture retention data in this study were de-

9 rived by desorption and adsorption processes. Morphometric data was also 

10 used to calculate moisture retention curves. (ii) test the validity of 

11 the pore interaction model, which is based on r values, by comparing calcu-

12 lated K t values using morphometric data, and measured K t values. The sa sa 
13 methods were applied to a sand and three homogeneous gypsum-sand mixtures, 

14 the latter used in the crust test procedure for measuring hydraulic con-

15 ductivity in situ between saturation and a moisture tension of approximately 

16 
100 cm water (Bouma ~ al .. , 1971, 1972). 

17 

18 5.3.2. Materials and Methods 

19 Four porous media were investigated in this study. The sand was ob-

20 tained from the coarse-sandy C horizon of the Plainfield loamy sand. Dry 

21 mixing with various quantities of gypsum-powder was followed by wetting 

22 and stirring of the mixture to a viscous paste as described by Bouma and 

23 Denning (1972). Hardening of the paste was allowed for a period of at least 

24 48 hours. Quantities of gypsum in the mixture are expressed as a percentage 

25 of total volume in the dry mixture. Moisture desorption and adsorption 
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characteristics were obtained with standard procedures (Richards, 1965). 

A microscopic point-count technique was applied to obtain estimatea of 

total volumes and sire distxibutions of visible pores in a thin section 

(Chayes, 1956, Anderson and Binnie, 1961). One thousand two hundred points 

were counted per section in 240 fields with each 5 points at a linear JllIlgnifi-· 

cation of Sox. Resulting percentages are to be read as .: 2% (95% probability). 

To obtain optimal counting efficiency, distances between adjacent point6 in 

the counting ocular were made larger than the largest diroonsions of simple 

packing voids as present :!n thin sections of the basic fabrics (Van der Flas., 

and Toby, 1965). ~e sire of a counted poxe, below one of the points in the 

ocular, was determined by measuri.ng the small.estpossible intergranular dis-

tance in the pore through the pOint, because shortest diroonsions in pore systems, 

their "necks", are most significant in determining resistance to watexIDovenent. 

Calculations of K were made with 

the method of Marshall (1958) as applied to both the morphological and 

physical data (Bouma and Anderson, 1973). K values of the samples were 

determined in the laboratory with the crust test using long cylinders of 

the different materials capped with gypsum crusts of increasing resis·· 

tance (Bouma and Denning, 1972). The obtained K versus P curves were trans-

lated into K versus e curves by using adsorption data obtained with 

physical techniques, (Fig. 3). Morphometric point-count data was also used 

to calculate moisture retention curves by relating measured r values, and 

their relative volumes determined by point count, to corresponding h values 

by: h = 20", where h = soil moisture pressure (dyne cm- 2 ) (1 = surface tension 
r 

-1 of water (dyne cm ). 
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Figure 1. Pictures and corresponding drawings of four thin sections 

of porous media used in this study to calculate K from 

morphometric and physical data. Sample 1 is a sand; Sample 

2 is a 12%; Sample 3 is a 20% and Sample 4 a 50% gypsum-sand 

mixture. 



5.3.3. Results and Discussion 

Pictures of thin sections of the four studied porous media are pre

sented in Fig. 1. The results of the morphometric point counts are in 

Fig. 2. Adsorption and desorption curves for the four porous media are 

presented in Fig. 3. Total porosities determined with the point count were 

somewhat lower than those calculated with physical methods using bulk den

sities and particle densities (fig. 3). This difference was most pro

nounced at higher contents of gypsum because only larger pores can be 

observed microscopically in a thin section with a thickness of approx-

imately 20 microns, whereas small packing pores as occurring between small 

gypsum particles are invisible in transmitted light (Bouma and Anderson, 

1973)" Results of K calculations and K measurements are presented in Fig. 

4" The calculated curves for the sand (sample 1) were close together and 

close to the measured curve. The curve calculated with the physical method 

using adsorption data was closer to the morphometric curve than the one 

calculated with desorption data. This was found to be true in all samples 

studied. The desorption process leaves relatively large pores filled with 

water at tensions where these pores would be air-filled if an adsorption 

process were used (Fig. 3). This phenomenon is known as "hysteresis". 

For example, at a tension of 20 rnbar the sand has 35 vol% moisture after a 

desorption process and 27 vol% after adsorption; implying that more rela

tively large pores are filled with water after desorption. The physical 

calculation method is based on exclusion of water-filled pores upon in

creasing tension and different K curves result, therefore, if both types 

of data are used (Fig. 4). 

Agreement between the curves calculated with morphometric and adsorp-· 

tion data was excellent for the 12% gypsum-sand sample (Sample 2) and fair 

for the 20% mixture (Sample 3). Measured K curves were closest to the curves 

12~. 



Figure 2. 

Figure 3. 
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Results of morphometric point-counts made on thin sections 

of four porous media, expressed as the cumulative porosity 

as a function of pore size. The numbers of the curves corres-

pond to those of the porous media in Figure 1. 
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calculated with morphometric data. The 50% gypsum-sand mixture (Sample 4) 

had only a few relatively large pores inside a fine-grained matrix that 

governs the hydraulic behavior of the whole sample (Fig. 1). The morpho-

metric method overemphasizes the function of these larger pores and agree-

ment with the physical curves was poor. Application of the morphometric 

technique should therefore be restricted to porous media with packing pores 

as illustrated in Fig. 1 for Samples 1, 2 and 3 with K t values exceeding . sa 

1 em/day. Many crust materials and thin layers in stratified sediments 

have such properties 

Both physical and morphometric procedures needed very large matching 

factors (Table 1) indicating that calculated K t values were much higher 
sa 

than the measured ones. The pore-,interaction model of Marshall (1958) 

was derived using r values and the unrealistically high K values, obtained 

in this paper with directly measured r values, seem to indicate that this 

pore interaction model is inaccurate as it apparently overemphasizes the 

larger pores. However, the slope of the K versus Bv curve is predicted 

quite accurately for coarse porous soil materials with packing pores, and 

use of a matching factor can thus result in satisfactory calculation results. 

The calculated moisture retention curves are presented in figure 5 .. 

Agreement between the morphometric curves and those physically determined 

by adsorption is only good for samples land 2, while desorption curves are 

significantly different for samples 2 and 3. Differences are due to 

hysteresis phenomena, as discussed in the context of K-calculations. Good 

agreement in samples 1 and 2 shows that the relationship between pore size 

and moisture tension as used, which is based on a capillary model, is real-

istic for sands with only a few or no fine particles. However, the model 

proves to be unrealistic as the content of fines (soil plasma) increases. 



Figure 4. 

Figure 5. 
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Table 1. Matching factors (Ksat-measured/Ksat-calculated) fol' 

calculations of K with morphometric and physical 

techniques applied to four porous media. 

Physical Physical 
Porous medium MorphometI'i c (absorption) (desorption) 

sand 0.33 0.095 0.30 

sand - 12% gypsum 0.004 0.045 0.133 

sand - 20% gypsum 0.0002 0.011 0.027 

sand - 50% gypsum 0.0001 0.0013 0.009 

.--- -----
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5.4. CONCLUSIONS 

1. The purpose of using morphometric techniqles should not be to reproduce 

results that can more easily be obtained by pbysical metbods, but to use 

specific advantages inherent to sucb tecbniques, sucb as distinction and 

measurement of different types of pores. Planar voids and cbannels, thougb 

contributing only small :!"racM,ons to total pore volume, strongly affect 

tbe conductivity of soil materials. Mor:pbometry can be used to construct 

simple but relevant models of soil structure witb planar-voids, cbannels 

or packing VOids, from wh:!cb K may be estimated using basic pbysical equa

tions relating pore size to conductivity, In a pore system witb varying 

sizes, conductivity is governed bytbe smal,lest pores in tbe system. 

~otbeti.cal models are tberefore necessary to predict pore continuity in 

soil materials fr'om pore measurements tbat are necessarily made in two

dimensional sections. A continuity model for interpeda1 planar VOids 

was introduced. 

2. A recent metbod to calculate Ksat in pedal soil materials using morpborootric 

data yielded repI'oducib1e results for' soil peels and soil cores sampled in 

one argillic borizon. Calculated values ,TeTe reasonably close to tbose 

measured experimentally. These results indicate tbat morpholIEtric soil 

structure cbaracteri.stics can be used to predict Ksat of pedal soil materials. 

Qualitative descriptions of soil structure, noting si,zes and sbapes of peds 

and their degree of development have been a part of tbe standard pr'ofile 

description in so1,l survey practices for many years. Interpretations 

of these data and correlations witb pbysical properties of the soil are 

rather difficult to ma1re because of the general nature of tbese data. 

More quantitative and reproduci,ble approaches, as for example the one 

discussed in this paper, yield data tbat may be more use:rul for predicting 

soil physical behaviour. 

3. The p,lanar-void"pore-interaction model of 1'1011 as introduced by tbe calcula

tio!') metbod predicts a pronounced relationship between core beight and 

measured Ksat in pedal. soi1 mater'ials. '.fuis 'Ims conf'i,rmed by experiments. 

These results suggest tbat morpbological son struct1.L-re data sbould play 

an important role in defining representative sizes of soil samples to be 

used i'or pbysical determinations in di.f'.ferent soil mate~ials. 
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4. ~draulic conduct1,vity of homogeneous coarse porollll media with packing pores 

can be cal.culated with both physical and morphometric techniques if' matching 

factors are used. M:Jrphometric K-curves ancl moisture retention curves 

calculated wi1;h morphometr1,c data are closest to physical curves derived 

:from moisture adsorption characteristics. 

5. llie pore-'interaction model of M3.rshall overemphasizes the hydraulic function 

of large pack1.ng pores in sandy soil materials. 

6. The concept of soil structure should apply not only to aggregated, but 

also to unaggregated soil materials because they have characteristic basic 

structures that strongly affect their hydraulic behaviour. 

7. M:Jrphological study of soil materials, with the purpose of relating soil 

structure to hydraul:i,c conductivity, involves observation of basic, matric, 

secondary and tertiary soil structures in sufficient detail to obtain 

an informative, yet readable and reproducible description. Relationships 

between this type of deta and hydraulic conductivity characteristics, as 

explored in this paper, can be used to improve field est:!mates of K. 

13.3 • 
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6. USE OF PHYSICAL METHODS TO EXPAND SOIL SURVEY 

INTERPRETATIONS OF SOIL DRAINAGE CONDITIONS 

5 As use of soil maps for planning purposes increases, questions become 

6 more specific concerning the physical behavior of the different units of 

7 soil depicted on the maps. One of the more important physical properties 

8 of a soil is its capacity to retain and transmit water, which is reflected 

9 by the water content at a given time. Soil drainage classes, as defined 

10 in the Soil Survey Manual (1951), are used in the Soil Survey program to 

II classify natural soil pedons on the basis of dynamic hydrological proper-

12 ties. Reliance in this procedure is placed mainly on empirical judgements 

13 and observed soi1··morphologica1 features. This method has proven its 
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value as a broad qualitative indicator. 

The new taxonomic soil classification system (Soil Survey Staff, 1970) 

defines soi.1 moisture regimes on the basis of frequent in .situ measurements 

of the changes in soil moisture content in the course of a year. 

Predictions of soil behavior are difficult to make solely on the 

basis of these two kinds of data name.ly, those derived from morphological 

observations and those from in situ moisture measurements made, by necessity, 

over a limited period of time. This i.s particul.arly true when environmental 

134. 



1 conditions deviate periodica1l¥ from the average or when they change 

Z permanently. Soil physical techniques describing flow of water in soil 

3 materials under specified conditions are increasing.q available in recent 

4 years. The purpose of this exploratory paper, therefore, is: .1. To 

5 review some of the concepts underlying the distinction of different soil 

6 drainage regimes in soil survey practices; 2. To explore the feasibility 

7 of using soil physical characteristics and methods to quantify these con·· 

8 cepts; and 3. To demonstrate the potential of some recently developed 
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relatively simple approximate physical methods for predicting hydrological 

behavior of soils under simplified conditions. 

6.1. 
The soil survey concept of soil drainage 

Soil drainage (Soil Survey Manual, 195.1) is defined as a function of 

the natural hydrologic regime through time. It refers to the rapidity and 

extent of the removal of water from the soil in relation to additions. 

