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1. INTRODUCTION

Professional contacts between soil scientists specializing in soil
survey, morphology and classification snd those specislizing in soil physics,
have been too scarce in the past. Maybe that can explain why the former
group likes to think of the latter as being composed of unpractical, theore~
tically motivated glass-bead minded, ivory, super speclalists, while the
latter from their view point look &t the others as being empiricelly motivated

generalists that shield thedir basic ignorance behind linguistically complicated

clasgification and other schemes. Even if there is a grsin of truth in these
views, reality dictates the overriding fact that knowledge about basic transpord
phenomena in soils needs to be aveileble to the soil surveyor or classifier
so a8 to make his Jjudgements on soll behavior more meaningful, while at the
same time at least some soll physiclsts ought to know where to find certain
scils and what & 1eal soil looks like.

This guide is an attempt to discuss &nd illustraie some basic principles

of soil morphology, that should be of interest to soil physicists and to

,,,,,,,

discuss some simplified flow systems that should interest soil surveyors.

In addition, some recent work in Wisconsin, discussing relationships between

the two types of data and discussing future trends in the practical inter-~
rretation of soil maps, Is included as well. This is only a first approximation

and many changes will have to be made later.

Acknowledgement is made for many sucgestions and contributions by W.R.Gardner (Univ.
of Wisc.Medison, Soils Dept.),P.A.C.Raats, C.R.Ameryman and Chr.Dirksen (ARS-USPA-Soils
Dept.Univ.of Wis.) and F.D.Hole (Geol.Nat.Fist.Survey Univ.Ext. and Soils Dept.UW)
Stvdents contributing to different aspects included J.L.Anderson, J.L.Denning,
W.G.Walker and D.J.van Rooijen,



2. S8Some basic morphologicsel characteristics associated with water movement

through soils.

2.1 INTRODUCTION

Movement of water in soil can only occur through voids, and shapes
and sizes of these voids will therefore &termine the rate of movement at
any hydraulic gradient. Movement of water in soil is, of course, & physical
process which is governed by charascteristic constants as will be discussed
in Chapter 3.

However, morpholegical soil étudies, describing and measuring the occurrence,
size and shape of volds in soil can be helpful to predict the rate and patterns
of water movement as will be discussed in Chapter 5. In addition, movement
of water may result in characteristic fegbures in the scil such as cutans
and iron mottling. Observation of such and other features may be helpful in providing
indicators for the hydrodynamic processes in the soil. This chapber, then,
will discuss methods to describe and megsure soil morphologicagl features.

The scheme of describing soil structure, ss currently used in the
United States, has been presented in the Soil Survey Manual (1951). Soil
structure was defined as "the aggregation of primary soil particles into
compound particles or clusters of primery particles, which are separated
from adjoining aggregates by surfaces of weakress". An individual natural

an

solil aggregate is called a "ped" in cowbrast to (1) a 'cled", caused by



Table

2.1a

= 7 L —Types and classes of soil structure

1YTPE {Shape and arranzenent of peda)

I

Platelike with one
dimension  {the
vertical) fimsted
and greatly less
than the other
two;  arranged
around a hori~
zontal plane;
faces mustly

Trismlike with two dimensiors (the hori-
zonigl) limited and considerably less
than the vertical; arranged around a
vertieai line; vertical faces well defined;

vertices gngular.

BlockFike; polyhedronlike, or epheroidal, with three dimensions of the same order of
magnitude arranced around a point

Blocklike; blocks or poly hedrons having plane or
curved surfaces that are casts of the molds
formed by the faces of the surrounding peds

Bpheroids or pols hedrong kaving plane
ar curved surfaces whith have slight
ot no accompodation to the faces of
surrounding peds

borizontal )
Without rounded | With rounded caps | Faces flattened: minst | Mivedroundedandflat- | Relatively non- { Porous peds
aps vertices sharply an- tened fuceswithmany porous peds.
gular rounded vertices
Platy Prismatie Columnar (Angular) Blocky 1 Subangular blocky 3 Granular Crumb
Very fine or [ Very thin platy; [ Very fine pris- YVery fine colum- Very fine angular Very fine subangular { Vetry fine gtanular: | Very fing crumb;
very thin. <1 mm. nutic; <10 mm. nar; <10 mm. blocky; <5 mm. tloeky; <5 mm. <1 mm. <!l mm,
E;e or thin_..[ Thin platy; 1 to 2 | Fine prismatic; 10 | Fine eolumnar; 10to | Fine anzular blocky; | Finesubangular blocky; | Fine granular;14o | Fing crumb; 1 te
) mm. to 20 mm. 24 mum. te 10 rom. 5 to 10 mun. 2 mm. 2 mm.
:’u_eq_iium_.,,,,____ Medium platy; 2 | Medium prisniatic; | Medivtn  columnar; | Medium angular Medinm subangular Meditgn granular; | Medinm crumb;
to 5 mm. 20 to 50 mm. 20 to 50 mm, blocky ; 10 to 20 mm. blocky; 10 to 20 mm. 2 to b mm, 2to 5 mm.
Cozr-eor Thick platy; 5 to | Coarse prismatic; | Couarse columnar; 50 | Conrse angular blocky; | Coarse subanpular Coarse granular;
thick. 10 mm. 50 to 100 mm. to 100 mm. 20 to 50 mm. blocky; 20 to 50 min. 5 to 10 mm.
Very . smeor | Very thick platy; [ Very coarse pris- | Very coarse colum- | Very coarse sngular | Verveoarse stbunpular \'eriy CORISE gran-
sers thick 0 mm matic; > 100 nim nar; > 100 mm blocky; >50 mm. bloeky; > 50 mm ular; »>10 mm.

L (n) fometimes called » oo,
T Yometimes culled nuctf rq. et or subangular nut

Table 2.1b

()

T'he word ‘angulur” in the name ezn ordinarily be omitted. R
Since the size conhoiation of these terms is & sgurce of greast confusion to many', they are not recommended

ORATE OF STRUCTURE

Structureless —That condition in which there is no obse;vable aggre-
gation or no definite orderly arrangement of natural lines of weak-
ness. Moessive if coherent; single grain i noncohcrent.

TWeak.—That degree of aggregation chatacterized by pooily formed
indistinct peds that are barcly observable in place. When disturbed,
soil material that has this grade of structure breaks inte a mixture
of few entire peds, many broken peds, and much 1tnaggrgg?.ted
material. If necessary for comparisen, this grade may be subdivided
inte very weak and moderately weak.

Moderate—That grade of structure eharacterized by well-formed
distinet peds that are moderately durable and evident but not distinct
in undisturbed soil. Soil material of this giade, when disturbed,
breaks down into a mixture of many distinet entire peds, some
Lroken peds, and little unaggregated matcrial. Examples are the
loam A horizons of typieal Chestnut soils in the granular type, and
clayey B horizons of such Red-Yellow Podzolie scils as the Boswell
in the blocky type.

Strong—That grade of structure characterized by durable peds
that are quite evident in undizplaced scil, thnt adhere weakly to
one another, and that withstand displacement a:d become separated
when the soi]l is disturbed. When removed from the profile, soil
material of this grade of structure consists very largely of entire
peds and includes few broken peds and little or no unaggregated
materisl, If necessary for comparison, thia grade may be subdivided
into moderately strong snd very sirong. F.xamples of strong grade
of structure are in the granular-type A horizons of the typical
Chernoxen and in the columnar-type B horizons of the typical
solodized-Solonetz.



disturbance such as plowing or digging, (2) a “fragment”, caused by rupture
of the goil mass across natural surfaces of weakness and (3) a "concretion"
coused by local concentrations of compounds that irreversibly cement the soil
grains together.

Field descriptions of soil structure note: (1) the shape and arrangement
of peds ("type" of structure), {2) the size of peds ("class") and (3) the ais-
tinctress and durability of the peds ("grade”). The usual sequence followed
in structure description is: grade --- class --- type, for example:
strong coarse prismatic structure. The structural patiern of a soil |
horizon also includes the shapes and sizes of soil pores as well as those of
the peds themselves. However, the Soil Survey Manual (1951) does not
provide specific terms to describe soll porosity. The classifications of
types, classes, and grades of structure, as defined by the Soil Survey Manual,
are summarized in table 2.1,

Soil morphological work by Kubiens {(1938), Jongerius {1957),

Johnson et al. {1962), and Brewer {(196h4), among others, indicated the reed to:

1. Provide descriptive schemes for scil pores in which they

are considered as separate individuals, and

2. develop scheams for characterizing unaggregated soil materizls
without peds that can not adequately be characterized by the

terms "single grain” or "massive' of the Soil Survey Manusl.

This text will present a summary of Brewer's system of classification of
so0il structure, to be illustrated with pictures of soil structures observed
in soils in Wiseconsin. 1In gddition, some pedological features will be

discussed that may be valuable for predicting hydrodynamic processes in soil.



Table 2.2

IEFINTTIONS ACCORDING TO EREWER {1964 )

Soil material is the unit of gtudy; 1t 1a that unit in whick the characteristics
being atudied are relatively constant, mpa it will ¥8ry in size with the kind ana
extent of deveiopment or those characteristics.

Soil Structure - The physical constitution of & soll materia) a5 expressed

by the slze, shape, and arrangement of the solid particles and voids, includihg
both the primary particies to form compound particles and the compound particles
themselves; fobric is the element of structure vhich deals with arrangemnernt .

Bkeirton graing of & soil materinl are fndividual grains which are relatively
steble ami not resdily translocated, concentrated or re-orgenized by soil-forming
processes; they include minerel grains and resistant siliceous and organic
bodies larger then colloidal size (Erewer am Sleemmn, 1960).

Hawms of 8 801l materisl is that part which 1s cepable of being or has been
moved, reorganized, and,/or concentrated by the procegses of soil formation,
It includes all the material, mineral or organic, of collsidsl size and
relativery goluble material which 18 not bound up in the skeleton graing
(Brewer and Sleeman, L0401,

A ped le an individua: natural soil sggregate consisting of a cluster of
primary particles, and separated from adjoining peds bv surfaces of weakness
vhich are recognizable as natural voids or by the eccurrence of cutins \Brever, 1560b)

Fedelity, The physicai constitution of s eoll material as expressed by the size,
shape, and arrangement of peds.

Primary Peds. '™e simplrest peds occurring in a soil muterial; they eannot
be divided into smaller peds, but they may be packed together to form compound
prds of a higher level of organization.

These voids are due to random packing of single grains.

Simple Macking Veids.

Cpnneis.  Channels are volds thet are significantly larger than those which
would result from norme! packing of single grains, and have & gererally cylindrical
shape,

Vughs ere relatively large voids, other than racking voids, usually irregular
and not normally intercounected with other v¥olds of compmrable size; st the magni-
fications at whien they are recognized they appear as digcrete entities,

Plannr volds are simply voids that are planer according to the ratios of their
principal axes; vy virtue of their shape and extent the constitute an obvious
deviation from the normel packing of single plasma and sxeleton graing in

a 801] material,

Compound Packing Voide. These voids result from packing of compound individuals,
such as peds, which do hot eccomodate each ather.

Basic strusture refers to the Blze, shape and arrangement of simple grains
{plasma and skeleton grains} and associated packing volds in primary peds or
apedal soil material excluding pedological festures other than plagma separations,

Matrie strueture referg to the alze, shape and arrangement of simple grains
{rlosms end skeieton grainsj and all voids in primary peds or apedal soil
material, exciuding podologicsl features other than plasma separations.

Szmatrix of & soil material is the material within the simplest {primary] peds,
or composing apedal soil materiala, in which the pedological features oceur;

1t consists of the plasma, skeleton graing, and voids that 4o pot ocowr in
pedological features other than plasma separations,

fripary Structure. The strueture within an apedal soil meterial or within
the priwexy peds in a pedel soil materia); it iz an integration of the sige,
shape, and arrangement of all the pedological festures enclosed in the
s-matrix and the basic structure, or structure of the s-matrix.

Becondary Structure. The Eize, shape, and arrangement of the primary peds,
thelr interpedal volds, and agsociated interpedal pedological features
in a soil material,

Pertiary Structure. e size, shepe, and arrangement of the secondery peds of
a 8011 materinl {compound peds resulting from the packing of primary peds),
their interpedal voids and mssociated interpedml pedological features.
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2.2.

Scil structure description according to Brewer.

2.2.1. INTRCDUCTION

Definitions of terms used by Brewer and discussed here have been placed
in Table 2.2. to facilitate reading of this dext. Brewer's définition of
soil structume includes size, shape and arrangement of voids and primary
particles, thus including the btwo omissions of the Soil Survey Manual (1951)
discussed in the previous section. The term soil structure, as used in the
S0il Survey Manual, referred to the type and degree of aggregation of soil
materials. Brewer defines natural aggregation in terms of pedality.

Fedal soil materials have peds, apedal soil materials don't. Fig. 2.1.
illustrates these two different types of structure. Tores larger than simple
packing pores, such as channels and vughs (table 2,2), may occur in an gpedal
s0il mass in which the gmallest individual mineral particles, defined as

skeleton grains and plasme, determine the size and shape of the fine simple

packing voids (Fig. 2.1, left picture). Feds usually occur in soil materials
containing significant amounts of clay because of processes of swelling and
shrinking due to wetting and drying. Sizes of simple packing voids in such
pedal soil materials are usually much smgller than voids ocecurring in apedal
s0il mgterxstls with less clay (Fig. 2.1, right picture}. Tne larper pores

may be channels or vughs, as in apedal soil meaterials; interpedsal voids are

usually plenar voids or compound packing voids.