This r'elation determines when the soil is dry or completely saturated and 

poorly aerated. The f'requency and duration of periods of saturation form 

the basic criteria foI' distinguishing seven drainage classes, ranging from 

very poorly drained to excessively drained. In the course of mapping, a 

soil surveyor is usually able to make only a few direct observations of 

i.ndividual pedons in a landscape, but the drainage classification that he 

assigns to the polypedons purports to describe their hydr'odynwnics through-

out four seasons. Ther'efore, he needs as many indicators as possible from 

which to make inferences. The indicator s 1 isted in the Manual, include: 

climatic data, soil color patterns, nature of organic surface layers, soil 

slope, and texture and structure of the horizons that will affect the penn .. 

eatility of the soil. However, relationships between such indicators and 

135. 



1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

Jl 

12 

13 

14 

15 

16 

17 

"'-
18 

19 

20 

21 

22 

23 

24 

25 

the very comp.lex hydrodynamics of the soi.l tend to be speculative, and so 

are the resul.ting estimates of runoff, soil permeability and internal soi.l 

drainage. For example, although morphological soil structure data can be 

used to calculate hydraulic characteristics of some soil horizons, the 

description of soil structure as defined in the Soil Survey Manual does not 

provide an adequate basis for such calculations (Bouma and Anderson, 1973). 

Soil color patterns, such as iron oxide mottling, may indicate periodic 

water saturation but redox processes may have different effects in different 

soils as will be illustrated later in this paper for the Almena silt :loam 

and the Hibbing silt loam. Estimates of drainage conditions based on 

descriptions of structure and mottling are therefore bound to be somewhat 

specul.ative. More basically, pedogenic soil features and the entire pedons 

and polypedons themselves are seen as records of past environments, viz., 

as products of specific combinations of soil forming factors and processes 

functioning over many years (Marbut, .1935). In turn, the natur'e of some 

of these processes can be inferr'ed from observing such features in the soi.l 

and if these processes are not expected to change with time, future soil 

behavior can be predicted. But soil survey results are intended for making 

predictions of future behavior of the soil which will be very difficult 

to make if the former combination of processes of soil formation change as 

it Will, for example when a "well drained" soil is used as a porous medium 

for liquid waste disposal (Bouma, 1971c). 

Changing soil·-use patterns tend to be the rule rather than the 

exception in our urbanizing society_ So in addition to using a classifi

cation of soil drainage, which is mainly based on evidences of processes 
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that occurred in the past, or on in situ measurements made over a limited 

period of time, the investigator needs procedures that will provide data 

adequate for predicting soil behavior more precisely as a function of a 

wide range of man-induced as well as of natural environmental conditions. 

CUIrent activity in the study of moisture regimes in soil above the 

gr'ound water, as discussed here, relates to recent attention to fluctuations 

in the water table itself. For ma,ny years, observations of soil mottling 

and gleying have been used to estimate fluctuating ground-water levels. 

This was found to yield somewhat inconsistent results (Schelling, 1960; 

van He( sen, 1970; Simonson and Boersma, 1.972). More emphasiS was therefore 

placed on direct measurement of ground·-water levels in wells, and the use 

of the data in defining ground-water regimes (van Heesen, 1970) _ More 

recently, model.s have been developed using phySical and statistical 

techniques for predicting ground,-water fluctuations as a function of 

environmental conditions (Boer'sma, ~~.!!l:.., 1972). This paper explores a 

simnar' approach to the moisture regimes of soil above the ground water. 

The son survey concept of soil drainage in terms of permeability (which is 

more or less characteristic for a soil) and internal drainage (which is 

governed by environmental factors) is similar, in principle, to the soil 

physica.l concept in which characteristic constants (hydraulic conductivity 

and moisture retention) are used in mathematical or numerical procedures 

to calcul.ate moisture conditions at any time as a function of selected 

boundary conditions. Discussions of the relevant soil physical concepts 

are available in the literature (see Childs, 1969; Hillel, 1971). A brief 

review, relating these concepts to those used in the soil survey progr'am, 

follOWS. 
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6.2. 

1 Soil penneability 

2 Soil penneability (Soil Survey Manual, 1951, p. 167) is defined as 

3 "that quality of the soil that enables it to transmit water or air". 

4 Darcy's law states that the amount of flow in a saturated soil is proportion-

5 ate to the gradient of the soil water potential in that soil. The propor-

6 tionality factor K is generally designated as the hydraulic conductivity 

7 (.tIt) which is a characteristic value for a soil material. Perco.lation 

8 and infiltration rates are more variable and not characteristic, because 

9 they lJJB.y result from varying potential gradients (Bouma, et !::!., 1972). 

10 More importantly, liquid above the ground-water table commonly occurs in soil 

Jl whose pore volume is only partially fil.led with water. In this case, water 

12 movement still occurs, though at a much slower rate. farcy's law also 

13 applies to unsaturated flow (Richards, 193.1). 

14 

15 Soil moisture tension increases as the moisture content decreases. Since 

16 larger pores drain first with increasing tenSion, the hydraulic conductivity 

17 drops sharply. This is because the flow of liquid through a (tubular) pore 

18 is proportionate to its r·adius to the fourth power. In summary, a soi.1 

19 material is not characterized by one specifi.c "penneability", but by an 

20 infinite number of hydraulic conductivi.ties (a K-curve) corresponding with 

21 as many moisture contents ranging downwards fran saturation. Hydraulic 

22 conductivity curves are specific for a soil material, since they are largely 

23 

24 

25 

a function of the pore size distribution. PhYSical models of flow use only 

K-values to characterize flow processes. Ther·efore, application of these 

mode.1s to soils requires K-measurements. Measurements are preferably made 
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1 1!! situ, to avoid the deviant X'esults that come fran distuxbances of the soil 

2 through sampling, transportation and storage. Methods are available to measure 

3 in situ Ksat (Bouwer, 19(2) and Kunsat (Rose, 1965; Watson, 1966; Bouma, et al., 

4 1971,1972). Laboratory methods are also available (Klute, 1965, 1972). 

5 6.3. 
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Internal soil draina~~ 

Internal soil. dIainage (Soil SuX'Vey Manual, 1951) was defined as "that 

quality of a soil that permits the downward flow of excess water through 

it", which is reflected in the frequency and duration of periods of satux'a-

tion. This differs fran soil permeability in the inclusion of the climatic 

factor: A soil of "medium" internal dIainage may be similar in penneability 

to one of "slow" internal drainage occurring in a more moist climate. 

Different classes of interna,l drainage, ranging from none to very rapid, ar'e 

essentially based on the estimated length of the period in the yea.r during 

which the soil is saturated. This also includes the occurrence of ground 

water. A soil. With a constantly high ground-water table may have no 

internal drainage. Many factoX's, besides permeability of soil horizons, 

determine the amount of water present in the soil at any given time. 

These include the level of the ground water, precipitation patterns, 

interception by vegetation, crusts on the soil surface and associated run,· 

off, occurrence and depths of soi.l horizons and their initial moisture con-

tent, and extraction of liquid from the soil by evapotranspiX'ation. 

Quantitative physica.l techniques have been developed in the last decade 

describing flow in simplified soil systems (usually aggregates packed in 

a soil column) under simplified physical conditions. These techniques 

can be mathematical (for example: Raats and Gardner, 1972) or' numerical. 
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I For example, numerical techniques, using high-speed digital computers, were 

2 applied to calculate: 1. Moisture profiles in stratified porous media 

3 under' transient-flow conditions (Hanks and Bowers, 1962; Whisler and Klute, 

4 1967); 2. Infiltration and redistribution of water in homogeneous soil 

5 materials (Stap,le, 1966, 1969; Rubin, 1967); 3. Intermittent infiltration 

6 and redistr ibution in homogeneous soil materia,ls (Ibrahim and Brutsaert, 

7 1968). Generally good agreement was reported between calculated and measured 

8 values. Numerical techniques use saturated and unsaturated hydraul.ic con-

9 ductivity values for every layer in the flow system and moisture retention 

10 data, that show soil moisture content as a function of soil moisture tension. 

II Infiltration and redistribution of liquid in soil is influenced by hysteresis, 

12 which is the phenomenon that the moisture content in a soil sample at a 

13 given tension is partly determined by whether water was absorbed by initially 

14 drier soil or water was desorbed from an initially wetter sample. Moisture 

15 retention data, therefore, has to be defined in terms of a desorption and 
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an absorption curve for use in numer'ical analyses. At this time numeI'ical 

analyses have not been reported for real complex field situations, wlEre 

only a fraction of the water from intermittent irregular rains enters a 

heterogeneous soil profile, in which water is redistr'ibuting and from 

which it is being extracted by plants. FutuI'e flow models will most probably 

become more sophisticated and more r'ealistic" At this time it appears 

advisable to collect basic data, as discussed, for majoI' soil types in 

anticipation of such future developments. PI'actical disadvantages of 

numerical procedures for calculating simplified moisture flow patterns are 

their complexity and need for highspeed computors and computor programming 



1 expertise. Some approximate physical methods have been developed also to 

2 calculate some hydrodynamic pr'operties of soil (Bybordi, 1968; Davidson, 

3 et a1., 1969; Gardner, et a1., 1970; Peck, 1971; Raats, 1973). These 

4 methods, that assume the availability of K values and moisture retention 

5 data, are simple and quick, and therefore very attractive for use in 

6 approximate analysis of hydrodynamics of soils under simplified conditions. 

7 This paper reports results of the application of two of these techniques 

8 to four Wisconsin soils with ground,-water tables standing more than 6 m 

9 below the soil surface: 1. A "somewhat poorly drained" Almena silt ,loam; 

10 2. A "well to modera.tely well drained" Hibbing silt loam; 3. A "well 

11 drained" Batavia silt loam; and 4. A "somewhat excessively drained" 

12 Plainfield loamy sand. Drainage-class classifications are according to 

13 Hole (1973). 
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Soils and methods 

The Almena silt loam (Aeric Glossaqualf) had the following soil 

horizons: (a) Al: 0-20 em. Dark brown (lOYR 3/3) si,lt loam, platy struc'

ture, gradual and smooth bounda,ry (b) A2: 20-33 cm. Grayish yellow 

brown (lOYR 5/2) silt loam, platy structUIe, few iron mottles, elear and 

smooth boundary; (c) B21g: 33-68 em. Brown (7.5YR 4/6) inside peds, 

d'ul,l brown (7 .. 5YR 5/3) on waUs of cracks tonguing into B, iron mott,les 

inside peds, silt loam, medium prismatic structure,diffuse and smooth 

boundary, Cd) B22g: 68-110 em. Br'ight brown (7.5YR 5/6) inside peds with 

common fine bright brown (7.8YR 5/8) iron mottles; dull orange (7.5YR 

7/3) on walls of cracks, silt loam, medium and coarse pr'ismatic structUIe, 

clear and wavy boundary, (e) IIB3: 110-126 em. Brown (7.5YR 4/6) inside 

141. 
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peds with common br:ight brown (7.5YR 5/8) iron mottles; .l:ight brownish gray 

1 (7.5YR 7/2) on walls of cracks, loam; coa.:rse prisnat1.c in upper part of hori-

2 zona massive in lower part, gradUAl. and wavy boundary, (f) rIC: .126-180 em. 

3 Dull. brown (7.5YR 5/4) coarse sandy loam with many .large boulders, massive 

4 structure. 

5 The Hibbing sUt .loam (Typi.c Eu.troboral.f) had the foll.owing soil. horizons: 

6 (a) Ap: 0-25 em. Reddi.sh brown (2.5YR 5/4) sUt loam; fine and medium sub-

7 angular bl.ocky structure; skeletans on ped faces, clear and smooth boundary, 

8 (b) B2t: 25-50 em. Red (2.5YR 4/6) cla;y; very coarse prismatic parting to 

9 

10 

11 

12 

medium anguJ.a.r blocky structure; Cac0
3

-g.laebules; gradual. and smooth boundary, 

(c) B:3: 50-120 em. Red (2.5YR 4/6) cl.ay; prisms as 132. Pockets of weak-

red (lOR 5/4) clay, very rich in CaCo.3' gradUAl. and smooth boundary, (d) C: 

120-180 em. Red (2.5YR 4/6) clay; prisms as in 132. The Batavia aUt .loam 

13 (Typic Argiudoll) had the fo.llow1ng hori.zons: (a) Ap: ()...30 CDl. Very dark 
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brawn (lOYR 2/2) sUt loam; uedium subangular blocky structure; abrupt and 

SlnOoth boundary, (b) B2t: 30-78 cm. Iark browll (7.5YR .3/3) aUty cl.ay 

.loam; uedium prismatic parting to uedium subangular blocky structure, 

(c) B3: 78-.100 em. Il9.rk brown (7.5YR 3/4) insi.de peds with :few bright 

brown (7. 5YR 5/8) iron mottles, sUty cl.ay loam, coarse prismatic parting 

to medium prismatic and med1.uro subangular blocky structure; gradual. and 

broken bounda:ry, (d) .TIC: 1.00-1.80 em. Iark yellowish brown (IOYR 4/4) 

sandy loam with pebbles and boulders; single grain (intertextic S-matrix). 