Structures have to be characterized gt different magnifications, starting

with the primary particles, that may form peds, which, in turn, may be part

of compound peds themselves. Different levels of structure have been distinguished

(Table 2.2):

1. Basic structure (redefined here gccording to Bouma and
Anderson, l973}.



100 micren

PLASMIC STRUCTURE BASIC STRUCTURE MATRIC STRUCTURE SECONDARY STRUCTURE

w B
MBS nicon ]

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, USDA Forest Products Iaboratory, 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, IT and IIT 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 ﬁibbing loam (clay texture). The little white areas in the pictures indicate.
tge areas represented in the adjacent, left side, larger magnifications of the same horizon.
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vescriptions of Plctures in Fig. 2.2. 10.

1-l. Cranular besic structure {simple packing voids between fine sand grains).

I-2. Cranular metric structure. Volds larger than packing voids are
not visible in the pleture, so there is no essential difference
between basic and matric structure.

II-1. Skelseplc plasmic structure, indiceting orientation of clay-plates
parellel to the skelston greins.

I1-2. Intertextic basic structuwre, indicating that plasma occurs between
skeleton grains at points of contact, not filling simple packing voids.

Ii-3. Channelled intertextic matric structure. A few small channels are
visible in the picture. However, their amount is low and the horizon
could slso be describved as having an intertextic matric structure.

TIT-1. Argillasepic plasmic structure, indicating that the plasma grains
(clay plates) are rnot mutually oriented.

ITI-2. Agglomeroplasmic basic struetwre, indicating &n increased content
of plasms 25 compared with TI-2.

IT1-3. Channelled agglomeroplasmic matric structure. {(Many round channels
are visible in the picture).

Iv-1. Argillasepic plasmic gtructure.

iV-2.  Porphyroskelic basgic structure. PFlesma and skeleton grains form
2 dense S-matrix in which no larger pores are visible.

Iv-3. Yughy porphyroskeliec metric structure. Vughs and channels occur
in & derse porphyroskelic S-matyix.

V-l Medium subangular blocky secondary structure with accomodating peds.
Transpedal channels bzve to be guantified by field counts (see data
in picture 10, Appendix of Chepter 2 for Ratevia silt loam-B2).

V~-1l. Masepic plasmiec structure. Plasma {clay) plates sre mutually oriented.
Thin sections would be needed Lo fwther investigate this.

V-2, Porphyroskelic basic structure,

V-3, Jointed porphyroskeiiz matric structure. Flansr voids occur in
the porphyroskelic B-matrix.

v-h, Medium prismetic secondary structure i7ith accomodating peds.
(See additional @ata in picture 13.7 fpuendix of Chapter 2 for
Hibbing silt lcam B2.)

S0il I is apedal C-horizon (sand) of Plainficid loemy sand; Seil IT is apedal
B-horizon (loamy-sand} of the sewe coil; il TT7 is spedal IIC horizeon (sandy loam)
of Batavia silt loam; “oil IV is pedal T2 boriroa (silty clay loam)of Datavia

~ silt loam and Seil V is pedal B2 horizen {cley’ »f Filbing loam. (Descriptions of
these soils are in Chapter 6.
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2. Matric structure (proposed by Bouma and Andersen, 1973
es the structure of the S-matrix).

3. Primgry structure.
L, secondary structure.

5. Tertisry structure.

The pictures in Fig. 2.2 illustrate different structures as they are visible

at different magnificstions. The number of pictures, in turn, shows the number
of levels of mggnifications necessary in each soll material t¢ obtain a complete
structure description. Complex structures, such as secendary or tertiary
structures in a clay soll, need studies at more levels of magnification than

the relatively simple structuwre of a sand without plasms. Specific techniques
have to be used to observe soll structures, such éE\gcanning electron microscopy
anrd microscopy in thin sections or in soil peels at high mggnifications and 2.:
direct observation in hand specimens. Thus, attention is focused on the
appropriate sizes of samples so as to make them representative for the soil
material or the structure-level to be characterized. Relatively homogenous
urnits of structure can be described using morphological analyses. BSuch units
are defined as “the unit of study", the "soil material" (table 2.2). Iecessary
volumes of soil maberials for study will increase as the size of structural
bnenomens incresses or with inereasing hetercgenity. Assuming, then, that
sufficiently larpe soil samples are available to be studied at all desired

levels of magnification, the description schemes themselves remain to be defined.



Py

2.242.

Principles of structure analysis

Three elements are essential in descriptive systems of soil structure,
88 followe from the structure defindkion. 'thhese are: (1) size, (2) shape
and (3) arrangement of the mingral particles and voids constituting a soil
meteriai. Brewer (1964} discusses sizes and shapes of mineral particles
or aggregates in considerable detail {p. 17).

Size distributions of primary soil mineral particles can he determined
by measuring the particle size distributieu (the ierm "soil texture" is used

in soil swvey practices;, which ig¢ & standsrd method based on Stokes' law,

determined by sieving. A differsnt procedure involves direct measurement,
using morphometric technigues applied to thin sections, soll peels or hand
specimen (Anderson and Binnie, 1961; Van der Flas, 1962; Bouma and
Anderson, 1973). Oopecific technigves to measure pore size distributions
in thin sections or size distributicns and abundance of chamnels and
planar voids in situ or in soil peels, will be discussed in Chepter L.
Shapeg of mineral graing, or aggregates, have been studied in great
detail by sedimentologists {(Rettijohn, 1957; towers, 1953; Folk, 1055
this manuel wili he most concerned with shapes of peds, and these will be
aefined when discussing secondary structures. The element of shape has
been integrated inbo ihe descriphicon of volds by distinguishing different

"types" of voids, each of which with characteristic shapes, such as chanmels,

packing voids, wvughs, ebe. Definitions of thes: diiferent pors-typ:>3s are given

in Table 2.2,
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Finally, the srrangement-aspect of structure is very important and rather
complex. Brewer even defined a separabte term: "soil fabric", which relates
only to arrangenent of primary and secondery particles, omitiing thelr sizec
and shapes which are pari of the broader "soll structure" definition. Brever
discusses "arrsngemernt” in hig book at great length (p. 159), explaining that
the term not only relates tc (1) the arrangement of the constituents (plasma,
skeleton grains and voids) with regerd to each other, but also (2) with regard
to specific reference features. There usre hwo separate aspects of arrangement
theat apply to all the individvsls in a soil materisl (minersl grains, voids
ané compound units) at all levéls: distribubion and orientation patierns.

- Descriptions of goildgiructures do usually {guite forturately) not require
a complete listing of all distribution and crientation patterns of ll components.,
Rather, this descriptive scheme glves the morphologist & logical means to
describe specific relevent features. Differcut aspects of 'arrangement” will
be described in the foliowing sections. For example, the srrangement of
constituents with regard %0 each othsr {point 1 above) is very important when
describing basic fabrics. When pedai soll materials are described the arrangement
of peds with regard to alike and adjacert individuals (point 2 above) is
most relevant.

A gereralized approach will be uged in this text bto illustrate the use
of Brewer's system for describing coil structure at the different levels of
structure defined earlier. Emphasis will be placed on the description of

pores. The resder is referved to Brewer's book for more details.



j“_ 2-2.30

II.

ik,

Descriphion schemes for soil structure (See fig. 2.2 for exsmples of each type)

Plgemic structure. {Brewer, 1964, page 303)

Observed in: Scanning Electron Microscope (SkM) - pictures; thin sections.
To be noted: size and shape of plasma grains and their arrangement.
The latter cen be described in terms of: (1) “sepic" {vwhere elongated plasma
grains, ("domains"), ere mutually oriented in specifie ways), (2) "asepic”
where orientation of domains ig at random or {3} isotropic when domains are
invisible. (&) Crystic plasmic fabrics are composed of recognizable crystals
and form =z separaits group.

Study of plasmic-structwres is often of limited value in relation to
Ilow of water through soils because: (1) plasma-pores are usually very small
so Tlow of water can be expected to be very low, end (ii) study of structure
of dry soil plasma as observed in a thirn section may be highly unrepresentative

of the structwre that is formed after webtiing due to swelling.

Basic structure. (Brewer, p., 170: related distribution pattern)

Observed in: thin sections, soll peels.

To be noted: size, shape and arrawzement of plasma, skeleton grains

end sssocisted voids,

The srrsngement of plasma and skelebon grains is very important as it
determines the size, shape and contimidity of the vores in basic structures.
The mogt relevant aspect of arrengement is here the distribution pattern
relating to the arrapngement of the constitusnts {plasma. skeleion grains and

volds) with regard to each other., Type-nawes have been suggested by Brewer,

8s derived from esrliey {erws propossd by ublerns., Zoil materials with ouly
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ekeleton grains end very little plasma have a granular basie fabrie; increasing
content of plessme {which is often concentrated around grains and at points

of comact belween grains) is expressed by using the terms intertextic,
sgglowercplasmic and porphyreskelic. Pictures of each of these basic fabrics

gre in Fig. 2.3,

Matric structure (Boums a&nd Anderson, 1973).

Cbsexved in: thin sgections, soll psels.
To be noted: size, shape and arrvangement of plasma skeleton grains and associated
voids and of voids significanﬂ.y larger than packing volds occurring in primary
peds or in apedal soii materials.

T™e matric structure, as defined here, is the structure of Brewer's
S-matrix (p. 7)), which is "the material within the simplest {primary) peds
or composing apedal soil materials" (pedolcogical featwres, to be discussed
in ore cf the following depters, oceur in the S-matrix).

Nomeiiclature of matric structures can become guite complex (Brewer, p.321),
but by emphasizing some inportant feabures rather than listing sizes, shapes
end arrangements of all soil constituents, sirplirications can be made.
For example, a soil with au agglomercplasmic basis siruciure, in which many
channels occur would be described cs heving 5 channeiled agglomeroplasmic S-matrix.
It is sdvantageous to describve metric structures in terms of certain types
of S-matrixezs. Occurrence and ghundance of pores larger than packine pores
{channels, planar voids) can be studied with microscopic lechnigques applied
to thin seetions or soil peels or by applying direct counts to horizontal

sections through pedons in situ {see Chspter 5 for some examples ).
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The primary structure relates to the occurrence of pedological features
that will be discussed in the next chapter. The next category of soil structure

is the secondary structure.

Secondary structure.

Obgsezved in: soil peels;hand specimen and in situ.

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

{and interpedal pedological features to be discussed later).

The Soil Survey Manual has provided o system to describe sizes
and shapes of peds. Brewer's classification (p. 302) is more detailed and
more specific. However, these classification schemesare more suitable
for specializgdtresearch rether thar for routine application in the field.
This is certainly true for the size-analysis which reguires, for example,
extensive measurement of lengths of principal axes or planimetric determinations
on thin sections. The shape-analysis introduces another, and more basie,
problem associated with field application of detailed descriptive schemes.
Introduction of many types of shape, some of them only differing in details,
is rather uwmrealistic considering *the natural veriability occurring in the
field and the inevitable lack of reproducibility that occurs when different
investigators describe a gimilar scil. The more detailed the descriptive systems
are, the more variability is bound to occur. The basic types of shape dis-
tinguished by Brewer {polyhedral, spheral and polyspheral) correspond
essentially with those of the Soil Survey Marmial, BShapes of peds, as defined
in the Mamal, would seem to be acceptable therefore for continmued use.

In specific ceses, additions can be made following Drewer ‘s system. The size
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gglmgégﬂ%. Reeognizable units within a soil msteriel which are

distinguishatle from the enclosing materisl for any reaeon, such a: origin
{deposition es an amticy}, diffsrences in concentration of some fraction of the
plasma, or differences in arvergemert of the constituents (fabric).

futan. A modificetion of the texture, structure, or fabric st natural surfeces

in geil meteriale dun & concentratic: of particulsr soll vonstitvwents or in situ
medificstion of the plesma; cutans con be composed of any of the component subetences
of the soll matsrial.

Skelrtan. These copeiut of skeleton greins adhering to the cutanic surface.

==

gillan. An argilien 15 compoead dordnantly of cley minerals.

Metran, Metrans sre composad of gkelaton grains and pleama, and can be
dletingelalied frouw the B=netTix by having more plasms and/oy denser peching
{mogified after Brewer ).

Begoutans, Neocutans are cutens that ocow subcutsndleaily lmmediately adjoining
the naturel swfeces with which they are associeted. '

Glasbule. A three diwencionel unit within the s-patrix of the soil materisl,
and usuglly epproximately prelsle to cguent in sh:pe; 1ts morphology {especially
nize, shipe, andfor inmtermal fmbric) 1s incompatible with iis present ogewrrence
beirg within & aAingle void In the present spil msterisl, It is recognized

83 & unit either because of & greader cancentrstion of some econstituant snd/or

# difference in fabric compered with the enclosdng scil matel {al, or beesuse

it has g distinet boundsay with the enciosing soil mnterisl.,

Bodules. OGlessbuwles with an wndifferentiated interrel fabrie; Iin this context
undifferentiated fabric ineludes recognizeble rock and soil febriecs.

Concretions. Glechules with a generally concentric fabric about a8 sentey which
may be 2 poini, lin®, or n plame,

Papules. Clacbules composed dominarily of clmy minerals with continous and/or
lenellar febric; they have sheaxp external boundaries  het commonly they are
prolete to equant end zomewh&t rounded.

l?-
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and_shape classification of the Soil Survey Manual was reproduced in Table 2.1.
The arrangement of peds, as part of the structure concept, 1s described by
Brewer in terms of three components: 1) Accoﬁ%dation (AccoﬁgdatEd,
Partially sccomodated, and Unacconodated), 2) Packing (Normal, Offset,
Bi-offset fauited, see fig. 2.3.) and 3) Inclingtion (vertical, horizontsal,
inclined). This classification of arrangement is very useful as it
refers tc the very important pattern of plansr pores in 8oils, which is essential
for predicting permeability of pedal soil materials {Chapter 5).

Interpedal pores are usually adequately described by noting size, shape
and arrangement of peds. 1IFf not, specific reference can be made to pore patterns
using Brewer's terminclogy.

The ‘Soil Survey Manual concept of "seoil structure grade"” is unsatisfactory
as a soil morphological tool, as it is not only based on the visibility
of peds in situ (which is quite dependent on the moisture status of the
80il) but alsc upon their resistance to disturbance, e.g., mechanical strength.
The latiter property cen be better described in terms of goil consistency,

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

of the soil moisture countent.

tedologicgl Features.

Study of pedologicgl featwres may be useful fo predict patterns of water
movement in soils and of associated processes. Two types of features will
be discussed here, viz. cubasns snd gluebules. All definitions sre separately

listed in Tabie 2.3. Plctures of secondary structures are presented in

Chapter 2.5,
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2.3.1. CUTANS (Brewer, 196k, Chapter 10)

The definition of cutans can be Yound in Teble 2.3. Type names are
formed by adding -an to sz term describing the nature of the cutanic material,
for example: "argillan" is g cutan copmposed of clay minerals. Water moving
through larger soil pores at relatively high velocities may carry suspended
clgy or silt particles downwards inte the soil profileé and may erode the walls
of the pores gs well. These particles will be deposibed on the walls of
channels or peds when water is absorbed deeper in the soil by the soil
mgtrix. BSuch deposits, in turn, can then be considered as indicators for the
type and intensity of the physical transport processes involved. For example,
at high flow velocities, small as well as large grains asre itransported and
sedimentation deeper in the profile will result in cutans with coarse
components (ggﬁzggg). When water flows very slowly, on the contrary, only
fine particles will be moved thalt may form thin cubans in which the Individual
grains are mutuslly well oriented (ergillan, Fig. 2.4). Skeletans are cutans
composed of skeleton grains that accumulated on ped faces either becguse the
fine particles were washed out (Eggskeleta@, Brever, page 294) or because
grains were transported downwsrds during pericds of high flow. Sometimes,
natural surfaces of peds in the Field have 2 quite different sppearance than
ped interiors but microscopic sznalysis in thin sections may not revesl any
accumilation of minerals gt these surfaces. Then, the difference in gppearance
mgy be due to rearrangement of the plasme particles in a smgll zone at and just under the
ped surface. Such cutans, then defined as "neocutans™, have in situ modifications
of the plasma. The neccutan coungidered here might be classified as a neostrian

"neo” becpuse It occurs inside the ped adjacent Lo the voids and is not covering
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the ped and "strian” to indicate the striated orientation pattern of the plasma
vhich results in a different light reflection).

Another very important type of cukan is composed of oxidized iron (red)

or manganese (black) compounds. Such cutans may be indicative of redox
potentisgls occurring in soils as induced by periodic saturation with water.
Reduction of iren ('5%3*) and manganese (Mnh+) compounds may occur during soil
sgturation in the absence of free oxygen but in the presence of some energy
source, such as soluble organic matter. Consideration of chemical eguilibyia
has shown that Mn is reduced tefore Fe, while Fe is oxidized before Mn.
This genomenon is significant for the explanation of certain types of cutans
oceurring in poorly drained soils (Bouma and Van Schuylenborgh, 1967, 1969).
Fig. 2.5 shows a mangan-nec mangan occurring in a poorly drained soil.

Detailed descriptions of cutans and neocutans regulire analysis of thin

sections. In field descriptlons, cutans can be described noting:

1. Colox

2. Kind of surface affected and the area occupiled

3. Kind of cutanic material and its thickness

L, Details on the internal structure of the cutan if observed

5. sharpness of the boundery

6. Degree of separaticn {contrast in structure between cutanic and non-
cutanic material)

7. Degree of adhesion {adhesion bhetween the cutardc material and the cutanic

surfaces),

Descriptions are included with pictures of cuians in Figs. 2.4 and 2.5.



of deposition and both are associated with natural voids. Another important
type of pedological features in the soil, the glaesbules, are not necessarily

associgbed with nagtuwral veoids,

2.3.2. GIAEBUIES (Brewer, 1964, Chapter 12)

The definition of different types of glaebules can be found in Table 2.3,

Many types of glaebules have in common that they form g "different unit in

an otherwise more or less homogeneous S-matrix.”

For example, a ferran formed along s root channel, may become broken and
mived with the soil due to pedoturbation. Fregments of the cutans, scattered
through the S-matrix, would then ¢lassify as glaebules. Detailed descriptions
of glasbules require the use of thin sections. 1In the field the following

descriptive scheme can be used, noting:

1. Color

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

3. Type name (for a listing of types, see Table 2.3)

L, Distinctness ss a unit (sharpress of external boundary and ease of separgtion
of the glasbule as a unit from the enclosing soil material)

5. Abundance in terms of few {0-2% of so0il volume) common (2-20%) or meny

{larger than 20%), or prefersbly, by an exact count.

(2) Absalute Size

Table 2.5

Class Name " (lass Limits
Extremely fine < 005 mm
Very fine 0 02-0 005 mm
Fine 01602 mm
Medium 0501 mm
Coarse 24 5 mm
Very conrse ' 19-2 mm

Extremely cosrse >10 mm-state actual size
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Degcriptions are included with pictures of glaebules in Figs. 2.6 and 2.7.
Syastematic description of cutans and glaebules, to be discussed as pedological
features, is to be preferred over the rather poorly defined system of describing

"mottles" in the Soil Survey Manusal.

2.k,  CONCIUSION

A descriptive system has been discussed thal can be used to define
the size, shape and arrangement of the solid particles and veids in any soil
material. Using these procedures, pore systems in soils gnd indicative pedologi-
cal features can be represented by a meaningful descripbion that will facilitate
communication gmong scientists. However, direct use of this for predicting
or explaining field moisture regimes, 1s nolt possible without considering

pasic physical principles that govern movement of water in soils.
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2.5. Pletures of secondary structures

Popsoils {Pictures 1-6)

Tame 8ilt loam (Typic Argiudeli}. Horizontal section through Al horizon
{virgin soil) zt a cepth of 20 cm. Mins granular and subangular-blocky
structare with pariially sccomodated peds. Fhysical data: Bulk density

{(B.D.) = 1.1h4; Porosity (P) = UBY; Particle density (P.D,) = 2.21.
Texture: silty clay loam, .

Tame silt loam {Typic Argiudoll}. Horizontel seetion through Bl horizon

below plow layer {cultivated) at a depth of 30 cm. Cosrse subangular

blocky structwe with accomodated peds, 17 channels larger than 1 mm per

625 en? (field count)., Fhysical data: B,D. = 1.37; P = 47%; P.D, = 2.57.
Textuvre: silty clay loam,

Plano 811t loam {Typic Argiudoll). Horizontal section through the Ap horizon
at 20 cm c"iep'th. Apedal coarse platy stiucture with accomodating fragments.
Fnysiesl data: R.D, = 1.42; P = 43.8%; F.D, = 2.51., Texture: silty clay loam.

Batavie silt loam (Mollic Hapludelf). Horizontal section through the
Ap horizon at 20 cm depth. Apedal goil material with a channelled
porphyroskellc S-matrix. Fiysical datae: B.D. = 1.k2; P = 4k . 84; P.D = 2,57.

Batavia silt loam (Mollic Hapludaif). Ap horizon. As picture %; but
showing & large worm chanrel with & worm-cest inside. Roots preferably

follow such larger channels in compacted horizons. Texture: silt loam.

Batavia 211t loam (Moilic Hapludalf). Structure transition between A2
(vpper part of picture) and B2 (lower part). This soil peel was taken

from & vertical sectlon through the pedon. Feds becorme larger at increasing
depthe and change Trom subsngwlar blocky to prismetic. FPhysical data:

A2: B.D. = l.k4; P = Lh.B%; 2.D. = 2.57. B2: B.D. = 1.42; P~ 45.0%;
P,D. = 2.58.
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Tame silt loam (Typlc Argiudell). MNorizontel section through the E3
horizon at 80 cm depth {virgin scil), Fine subangular blocky structure
with partially accomodsted peds. 20 fine (1-2 mm diam.) and 3 medium
(2~ mr) vertical channels per 625 on” . (field count). TFhysical data:

B.D. = 1.37; P= L7%; P.D. = 2.57. Texture: silty elay loan.

Tema silt loam. Horizontal section through the B3 horizon (cultivated
80il) at 650 cm depth. Fine prismstic parting to Fine subangular blocky
gtructure with sccomodated peds. 15 fine and 3 medium vertical channels
per 625 em®. Physicel data: B.D, = 1.43; P = b6%; P.D. = 2.67. Texture:

silty clay loam,

Plano silt loam., Horizontal section through the B3 horizon (cultivated
soil) at 80 cm depth. Mediwn prismatic structure with accomodating peds.

15 fine, 15 medium and 3 coarse (>¥% mm) channels per 625 en® (field count).

Betavia silt loam (Mollic Hzpludalf)., Horizontal section through the B2
horizon at 50 cm depth (cultivated soil), Medium subangular blocky
with accomodated peds. 15 fine, 10 medium and 3 coarse vertical channels
per 625 em® (field count). Note worm chamnel in lowe right corner.
Physical data: B.D. = 1.h2: P = 45%; P.D. =2.58. K-curve and moisture

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

Batavia silt Jloem (as 10). Horizontal section through the B3g horizon

at 120 cm depth. Coerse prismatic structure with accomodating peds.

26.

Phyeical data: B.D, = 1.53; P = L40.8%; P.D, = 2.52. Texture: silty cley loem.
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Subgoils {(Pictures 12 -15)

Betavis silt loam (Bﬁg) (a8 11}, Obligue view of & prism-face with traces
of root-growth, Fed faces were wet when the soll was freshly exposed
during excavation while the interior of the peds was molst, indicating

water movement along ped faces (see Chapter 5).

Hibbing loam (Typie Eutroboralf). Horizontal section through the B2
borizon (40 em depth). Medium prismatic strucutre with accomodated
peds. Physicsl data: B.D. = 1.35; P = 51%; P.D. = 2.75. Texture: clay,

For K-curve and moisture retention dats, see Chapber 6.

Alreps sil% loam (Beric Glossaquelf). Horizontal section through the
B2 horizon (4O cm depth). Medium prismatic structure with accomodated peds.
Physicel data: B.D., = 1.60; P = 30.0%; P.D. = 2.29. Texture: silt loam,

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

Batavia silt loam (as 10). End of & vertical worm channel is shown in
the middle of the picture. Nabural worm chennels, when occurring &s

& continuous tube in a core ca&n induce & very high core-permeability.
The same channel may, however, in situ end as shown here, thus not

contributing much to the K, at of the whole horizon.

ar.
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:gpme hasic_physical characteristics associmted with waber movement through

 soils. ,

Several textbooks on soil physics have sppeared in the last few years
(Rose, 1966; Hillel, 1971; Baver and Gardrer, 1973) and a discussion of the
basic hydraulic properties of soils is central in each of them. This text
will not repeat what is already in the literature but will present a simplified,
and, if.péssible, non-mathematical approach intended to help the field soil
scientist in spplying soil physical concepts. The following subchapters

will discuss three aspects:

1., 8o0il as & three~phase system
2. Paysical characterization of liguid in soil materials and

3. FPhysical characterization of liquid movement in soil materials.

Soil gz a three-phase systen.

A soil sample congists of solid particles and veids, a fraction of which
may be f£illed with liguid (Fig. 3.1). If we assume that the weight of solid
particles is M, that of the water Mw, and that total weight is Mt gramg, the

corresponding volures are: V

s V , gnd V.. Here glso the volume of pores
8’ w

&

filled with air (v&) has to be included, which contributes negligibly to weight

but constitutes an important part of the total soil volume. The volume of the

pores is Vﬁ = Va +-V§. The following characteristics are most commonly distinguished

(see also Hillel, 1971). Methods of determination are discussed later in

Appendix T.2.



1. Particle density p; which is defined as:

5 = % (er/end)

<
0

This value is used to calculate the volume of a certain dry weight of soil,

Values are usually sbout 2.6 - 2.7 gl‘/cma.

2. Bulk density B.D. M M

5
V. ¥ +V +V
a s W

<

This valve is always smaller than ,, because Va. and Vw are also included.

Sometimes bulk densiiy is determined, ineluding water:

B.D. (wet) _ "s +°w

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

8 from 8 (see rext subchapter ).

Porosity is defined as P - XR N

and is normally expressed as & percentage. This value uses the total volume
of all pores. Thus, no distinctions can be made between different types of
pores with different functions in the soil fabric. Here, morphological
analyses can be helpful.

Soll samples should be sufficiently large to represent the soil material

to be characterized.

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

For example, = pedal soil horizon with a fine blecky structure can be

35.

8 {based on dry soil weight).
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characterized with a smaller sample than one with & coarse prismatic structure
because struetural units in the former soll are so much smaller. A representative
soll sample should at least contain about 20 structural units in pedal soil
materials. This guide is quite practical for fine pedal soil materials

but creates big problems when peds are very coarse or when structures

are hedterogencous. An alternative in such cases is to define sub-types of
structure, each of which to be considered as relatively homogeneous. By
determining the relative Importance of each subtype, the soil materdal as

a whole can be characterized by summation of the characterizations of the

subtypes.