The Plainfield loamy sand (Typic Ulipsamment) had the following horizons: 

(a) Ap: 0-25 em. Very dark grayish brown (lOYR 3/2) 1ollll\Y sand; :fine 

subsngular blocky structure; abrupt and smooth boundary, (b):32: 25-50 em. 

Strong brawn (7. 5YR 4/6) sand; single grain; gradual. and smooth bounda:ry, 

(c) B3: 50-70 em. Strong brown (7. 5YR 5/8) sand; Single V'ain; gradual 

and smoothbounda:ry, (d) C: 70 cm+. Brownish yellow (.lOYR 6/6) coarse 

sand, single grain. 
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Measurements of hydraulic conductivity of the major hOI'izons in these 

fouI pedons were made in situ with the double tube method (Bouwer, 1962) 

and the crust,-test (Bouma, et 801., 1971l:>, 1972) . Undisturbed samples were 

taken for measurement of moisture retention characteristics in the labora-

tory. Detailed descriptions of these methods are given by Bouma, et 801. 

(1972). 

The approximate method of Bybordi (1968) was applied to the three soils 

for calculating moisture profiles during steady-state infiltration. This 

simple method uses K'''values graphically derived fran a measured hydraulic 

conductivity curve. The basic equation, given here for a two layer system, 

is as follows: 

Z = n 

where IS. and ~ are the moisture dependent hydxaul,ic conductivities of the 

two layers, h = moisture tension (em) and Z = height (em) above ref'erence 

plane. The integral ,limit hl is rot known initially. Sta:r't ing at h , o 

j,ntegration is contirrued through the bottom layer until. Zn assumes the 

va},ue of Zl' which is the thickness of this layer. The cOrI'esponding 

h is found to be hl. Th:l,s tension is continuous across the boundary and 

is therefore the lower lim:l,t of the second term of the integration, which 

is cont:i.nued using the ~ values, that a;pplyto the second layer, until 

Zn assumes the va},ue Z2 at a pressure of h2• 

In his paper, Bybordi described flow to a water table. Tn this 

application only the lower horizon boundaries are considered. Ground water may 



1 occur in the soil but is not essential to the analysis. The tensions in 

2 each horizon at a certain flow rate can be derived from the K-curve, since 

3 the flow rate is equal. to the hydraulic conductivity under steady-state 

4 conditions with onl¥ gravity-f10w occurring. Such tensions are sometimes 

5 not reached, however, due to interferences of under1ying horizons that 

6 have different K-curves. This calculation method is used to ca1culate 

7 the tension profi1es resulting from these interferences. Moisture con-

8 tents in the profi.les were derived from the caJ.culated tension profiles 

9 by using moi.sture retention data. 

10 A second approximate method (Peck, 197.1) was used for calculating 

Il redistribution after inf'iltration into an initially uniform profile. This 
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method was app.lied to major soil horizons of the four soils discussed: 

The B2lg of the Almena silt loam (silt loam), the B2t of the Hibbing silt 

loam (clay), the B2t of the Batavia silt loam (silty clay loam) and the 

C of the Plainfield loamy sand (coarse sand). At each depth in a horizon 

the moisture content P and water potential Y increase during redistribution 

to maximum values (q* and Y*, respectively) and then decrease. As time 

advances, the maxima OCCUI' at greater depths. At the time when the maxima 

ar'e at a depth z = z* the soi1 is drying in the zone above z* a.nd wetting 

in the region below z*. The plane z = z*, which moves downwards into the 

profile, is referred to as the transition plane. The basic equation is as 

follows: 
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Figure 1. Hydraul.ic conductivity and moist1l1'e retention data for soil· 
horizons in an Almena silt losm. 
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Figure 2. HYdraul.ic conductivity and moisture retention data for soil 
horizons in a Hibbing siU loam. 
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2 

where Q = amount of infiltrated water. 

in the soil. D = dii'fusivity = K~. 

I'l = o!'iginal moisture content o 

The latter term is the slope of the 

3 llOistu!'e retention curve. K = hydraulic conductivity and Q and 8 are 

4 constants (a. = 0.70 and 8 = 0.78, Peck, 1971). Two expressions for 

5 Q and 8 are used to calculate values for S, the average moisture content 

6 in the transmission zone of thickness Z*, as a function of time: 
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QO = (9 - e ) • Z * 0 

6.5. 
Resulte and discussion 

Results of hydraulic conductivity and moisture retention measurements 

for major horizons of the three soils are in Figs. 1, 2, :3 and 4. Results 

of the Bybordi calculations are in Figs. 5, 6, 7 and 8. 

The hydraulic conductivity and moisture retention data are a function 

of the pore- size dish ibutions in the different studied hor'izons. For 

example, the C horizon of the Plainfield loamy sand with a coarse-sand 

texture, has many relatively large and few fine pores. The Ksat va.lue is 

therefore relatively high at 450 cm/daY (Fig. 4). The compact B2 horizon 

of the Almena silt loam, with a silt loam texture, has many fine and few 

large pores. Ksat is relatively low at 2 cm/daY (Fig. 1). The water in 

unsaturated soil has a negative pressure which is expr'essed as the soil 

moisture tension (cm). The moisture content in the soil decreases and 
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1 progressi vely larger pores will empty as moisture tensions increase. This 

2 is ref'lected in the slopes of the conductivity curves which are plotted as 

3 a function of the moisture tension. For eXBJIlple, the curve for' the Plain-

4 field-C has a steeper slope than the curve for the Almena-B2, while the 

5 slope of the curves for the Plainf'ie1d-B2 (loamy sand, Fig. 4) and the 

6 Batavia-lIC (sandy loam, Fig .. 3) are intermediate. These differences ar'e 

7 also ref,lected in the moisture retention curves. The Plainfield-C looses 

8 23 vol 'fo moisture between saturation and 40 cm pressure (Fig. 4) and the 

9 Almena-B2 only 2 vol 'fo (Fig. 1). Of particular interest are curves for 
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the Batavia-B2 (silt loam, Fig. 3) and the Hibbing-B2 (clay, Fig. 2). 

These horizons have well developed structural elements (peds) with re.lati ve1y 

large interpedal cracks (planar voids) and worm,·and root channels. These 

large pores are filled at saturation, resulting in relatively high Ksat 

values (140 cm/daY and 70 cm/day, respectively). Conductivities in these 

hor izons dr'op sharp,ly between saturation and .low tensions 

of approximately 20 mbars, because these large por'es ax'e emptied in this 

tension range leaving only the relatively small po!'es inside the peds 

available for flow.. Finally, the data show, for example, that the Plainfield-C 

is much more permeable than the Almena-B2 at saturation, but that the 

opposite is true at a low tension of 40 cm, which corresponds with steady 

flow rates of respectively 1 mm/day and 2 .. 5 mm/day. 

Fig. 5 Shows ca.1culated moisture tensions in the Almena silt loam at 

three low flow rates. The corresponding phase distributions show that the 

mottled B2 horizon is close to saturation (ail content 4 vol %) even at a 

very low flow rate of' 1 mm/day. Moisture tensions in the A horizons would 
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1 have been 46 cm at 1 em/day, 90 em at 5 mm/dAy and 220 em at 1 mm/dAY 

2 (see K curve in Fig. 1) if this horizon would have extended much deeper. 

3 The lower calculated tensions in the topsoil il.lustrate therefore the 

4 ponding effect of the underlying B2. The glacial till has a conductivity 

5 curve which is virtually identical to that of the overlying B2. Different 

6 moisture retention data r'esulted in somewhat higher air contents in the 

7 till at the flow rates considered. Fig. 6 shows calculated moisture 

8 tensions in the Hibbing silt loam at two very low flow rates. The Ksat 

9 of the B3 horizon was only 2 mm/dAy and higher flow rates into the overlying 

10 horizon would lead to ponding of water in the overlying horizons.. The 

11 phase distribution in Fig. 6 shows that only 7'/0 of the pore volume in the 

12 topsoil is occupied by air at a flow rate of 2 mm/dAy, indicating a 

13 virtually saturated soil condition. Moisture tensions in the Ap horizon 

14 would have been 110 em at 1 mm/dAY and 60 cm at 2 mm/dAY if this horizon 

1.5 would have extended much deeper (see K-curve in Fig. 2). The data for 
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this soil are quite comparable to those for the Almena silt loam, as both 

illustrate the ponding effect of a very slowly permeable B horizon below 

a relatively permeable A. 

The Almena silt loam has a higher capacity than the Hibbing silt loam 

to transmit water and moistur'e contents at comparable flow rates are lower. 

But differences are relatively small and both soil,s offer many practical 

problems because of their slow permeability. This contradicts the current 

placement of these two soils in diff erer:r drainage classes (Hole, 1973). 

The Hibbing silt loam has no mottles and has been c1assi.f ied as well to 

moderately well drained; the highly mottled Almena silt loam has been 
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Figure 7. Moisture tensions and corresponding phase distributions in 
soil horizons of a Batavia silt loam at fi.ve steady flow rates: 
(1) = 0.5 mIn/day; (2) = 1 mIn/day; (3) = 1. em/day; (4) = 
5 em/day; (5) = 50 em/day. 

Figure 8. Moisture tensions and corresponding phase distributions in 
soil horizons of a P1ainf'ie1d loamy sand at six steady flow 
rates' (1) = 1 mIn/day; (2) = 1 em/day; (3) = 5 em/day; 
(4) = 50 em/day; (5) = 100 em/day; (6) = 200 em/day. 
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classified as sonewhat poor~ draired. Lack of visible mott~ing in the 

Hibbing sUt l.eam is probably due to the red coler in this seil that was 

fomed :1.n red clay sediments. The physical data fOI' both soils illustrate 

that morphological cr:l:teria fer so:l,l drainage, such as occur~ence of 

mottling, have to be used with care because unrestricted application may 

lead to misleading cenclusiens. 

Fig. 7 shows the calcuJ.ated tensiens in herizens .of the Batavia si . .lt 

1eam at five flow rates varying between 0.5 mm/day and 50 em/day. The 

effect .of the sandy leam t:Lll beI,ow the silty cever is ebvieus. Both 

152. 

seil naterials have a cenductivity .of 1 mm/day at 100 mbaI'. However, 

moisture retent:ion characteristics .of the two materials are quite d1f'f'erent, 

which results in a much higher ve~umetri.c moisture centent in the B2 as 

cempared with the lIC (Fig. 7). The water centent in the silty clay .loam 

B herizen in the boundary zone wi th the sandy leam IIC increases .only at 

the very high flow rate .of 50 em/daY and at the very low rate .of 0.5 m.>n/day. 

This zene is drier at the internediate I'ates than it weuld have been if 

the silt had extended to greater depth. The cenductivity curves fer these 

seils (Fig. 3) can be used te illustrate that a seil herizen has net just 

.one but an infinite number .of perneabHit:!.es. At tensiens between zere 

(saturation) and 8 cm,the silt cap is llKlre peImeable than the underlying 

tlJl. This i.s most p~'ebably due te the occurrence .of large roet- and worm 

channe.ls and cracks. Betlreen tensiens 01' 8 and 100 em, the tU,l is 

more permeable than the silt. The :Jilt i.s again more permeable at tensiens 

higher than 100 em. The differences re Slll c f/'em the different pore 

size dist:ributions .of both materials and 
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are reflected in the curves of Fig. 7. Field soil scientists are often 

puz zled by the occur rence of mottling in the .lower parts of the B hori

zon in such a soil, because permeabilities should be sufficiently high 

to avoid periodic saturation with water'. The phase distributions in 

Fig. 7 show that moisture contents in the B horizon ar'e relatively high, 

even at low flow rates. The horizon is composed of large peds and 

water movement occurs mainly along interpedal voids (Bouma and Anderson, 

.1973). Reducing conditions may therefore occur inside peds, resulting 

in mottling, while water moves freely through the horizon. This particular 

type of mottling is currently being investigated. 

Fig. 8 shows the calculated tensions in the Plainfield loamy sand at 

six flow rates, ranging from 1 mIn/day to 200 cm/day. The Ap and B2 are 

more permeable than the C horizon at flow r'ates lower than 37 cm/day, 

corresponding with a tension of 22 cm. At higher flow rates the opposite 

is true (Fig. 4). At flow rates lower than 37 cm/daY water tends there

fore to accumulate in the .lower part of the B, near the boundary with the 

C horizon, whereas tensions increase in this zone (with a corresponding 

decrease in moisture content) at higher than 37 cm/day. The effects are 

comparable to those discussed for the Batavia silt .loam. The differences 

in physica.l behavior between the B2, (with 1% clay, 10% silt and a medium·

size sand fraction) and the C (coarse sand, no clay and l"/c silt) is 

rather pronounced due to the different pore size distribution. Tn a.ll 

cases, the shape of the K-curve determines tensions and derived moi sture 

contents as a function of rate of flow., 

Horizon boundaries in these exanplcs are pictured as straight :lines 

whereas they are more gradual in reality .. Therefore, changes in tensions 
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and moisture contents are actually less abrupt than shown. In these 

examples boundaries of genetic soil horizons are considered to be of 

physical significance as weU, separating layers with distinctly dif'-

4 ferent physical characteristics. Though this assumption appears to be 

5 reasonable, there is as yet hardly any data in the literature correlat-

6 ing dimensions of morphologic and "hydraulic" soil horizons. It has been 

7 shown that genetically identical soil horizons may phySically behave 

8 quite different,ly (Bouma, 1969; Bouma and Hole, 1971a). Relationships 

9 between soil structure characteristics and hydraulic characteristics 

10 (Bouma and Ander'son, 1973) may prove to be useful in defining "hydraulic" 
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soil horizons. Even more impcrtant is the question whether or not the 

investigated soil is representative of the cartographic unit or the 

classification unit to be characterized. The soil surveyor uses pedologi

cal criteria in establishing his mapping units, which are presumably 

relatively homogeneous, and in determining the soil classification of 

"representative" pedons. The assumption that such pedological individuals 

would also have a characteristic physical behavior is rather hypothetical 

at this time. Nielsen, et a1. (1972) studied the variability of soil 

physical characteristics in an 150-acr'e field. More work of this type 

is very much needed. 

Stead;y-state flow in a soil profile, as calculated in this paper 

for four pedons, will not be common in the upper soil horizons due to the 

intermittent character of rains. However, such processes may be quite 

rea.listic for deeper horizons (Baats and Gardner, 1972) and for extended 

infiltration into crusted soil (Bouma, 1971c). 
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Figure 9. The average moisture content in the transmission zone a.s a 
function of time, calculated for three infiltrated quantities 
of water: (a) = 2 rom; (b) = 5 rom; (c\ = 10 rom. The three 
soil horizons considered were: B2 01 'iibbing (cl.ay); B2 of 
Batavia (silty clay loam) and C of Plainfield (sand). Curves 
for the B2 of the Almena had a similar slope as those fer the 
B2 of the Hibbing. 
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1 The average moisture content in the transmission zone if, as ca1-

2 culated with the Peck approximation for three infiltrated quantities of' 

3 water is plotted in Fig. 9 as a function of time to show that these data can 

4 be used to define the drainage rate. The horizons are considered here 

5 as separate entities because the Peck calculation cannot be applied to 

6 a series of different layers. After waiting 144 minutes (1/10 day) 

7 following the infiltration of 5 rom of water (curves b) the clay has 4n 
8 moisture and 5"f, air; the silty clay loam has 35% moisture and 12i air 

9 and the sand has .12% moisture and 22i air. After waiting one day the 

10 moisture contents would be 4:tJ" 3.Y/o and IfY/" respectively. Original 

II 

12 

moisture contents of the three horizons (8
0

) were chosen to be correspond

ing with a very low X-value of approximate:J.y 0.2 rom/day, which describes 

13 a near static condition, that might be called the "field capacity". The 

14 derived 8 values were 41% for the clay, 31% for the silty clay loam and o 

15 &fo for the sand. The shape of curves ca.lculated for the B2 of the Almena 
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silt loam were essentially identical to those of the B2 of the Hibbing 

silt loam ("clay" in Fig. 9) and were not separately plotted in Fig. 9. 

Calculations can be made varying Q and e as needed to make estimates 
o 

for particular soil horizons. 

6.6. 
The role of physical methods in soil survey_inte~etations 

This application of physical methods is intended to expand soil 

survey interpretations. Its funct.ion is not to replace any of the 

current classifications of soil draj nage or soil moisture regimes, but, 

rather, to supplement them" The broadly defined drainage classes or 

moisture regimes are sufficiently detailed for many general interpretations 
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1 of soil maps and quantitative physical data may then not be needed. The 

2 physical data are essential for some engineering purposes, such as, for 

3 example, selection and design of systems for on-site liquid waste disposal 

4 (Bouma, et al., 1972). The preparation of specific engineering designs 

5 is beyond the scope of soil map interpretations, but a basic physical 

6 characterization of soil-·map units in terms of K values and moisture 

7 retention data, including an ana~sis of variability, should be available 

8 for major soils to satisfy increasing professional demand of engineers and 

9 research soil scientists. They will use this basic data in their specific 

10 flow-models or calcul.ation schemes. A third category of users of soil 

11 information need more specific data than provided by broad qualitative 

12 descriptions but these users do not have the opportunity or training to 

13 process basic phySical data in computer programs or calculation schemes 

14 describing their specific problems. In this case, the best solution would 

15 seem to be to app~ relative~ simple approximate physical methods, as 

16 discussed, as part of soil survey interpretations. 

Ii 

18 
Conclusions 

19 
Future interpretations of soil maps will increasing~ require that 

20 
quantitative assessments be made of the hydrodynamic behavior of soils 

21 
under different uses. Traditional classifications of soil drainage common~ 

22 
used in soil survey interpretations are very useful as broad indicators 

23 
of current conditions, although exclusivp use of morphological criteria 

24 
may result jn erroneous conclusions.. In order to expand soil survey 

25 interpretations, procedures are needed for predicting moisture conditIons 

in a soil at any time as a function of varying environmental conditions. 



1 Elaborate calculation methods predicting hydrodynsmic behavior of soil 

2 materials with numerical or mathematical procedures are at present 

3 a vailab.1e to analyze simplified f.10w conditions and flow geometries. Use 

4 of these methods for soils in the fiel.d will. becoma more att:ractive as they 

5 become more closely correlated with actual, variable conditions in the 

6 field. Approximate calculation methods are very attractive at present 

7 in that they are simple and rapid, once K values and moisture retention 

8 data are available, in providing a better understanding of, admittedly 

9 simplified, flow conditions in soils. K values and moistuxe retention 

10 data are needed for both elaborate and approximate methods. In any case, 

11 physica.l1y poorly defined measurements of "percolation rates" or "field 

12 capacity" will not suffice. Application of physical techniques in the 

13 

J4 

15 

JG 

soil survey program assumes that cartographic units depicted on soil maps 

and associated representative pedons not only act as relatively homogeneous 

pedological indi vidua.ls but also as individuals with a characteristic 

physical behavior'. This assumption is hypothetical and I'esearch is needed 

J7 to test it. 
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7. APmNDlCES 

The following subchapters will discuss procedures and methods which 

were used in the previous chapter's to study soil morphology and processes 

of water movement through Boil. 

7.1. The preparation of soil peels. 

7.2. Soil moisture retention characteristics. 

7.3. l!2 situ measurement of saturated hydraulic conductivity: 

ilie Bouwer doubl.e tube method. 

7.4. Field measurement of unsaturated hydraulic conductivity by 

infiltrati.on through artificial gypsum crusts. 

7.5. Field measurement of unsaturated hydraulic conductivity with 

the instantaneous profile method. 

7.6. Calculation of hydraulic conductivities from moisture retention data. 
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gradient of' 1 cm/em equal to K) in a hypotheti.cal one-dimensional flow system 
below the gravel bed. I;;at (p = 0) would represent the inf'iltration rate 
into an uncrusted soil surf'ace, and K decreases in characteristic patterns 
with increasing soil crusting, and :i.ncreasing soil moisture tension. A lower 
limit of' allowable inf'iltration rate, based on practical and economical. 
cliteria was tentatively defined as approximately 2 em/day (see loweI' hori
zontal lines in the curves of Fig. 6.8) based on a seepage bed area of 1000 



Fig 7.1 
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Appendix 7.1. 

The preparation of_soil pee!~ 

Several publicati.ons have descr ibed this procedure in detail (Bouma 

and Hole, 1965; Soil Sci Soc. Amer. Prec. 29:483-485; Jager et aI., 1966 (Section 5.1.5). 

TIle pictures in Fig. 7.1 illustrate the procedur'e as applied to pedal soil 

mater·ials. A horizontal plane is prepared at the desired depth in the profile 

(Picture 1) if' a horizontal soil peel is to be taken. Verti.cal peels are 

obtained from flattened vertical :profile walls. A metal box, which size of 

bottom ar'ea will determine the sur:face area of the future soil peel, i.s filled 

with undisturbed soil. This is achieved by carving out a volume of soil 

corresponding to that of the box (Picture 2) and by gently pushing the box 

on top of it (Pictur·e 3). Box and excess soil are cut loose with a spade 

(Pictur'e '3) and next excess soil in the box i.s removed with a knife (Picture 4). 

TIle flattened exposed soi.l in the box is the futur'e bottom area of the soil 

peel that is to be attached to a supporting board. It is important to make 

this sur':face smooth so as to :facilitate contact between soil and boar'd. 

TIle soil in the box is slowly air-dried for about a week. Fast dryi,ng is 

not recommended because unnatur'a.l cracking patterns may result. Once air-dried 

(Picture 5: showing several filled boxes of najor horizons in a IBtavi.a 

silt loam), liquid plastiC is applied to the soil surface, which has been covered 

wi.th a piece of cheesecloth to increase soil cohesion and to fa.cilitate 

attachment to the supporting board later (Picture 6). The plastic solution 

consists of po.lyvinyl-acetate, dissolved in acetone (1:8 solution). TIle box 

is slightly ti.lted duri.ng pouring to create downward f'low of plastic over the 

soil surface (Picture 6). The box is 1mmedis.te.1y tur'ned around on top of a 

piece of wood or masonite as soon as the exposed soil surface is covered with 

plastic (Picture T). 2:his is to avoid deep percolation of plastic into the 

block of soil through lax'ger crevices. A thin layer of liquid plastic should 

also be applied to th€ board to ai.d the cementing process. The exposed soil. 

sur:face on the boar'd (Picture 7) does not show natural ped sur'faces. The top 

part of' the block of soil has therefore to "" r~n'''ved, leaviIlf'; only those peds 

on the peel that are attached to the boar'd b pIp ,tic or by interpeJ.a1 binding 

forces. Excess soil can be re!llovcd "Y gently knocking on the back of the board. 

Slow wetting of' the block of soil with a sl.ightly moist sponge nay 1'>e helpful 

to :faci] itate removal of excess soj 1. TIle roil surface to be exposed on the futur'e 

soil peel should show natlll'al cleavage :faces Ocr'll r ine in the soil. It is itITperative 

therefore that this surface shOUld not 1'>e touched with kniVes, needles or fingers. 

If' this procedure is carefully executed, Jia LUial ped sur'faces can be shown in soil 

peels, pictures of "lhich wer'e shown in Fie. 2.2 in Chapter 2. 



Fig. 7.2. Slow saturation of undisturbed 
field samples, sampled with 
the double cylinder hammer 
driven core sampler. 'nle open 
ends of the cores (c) are covered 
with cheesecloth and are taped 
into place with water-
resistant tape. Saturation 
of the samples occurs in the 
plastic container (see text). 