Dhysical characterization of liquid in soil materials.

Introduction
Soil wetness can be expressed in two ways:

Fercentage by weight: 100 . Mw

6 = ~—=

J
hy M
g8

where M_ is deternined after drying the soil &t 105° c.

100 « ¥
w

V +V +V
s & W

Fercentage by volume: )

T™ese two characteristics are interrelated as follows:
Gv * B.D. (dry)

) =
v

)
W

where , = density of water.
W



Soil volume is & relevant factor in several of the characteristics
defined in 3.1. This volume may change when dry soil is wetted. Most soil
meterials 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 follows that B.D., and
6, values will be affected. The saran-method has been developed to measure
the amount of swelling at different moisture contents (see Appendix 7.2).

Soil wetness refers sclely to the total amount of liquid in & soil

“sample. In addition, it is important to ascertaein the distribution of water
in the soil et different ﬁnisturé conternts, and to understand the natural

laws that govern it. As the moisture content of a soil sample decreases,

water leaves the larger soil pores bubt remaing in the finer ones. 'This can

be explained by considering the basic phenomens of liquid surface tension

and capillarity. Surface tension occurs typically at the interface of a liquiad
and & gas. Molecules in the liguid attract each other from all sides. In
the surface areas the molecules are attracted into the denser ligquid phase

by & force greater than the force attracting it into the gaseous phase,

T™e resulting force draws the swface molecules dowrward, which results in

a2 tendency for liquid to contract., Swface tension has the dimenslon of
dynes/em. Increasedsalt concentrations tend to increase the surface tension
of water, whereas organic solubles like detergenis tend to decrease it.
Capiliarity refers to the well known phenomenon of the rise of water into

& capillary tube inserted In water, due to its surface tension. The finer the
tube, the higher the capillary rise and the gieater the negatlive pressures
below the water meniscus in the tube. 'This negative pressure (p) is & result

of the curvature of the meniscus, which increase as tubes become smaller,

37.



Weight =M gr.
Volume= Vg cm

SOLID PHASE

AIR PHASE
Volume=V,
LIQUID PHASE
Weight =M gr. Total weight =M, gr.

Volume = V,, cm 3 Total volume=V, cm 3

Fig. 3.1. Schematic diagram of the soil as a three-phase system.
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Fig. 3.2. Graphical expression of the relation-
ship between tubular pore size and
corresgponding soil moisture tension.
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} 2
and cen be calculated (in dynes/em” ) as follows (assuming that the contact

angle between water and tube i3 zero):

P = —2& (1)

Where g = surface tension of the water (dymes/cm), and r = radius of the
ceplllary. ‘The height of capillary rise (cm) is:

h = Z2&.

p&T

vhere , = density of the water ler/ cm3 ) and g = gravitetional constant
(cm/sece). Function (1) can be pictured as a continuous greph, relating
capillary radius to corresponding pressure (Fig. 3.2). The negative pressure
below the meniscus in the water can thus be expressed in terms of height
of capillary "pull", which is the force than can be exercised by the pore.
Fig. 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 relatively low capillary rise of 28 cm water, a radius of 30 micron
with a relatively high 103 cm. These figures imply that it tskes a larger
force (more energy) to remove water from & small pore as compared with a large
one, which, in turn, implies that water in small pores has & higher potential
Jevel of ermergy than that in the large pores.

To represent the porosity of & certain soil materisl ss & bundle of
capillaries, with a characteristic size range is, of course, an unrealistic
model as real pores in the soil have & much nmore complex configuraticon with
varying sizes and discontinuities, as was 1llustrated in Chaepter 2.

This repregentation canneverthelegs be helpful to visualize flow phenomena
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in soils, particularly when soll moisture contents are relatively close to
saturation.

A more sciemtific expresfion 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. The energy status is referred
to as the "water potential", & central concept in soil physies. A thorough
and clear discussion of thig concept has been given by Rose (1966) and
only a brief summary will be presented in this text. The total potential
(or energy per unit quantity) of water (V) is defired as the mechanical work
required to transfer unit quanitity (e.g., unit mass or unit volume) of water
from a standard reference state (Y = 0) to the situation where the potential
has the defined value. The total potential of water (which in the following
will be expressed in terms of energy per unit of weight because this results
in the simplest expression) is composed of seversl components, which will now

be discussed separstely.

1., Pressure potential (P)

Water in unsaturated soil occurs only in the finer pores and not in the
larger ones because the toilal amount of available water is insufficient to
£111 ali the pores while the smallest pores can "pull" strongest and thus get
filled, thereby excluding the larger omes. The pressure in the water is then
less than that of the local atmosphere. As the available amount of water
decreases, the diameter of water-filled pores decreases and the moisture
pressure becomes more regative. It is convenient; but not neeessary, to
refer to a negative (less than ebmospheric) pressure as a "tension” or "suction".

This potential is referred to as the matric or capillary potential M. Ixpressed

per unit weight the dimension of the matric poterntial hecomes:
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P/og = 3 5 = cm

The matric potential is the most Important component of the pressure potential
in most cases because soils above the water tsble are usually unsaturated.

The soil water is at & pressure higher than one atmosphere if submerged
beneath a free water surface. The potentisl associated with this has been

cellied the submergence potentisl (5) by Rose, 1966. The submergence and matric

potentials are mutually exclusive possibilities, if edther of them is non-zero,
the other must be mero. Finally, anotherrossible cause of pressure change
in soil weter ie a change in the pressure of the air adjacent to it

(pneumatic potential G). GCes pressures in nmatural soil will usually not be

differsent from the mtmospheric pressure. In sumary:

P = Mtor S) +G {em)

2. Gravitetional potentisl (z)

The gravitational potential is due to the attraction of every body on
the earth's surface tevards the center of the earth by & gravitational force
equal to the weight of the body. To raise this body against this attraction,
work must be dome, and this work is stored by the raised body in the form
of gravitationsl potential erergy {Z) which is determined at each point
by the elevation of the point relative to some arbiitrary reference level,
Therefore:

V=Meg ooz

vhere 7 is the gravitational poitential ensrgy of a mass M of water at a
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height z above & reference and g = acceleration of gravity. This potential,

expreszed per unit weight, becomes: 2 = z (in em).

The osmotic potential (0) describes the effect of solutes on the total
potentisl of soil water and is important for the study of water movement into
and through plant roots and for siudies of evaporation and vapour movement.
This componemt-potential will not be discussed further here &s it does not
sigrnificantly affect the mass-movement of water through soil bebween tensions
of 0 and 100 cm which is of most inberest in the context of this review.

The total potentisl (Y) of soil water at any place in the soil is thus
equal to the sum of the component~potentials P, Z, and O. Theory of water

flow uses the hydraulic potential {em}, whichk is the sum of the pressure

and gravitational potentials previously defined. It is common to refer to the

hydraulic potential in terms of the "hydraulic head (H)". {(cm).

At zero tension all pores in the soil are filled with water (assuming that
isolated air pockets do not exist). With increasing soil moisture tension
progressively smaller pores will empty as the capillary forece they can exercise
becomes insufficient to retein water agelinst the suction applied. The rate of
decrease of water content in a scil sample ypon increasing tension 1s
characteristic for each soil material ass it is a functicn of its pore size
distribution, This gimplified dlscussion assumes that the S-matrix is rigid
and that water extraction does not result in soil shrinkage, thereby releasing
water without creating empty voids. This is, however, an important process
in clayey soils. Use of the saran-method (Appendix), can yield date on
volume changes of scil upon desaturation., Techniques are svailable {(Appendix T.2)
to experimentally determine the so-called 'soll-moistuwre~retention-curve”

which gives the water conbtent of the soil at any given tension., Figure 3,3 shows
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such curves for a sand (sSee Soil I in Fig. 2.2), & silt loam (See Soil IV

in Fig. 2.2), and & cley eoil (see Soil V in Fig. 2.2), demonstrating the
effect of their different pore types. These pore types are schematically
represented in Fig. 3.4. The sand has many relatively large pores that drain
at relatively low tensions, whereas tre clayey soils release only a small volume
of water, because most of 1t is strongly absorbed in very fine pores.

The silt loswr hapg more coarse pores than does the clay soil.

Moisture contents in a soil sample are different at corresponding tensions
depending on whether the moisture content was reached by desorptioﬁ of an
initially wetter sample or by adsorption of an initially drier sample.

This phenomenon is referred to as hysteresis, and can be illustrated using
Fig. 3.5. The water-filled void (left) will drain (desorption) if the tension
exceeds P:r‘ vhere Pr = 2?5'/1' and r = radius of the smallest pore "neck" in

the system. 'The whole vold will £ill (adsorption) if the tension ig less
than PR where R = maximm dlameter of the void itself. Tt follows that the

wvater comtent of a soil will be greater on desorption than on adsorption at

any given tension, because Pr - PR'

Physical characterizaticon of water movement in scil materials,

The amount of flow through a soll sample is proportionate to the drop
of the hydraulic head per unit distance 1n the direction of flow. This,
basically, is Darcy's law as stated for a one-~dimensional steady-state condition
of flow:

vV =K-oH (2)
L
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where V = flux (em - t'l} of water {: Q/(A-t)l, which is the volume (Q)
of water flowing through s cross-sectional &res A per time t. X is the
hydraulic conductivity {cm » t°) and H/L is the hydraulic gradiemt
{dimensionless). This equation applies to both saturated and unsaturated soils,
for stesdy-state conditlons of flow.

The flux V is measured per undt cross-sectional area. Fart of that
area {(at least BO%) is occupied by the solid phaSe; which implies that the
real velocity of flow in the soil pores itself is larger theh V. IFf the soil
would be composed of simple capillary tubes, with a specific size, cglculmtions
of the real flow velocity in thoee pores would be easmy. However, pores
vary in shape, width and direction, and the actuml flow velocity in the soil
pores 1s varisble, At best, therefore, one can refer to some "average" velocity
(v) that can be calculated on the basis of the water-filled porosity &t e&ch

tension.

where E'w is the water filled porosity, as derived from the moisture retention

curve. At unit hydraulic gradient, we find:

.
€ W

Using these relationships, travel times at different moisture contents during
steady-state flow can be estimated Tor different soil horizons if & K-curve

ig gvailable. This was dore (Iin Figs. 3.5 and 3.7) for three moisture contents
for the C-horizon of a rleinfield loamy sand (soil I, Fig. 2.2) and the 1IC
horizon of the Batavia silt loam (Soil 1II1, Iig. 2.2). According to equation (2),

flow rates in a given soil material at & certain moisture content can vary
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considergbly with varying hydraulic gradient. The hydraulic conductivity \K),
however, is defined as the flux at unit gradient, and can, therefore, be considered
a8 a characteristic value for the soil. Methods for measswring hydraulie
conductivity K in the field will be discussed in the Appendix., These include:
l) Boﬁwer doble-tube method for measurement of K of saturated soil (Appendix 7.3).
2) The crust test (Appendix 7.4) and the instantaneous profile method (Appendix T.5)
for measuring K of unsaturated soil.

K curves of different soil materials vary widely due to different pore
gize distributions in the soils.

Thysical equations have been developed for certain types of pores to
relate pore sizes to flow rates &t a given hydraulic-head gradient (Childs, 1969).

For a cylindricel pore of radius r we find:

4 .
Ut = T;gnr . grad p (Fig. 3.8) (3)
m

For a plarme silt of width D, and unit length:

. grad § (Fig. 3.8) %)

where Q/t = flow rate (cms/cmz/sec}, p = density of water (gr/cmB),

g = gravitational constant (cme/sec), n= viscosity (dyme/cm), grad P =
hydraulic gradient (cm/cm). These equations are graphically expressad in

Fig. 3.9, demonstrating the great effect of pore size on flow rates. For
exanple, these graphs show that a tubular (cylindrical) pore with a diameter

of 100 mierons will conduct sbout 2 cmB/day at a gradient of 1 cm/em (8 cm3/day

at a gradient of 4 em/em). A plane silt with a width of 100 micron (and unit length)
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will conduet TCO cmB/ day. 4 plane glit with a length of 4 cm will conduct
8hoo cm3/day if the gredient is 3 cm/em - (12 x TOO cm3/da.y).

Morphological studies {Chapter 2) attempt & clageification of pore types,
. among which cylindrical channels and planar voids figure prominently. Tt
gppears possible, at least for some solls, to calculate X values from morpho-
metric dats, using Equations (3) and {4) that relate pore size to permeability
(Chapter 5)}. A physical method was introduced by Marshall (1958) to caleulate
K values from moisture retention data, following an egquation which relates
pore sizes to K values, including & pore interaction model. FPore sizes are
indirectly derived from the moisture retention curve, using Equation (1).
This procedure, and its limitations, will be discussed in Appendix 7.6.
The dominant effect of pore sizes on permesbility is evident when K values of
a8 soil material are compared, that are measured at different degrees of
saturation., Unsaturated soil below an infilitrating surface may have different
causes, such &5 the occurrence of a physical barrier to flow or an inflow rate

which is lower than the saturated hydrsulic conductivity. We may assume three

51.

different soil materials, with pore size distributions schematically represented

in Fig. 3.10. 'The uppermost "soil" is coarse porous like a sand, the
lowest one is fine porous (like a clay). Without any physical barrier

la "crust" ) on the soil surface and with a sufficient supply of water, all
pores are filled and each will conduct water downward ag a result of the
potential gradient of 1 cm/em, due to gravity. The larger pores will conduct
much more water than the smaller ones (see Bquation (3) and Fig. 3.9.).
Suppose a weak crust forms over the top of the tubes., Fores will only f£ill

with water if the cgpillary forece they can exercise is strong encugh to "pull'

the water through the crust. The larger the pore, the smaller the capillary
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force that can be exercised (Equation 1), Therefore, larger pores will empty
first st increasing crust resistance, creating unsaturated soil and soil moisture
tensions (Chapter 3.2) which, in turn, leads to a strong reduction in the
hydrsulic conductivity of the soil.