Fig. 7.3. MOisture retention determinations 
in the range from saturation to 
100 cm tension. Glass cups (c), 
with a porous dish (p) inside, 
contain a soil sample inside 
a ring which is placed on a thin 
layer of sand. Flexible plastic 
tubing, which is filled with 
water up to the porous dish, is 
attached to a dish that can be 
moved up and down a scale (s), 
thus creating points of outfl ow 
(0) at different distances from 
the cup. 'nle cores and the 
cups are covered with aluminum 
foil to avoid evaporation. 



Appendix 7.2. 

SoillllO:isture retentiancharacteristics. (References in Section 5.1. 5) 

M:listuxe retention characteristics (desorption) can be determined :f'rom 

samples obtained in the field w:i.th the double cylinder hammer driven core 

sampler (Blake, 1965, p. 376) in small cylindrical rings ( 5 em high wi.th a 

diameter of 7.5 cm, see Fig. 7.2). ~e soil in the ring is slowly saturated 

by first absorb:lrlg water in the field-moist sample at a tension of approximately 

20 em for at least one day. ~is is achieved by placing the cor·es on moist 

sponges in a plastic container which has about 1 cm of water at the bottom 

(Fig. 7.2). ~en, the soil is completely saturated by raisiIlg the water level 

to the upper br·im of the core. M:>isture contents at 20, 40, 60, 80 and 100 cm 

tension are determined by placing the cores inside porous cups (p) (Fig. 7.3) 

in which a thin layer of fine sand was placed to insure good contact between 

the soil in the ring and the porous disk in the cup. Different tensions can 

be created at the level of the disk by lowering or raising the point of outflow 

(0) of the water-filled flexible tube below the Cl1p. ~e tension is equal 

to the vertical distance (em) between the bottom of the porous plate and the 

point of outflow (0). A vertical seale is mounted next to the tube to measure 

the tension. Use of a 5 cm high sample requires that distances are measured 

from the middle of the sample (2.5 cm abo~ the nOlOUS plate) do,mwards 

rather than from the porous plate itself. Equj Uhriurn is reached at each 

measurerrent when water stops flOWing from the tUClC at poLot (0). The cores are 

weighed at each point of measux'ements. An altexTaUve procedure would. be to 

meaSUl"'e the amount of" out.flOiv at point (0) llc"t\·ree, successive applied tensio;';s 

Aluminum foil should be wrapped around the co' C and the cup to avoid evaporation 

(Fig. T.3). l>bisture contents cOr7'esponding with tensions exceedil1£ 100 em are 
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measured by applying air-pressures te ceres that are placed en a por'eus plate 

inside a metal centainer, 1'ellawing standard techniques (Richards, 1965). 

After determining the whele range .of moistm'e centents, cerTesponding with 

tensiens ranging 1'rem zere (saturatien) te 15 bar (wetting peint) the ceres 

are <hied at 105.0 C. It is essential that seil is never lest ±'rem the cylinder 

dm'ing successive measurements, as this weuld result in erreneeus calculatien 

results. Tb aveid this preblem, the cylinder can be wrapped with cheesecleth 

which is to be taped with water-resistant tape (Fig. 7.2). M:>isture centents 

can alse be determined by precesses .of adserption (see Chapter 3). ~en, 

the .original moistm'e centent .of the cere sheul.d be low (fer example, cerrespending 

"With 300 em tensien). ~e cere is placed en the cup te which a tensien .of 

100 em is applied. Water is abscrbed then until equilibrium is reached, 

as evidenced by the censtant level .of the "Water in the plastic tube at peint 

O. Successive measurements can be made at 100, 80, 60, 40 and 20 em tensien. 

Calculatiens .of moi.stur.:l cenrents at different tensiens and seil peresity can 

be made for each sample. Thj.s calculatien is relatively simple when samples 

in cylinders (with a censtant velume) are used. '1'.0 illustra.te the calculatien 

precedm'e, an example will be presented based en the Saran-cled methed, where 

the velume .of the sa"1P1e is net censta.nt. 

The nethed te determine seil phys:l.C!al chmacteristics :frem large 
cleds .obtained f'rom pedal sweD.ing scE. mater ials and usinG sman resin 
as a ceating material, "Was intreduced by J3:rnsl'Je:r et 2l., 1966. (''lods 
should have a volume .of at least 100 em), uut preI"erahly male than that. 
They should represent the so:il strucutlE horn th(; S8.1:1plerl horizorl. In 
13"neral about 20 elerrentary units of stn'c etTe should be reprEsented in 
ar .... v c]()(l san'ple. A medium s:i,zed bloc}(~;, str'uctnx'0, 1·d-Lh ped -I-ohmx: of 
1 cm3 should be represented by a clod vol",,, "f at least 20 en3., This 
£ldde does 1!Ot 1-70rk in COUl'se pri,smatic. s~r l_C'~1.U'es, since individual 
peds may have vol.umes .of 150 cm3 or more. It sheuld be clearly stated 
when values me determi.ncd for such single peds. The method cOilsists 
ot' the .follm,ing steps: 



1. A weighed a:iJ:-dry clod i.6 coated with sa:mn; and slowly saturated 
"With water through olle flattened side of the clod where the coating has been 
temporarily removed. 

2. After satu:ratioll, the open side of the cl.od is coated aeain 
with saran and weight and volrure of the clod are determined. 

3. The coating on the flattened side is removed again, and the cl.od 
is placed in a pressure apparatus to determine water contents and soil 
vO.lwre at different pressures. After equilibrium has been reached at a 
given pressu:r'e, the c.lod is coated again at the flattened side, and 
weight and volume are determired. It is essential. not to loose any soil. 
i'rom the clod duri.ne; this procedure, since this would lead to erroneous 
results. After determining moisture contents and volunr=s of clods for 
a range of pressures (usually 0.03b, O.lb, 0.3b, Ib, and l5b), the clod 
i.s dr'ied at 105' C. TIlen all val.ues are available to ca.lculate bulk 
densities, porosities at different suctions, and tre moisture retention 
curve. Non-swelling soil materaal.s, such as sands, can be sampled directly 
in cylinders of known volwres. 

Example of clod method calculation: Clod flom C-horizon of Nexico silt 
loam, calculati.ons for 1 bar suct:!on only. 

Ba1&£...£!'Ota: A:iJ: dry weight of clod: 55.3" 0· Coated wit)] saran: 5(."(1 p. 
Height of coats: 2.60 gr. = 1.73 cc (Spec. dens. saran = 1.50). At 1 om 
equilibrium: 57.10 gr. Volume of clod (+ plastic): 30.50 cc (difference 
between weight of beaker with wate!' and total wei.ght when clod is sllspended 
in the beaker). After drying clod + plastic at l050C for one da,)': weir;ht = 
47.40 gr. Volwre = 27.9 cc. 

Calculat.:!:£~l: 

Determine bulk density (bulk density = ':ljC'.m3 of natux'al soil). Since 
B. D. of soil is J'eguired, the plastic has ':'0 be excluded. Voll.ll11G of soil 
at .1 1J = 30.50 .• L 73 = 28.77 cc. The Heigllt of 57.l.0 gx. is composed 
of water, plastic and soil. After dryinp at l05QC, weight = 47.40 gr. 
(= soil + pl.astic). From a separate f'xpcr:iment it Has learned that the 
saran plastic looses 25% of its ~leight whell heated fOl 24 hI'S. at 1.05°C. 
Soil weight only, therefore, is 47.40 .. (0.75 x 2.60) = 45.1r5 D. This 
is an important value, from which my lillDt densi.ties et diffelent moistlJ.:t'C 
contents are de!i.ved. B.D. at 1. bar i.s: 

D2termine percentage of moi.sture (in '/0 of cc:y "hC'ight anrl vol1:.ffiC'; at :1 bar. 
Stovedxy soil wei.ght was 1!5 .. h5 gr. We nei'i! t~, 1;_;10}1 naw l:he WE;j_G~t of tJ·G 
moisture onl.y at 1 bar. Soil + plastic" "ater ~ 57.10 Gr. Soil·, "ater = 

57.10 - 2.60 = 54.50 gr. Noisture % of CIT' weight = 

(~4.545~4~5.45-)XlOO~~_ 1').9%. 

Noistme % by volume = % of dry weight x B.D. 0 19.9 x 1. ';iJ ~ Jl.4;±. 



Calculati0!l.1: 

Determire porosity (= vol. % of soil occupied by the non-solid soil phase). 
Calc. 2 showed that 31.4% of the soil volume is occupied by water at 1 bar 
suction. What about the remaining 68.6%? For thi.s we need to know one 
addl.tional soil characteristic: the particle density (= gr/cm3 of the 
solid soil phase only). Thi.s can be determined by a separ·ate pxocedure, 
using pyknometers (see appendix at the end of this section and Blake, 1965). 
Pr;;,suming we have a particle density of 2.60, the 45.45 gr of soil repre
sents 17.45 cc. Total volume of clod was 28.77. Pores fox·m 28.77 .. 17.45 
n .29 cc which is (11.29/28.77) x 100% = 39.2% of soil volume (this r.eans 
that 7.8% of the pore s in the so il are fiUe d wIth ai.T). In formula: 

( . Bulk denSi!,;i) r.d 
Porosi.ty = 1.0 - "'---ti 1 d ·-t- X 10vl". 

IOU" c .. e enSl y 

Calculatio!!;J:.: 

Determine coefficient of linear extensibility (COlE) as: 

where Vm = volume of moist whole soil 
soil fabx ic (Grossman, et al., 1968). 
o.oB1. _.-

fabric and Vd = volume of dry whole 
Here: COlE = (2B. 77/26.60) - 1 = 

Moisture retention characteristics :for non-swelling soil materials, 
such as sands, wex'e determ:i.ned from samples obtained in the field with 
the double cylinder hammer driven core sampler (Blake, 1965, p. 376) :in 
small cylinfuica1 x ings (5 cm high, with a diameter of 7.5 cm). These 
rings were placed i.n the pressure apparatus, and later calculations, 
which are basically the same as the ones for sar·an coated clods, were 
relatively simple since the bulk denSity 1laS constant at different 
moisture contents and since there waS no plastic coating involved. Bull; 
densities of these materials were determined separately (after using the 
same sampling device) from larger cores with a diameter and heieht of 
7.5 cm. 

Appendix: 

Summary of pyknometer tes~ to determine particle density of soi.l 
(see l~thods of Soil AnaJysis). 

I:yknometer (dry, empty) = WI gr. I:yknometex ~ about 5 ex. stove 
soil = W2 gr. Pyknometer filled with rie-ailed "ater = II3 gr. PyknometGi 
with water + soil = ,/4. 

Particle density 
? gIl ern...) 

The princinJe nn which the method is l'3cc1 ". the sane as tloat fox tJ'E' 
clod tests: a body suspended :tn water ,;11.1 1,e subjected to an l'pwud 
foxce that is equal to the weight of the vohlJ1e of the displaced 1jqdl'. 

1 (0. 



Fig. 7 .4. ~asurement of the hydraulic conductivity 
with the Bouwer lX>uble tube apparatus. 



Appendix 7.3 (References in Section 5.1.~) 

3.2 • .3. In situ measure.rent of satmated hyilI'aulic conductivity: 
The Bouwer double tube metrod 

This method is a standard procedme for measuring hydraulic conductiv·, 
ity of saturated SOil, well above the ground water table (Boersma, 1965, 
in: Methods of Soil Analysis, Part 1, p. 234) • With the double tube 
method, two concentric tubes are inserted into an auger hole and covered 
by a lid with a standpipe for each tube (Fig. 7.5). Water levels 
are maintained at the top of the standpi.pes to create a zone of positive 
water pressures in the soil below the bottom of the hole. The hydraulic 
conductivity (K) of this zone is evaluated from the reduction i.n the rate 
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of flow from the inner tube lllto the soil when the water pressme inside the 
inner tube is allowed to become less than that in the outer tube. This 
is done by stopping the water supply to the inner tube (closing valve a) 
and measuring the rate of fall of the water' level in the standpipe on the 
inner tube while keeping the standpipe on the outer tube full to the top. 
This rate of fal,l is less than that obtained in a subsequent measurerellt 
i.n which the water level in the outer tube standpipe is allowed to fall 
at the sare rate (oy manipulatlng valve 0) as that i.n the inner tube 
standpipe. The difference between the two rates of fall is the basis of 
the calculation of K. 

Procedure: 

The different stages of the method "ill now be explained in more 
detail with reference to the numbers on the included pictures (Fig. 7.4). 
A large auger, with a di.ameter of 10 inches (1) is used to make a cylinilIicol 
hole (2) to the desll'ed ctepth. A bottom sCH'per C'3) is used to obtain 
a flat surface at the bottom. Loose soil is removed from tlle hole. ~i'ore 

using the hole cleaner (4) t.'1e outer tube (8) is forced down in the hole. 
It is often necessary to wi.den the hole 1.oca11y to make this possible. 
This is done with a scraper, not pictured here. When the outer tube is 
found to fit well it is temporari.ly removed again. The hole cleaner (4) 
is gently fo:rced into the soil at the bottom of the hole. If the soil is 
dry, premoistening of it may be necessary. 'llie thin foetal fins of the 
hole clearer should penebate about 2 cm into tlle soil. Next, the hole 
cleaner i.e puJ.led out of tlle hole with an upward cor}'-scre',' movement that 
prevents smearing tlJe s.oil sm'face, as i].ould happen i.f the cleaner were 
tm'ned with.out being pulled up at the same tirre. The detached mass of 
s.oil is IIp--'ended fox .observation .of the natural br.oken surface .of soil 
held between the fins. A c.orresponding nat-ma] br.oken s.oU surface is 
left at the bet tom of the hole. 

The outer tube (8) is forced d01'" as evenly as possible about 5 cm 
int.o the s.oil at tre bet tom of the h.o1e (1:' \. This may require careful 
1;lnws of a sledge hammer cn a w00ded C1'08G 'f: il~ce. Control o:f the distance 
is l1y measmement flom a fixed horizontd ","coence Tod (15). HO.th a 
vacuum c1.eanel (5), powered by a pOI'tal I.e (]pctr ic generator (6), 10.ose 
s.oi1 fl'agments are removed fr.om the bot';on of the hole. This bott.om 
sux-face is then covered with a tllin ( 1. cm) J ayer .of c.oarse sand (7) .on 
top of which a baffle i.s laid (.12), "Hh attached strings l.ooped over the top 



Abbreviated explanation of numbers: 

1 = soil auger, 2 = test hole, 3 = bottom scraper, 4 = hole cleaner, 5 = vacuum cleaner, 
6 = generator, 7 = bucket with sand, 8 = outer tube, 9 = inner tube, 10 = top plate, 
II = wrench to attach top plate to inner tube, 12 = energy breaker, 13 = outer tube in 
test hole, 14 = water-hose, 15 = reference rod, 16 = assembled inner tube - top plate, 
17 = OTS-full measurement, 18 = equal level measurement. 



of the tube. ~e outer tube is slowly filled with water (14). The energy 
breaker and sand layer pJ:'otect the natural soil surface from erosion by 
the turbulent water. Then the inner tube (9) and the top plate (10) 
which has two basal standpipes leading to the inner tube and outer tube, 
respectively, and three valves (a, band c)'* are assembled i.nto one 
fixed unit (16). A spec:!,al, wrench (U) is used to tighten a ring with 
washer inside the inner weU of the top plate (.10). This binds the inner 
tube to its standpipe. 

The distance of the bottom of the inner tube from the top plate 
should be so spaced that the bottom of the inner tube will be OI'J,y a few 
cm above the sand when the assembly (16) is set into and attached to the 
outer tube. The hose (14) is then attached adjacent to valve c on the 
top plate (1). When the outer tube is brim full and water starts streaming 
between the loose top plate and the upper rim of the outer tube, the bolts 
are tightly screwed, closing down 011 the gasJ;et. This procedur'e flushes 
out air, avoiding its entrapment on the under side of the top plate. 
Valve a is now opened to admit water to the inner tube basal standpipe. 
Then the connection between the top plate and the inner tube is loosened 
again. The inner tube slides downwards to the soil surface. The sliding 
distance should not exceed a few cm in order to avoid turbulence that 
might disturb the soH. surface. The inner tube is pushed down about 2 cm 
into the soi,l. In the rmoantime water is continuously entering the system 
in such a quantity as to keep both tubes filled all the time. Overflow 
water that spills onto the top plate from the outer tube basal standpipe 
(near valve b) is draired off the top plate through a brass tube and 
hose extensIon into a bucket nearby. The depth of penetration of the 
inner tube is accurately Dleasured using the reference level (15). N=xt, 
the plastic standpipes for the inner and ou-cer tubes are fastered to the 
two openings in the top plate. :Fbr slow infiltrations, a smaller' inner 
tube standpipe (ITS) is used (R = 0.6 em); for larger infiltrations a 
larger one is used (R = 1.85 em). Valve c is then opened enough to 
ensure a sl:!ght overflow at the top of tI,e standpipes. 
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Two tY]Jes of readings are made, lls'lal.1y stsrti.ng one hour after applica-' 
tion of tl,e WQteI': 1.. The outer tube standpipe (OTS) ... full measurement 
(17). Valve a is kept cJ.osed, as is, of' course, valve b. 2. The eguel,·· 
level measurement (18). Valve a is closed and valve b is opel1£d, but witll 
obstruction by the fingers at the open elii of' the pipe, in such a way 
aE to synchroni.ze the drop of the water level in the OTS with that in 
the ITS. Eif,ht stop watches a.."'e star ted simultaneously ai the bec:inninG 
of' a reading. One 1lStch at a time 1s stopped ar; the water level in the 
ITS reaches a mark on the tube. TIoe mm:I{s are spaced 5 em apGJ:'t over a 
total distance of 60 cm. Elapsed time is recorded i.ll tenths of a second. 

*-----_.--_ .. _-----
'Ihe functions of' the trn'ee valves art e.::(U' CJ •.. ncd as :rolloY's: ~:;~.:,Q)---'::in~ Ivith 
the valves closed, they can be rnanipnl:: 1::eQ .Ln the eouX'sc C,ol" t.1Je experinx=nt 
to control the f'low of' ·\later. OpeniTJJj v[ilve c all.ows 1-rater to flaw into 
the out.e]" tube ba.sal star<'lpipe "hich is r;itudted ,'et"een valve c and val.ve b. 
Opening valve b bleeds water from tlie outer tube standpipe, "'hie" can 
be isolated from the water supply by closil,,; valve c, and i'rom ii,]le): til'e 
standpi.pe by cl.osing valve a. 
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Fig. 7.6. Extrapolation procedure and graphical determination e>f j,s,,;; 
using field data of the double-tube method (after Baul'lgart, 
1967). 
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The readings over a distance o~ 40 em should yield a di~~erence o~ at 
least 6 seconds between two measurements; that is, between one OTS-~ull 
measurement and the average value of the preceeding and the next equal
level measurements. If' the time difference is less than 6 seconds, 
rreasurement should be extended to, say, 60 cm and readings made ;lithin 
the lower 40 em interval thered~. The measurements are to be repeatecl 
at regular time intervals until the ratio M/t2 eq. level becomes constant 
(:&:JUwer, 19b2'). Rlre, 6t is the time difference between the OTS-~ull and 
the average value o~ equal level. measurements be~ore and a~er this 
OTS-~ull measurement. 

A constant ratio may occur a~r a period varying from one to ~our 
hours. The constant ratio is supposed to indicate su~~icient saturation 
of the soil below the tubes. The intervals between successive measurements 
should be approximately ten times as long as the time required ~or each 
separate reading, or 15 minutes (Baumgart, 1967), which is the shorter, 
to allow re~stab1ishJr.ent o~ equilibrium. The two ~inal curves obtained 
(Fig. 7.5) differ because o~ ~low o~ ;later from the outer tube into 
the inner, duriJ:1-" the OTS-full measurement. 

K is calculated according to the equation: 

K = lR 2/(F~'R )J • (6H/[Hdt) v J. C , 
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where: H = difference :1.n hydraulic head H between both curves at an;)' time t. 

Hdt = surface below om curve (to be determined graphically) 

Ff' = ~lO\, ~actor, to be read from tables, expressing the influences 
of the dimensions of the system and the depth D to a layer 
with a much smaller or higher permeability. "!hen D is 
several tin~s larger than the diameter of the inrer tube (Rc) 
a general set of curves may be used to estimate F~ (see Bower, 
1%1). The ~low factor deviates usually only slightly 
from unity. 

A more convenient 
using the ratio: 

method of calculatior, viaS sugg~ted by Bower (1962) 
26t/t2 eq. level instead of NIJHdt. 

l~r1e ratios obtained :for the final set of data a.re extrapolated to 
zero )~o correct for the decrease in ir£iltz'ation that occurs during the 
eql.lal level reading) due to the gradual decrease of' Lydraulic head (see 
eX2.1i1ple of' data sheet and calculation in 11.1e.1)10 3~2~3) '" The calculation 
of K values, according to this procedUY"e may be dii':ficult sometimes 
because of the rather inaccurate procedtxre of extrapolation (see left :9a.rt 
of Fig. 7.6). Problems can be :redllced \<hen the total drop H of th'2 
water level. in the inrer tube standpipe (ITS) is varied for dJ.fIel'ent 
m:;asurements, so as to c:r-eate a diff'crcnce o8tween the equal level and 
arS-full times of approxirnately 8 sec", For exarnple J in soIls tiith a 
high in:filtrationJ it may be neCeSS8-i'''y" to extend the EBaStu"elrent to H = 80 em, 
instead of the usual 40 cm. Baumgart (1967) made a st'ldy of the 130mler 
method and suggests a somewhat modified proced:ure of calculation, chat is 
based on the Bower calculation llith an available Fa value. 
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Calculations of the double-tube method for determining K t in situ. __________________________ sa Table 7.1. 

General data: 
Date : Aug, 5, 1969. Soil prof He: Plano silt loam, ~ 55 cm depth. T:IJne water started: noon. 
Temp. water: 20°C. Tube radii: outer tube = 12.5 em, inner tube (Rc) = 6.2 em, Rv = 0.6 cm • d = 2.6 cm. 

M=asurement.s: 

t 1:45 PM 1:55 2:05 2:15 2:25 2:35 2:45 2:55 3:05 3:15 3:25 3:35 3:45 3:55 
H O'IS Eq.l OTS Eg. ars Eg. OTS Eq. ars Eg. ars Eq. OTS Eq. 

0 
5 3·9 4.4 4·3 4.6 4.2 4.'r 4.2 5·2 5.4 5.6 6.2 6.2 6.0 6.2 

10 7.7 7.9 8.8 9. 0 8.9 10.0 9·2 9.8 10.4 11.0 U.8 12.2 12.4 12.0 
15 12.0 U.6 13.0 13.0 13.1!, 14.7 13·8 15.0 16.2 16.8 18.2 18.4 19.0 18.2 
20 16.6 15·5 18.2 17.7 18.6 20.0 19·0 20.4 22.0 23.0 24.8 25.6 26.2 25·0 
25 20.8 20.0 23·9 23. 0 24.0 26.0 24.5 26.0 28.4 28.9 32·5 32·2 33.8 31.9 
30 25.8 24.2 28.8 27.6 29.8 31.6 30.0 31.8 35.2 35.2 39.8 39.4 41.8 39.2 
35 31.7 28.8 34.4 33.0 35·9 37.4 37.0 37.6 42.6 42.0 48.4 47.0 50.8 47.0 
40 37.0 34.2 41.2 38.6 42.6 44.2 45.0 44.4 50.0 49.4 58.0 55·0 61.0 55.1 

PB.tl.C 1 S 
lit 

.2 . 1 t e,,-:.. •. , .... ~v. 

0.00305 (1:55-2:15); 0.0007 (2:15-2:35); 0.00032 (2:35-2:55); 0.00014 (2:55-3:15); 
0.00020 (3:15-3:35) and 0.00020 (3:35-3:55). (constant!) 

Calculation of K based on: 

rus: 3:45 PM 
Eq. ' leveL avemge of 3:35 and 3:55 

t ,oE Hdt Ratio H 2llt 2 t es. lev. Ratio 

30 1.0 352.5 2.84x10-3 20 1.8 62~ 2.9xlO-3 
!~o 1.8 610.0 2.95xlO-3 30 5.0 154 3.2x1O-3 
50 2.2 975·0 2.25xl0-3 40 12 3025 3.9xlO-3 

RatiO extrapolated to t = 0 : 3.0xlO-3 (Fig. 3.2.3.3.) Ratio extrapolated to H = 0; 3.OxlO-3 
(Fig. 3.2.3.3.) 