With no crusts present, similar processes can occur, when the rate of
application of water to the capillary system is reduced. With abundant supply,
&8ll pores are filled. As this supply (which 1s supposed 1o 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 (it is assumed
here that pores are horizomtelly interconrected). Iarger pores will empty
first, as they conduct most liguid while at the same time, they exercise only
relatively small capillary forces. Thus in this gystem, a certain size
of pore can only be filled with water if smaller pores have an insufficient
capacity to conduct away the appliied water.

The degree of reduction in K wpon desaturation and inereasing soil moisture
tension is thus characteristic for the pore-size distribution, Coarse porous
goils have a relatively high saturated hydraulic conductivity (Ksat) ; but
K drops strongly with increasing tension., Fine porous solls have & relatively

low K but K decreases more slowly upon increasing tension. Experimental

sat’
curves, determined in the field with the crust test show such patterns for
netural soil., Fig. 2.11 shows curves for the C-horizon 6f the Flainfield
loamy sand (sand; Soil I, Fig. 2.2 in Chapter 2); the TIC horizon of Batavia
£1lt loam (sandy loam; Soil III, Fig. 2.2); the B2 horizon of the Batavia
silt loam (eillt loam; Soil IV, Flg. 2.2) and the B2 horizon of the Hibbing
loam (clay; Soil V, Fig. 2.2). The cwrves for the pedal silt loam and clay
horizons demonstrate the physical effect of the occurrence of relatively large

interpedal planar veids and transpedal root and worm channels. Soil structure
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inside the peds is very Pine porous (see Fig. 2.2) and these fine pores hardly
contribute to flow. The large structuwral pores give relatively high Ksat values
{10 cm/day for the silt loam), but these pores are not filled with water

at low tensions and K values for these pedsl soils drop,therefore, very
gtrongly between saturation and 20 mbar (1.5 cm/dsy for the silt loam).

These phenomena, showing relationships between pore size distributions and X,
gre 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 goil moisture tension
in the underlyling soil, and the lower the water content and the relevant
hydraulic conductivity (X). These characteristics apply to steady state
conditions in a one-dimensional system, where, at & hydraulie gradient of
1 cm/em, flow rates are equal to the hydraunlic conductivity. More complex
flow systems, for example those where the moisture combtent is changing with
time, need more complex mathematical expressions.

Some of these expressions will be discussed because the principles involved
are part of flow models to be discussed in later chapters. The steady-state
procegses, discussed so far, are already guite heipful and the not-
mathematically inclined reader may want to omit the following.

Darcy's law can be writien ae:
(5)

= —2H_ - Kk =M = .x oM _
vV = K —7 = K BZ(M+Z) X =7 X

for downward flow, where H = hydraulic head {cm), M = s0il moisture pressure
expressed per unit weight (in cm) and Z = vertical coordinate (positive upwards).

If water comtents are changing during flow processes, it is convenient to
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introduce the soll-water diffusivity D which is defined ss:: K - —-gg— P
2

the latter of both terms being the slope of the moisture retention curve.

To introduce D, the Darcy eguatlon can be written as:

{this is & mathematical trick: multiplying with »8 and dividing by =& does
not change the value of the product on the right hand side of the equation,

but creates the opportunity to introduce D)

v = -p —2 (6)

32
Measurement of moisture conditions in the field usually relate to the moisture
content & at different times and depths and not to flow rates as such, It
is therefore advantageous first to differentiate this equation with respect

to z, as follows:

2Y B3 ., (D .__.B.g_) . _©OK (1)
aZ BZ BZ aZ

and then to apply an equetion of ligquld conservation:

2.
L8 . oy . (dowrward flow)

2t 22
which expresses the requirement that the change in water content per unit time
of any smell volume of soll equals the net flow of liquid across the boundaries
of this volume. It does, in fact, state that water cannot be lost during the

flow into and through any smell volume of soil. Substitution in equation (7),
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results in:

22 . 2. (. -22) ., 2 @)
at 3z 3z B2

This equation forms the basis for the analysis of vertical entry or drainage
of water in insaturated soil.
It is possible to avolid using D values in describing unsteady flow through

soil, by transforming the above egquation as follows:

>® > 30
_— = == (D . - + K)
at 2 3z
29 ) M 3¢
—_— = e——— (K * —— ¢ ——— 4+ K)
a‘b -V 39 Z
3 - M 37 -
= —= Ko ( —= - )
22 3% Y2
) — 3
= — K+ ——— {(M+2)
3% 22
2@ 3 >H
Y £ 5

These equations will be used in later chapters to discuss processes of unsteady flow.




N
.

57,

3.4, LITERATURE CITED

Baver, L.D., W,H. Gardner and W.R. Gardner., 1972, Soil Fhysics.
John Wiley. 498 p.

Bybordi (1968). Moisture profiles in layered porous materials during
steady state infiltration. Soil Sei., 105:379-383. )

Hillel, D.I. (1971). Soil and water: physical principles ard processes.
Academic Press. p. 288,

Peck, A.J. {1971). Redistribution of water after infiltration.
Austr. J. Soil Sci. 0:59-T1.

Rose, C.W. (1966). Agricultural Physics. FPergamon Press - Oxford.




h.

58.

Application of the flow theory to gpecific examples.

These applications sssume the availability of K-curves and of moisture
retention date {(for methods, see Appendix), and will be concerned with problems

of increasing complexity starting with saturated flow.

One dimensionsl steady saturated flow.

4.1.1. One layer

Fig. k.1, illustrates flow of water through a soil core under saturated
conditions., The soil in the ring has & height of 10 cm, and 1 cm water is
ponded on top. Assume that water is leaving this ring at a flow rate of
5 cm/day while the 1 cm head is maintained at the top. The question to be

answered is: what is the Ksa. value of the soil in the core? Following

t
Darcy's law (V = K = aAH/L), we need to know aH in order to calculate K, since
L= 10. H is comosed of ¥ (pressure potential) and Z (gravitational
potential). It is advantageous to obtain differences in P and Z between top
and bottom of the core separately and then adding them up. The alternative
would be to calculate p (P + Z) for the top and for the bottom and then to
deternire the difference. This spproach is without problems for saturated
flow but confusion often results for flow under unsaturated conditions when
pressure values may be negative. For the simple case discussed, we find:

AP = lem, pZ = +10, and thus pH = 1l. (Reference level for G at boitom of core

and P = O gt bottom of core, because out¥flow occurs under stmospheric

pressure ). Tt follows that K = 5/1,1 = %.55 cm/day. The values for the



Z 10-
o
- h
E r
on C
= ]
-: -
m -
=1
E L
A ]
“ 0 LML L R PR R R L B T
0 5 10
Soil water potentiat ( cm )
17
E L
|5 L I
E 4 g
Th ]
D
< 1
@ .
2
@ 5
m - .
0 -~
20
Soil water potential (cm)
Fig. L.1. Moisture conditions in cores during steady

saturated flow.



1‘["2.

60.

pressure, the gravitafional and the total potential have been pictured in

Fig, 4.1 for different positions inside the core.

4.1.2. Two layers

A slightly more complicated situation is found when steady saturated
flow occurs through & soil core that has two layers with different K wat
values, Fig. 4.2 shows two layers, (12 and 5 ¢m thick) of soil in a core,
with ore cm of water ponded on top. Assume Ksat{."ii) =10K . (LL)e
Question: what are the values for the different potentials in this flow system
at steady-flow conditions.

T™e flow rate can again be expregsed ast V= K - —9}—:— . V can only
be congtant if AH/L veries inversely as K. This means that the slope of
the H-potential line should be ten times as steep in I as compared with 1l.

We know the two end points of the H-potential Idine (Top: F = +1, Z = 420 Iirf
the reference level is taken at the bottom of the 20 em high core. Therefore:
H= +21. Bottom: Z =0, P= 0 since outflow occurs). The H-potential line
can now he constructed using the proper slopes. The Z-=potential line in known
as it varies from zero at the bottom to =20 at the top. The P-polential

line can be constructed from the other two, subtractling Z from H. The ¥

line shows thet pressure increases with depth until the interface with layer

1T is reached.

Ome dimensional siteady unssturated flow.

4,2,1. OUme layer

The Plow conditions in a homypensoussoil material sre very simple and have

been discussed already in Chapber 3.3, that deall with water movement through
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soil. Any given steady flow rate thet is lower than the saburated hydraulic
conductivity of a soll material corresponds with a characteristic soil moisture
tension because 1t is related to Its particular pore~-size distribution,

Flow occurs orxly by forces of gravity expressed by the gravitetionsl potential
7 becauss the pressure potential P {(or better the matric potential M

because pressures are negative) 1s constant &t 211 depths under conditions

of steady flow. Fig. 4.3 (same as Fig. 7.1 in Appendix 7.5) gives the

hydrauiic conductivity curveg for the Ap and the B2 horizon of a Batavia

5ilt loam (Typic Argiudoll) measured in situ with the crust test at the
Charmany UW kxp. Farm in Madison, Wisconsin. Curves like these make it possible
to predict moisture tensions (and correcponding phase distributions if molsbure
retention date are available) at steady Tlow rates (unrealistically assuming
that the horizons sre of semi-infinite depth, see next section), For example,
tensions at a stesdy flow rate of 1L cm/da.y would be 20 cm in the B2 and 30 cm
in the Ap. At 5 mu/dsy these tensions would be 26 and 58 cm respectively.

Soil horizons, of course, are not semi-infinite and interferences of underlying
horizons skrongly infiuence tensions with depth. These effects can be calcu-

lated using an approach ptblished by Bybordl (1968).

k.2.2. Two or more layers.

Darcy's law can be writizn as:
éh

V = =K (1 4 =)
dz

where z is the vertical direction (eom), X is the hydraulic conductivity

{em/day) and h = soil moisture potential {cm). Tis equation can be integrated



s follows:
h

(Bybordi, 1968)

L4y

0 X
where Zn is the height asbove a horizon boundary (or a water-table level) at
which the pressure hn is experienced. So by cheoosing & steady-velocity V
Tor the flow system and by reading appropriate K values from the K-curves
for the different layers, a complete profile of Z vs h may be plotted if a
sufficiently high mumber of different limits hn is used. This method will
be illuatrated by using E-dats for the two surface horizons of the Bastavia
silt loam (Fig. 4.3). (Crust test data).

IWB agsune thet the .132 extends very deep and that only flow from the Ap
into the deep B2 will be considered.

At g steady flow rate of L mm/day, the tension in the B2 is 30 cm.
This tension will occur, therefore, at the boundary of Ap and B2. However,
a steady flow rate of 4 mm/day represents a tension of 83 cm in the Ap.
Tensions ere always contlnuous in a soil and an abrupt change from 83 em
to 30 cm tencion at the interface of the horizon is therefore not possible,
The integration procedure is used now to caleulate tensions in the Ap in the
transition zome between 30 and 83 cm. The basic guestion is as follows:
At what height h gbove the boundary does a tension occur of, for example,
Lo em (to construct a tension curve for the transition zone, small intervals
have to be used). Thus: h = Lo em, V = 0.k cemfday and X = 0.7 em/day
{= X at 40 ¢m tension in the Ap, read from Fig. %.3) dh = 10-30 = 10 cm.

Since dowrward flow ig considered, V has a negative sign.
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Fig. 4.4, cCalculated moisture tensions in the R and Ap of a

Batavia silt loam at four steady-flow rates s using
Byberdi's approximetion., The real Ap wes 30 cm thick.
Curves are extended above this surface to show tenslons
if the Ap had been much thicker,



Thue:
ko 10 Zn = 23,3 em
Z, = - S —= -
30 R —

.7

Result: a%t 23.3 om above the boundary of A2 and Eb, a tension of 40 cm
oceurs &t a flow rate of 4 mm/day. The next point could be to calculate

a tension of 50 cm &8 follows:

5Q
A = - J/’ 20 , Z =28 cn
n ] - O. n

ko 0.6

which gives a total distance of 51.3 ecm. This 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. L.l, where other
curves for additional flow rates were salso calculated. Note the curve for
& flow rate of 25 cm/day, when tensions in both horizons are 10 em. Horizons
ere often not deep enough tc reach eguilibrium tensions corresponding with
steady flow rates. This is certainly true of the Ap Just discussed.
Whatever its depth, theoretical tensiens at the soil surface can be estimated
{essuming all the time that there is no evaporation) by drawing a horizontal

line a2t any desired depth in the A_ and by reading the tensions at that level

P
from the calculated curves.
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A special case ¢f the two-layer {low system occurs when very thin layers

with different hydraulic properties occur in a flow system. An example will

be discussed concerning thin crusts cn top of infiltrative swfaces (Hillel, 1971).
Assuming steady infiltration (a2s will be occurring during the crust-

test measwensnt to bé discussed in Appendix 7.4, the flux through the crust

(qo) should be equal to the flux in the subcrust soil (q_).