Tne ratiO ~c (=2.38) was used to determine the flow factor Ff from a diagram of Bower (1961). 

Ff = 1.1 Then: 
10 2 
'v 

K = -F'R 
f c 

IIH = 13cm/ day , 
Hdt 

2 
f\r 

or K = F:'='R' 
f c 

26t = 13cm/day. 
t 2 eq. lev. 

.... 
::j 



lib is the difference in em between the top of the outer tube standpipe 
(ars) and the water level at balanced flow conditions, when Qr = QH' where 
Q is the flow leaving through the bottom of the inner tube due to intake 
a~d ~ = flow, entering through the bottom of the inner tube due to a 
difference H between the water levels in inner and outer tube. Then: 

(Eotmer, 1961) 

where Rv = radius of inner tube standpipe, Rc = radius of inner tube, Ff = 
flow factor, t = elapsed time, H = distance of water level in the inner 
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tube below ~later level in the outer tube Hb = H at balanced flow. 'Ibis 
equation can only be applied when lib can be measured. Mostly this is not 
the case and then the arS-full and equal-level measurements are made as 
discussed in the previous part. Baumgart (1967) suggests that this formula 
be used in all cases, and to estimate Ht values until the plotted values 
of t and log Ho-Ht/Ht-H'o are on a straight line. With some practice this 
can be done rather easily and quickly (see right part of Fig. 7.6., 
from: Bau.rIlgart, 1967). K values calculated by this procedure cOl11Pared 
well, with those, obtair~d with the arS-full equal level procedure. 
Application of this calculation method is recormnended, because it saves 
time and is a.pplicable to any type of test result. 

Field mea.surement of unsaturated h draulic conductivit' b- infiltration 
thrOugh artificial gyPsum crusts* (References in Section 5.2 •. 

Introduction 

'Ibe solution of many problems associated with soil water flow 
depends upon knm"ledge of the hydraulic conc.uctivity, K. As yet there 
appears to be no universally reliable vay ·~o obtain K from more fundamental 
physical measurelr.ents such as particle-size or pore-size distribution. 
Hence K is usually measured experimentally. 

Of the nun1el'OUS methods 'vhich have bee n propose c1 foX' tb is measurement 
(Klute, 19651'1, b.: Boersma, 1965a, b), the .t:~ situ rr.ethods mLl3t be :cegarcled 
as inherently preferable as they are more directly applicable to the solu
tion of :f:Leld, problems" Sattsi'actory procedlt:.."'es are now available fOT 
the in situ measurement of hydraulic con(iuct.ivity under saturated conditions 
(Kss.t), -bOth belCtH and above the water table (B01:norer, 1962 L HOi-lever) in 
many case s the flow regiraen is such thCtt tnt:; soIl is lU~lsatllI'ated. In the 
presence of an impecli:r.g la,yer at the 81)rfaee or in the presAnce of very 
low precipitation rates, the s0i1 prof5.1e l')[~f never become saturated 
dUT :Lng ir..filtration J and the £'lm·] rate 11i11 -;;e governed by the sotl j s 
nDsaturatect hydraulic conductivity vlhich is, itself, a function of' the 
lTIatric suction prevalent in the soil. 

~X'l:he type of gypsum used was ultracal-30) provided by the United States G:rpsum. 
Company~ The authors "\-lish to express their sincere tharlks to Dr~ R., B~ Grossman 
for his helpxlli suggestion and to Mr. J. neeclham (U.S. Gypsum Co.) for 
pI'ovicling the gypsum sample. 



Processes of infj~tration into crust'"'cap'ped profi.les were recently 
studied by Hillel and Gardner (1969, 1970a). They reported that an 
impeding 1.ayer or crust at the top of an infiltrating pr'ofile causes a 
potential head loss at that point. Thus, if water head over the crust 
is kept sma1.1, it i.s possible to maintain :i.nfiltration into an unsaturated 
column yet retain the experimental advantages of easily measured inflo,i 
rate afforded by a flood infUtrometer. This findi.ng for'med the basis 
of a pr'oposed method for measur'ing the unsaturated hydraulic conductivity 
at different suction and water-content values, which Hi.lIel. and Gardner 
(1970b) checked with arti.ficiaJ.,ly-packed laboratory columns, but not in 
the field. 

7.4.2. __ ,_Methods 

The method described by Hi.l.lel and Gardner for measuring the hydrauLic 
transm1.ssion properties of a profile, ns a function of water content or 
suction, involves a ser1.es of l.nfiltration trials thr.ough capping plates 
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(or crusts) .of different hydrauliC resistances. The effect of this resistance 
is to prevent saturation at the subcrust boundary even though the crust 
itself is subject to a small positive head. Though estimates .of K and D 
(the diffusivity) can be .obtained during the transient stage of infiltra"' 
ti.on, the most reliable measurements are obtained by allowing the 
infUtration process to proceed to a steady state, when the flux becomes 
equal to the conducti.vi.ty. The use of a series of crusts of progressively 
lower resistance can give progressively hi.gher K-values corresponding to 
hieher water contents up to saturation. Such a series of tests can be 
carried out if the soil is initi.al1y fair ly dry, either' successive ly in 
the same location or concur'rently on adjacent 1.ocations. 

The surface impedance can be applied wLther by means of a porous 
plate (e.e., ceramic) or by forming a conhnuous layer of puddled (slakecl 
or compacted) soil material over the soU surface. Once tbe crust is 
estabUsbed, water is appli.ed (e.g., in a ring i.nfiltrometer) and a small, 
constant head i.s maintaine d ever tbe soil surface leng enough for the 
inflow rate to become steady. This £'lov rate is equal to tbe conductivity 
in a oT1e,-dimensional flow system where the suction grad;ent belo" the 
crust j,s negligibly smal.l (i"e. the hyd:r2.ulic gradient tenos to unity). 

Tensiometxic measurements on coltunns or different deptll showed t"at 
in order to obtain a one"'dimensional vertical f'10'<7 system it was necessary 
to create an impervi.ous boundary around a column at least 30 c,,, deep. A 
steel cyl.inder was used at the top of the col.umn to support the small 
head of' water over the crust, to provide fl rigid sealing surface for 
tte edges of the crust and to provide 8. ["il:I.de for positlon:'l.nL tcnsio;:Je,exs 
1,£ 10'\" Lhe crust" Below tlle cy11ndex' Rii al.llJninwr. foil moi,s ll-L,:-'C bE.!']: iey 
suf'fi,cecl, since saturated flow would not nec;"!.!'. Use of the f~ __ :il a.l.so 
made the metbod applicable to stony Be n.. I:Iydraulic conductivj t, va: c;es 
were calculated :from infiltr'ation rates into capped columns anJ soil 
suction gradients below the crusts, if any. 



Fig 7.7 
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7.4.3. Procedures (see photo series, Fig. T.7) 

Tests were made at several sites in Hlsconsin. The soils ranged in texture 
from sand to clay. At each site, a horizontal plane was prepared by using a putty 
knife and a carpenter's level (Picture 1). A cylindrical column of soil, at least 
30 em high, with a diameter of 25 em, was carved out from the test level d01mward, 
taking care to ehip or pick the soil away from the column as the desired boundary 
was approached, so as to prevent unctue disturbance of' the column itself (Pictures 2 
and 3). A ring infHtrometer, 25 em in diameter and 10 em high with a 2.5 em wide 
brim at the top 'las fitted onto the column (Picture 4). The sides of the column 
were then sealed with aluminum foil and soil was packed around it (Picture 5). 
A half-inch thick acrylic plestic cover ,lith a diameter of 12" (30 em) and with 
a thin rubber gasket glued to it was bolted to the top of the infiltrometer (Picture 6). 
An intake port and bleeder valve were provided in the cover. 

Thin pencil-size mercury-type tensiometer's (Pictures T and 8) were placed 
just be 10,1 the crust in the center' of the column and. 3 cm deeper, Carefully 
pOSitioned holes in the steel ini'J.ltrometer ~~ing and external installation guides 
aided in positioning the tensiometers. Storv soens present some difficulties, 
but successful insertion of tensiometers is llsuall;y possible after probing at 
several points. Recent test r'esults have indicate<'i. that one tensiometer 3 em 
below the Cr'ust may suff:l.ce. 

In the first eX})e:cimentB 1flith the crust-test procedTU'e J va.rious puddled 
soil materials were used f'or crusts (Bouma et a1.. 19T1b). Additional field 

~-.,~, j' 

experience, hO'Ylever) shu~·,ecl ths.t some of these crusts "in particular the ones 
with a !'elatively 101'1 resist~:,:nee) "were ratbeT u:1stctble and easily disturbed due 
to continuou.s swelling of: the clay ~pa:rtj.cles, A different procedure was developed 
therefore in later expeTin:-811ts using dry gypsum pO"ffcter, thoroughly mixed with 
varyiIlf':; quantities of g 14€d.ium san(l~ After su:f'fi.ctent wetting, and continuolls 
mixing, a thicl( paste 'Has obt~~d.ned* 1hen) this material was quickly transferred 
to the prepaeed colu:mn and ap:plied on tap '¥!:tth a ca,]:'penter J 8 knife as a continuous 
crv.st with constact thickness", Specj~8~ care V'o,fj +,ft::~'en to seal the crust to the 
wall of the cylinder to avold boundB.ry flo;"l ~ Hithi:;1 abolxt 30 minutes.), crusts of 
this type 1<!ould harden, thereby provj.ding a stable porous medium with a fixed 
conductivity value. Crnst resistance could tie varied by chaJ:1.ging the relative 
quanti tie s of g:Y-:PSUL1. and Band e Crusts composed of gypsum only had the higbe st 
resistance ~ FoT 2xztmple! A BubCl"t1st tension of 52 mbar 1vas induced il1 a sand 
column capped with a 5 mm thick gypsum crust Iv"i:th 3 rum water on top~ TI-lis crust 
had a K t value of 0,,00'7 rnm/o..ay" TI'1e micro-r::lbric of: -'chis crust consisted of 
very f'i~ gypsum crYfrta.ls. Some microf'abric13 of othe:c crusts were pictlJ.red in 
Fig~ 5" 7' in Chapter 5, 'File upper picture shmvs relative.ly large pOTes occurring 
bet1.reen sand grains J :whilf; :fine g;/psum crystals 8.1:'2 concentTated around the grains,J 
cementing them together. 'Inis crust was fOTIT.2C'; from a :p:re-'~'retted mixtuTe composed 
of' 14% gypsum and e6% sand by volu.me) as measuTen :i:Q tbe :f'i.eld using a graduated 
cylinder. As a crust on top of' a colunm in .sand} this m:L{:bn"'e induced a sub crust 
tension of 11 mbar. K t o:f the crust """las (J~ 3 cm/da,y ~ Toe middle picture Sh'J~7S 
a crust :formed from a ~¥e~i,vetted rrr.I . .:::ct.11re 1v1th 30';10 gypSlUTI by volume (70% sand) ~ 
R)res are suller and Ksat 1<7S.S 2 .. 9 cm/day~ 



Fig. 7.8. Field measurement of unsaturated hydraulic conductivity in situ 
with the crust test procedure. Inflow into the soil through the 
crust on top of the column is measured with a burette (B) dis
charging into the water filled space between the crust and the 
acrylic plastic cover (C). Soil moisture tensions derived from 
the mercury rise in liB-inch plastic tubes along calibrated 
scales (8) are measured in the columns. 



The induced subcrust tension i n  sand was 18 mbar. The th i rd  p ic t iue  shows 
a c rus t  formed from a dry mixture with 50s gypsum ( 5 6  sand). Virtually 
no larger pores are v i s ib le  i n  the  crust ,  indicating t h a t  pore sizes 
between the  f i ne  gzained m s u m  crys ta l s  are smaller than the thickness 
of the  t h i n  sect ion (20 microns). Ksat of  t h i s  crust  was 0.8 mm/dsy and 
the induced tension i n  the subcrust sand i n  the  column increased t o  
30 mbar. 