. S _ _dH
9, = 4, ©°F Kc { dz )c - Ks ( dz )s

where KE and KS are hydraulic conductivities of the crust and the suberust
s0il respectiviely with dﬁ/dz the hydraulic head gradient in both meterials.
‘the hydraulic~head graddient will be epproximately unity at steady state
infiltration as the gradient of soil moisture tension decreases with increasing
wetting depth. Assuvming flow in the soil thus to result only from gravite-
tional forces:
BE +M+z2
q = KS(M) = Kc ot

2z
c

where Ks( ) is the unsaturated XK of the subcrust zone at a moisture tension

H
of M cm water; Hb is the positive hydraulic head imposed on top of the crust
by the ponded water and gc is the thickress of the crust, Crusts may be
very thin relative to the tension induced in the suberust soil (--zc << M},

The same may hold for Hé if water 1s only very shellowly ponded on top of

the crust (—Hb << M). Then it follows:

M
= «r — = K
E X, Z., s{M)
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or

5 (M) . C_’ | (Rc = hydraulic crust resistance).

Thus, the ratio of the K of the suberust scil to its tenslon is spproximately

equal to the rgtio of Ksat of the crust to its thickress. The latter ratio
cen also be expressed ag 1 where Rc is hydraulic crust resistance. Use of Rc

R
¢

may be very helpful in anslyzing natural crusts, the thickness of which
mey be difficult to measure. The R value follows of course, from Darcy's

lew as applied to a crust, for exemple:

Al Ké AH
q = Kc ¢ - or g = —— » MM = —
Zq Z, Rc

Knowing the depth of ponded water on top of the crust (Hé), the subcrust
tension (M). and thickness of the crust 2,5 A can be determined as:

HO + M I Whenr the flux g 1s known, resistance Rc of the crust can be
determined. KC can only be caleculated if the thickness of the crust is
known. The hydraulic resistance (Rc) mzy be particularly useful to predict
hydraulic effects of crusts on different soils by considering, again, the

agsumption of gteady gravitational flow in the suberust soil:

M
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~ K-curve

Soii moisture tension (M} (cm)
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Calculetion of moisture tension
and agsociated flow rate in-
duced by a thin crust (Rc =

5 days) in a soil with 8 known
relatlionship between hydraulic
conductivity (K) and moisture
tension



TIf the K-curve of the subcrust soil is available { KE{M) }, it is possible
to calculate the steady~flow rate g in any subcrust zoil on the basis of a
known Rc value for the crust. For example, assume a crust with Rc = 5 days
nn top of a soil with 2 K-curve pietured in Flg. 3.5. Question: what are
subcrust tengion and infiltretion rete under steady-state conditions? It

follows from the abeve description thatb RC S S 5. A line can be

K
S(M)
drafted in Fig. 4.5 descrikbing 5 K;{M)== M. The point where this line crosses

the K-cwrve gives the required values for suberust bension anéd infiltration
rete. It should be pointed out that the assunpbtions of steady-state
gravitational flow under & very smrll hydraulic head (Hﬁ} mgy not apply under
mery conditione ccourying in naturs, But analyvsls of the problem becomes
corplicated then, and these simplified csleculations may be gqulte meaningful

for applied work.

k,3. One-dimensionsl unsteady unsaturated flow.

Flow conditicns considered so fer in this chapter were steady-state,
which implies that moisture contents and tensions did not change with time
and location in the flow system. This condition mey occur in the field in
deeper soil herizons or during extended infiltyation through impeding layers,
such &s crusts. Generally, though, flow velocities will be constantly changing
in the uppexr soil horizons az pericdic yainshowers add water to the soil while
wEber is extracted by evapotranspiration and desy drainage. This means that
the peneral fiow equation eannot gererally be solved amalytleally. Fhillip
{1957) developed = methematical-anselytical method to describe horizomtal

and vertical infiltration of water into soil. Discussions of this procedure
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are in the literature. When infiltrastion takes place under shellow ponding
condﬁitions into an initially dry soil, the soil moisture tension gradients

in the topsoll are at first much greater than the gravitationsl gradient,

and the initial vertical infiltration rate will be relsatively high to decrease
with time to a lowver rate ag the wetting zone increases in depth, thereby reducing
the hydraulic gradient. The fingl infiltration rate at steady state equals

the saturated hydraulic conductivity (hydraulic gradient = 1 cm/cm) of the soil
vhen no cruste are present. This fingl infiltration rate is Independent
of the initial molsture comtent of the soil. But the initiasl Infiltration
rete is strongly affected by it, because this rate is mainly determined by
the gradient of the soil moisture fension, which will be lower as the originsl
meisture content 1s higher. Iower gradients result in lower flow rates,

thus giving lower initial infiltration rates when the initial soll moisture
coutent was high. Of great prectical interest in areas without irrigation

1s the problem of infiltration followed by redistribution of limited gquantities
of water, as may be added to the soil by & single shower. Infiltration of,

Tox example, a few centimeters of water usually proceeds rapidly in most soils,
unless strong soil crusting occurs., This water will then flow dowrnwards in

the scil, wetting the soil firzst, followed by drying as the wvetting front
moves downwards and no new water is added on top, Physileally, these conditions
are very difficult to describe because flow retes and tensions charnge continuously
and stiong hysteresis processes (Chapter 3.2) mre invelved because wetiing
(moisture agsorption) and drying {moisture desorption) occur within a relatively
short time-span. A complex numerical compuier anzlysis can be made Lo anelyge
the prcblem for any particular situwation with well defined boundary conditions.

However, &n attractive approximate analysls was published recently by Feck (1971)
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1.

that will be summsrized here. Results from a field test of this method

for the Ap of the Batavia silt loam will be presented.

The Peck-spproximation for redistribuvtion of water after infiltretion

After infiltration of & certain guantity of water into & soil, the
moisture content (©) and the water potential (¥) incresse during redistri-
bution to maximum velves (e, andy*_ respectively) and then decrease. The
maximg occur at greater depths at ever greater times. At the time the maxima
are at depth z = z,, the scil is drylng in the zone above zy, and wetting
in the region below z,. The plane z = z, which moves downwards into the profile,
is referred to as the transitinn plane.

Fundamental to the amalysis is the development of an expression for
the function 6, {z). The mean moisture content (6) in the drainage region

8] <z <z, is defined as:

Zy
-_— _ _J__— z
e = (Z*) { e d
Zyg
(6 - 8, * gy = (0-6)dz = Qy
J

where: 90 = initial moisture content which should represent a state of semi~

equilivrium, Q, may be identified as thet part of the infiltrated water (Q)

(1)
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which is instantanecusly in the draining zome 0 < z < z,. The following

transformations can be made:

(6 -0 )z, = Q,

0
(e, -0 ) - (6 -6)z = Q (9-9)-—9--
* * % * fo) 4]
or (6, - 8) * 2z, = =®
Where:
By (8 - 6,)
g = ——— and = e
Q (6 -8)

The contribution of hysteresis to redistribution is thus incorported in

the factors ¢ and 8, ZEmpirical data is mecessary o obtain these valuwes.
Peck analysed several papers on the topic and suggests o= 0.70 8 = 0.78.
Equation (2) gives the moisture content in the transition plane 6, as a
function of the depth z, OF this plane in the soil, The only element left
to be defined is time, and this can be achieved by differentlating equations
(1) and (2). Details are to be found in Peck's paper. The final eguation

is as follows:

I (o, - eo) (e, - 90)2 —l

(3)
at g = J

§
|
!
|
o
|
|
i

(2)



Table L, l:

T3.

Results of Peck-calculation of redistribution of water after infiltration
into the AP of a Batevia silt loam., The Infiltrgted gquantity of

vater (Q) wae 1 cm., the initial moisture content (6.) was

0.38 <:1:r13/cm3 &= 0,70 {(aQ = 0.7). °

INPUT OUTPUT
O, 8,8 K D Time Zig ]
(cm3/cm3) (cm3/cn13) {cn/day ) (cm2/d.a.y) {days) {cm) (cm3/cm3)
0.49 0.11 5.5 Lol 0.004 6.k .52L
0.48 0.10 L 332 0.008 7.0 .508
0.h7 0.09 3 264 0.013 7.8 4os
0.46 0.08 1.8 234 0.022 8.7 183
0.45 0.07 1.k 238 0.033 10.0 470
O.Lk 0.06 1.1 231 0.051 11.7 A57
0.43 0.05 1 260 0.072 1.0 JAbk
0.k2 0.04 0.8 2h0 0.130 7.5 31
0.h1 0.03 0.75 288 0.208 23.3 418
0.40 0.02 0.68 340 0.%00 35.0 406
0.39 0.01 0.60 579 1.02 T0.0 .393
0.385 0.005 0.55 550 2.k5 140.0 . 386
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Fig. 4.6. Redistribution of one em of liquid after infiltration into the Ap

horizon of a Batavia silt loam, The measured values were compared
with values celculated with the Peck-procedure.
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given values of o (constant = 0.70), Q (= infiltrated quantity of water)
and € (initial moisture content) and the functions D (@) (diffusivity)
and K(8) (hydraulic conductivity) for wetting from 6, EBquation (3) can
be used to approximate de*/dt, and thus d.t/de* for each valve of €., including

the ore at t = 0, when all water has just infiltrated (o, = &__, ). The dt/ae,

sat
value can then be used to caleculate t values, by substituting the proper
de, value (in our example 46, = 0.01). The value for B (= 0.78) can

be used to calculate @ (the average moisture content above the transition

plane). Finally, z, values are easily obtained from Equation (2).

%

A programmabile USDA-ARS Hewlett-Packard calculater was used to write
a simple program, that printed out values for t, z,s &nd 8, Results for the
Ap of the Batavia silt loam are presented in Teble 4.l.  The moisture
adsorption curve was used to calculate diffusivity (D) values from K values,
measured in situ with the crust dest. The slope of the absorption curve
(dP/dQ ) was grephically determined and then multiplied with the appropriate
K vaelue to obtain the ceorresponding D,

A Tield experiment was made epplying one cm of water to the AP horizon,
Tensiometers are installed below the surface at 6, 12, 18 and 24 em. The
initial moisture content of the AP horizon was 38% and rather constant
throughout because the soil had been covered with plastic. Tensions during
redistribution were followed with time and the aversge moisture content of
the Ap horizon was graphically represented in Pig., %.6. The célculated
moisture contents (©) were plotted in the same figure and show that the

methed gave good sgreement here for perilods exceeding 2 hours.
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Computer techniques using numerical methods to describe unsteady flow systems

As discussed, flow of water under natural conditions in the field will
vsually be unsteady as periodic rain showers add water to the soil intermittently,
while surface crusting may irhivlt infiltration and induce runoff. TIn the soil,
vater 1lg extracted by plants to considerable depths in the growing season
and by evaporation at the soil swrface. In addition, deep dowmward drainage
wili remove water from the root zone. 'These processes occur concurremtly,
thouszh each of them will peak at diifferent tiwes. DIrying and wetting will
seowr zimitansousyy in difierent perts of the profile a' the same time, which
lipiies that nydiaulic gradieats and flow rates wili vary widely at any given
time. The plcture is even more complicated because of hysteresis phenomens.
Simplified spproximeie methods such &s the one of Feck (1971) may give insight
into some cf these processesg without going into complicated mathematical
oy numarical methods. Details of thess procedures are in the litersture,
oot it is advantageous to discuss the principles of numerical asnelysis to
illustrate its potential and its limitations. C.R, Amerman (in Hillel, 1971)
gave a very clear description of the tople, which will be followed in this
context. One example of & very eimple numerical analysis, describing & steady-
state system with saturated flow with & Jnown solution, will be worked out

to illustrate the procedure. Modelling involves ihree phases:

1. Construction of a mathematical model of soil-saker flow., For this, the

partial differential eguation dlscussed earlier can be used:

Since K is o function of €, this equation camnot be sclved directly.
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2. Modelling of the mathemptical equation by means of & system of finite-

difference equations and

3. Modelling of the fintte-difference system by means of a digital computer

using iteration procedures.

Example of finite-difference model of steady, satwated flow
(See C.R., Amerman in Hillel, 1971)

Agssume saturated flow in & core with lenght L (L = 8). This is & very
simple situation that can be solved analyiically. A small layer of water
is contimwasly supplied to the surface of the core, so that the positive
pressure on the top surface of the core is effectively zero. A pressure of
zexr0 is algo maintained at depth L where water flows from the core at atmospheric
pressure. Since the pressure on both boundaries is zero, the pressure at
every point in the soil is zero as well and the hydraulic head gradient is
entirely gravitational (l cm/cm). The hydraulic head at any point between
z =08and z = L is simply z, which is the elevation of that point (cm) with
respect to some datum. In this example, the bottom.of the core will be taken

gg z = 0, The flow equation for one~dimensional saturated flow reduces to:

H
2 0 (1)




Now the finite-difference form for this equation has to be written for every
node, except for those at the top &nd bottom of the core, where H 1s known.
Adjacent nodes are peparated by 1 cm intervals.

Agsume three mdjacent nodes: 1 - 1 is the upper, i the middle and

i + i the lower node. Then:

2 oH 1 aH 3H
( ) ¥ - (|- —)
x » SIS * |,
B B IS B B B S IS
AX
¥ 1 Ax X 5
Thus
2 (__3.}.1_.) = B, l-2H1 + Hi -1
X ax xt

Hi+l-2Hi+Hi-l = 0
and

H _ H1+l+H:T.--IL

1 =

(2)

(3)

?80



Table 4.2: Exsmple of iteration procedure as part of a numerical anslysis

of steady saturabed flow {pee text)

Z i) i 1 1, i i i 1g
8 8 8 8 8 8 8 8 8

7 0 y 5 5.5 5,81 6.03 6.20 6.33

6 0 2 3 3.62 L.06 k. ko k.66 k.86

5 0 1 1.75 2.31 2.76 3.12 3.40 3.6k

L 0 0.5 1.0 1.46 1.83 2.15 2.2 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 0.72 0.90 2.05 1.18

1 0 0.062 0.16 0.26 0.36 0.4 0.52 0.59

0 0 0 0 0 0 0 0 0

L=80m-
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e completed model consists of Equation (3) for all interior nodes of
the solution mesh and the two boundary conditions: x = 0, H = O (bottom core)
and x = 8, H= 8 (top core}. The operation of this model is quite simple.

We arbitrarily assume the value of H to be zero at every node; except for

x = L where H = 8. How start at the first node beneath the surface and solve
for H using ¥, _, = 8. The value of H, ( = 1) will 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 Hﬁ -1 is the one just calculated for that node.
Tis operation can be repeated for each interior node in the solution mesh,
For results, see Table 4.2, In this simple case the answer to fhe problem is
known. 'The figures in Table k,2 showthat after T "runs” (also called
"iterations") H values are still not corresponding to the real H values

in the system but they are approaching these values. Several hundred iterations
are ususlly required to obtain realistic estimates of the real H-distribution.
The iteration procedure is stopped &s soon as the difference between results
of successive iteration "runs" is sufficiently small., Stopping calculations
regquires therefore &, by mature, arbitrary decision &s to required sccuracy,

A computer is necessary to make these calculations. The procedures described
here are essentlally similar for the more complicated, unsteady, unsaturated
flow {Amerman, 1971 in Hillel, 1971). This simple example illustrates & major
aspect of numericel analysis; namely that the operator has to select some
initial distribution of the dependent veriable (in owr example H), while known
boundary velues (here: H = 0 and H = 8) are essential to the caleunlation
procedure. The latter requirement makes this method rather specific: ecertain
flow geometries can be calculated but each new one needs a new program.

Good agreement has been reported for flow processes in soil columns using

numerical techniques (see references in Chapter 6).



Relationships between soil structure and hydraulic conductivity.

Resesrch has been corducted in the years 1970 through 1972 in the
S0il Survey Division of the Wisconsin Geological and Natural History Survey
in cooperation with the Soils Department, College of Agricultural and Life
Sciences, on relationships between soll structure as characterized with
morphometric techniques and hydraulic conductivity (K). Three 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 hydrsulic behavior of soll pedone. The three

papers are:

1. J. Bouma and J.L. Anderson (1973). Relstionships between soil
structure characteristics and hydraulic conductivity, in:
R.R. Bruce. Ed. The ¥Field Soil Moisture Regime. ASA-Special
Publication, based on the Syposium at the ASA-meetings, New York, 1971.

2. J.L. Anderson and J, Bouma.(1973). Relstionships between saturated
hydraulic conductivity and morphometric data of an argillic horizon.
In press. Soil Sci. Soc. Amer. Proc.

3. J.L. Denning and J. Bouma., 1973. A comparison of hydraulic
conductivities calculated with morphometric and physical methods.
Seil Sei. Soc. Amer. Proec. (Submitted for publication).
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5.1. EKEIATIONSHIPS BETWEEN SOTIL STRUCTURE CHARACTERISTICS

AND HYDRAULIC CONDUCTIVITY TN PEDAL SOIL MATERIALS

ABSTRACT

Relationships between soil structure, as characterized by morphometric

methods, and hydraulic conduetivity (X) were explored for four pedsl soil
horizons. Morphometric analysis weg shown to have a specific function in
studying the occurrence of pore types, such as planar voids and channels,
that constitute only & small fraction of total pore volume, but strongly

affect Kéa Results were used to construct simple models of natural soil

t.
structures. A planar-void model, assuming vertical plane continuity, was
used to calculste Ksat of the four natural pedal soil meterisls. TResults

obtained were close to experimental valuves, measured in situ by the double-

tube method.
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5.1.1. INTROIUCTIOR
Questions about the physical behaviour of soil types, and 1n particular their

capacity to transmit water, are becoming more specific as soll maps are increas-
ingl; used.

Field methods are aveilable to measure hydraulic conductivity (K), of
seturated and unsaturated soil well sbove the groundwatertable (Bouwer, 1961,
1962, Bouwer et al., 1964, 1967; Boersms, 1965; Gardner, 1970; Bouma et al.,
1971b). Such methods are preferable to those requiring sampling of "undisturbed”
cores in the field &nd subseguent measurement in the Iaboratory {Klute, 1965).
The field techniques require instrumentaticon and are laborious. Hydraulic
field characterirzation of major horizons is toc costly to be applied to all
soils represented on & soil map. An alternative could be to study horizons of
benchmark soils and to extrapolate measured values to other soils, that are
soméhow characterized as being comparable. Such procedures would reguire 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 moisbure retention data and to use this derived pore-size distribu-
tion in & pore model to prediet K values (Marshall, 1958). This method has

also been applied to swelling soil materials by Green and Corey (1971) who
reported resmsonable agreement between calculated &and messured X values, both

for satureted and unsaturated soil. Because caleculated snd measured values

did not agree directly, it was necessary to measure one K value (Ksat) experi-
mentally to determine a "matching faector". This is the ratio between the measured
and calculated value. All other calculated values, applying to unsaturated soil,
had to be multiplied by this factor.

However, many pores in soil can be obs:rved directly and their sizes
measuwred by merphologicel techniques. Different itypes of pores, with suppesedly
different functions in the soil, can be distinguished (Brewer, 1964). In

addition, physical thecry describes relationships between pore size and conductivity

for planar and tubular pores (Childs, 1969).



i‘{\ PLANAR VOID PATTERNS

. CHANNELS

Fig.5.1 Secondary structures of four pedal soil materials.The numbers on
the pictures correspond with those in tables 5.1 and 5.2.



In this investigation, relationships between soil structure and hydraulic
conductivity were studied at the level of secondary structure. Secondary
structures were observed in goil peels, prepared from undisturbed horizontal
sections through selected soil horizons. Secondary structures were described
in the field by noting sizes, shapes and arrangements of peds and abundance
of channels (Teble 5.1). Plctures of soil peels of the studied horizons are
presented in Fig. 5.1. Sizes and shapes of peds were classified according to
the Soil Survey Staff (1951) and Brewer (1964). Arrangement of peds was
deseribed by noting (1) accombdation (s measure of the degree to which adjacent
faces are molds of each other), {2) packing (whether with some orderly arrange-
ment or at random) end (3) inclination {oriemtation with reference to the
vertical or horizontal) (Brewer, 196, p. 3%5).

Description of grade of structure (Table 5.1) (Soil.Survey Staff, 1951)
is difficult. The (1) "degree of evidence in place” and (2) the durability
of peds after an undefined procedure of "disturbance”, result from processes
of adhesion and cohesion which are mainly functions of veariable molsture content.
Ped durability may be expressed in terms of soil consistence (Soil Survey Staff,
1951}, T"Degree of evidence” of peds in place may be based on observetion
of arrangement of peds, including accorfBdstion and packing.

Descriptive morphological clessifications of secondary structures are
becoming very complex, with increasing numbers of categories of size, shape
and arrangement, The more detailed such vocabulary becomes, the more
terms are needed to describe naturel vardiabpility in a horizon, This devel-
oprent may be unfavorable for applied studés, insofar as ore of the purposes

of structure descriptions is te distinguish basic order in the overwhelming
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complexity of & pedal soil materisl. This points to the need for quanti-
tative measuremente of specific well defined structural features.

Abundance and sizes of channels were measured on soil peels by Van der Plas
et al. (1964) and Bouma and Hole (1965). Counts of large chamnnels

(> 1 mr dia.) on horizontal sections through soil horizons were made

in the field by Sleger (1966) snd Baxter and Hole (1967). A technigue

is explored in this paper to quantify patterns of natural planar voids

in soil peels.

In this study of relationships between void patterns and hydraulic
conductivity the attempt has heen made to represent natural structures
by simplified marphdlogical models, that use a few pore types {channels,
planes and packing voids) for which physical expressions are available
to relate pore size to conductivity. In such models much emphasis has
to be giveh to continuity of pores in the soil, as this determines their
effectiveness in transmitting water. Studies of pores in thin sections
and in soil peels, yleld data that applies two-dimensionally. Statistical
procedures &re necessary to use this dats in predicting the behavior

of a three-dimengionsl volume of soil.

Soil materials.

Soil peels (Roume and Hole, 1965; Jager and vander Voort, 1965) were
prepared from horizontel sections through selected soil horizons heving
well developed pedelity. A block of scil was carefully carved out in situ

from the level of the section downwards to fit into a rectangular metal



Table 5.1,

Morphological characteristics of soil horizons, sampled for studying K values of
secondary structwres (Fig. 3).

Field Structure

Chanrels (counted in 625 cme of

o 52, Clagsification Soil Swrvey Manual - Brewer exposad horizontal planes)
132 Typic Argiudoll {strong) medium prismatic Accomodated, feulted, medium 6 fire (1-2 mm dismeter)
(fine silty, mixed, mesic) parting to (moderate) tetracolumnar sec. peds, 1 medium (2-4 mm diameter)
Tama silt loam medivm subangular blocky. composed of accomodated,
33—(silt7 clsy losm). normal, medium, subrounded

octablocky primary peds.

3 Typic Argiudoll (weak} mediws prismatic Accomodated, faulted, medium 12 fine
(fire silty, mixed, mesic) parting to (moderate) tetracolumner sec. peds, composed 10 medium
Plans silt loam. fine subangular blocky of eccomodated, normal, fine 2 large (larger than
EZ—(silty clay loam) subrounded pentablocky primery peds. b nm qiameter)
L Zame as 3 (moderate) coarse Accomodated, bi-offset, L fire
B3—(silty clay loam) prismatic medium pentacolunnar primary 4 medium
peds. 1 large
% Typic Butrochrept {moderate ) medium Accomodated, bi-offset, locally 4 fire
{very firme, mixed, mesic) prismatic parting offset faulted, medium tetra- 1 medium

Jshkosh elay to gtrong medium eolumnar sec. peds, composed of
By {silty clay) angular blocky accomodated, normal, medium
N hexablocky primery peds.

6 Typic Ulipsamment single grain Apedal; basic fabric with 4 fine
{sandy, mixed, mesic} intertextic related distribu~
Pleinfield loamy sand tion pattern.

B,(loany fine sand)

Table 5.2,

Physical properties of soil horizona, used for studying K values of
secondary structures. {®ig. 3).
Bulk Particle Organic
density densitg Porosity matber
Ho. Type of soil end horizon {1/30) _ (gr/em) (%) ) oH
1 +2  Tams silt loam By 1.35 2.65 49,0 0.5 5.5
3 Plano silt loam B, 1.4 2.63 k5.3 0.l 5.2
b Pleno silt loam By 1.45 2.64 45,3 0.7 5.1
5 Oshkosh clay By 1,43 2,62 45.5 0.8 7.7
[ Plainfield loamy sand B, 1.h5 2.65 45,3 1.1 5.8

87.
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container. This was gently pushed down over the block of soill, which
was then cut loose from below and removed with the contalner. The soil
surface was smoothed, & peel was prepared from 1t and was mounted on
masonite. Genersl physical characteristics of the four studied horizons

are reported in Teble 5.2.

5.1.3. MEASUREMENT AND CALCUIATION OF K

Thysical methods.

Moisture retention curves were determined with standard procedures on
large Saran coated fragments or field clods (Brasher et al., 1968).

COLE values (Grossman et al., 1968), bulk demsity and porosity were
calculated from these data, the latter afier determining particle density
(Blake, 1965). Hydraulic conductivity was measured in situ in the field
with the double-tube method (Bowwer 1961, 1962; Bouwer et al., 1964,

1967; Baumgart, 1967) for measuring K .. in soil well above the groundwater,

Morphological methods.

Pedality and occurrence of transpedal channels were described with
methods, discussed in Sections 5.1.1 and 5.1.2. Here, & method will
be explored to quantify patterns of interpedal planar voids, between
accomodated peds. Flow through plene slits can be described by physical
equations that relate pore size to molsture flow st defined hydraulie
gradients. For a plane slit of unit length and width d,:

G/t = [(DgéB)/12TJ] - grad § (1)  (childs, 1969)
where: Q/t is the amount of liquid, with viscosity nlg cm’lsec”l), conducted
per unit time and length (cmgsecml) and , = density of liquid (g cm_g), g =
gravitational constant (em sec-g) grad ¢ = hydraulic gradient (em/cm).
"Assuming that only planar voide contributeto pore volume in a soil body,

which has n parallel slits per unlt area, each of width d, one finds:

K, - gpfdS/12,, in which £ = total porosity occupied by theseepores =

n . d {Childs, 1969). In natural soil
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materials only very small fractions (1-2%) of total pore volume are occupied
by planar voids. Fine voids in the baslec fabric that contribute only negligibly
to flow, account for & high percentage of total poroszity

Therefore this equation for Ksa was not used, and flow per unit

t
area is described by:

3 3
_ 1 - EDG R = E&E.d-__

where: S = top surface area of measurement in a soil peel (cmg) in which n cm
of planar voids occur. K (em/sec) is derived at grad § = 1 em/em.
For tubuler pores we find that flow rate and pore size are related as follows
(Childs, 1969): )

o/t = S - gred ¢ (3)
where: Q/t is the amount of liguid, wi th viscosity 7, conducted per unit

time (cmsfsec) and r is tube radius (ecm). With n tubes per cm2, it follows:

in
v = n{Q/t) = EEEE—T— + grad ¢

f, where £ = total porosity. Then:

If these tubes are the only pores, nﬂr2

2
£
v=-g;%1—— » gred ¢ and K

Il

0 ref
—%;— (Childs, 1969)

when scettered large channels occur in a porous goil mass, use of T may be
confusing, since channels contribute only a small fraction (f) to total
porosity (see Table 5.3). If & soil horizon has n channels of radius r per

S cm2 horizontal soil surface, the following relationship applies:
n np ﬂ"rLL
v = §(Q/t) = -E‘Tg;-- - grad §. For grad ¢ = 1 cm/cm we find K: (cm/sec)

)
K = £~ )

where: v = the meagured rate of infiltretion Into soil surface area 35, at

saturation and &t a given hydraulic gradient.
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Fig. 5.2. Horizontal sections through a tubular and a planar void
model of soil atructure.