C ~ u s t s  of t h i s  type were applied t o  the same column for  succeeding 
runs. Each i n f i l t r a t i o n  run through a par t icu la r  c rus t  yielded one point 
of a curve of  hydraulic conductivity versus s o i l  suction (see Flg. 7.9). 
The sma3.l space between the c rus t  surface and the cover of the cylinder 
w a s  kept full of water. A Martotte device, i n  a burette,  maintained a 
constant pressure of about 3 mm water over the c rus t  ( Fig. 7.8). Ihe 
i n f i l t r a t i o n  r a t e  in to  t he  so i l ,  correspondiw to  the r a t e  of moverent of 
the  water l e v e l  i n  the burette,  was recorded a s  soon a s  the t ens iomte r s  
shared t h a t  equil ibr i u m  had been reached. This i n f i l t r a t i o n  ra te ,  when 
constant f o r  a period of a t  l e a s t  4 hours, was taken t o  te the unsaturaxd 
K-value a t  the subcrust suction, when the suction gradient was zero. I n  
som cases a suction gxaiiient remaimd a t  steady s t a t e  conditions. 
l&rdraulic conductivity was then calculated according to:  K = v/i ,  where 
v = i n f i l t r a t i o n  r a t e  and i = hydraulic gradient below the c rus t  ( i n  such 
a case # 1 ) .  

7-4-4  Results 

Figure 7 .9  gives the hydraulic conductivity versus suction 
curves for  som horizons of four so l l s .  These curves could be extended 
fa r ther  i n t o  t he  rtry range, but t h i s  would take more t i n e  and requires  
t h a t  the  s o i l  be i n i t i a l l y  quite dry. The hydiaulic conductivity values 
for saturated so i l ,  measured with the double tube apparatus corresponded 
well with i n f i l t r a t i o n  r a t e s  in to  these col1umns before c rus t s  were added. 
One column was of g lac ia l  till, containing many stones t h a t  made use of 
the  Bouwer tubes impossible. 

The data indicate t ha t  hydrau1.i~ conductivity decreases shmp.ly 
w i t h  increasing s o i l  moisture tension. This i s  nost evident i n  s o i l  
materials with coarse pores ( ~ 3 ,  Plainfield sand) and l e s s  so i n  f i n e  
porous cl.egs ( ~ 2 ,  ~ i b b i n ~ ) ,  i n  which stituzated conductivity is low. 
These r e s u l t s  are  important f o ~  the study of l iqu id  waste disposal i n  
s o i l s .  Xeasuzenent o f  s o i l  moisture tensions axound seepwe beds of 
operating systems (5 ) indicated the  occwrence of consider able 
s o i l  moisture tensions. Movemnt of i.iquid, therefore, i s  gcverned by 
processes of unsaturated flow. A quant j ta t ive  ana1,ysis of t he  flow 
system can only be given when relevant K velues, as  measured wi . th  t h i s  
new test, are available.  
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ApPendix T!..2. 

7.5. The instantaneous profile method. 

~is method can be used to determine K-values in the field in situ. ---

Several authors have described the basic method (Staple and Iehane, 1954; 

Ogata and Richards, 1957; Rose et a1., 1965; Watson, 1966; Davidson et a1., 1969; 

Rose and Stern, 1967; Nielsen et a1., 1972 and Hillel at aI., 1972). The theore-

tical basis of the method will be reviewed and a description of the procedure 

to be followed in the field will be given. Finally a completely worked out 

example will be presented as obtained for the Ap, Bl' and B2 horizons of 

the Batavia sil.t loam (UW-Charmany Far'ID, ~dison, l/isconsin). 

~e gene" a1 equation describing :rl.o" of "ater in a verticaL soil profile 

is (see Chapter 3·3) 

[ K ('J ] (1) 

where 9 is volumetric wetness; t = time, z = veytical depth coon'l:lnate (here 

d) K hy~"aul<c conductivit' .. ··,· H = hymaulic head (= M + z) positive dowr.rwar s, = cu. ~ 

Integration results in: 

z 

f dz = z K(e) (2) 

o 



."here Z is the soi.l depth to which the measu:r'ement applies. If' the soil su:rface 

is covered to prevent evapotranspiration, oruy internal chainage can occur. 

Equation (2) states that the chanp;e in 'Water content IJer unit time for a 

given vertical distance Z equaTs the product of the relevant K and hydraulic 

head gradient at point Z. The total change in water content per unit time 

over depth Z may be obtained by summation of changes occuring in smaller' depth 

intervals that, together, add up to total depth Z as follows: 

Z:t. ~ 

f dz + f dz + 

o 1. 

where Z1.+ Z2 + ~ = Z and the zero level represents the 

Initially, the whole profile is satu:rated (p = 0). 

dz etc. 

soil surface. 

Tensiometers are 

186 • 

installed at depths Z1' Z2' and ~ and record soH moi.sture tensions as a functi.on 

of time (= oe/-;..t). 

llie grad:i.ent of the hych'aulic head can be measured and the K can be 

calculated by: 

= ------ (4 ) 



Fig. 7.10. Excavated column to be used 
for field determination of 
~nsat. with the instan
taneous-profile method 
(see text). p = metal 
pipe for neutron probej 
c = soil solumnj t = 
tensiometers and s = 
tensiometer boards with 
calibrated scales for 
reading moisture tensions. 

Fig. 7.11. Tensiometers used for the 
instantaneous profile 
method as applied to a 
large area (10m2 ). 
c = porous cups cemented 
to plastic tubes (t) 
forming tensiometers, that 
are vertically installed 
in the plot by placement 
into vertical holes, 
drilled with an auger 
(a). The plastic tubes 
were filled with water 
(f) and connected with 
very samll tubes 
leading into mercury, 
following a calibrated 
scale. The rise of 
mercury in the small 
tubes can be used to 
determine the soil 
moisture tension. 
'.Iensiometers can be in
stalled at different 
depths. 



~imental procedure. 

1. A :nulow plot has to be selected in the field that is sufficiently 1m ge so 

that pr'ocesses of one-dimensional vertical flow i.n its center' are unaf'f'ected 

by its boundaries. A plot of 3 x 3 m may be sufficiently large (Davidson et 

a1., 1969). An alternat:!,ve procedure is to carve out a large cylindrical 

column of soil down to a depth of 1.80 em below the soil surface (Fig. 7.10). 

188. 

~is column has to be carefully wrapped with aluminum foil to avoid any evaporation 

from the sidewalls of the column. 

2. Tensiometers are placed at certain intervals pref'erably not exceeding 30 cm (Fie" 7,,10 

or 7.11). A morpho.logi,cal study of soil structure has to preceed this instal,lation 

because measureJrent results wil.l be most signif'icant i,f tensiometers coincide 

with boundaries of' major horizons. 

An access tube, to be used for measurement in si!!l of' soH moisture contents 

wi,th the neutron probe, can be installed in the center of'the plot. An 

alternative procedure is to determine the moistuI'e retention curves (desorption) 

f'or the major horizons by analyzing soil cores in the laboratory (see Appendix 7.2). 

The measur'ed soil moisture tensions can be translated into moisture contents 

USing tllese desorption curves. (This procedure WQ.S f'ollowed fn the f'ollowing 

example) • 

4. Water is ponded on top of the fallow plot or the column until all tensiometers 

indicate saturated conditions or constant 10\1 tensions. The soil sux'face is 

then covered with a p1a.st1c sheet to avoid evaporation and tensions in all 
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Table 72: Calculation K ins~~ous profile me~!! 

t z de/Vt dz We/cit) ____ 9 ~ 1=dz 

0-8 0.190 1.520 1.520 
0.1 day 8-28 0.150 3.000 4.520 

28-·46 0.020 0.360 4.880 

0-8 0.068 0.544 0.544 
0.3 day 8-28 0.040 o.Boo 1.344 

28-46 0.01.8 0.324 1.668 

0-8 0.050 0.40 0.400 
0.6 day 8-28 0.01.6 0·32 0.720 

28-46 0.016 0.288 l.008 

0-8 0.040 0·32 0·320 
1 day 8-28 0.003 0.06 0.380 

28-46 0.007 0.126 0.506 

0·-8 0.010 0.080 o.oBo 
2 day 8-28 0.003 0.060 0.140 

28·-46 0.0025 0.045 0.185 

Table 7.3 

_~th ______ JL _______ Q~dZ 
K 

~9!£L ____ 9 p 

1.520 0.86 1. 75 .440 12 
0.544 0·50 1..08 .400 30 

8 em 0.400 0.45 0.85 .385 42 
0·320 0.40 0.80 ·375 46 
0.080 0.20 0.40 .365 5Cl 
0.032 0.10 0.22 ·350 80 

4.520 0.86 5·30 .400 8 
1.344 0.50 2.68 ·355 'Y) 

_L. 

28 em 0.720 0·30 2.15 .350 28 
0.380 0.28 1.14 .345 36 
0.140 0.20 0.70 .340 42 
0.082 0.20 0.40 ·335 59 

4.880 0.86 5.65 .415 7 
1.668 0·50 3.34 .400 14 

46 em l.008 0·30 3·00 .395 17 
0.506 0.2tJ 1.55 ·390 21 
0.185 0.25 0.74 .385 24 
0.09 0.24 0..37 . .375 42 



tensiometers and the moisture content are measured as a function of time. 

First., some hourly measurements may be needed. rater, daily measurements 

may suffice. The necessary frequency of measurement and the duration wi.ll 

va:ry for different soil.8. 

}bndling of Data 

Data for three soil depths in the Bl.tavia sUt loam: the Ap horizon 

(AI = 8 cm depth), the Bl horizon (Z2 = 28 cm depth) and the B2lt horizon 

191. 

(A3 = 46 cm depth) are presented in Figs. 7 •. 12 and 7.1.3. These data include curves giving 

the moisture tensions (F:Ig. 7.J2), the deri.ved moisture contents (Fig. 7.13), 

and the hydraulic heads (F:Ig. 7.12)a8 a function of time at the three depths. 

Calculations of soil moisture fluxes (ae/llt) are presented in TabJe 7.2 

,l:J/at values were graphically determined from Fig. 7.13 far each depth. Table 7.3 

presents the calculation of K, using the f"1uxes calculated in Table 1 and 

the slopes of the hydrau1:i.c-head curves (:.H/;.z) as graphically determined fi'om 

Fig. 7.12. 

The calculated K values were plotted in Fig. 7.1.4 as a function of P 

(p diIectly measur'ed in .~it~). A compa:rison was made in Fig. 7.11f with K values 

measured in the same soil at the same site with the crust test (see Appendix 7.4). 

Agreement was quite good. 
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Ap.ren:l:ix7.6. Calculation of hymaulic conductivities from moisture retention 
'data (method of Green and Corey)" 

A detailed description of this method, based on a review and revision 
of earlier 'Work, is given by Green and Corey (1971). larger soil pores 
are progressively emptied wi,th increasing soil moisture tension and since 
flow rates are strongly correlated with pore sizes (Chapter.3), a rela:tion
ship between flow rates and moistuxe tension can be derived in pri,nciple 
foX' different soil materials usi.ng moisture retention chaxacter:l.stics. 
In addition, a pore interaction model is necessary to express the dominant 
hym'aulic effect of small pores on the r'ate of flow in a complex hetero
geneous pore system. TIle equation used by Green and Corey (1971,) is 
as fon,ows: 

i = 1,2, ..... m 

'Whe:re: K(fl). is the calculated conductivity fOl a specified 'Wate! content 
(given in cmlday); A is water content (cm.3/cm3); i = last water content 
class on the wet end: i = 1. = pore class corresponding with csat • i = m = 
pore class with lowest water content for which K is calculated; Ks/Ksc = 
matching factor (= measured/calculated, K); 6 = sur'face tension of water 
(dynes/cm); P = density of water (g/cm3); g = gravitational constant 
(cm/sec2); '11 = viscosity of water (g/cm sec) e = porosity ( cm3/cm3); p = 
parameter. Here p = 2, n = total number of pore classes between A = 0 
and esat ; h j = pressure of a gi,ven class of waterfilled pores (cm water). 

The need for use of the matching factor <Ke/Ksc) implies that the 
method does not directly yield a curve at the correct level of conductivities 
foX' each moisture content OX' tension, but that the slop~ ~of the calcul~ted 
K-curve is assumed to be correct. This method has been appli,ed to several 
Wisconsin s011s. Unpubli,shed results show that calculated K-curves for 
sandy, apedal soi,1 horizons agree well with those determined experiHentally. 
Resu1ts for clayey, pedal soil horzons were qllite variable, however, and 
use of the method for these soils is not I'ecoJJ1'llended. 
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