Hydraulic conductivities and porosities of plenar
and tabular pore models of zoil structure {(Fig. 11}.

Planar void model
Width of Forosity

8ize of blosks planar voids (4) K {em/eay)
1 a? 1ou 0.2 1.5
50u 1.0 180
100y 2.0 1440
4 o? 104 01 0.7
50u 035 90
1000 10 720
1000 10 ngnz
Tubuler pore madel:
Dipmeter of Porosity
chanrel (%) K {cn/dny)
100U 0.8 x 10"’* o 02
200u 0.3 x 1073 0.3
5000 022108 &
1000 08x102 2n e

Looou 0.13  5h130.5
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This approach can be illustrated by calculating Ksat values, considering
horizomtal sections through abstract models of "soil" (Fig. 5.2).The upper
figure shows & surfece of 100 cm?, occupiled by square blocks, mutually
separaéed by & distance d. The blocks are impermeable and water moves only
along the planes. The lower figure shows the same surfsce with ore tubular
pore {channel). Water can only move through this pore. K values for these
models were calculated for different sizes of pores [using eguations (2) and
(4), derived from (1) and (3) thatwere graphically represented in Fig. 3.9 in Chapter 3).
assuming that planes and channels extend vertically downwards (see Table 5.3-)
"Effective planar widths" (dl) were caleculated for the four secondary fabrics,
following this procedure in reverse by measuring length of natural planar
voids iIn soil peels and using & measuredKIsat value.

Tt was sassumed that movement of water occurs along planes only, that

planar voids have ore "effective width" and extend downwards into the soil for

a distance of, in this case 12 cm {Bouma snd Hole, 197la).

at = FX - 12n - ST - p - 8) (5)

where: 8§ = top surface area of the s0il peel and dl = effective pianar width.
I = total Ilength of planar voids 1a scil peel. Cther terms were explained

earlier.

Kowever, planar voids will usually not be vertically continuous in a
goil sample, that is several times larger than the average ped size. The
following procedure, using a method to estimate vertical plane contimuity,
was therefore gpplied fo caleculate Ksat of the Tour secondary structures

with a planar void model.
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The procedure had the following steps:

l. A picture was made of soil peels from horigzontal and vertical
sections of the horizon to be characterized. Ikels were large enough to
Tepresent at least 25 primery peds.

2. Tracings were made of the pilctures, showing patterns of natural
planar voids (Fig. 5.1), Total lengths of plamar voids were measured from
pictures of horizontal peels with a map measurer and ped sizes were determined
by estimating for every exposed ped the diameter of a circle with & similar
surface. Then average ped size was determined.

3. Distribution of widths of planar voids was determined in air-dry
horizontal soil peels, with & ribbon-count procedure (see Van der Plas, 1962,
Brewer, 1964 p. 50). Iine or point-count procedures were not suitable because
the surface of planar voids was only a very small fyactlon of the total peel
surface. The ribbon-count procedure implies measurement of numbers and sizes
of individuals in the goil peel with a binocular microscepe at a megnification
cf, in this case, 30x. The nmicroscope was mounted so that the field of vision,
including a measuring scale, could be moved over the peel surface. 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 classep, corresponding to scale units,

L. A "representative plane length l:.;1 was calculated for each size
class: 1, = L(pi/pt) vhere L = total length of plamar voids in an air-dry
peel, Py = number of planss in & certain size class i, 1 = 3,2,3...n, and Py =
total number of planes counted. Plane widths vere measured in air-dry scil peels.
COLE values (Grossman et al., 1968) were determined for primary peds to
estimate volume changes of air-dry peds upon saturation, and resulting decreases

in plane width. 1If everasge ped size is 10 mm, & COILF value of 3% will increase

this to 10.3 mm. In a soil materisl with accomodated peds, the width of all
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plengr voids will then be 300 microns less. Plares smaller than 30C microns
in the air-dry peel will close.

5. Calculated K values are to be compared with values measured in situ
with the double-tube method. Simulation techniques have ehown that measure-
ment Involves & soil sample with a height of about ERC, which is 12 em
(Bouwer, 1961). In pedal soil materials with peds, much smaller than 12 cm,
Ksat will be determined by the smallest voids 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 plenar voids govern

the flow process. With an average verticel ped size 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 swelling (all classes
between 1 and x are closed too). Chances of a size class of planes to be
vertically contimious, can be estimated as they are proportional to the 1i

values for each open class, considering a structure model with 12/v layers of
peds. For example: open planes, interconnected 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 larger {excluding class n-x+l), are lower. Suppose L,

values for the classes are 1 ees €te., with totel length of

n-x+1’ ln-x+2’ ln-x+3

open planes after swelling 1 Congidering the contact between the first and

t.
second layers of peds, probability of a plane of class (n-x+2) to be connected
with & pore similar or larger in size than itself is proportionasl to the li

values involved: (lt -1 )/lt' A similar expression can be derived for

n=x+1
the first three layers of peds. Finally, probebility that planes of gize class
(n-x+2) are connected throughout the 12 cm long sample, by planes either of its
own size or larger isg: [(lt - ln-x+1)/1t](12/v) - l. A similar calculation

is made for the class (n-x+3) etc. Only if such probabilities are higher than
7% are they considered statistically significant, and corresponding pore classes

are included in the calculation of conduetivity ( Z wag arbitrarily



chosen &8s 5%). Assume that class n-x+s represents the last claes to have a
probability higher than 7% of being continuous into a similarly sized or larger
pore-class. Now only & fraction p of open pore-length (where p = ln-x+l +
ln-x+2 + "‘ln-x+s) contributes to conductivity. Flow into voids of size

class n-x+g+l or larger will, according to the model, have to pass voids of

size class n-x+1 or larger, while moving through the 12 cm high sample, The
probability thet flow cceurs through size class n«x+l is highest. Therefore,

1i values of all pores larger than cless n-x+s are assigred to class n-x+l. Do
li valveg are therefore given in Table 5.k for this class, one directly calculated

for the cless, and the second as & rest factor. The final equation for the

calculation of K, using equation (5) for each of the size classes, becomes then:

3 3
&d, 1, ped .1
g = sghool! Y (AN, ), 2 nexdl b
N, L NIon /8. Ton
1=n-x+1

i=n-x+s - (1

n-x+1 * ln-x+2"' + ln-x+s)]
s

(6)
where: K is the hydraulic conductivity {(em/dey) and d; = 1s the average width
(cm) of & planar void in a size class i. S = top surface area of the soil peel.

The rest of the termes are explained in the text.



Table 5,4, Calculation of Ksat. for four secondary scoil structures (Fig. 5.1)

Open pores Tlanar
Avgrage after swelling K (m/day) porogs=-
g ped gize . plg,?ila.%"model Effective ity K
¥ (em) Size planar Cale,
H L 1y class Per X widtha' (%) chammel model
Soil type &  Hor. Vert, COIE (em) (em) (p) 1; (em) class Total meas. () (em/day)
Tams silt
1 oam 36 15,6 + 20 L,0
(o, 1, Mig5.1) By 1.50 2,0 0,030 127 48,6 96 9 19,9 23,9 22 39 0.2 1500
Flano siit
loam 37 908 -+ 7o7 2
(No. 3) By 01 1.7 0,030 157 26.5 97 9.0 20,7 22,7 20 38 0.2 25000
Plano silt 18 3.4 +8,1 0,1
loam 78 5.1 6,8
(Wo. 4) By 1.90 2,5 0,028 8 184 138 1.8 1.8 18,7 12 36 0.l 21650
Oshkosh clay 32 5.9 +10,9 1,b
(No. 5) B, 0,76 1.5 0,020 107 23.0 92 6.2 6,2 7.6 6 29 0.1 1390

#One microscopic scale unit corresponded here to 60 microns; larger magnifications are recommended for future work.

*G6




5,1.4, RESULTS AND DISCUSSION

QOccurrence of planar
voids and channels in soil materials can result in high Ksat values, even
though they contribute minimal fractions to soil porosity (Teble 5.3).Methods

to estimate Kg& which are based on relative volumes of pore size classes,

t
either determined micromorphclogically with point counts or physically by
noisture retention measurements tend therefore to be very unsensitive because

of the experimental error invelved.

An alternative is to count the number or length of

specific pore types in a certain scoil surface area, as discussed in this paper.

Celculated values of d' (effective plansr width (equation 5), varied
within a narrow range of 29 to 39 microns (Table 5.4%). This could point to the
feasibility of a methed where total planar~void length L is measured in a
certain soil surface area and K is caleculeted according to equation 25 after
estimating an"effective plenaxr width 4'". The calculated values of Ksat for
four secondary soil structwres according to the plane-slit structure model
{equation 6) were close to those, measured with the double tube method in

the field (TEbLe5J+L 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 swelling applicable. Flow in the model is supposed

to be occurring only along planar voids, open after swelling, that constitute
a8 system with interconnected plames. Since &ll basic structures of the four
goil horizons haed & porphyroskelic related distribution pattern { see

Chapter 2), it can be assumed that water movement through these very fine
basic structures is negligible. FRelstively lerge but isolated and vertically
discomtinuous voids such &s vughs and chambers will not contribute to the
conductivity of & soil layer about 12 em thick., However, chanrnels mey be
vertically continuous for guite & distance. Worm or ant channelis, for

example, may extend from the soil surface downwards to a depth of 5 feet



Fig 5.3 Ped 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 Forest Products Laboratory,Madison, Wis)
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(Baxter and Hole, 1967). The planar structure model was nevertheless used as
an hypothetical model because:

1. Tiluviation and other cutans, and skeletans on ped faces strongly
indicate movement of liquid through plsnar volds. A picture of a ped surface
and & ped interior of the B, of a Plano silt loam (Fig. 5.3), taken with the
Scanning Electron Microscope, shows that ped surfaces were partly seeled, in
contrast to the open ped interior, slthough no ped-illuviation cutans were observed
in thin section. Similar examples were given by Iynn and Grossman (1970).
Moreover, ped faces in a freshly exposed soil are often wet, while interiors of
peds are only slightly moist.

2. Flow rates were calculsted for the four studied soil horizons, using
the counted mumber of channels on exposed horizontel sections, in the field
(table &) and equation ﬁ, applied to each size class, followed by summation.

Calculated K values for the four soil horizons, based on the occurrence
of channels only, are in the last column of Table 5.4. Values are unrealisgtically
high, particularly when channels larger than 2 mm are present. This is mainly
caused by the lack of & suitable pore-continuity model (like the one used for
interpedal planar voids) for channels occurring in nmatural soil. Very high
Kéat values moy be measured when large channels are vertically continucous
throughout a relatively small soil core, that is used to deternine Ksat in
the laboratory (Klute, 1965}, In a matural profile, however, chances are
that such a large pore, 1f in contact with tension-free water will Till up, and
drain through surrounding smaller, bub more numerous planar or packing voids.
(bviously, more research is needed to establish the hydraulie function of
charnels in the natural soidi fabrie.

3. The caiculated values were compared with those deterﬁined by the double-
tube method in the field. This measurement involves both horizental and

verticel flow components. Tlanar void patterns extend in &ll directions, whereas

channels, notably the larger ones, tend to be more vertically orilented. Agreement

between calculated and measured values is partly a result of the method used.
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5.2. RELATIONSHIPS BETWEEN SATURATED HYDRAULIC CONDUCTIVITY AND

MORFHOMETRIC DATA OF AN ARGILLIC HORIZON

Abstract

A method of calculating Ksat in pedal soil materials on the basis of
morphometric data yielded reproducible resulis for seven soil peels sampled
in the arglillic horizon of a Batavis 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 soll cores., Dye sbtudies demonstrated the validity of
some of the underlying assumptions of the method, which predicts a strong
reletionship between core height and measured hydrauwlic conductivity in
pedal soil materiels. Experiments confirmed this reletionship snd s
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., Introduction

Relationships between soil morphelogy and saturated hydraulic con-
ductivity (KSat) are potentially useful tools for the soil surveyor in improve
ing his ability of estimating soil permeabilities in the field. Estimates of
Kooy maY be guite general but still satisfactory when applied to relatively

sa
large soil areas such as mapping units (Klute, 1972; Nielsen, et al., 1972).

Since weater moves through the pores in the soil, morphometric techniques were

developed to study sizes and patterns of soil voids in soil peels (Bouma and

Hole, 1965; Bouma and Anderson, 1973). i
Methods of calculating hydraulic conductivity (X) from moisture reten-
tion data have been widely used (Marshall, 1958; Green and Corey, 1971 and
many others). The essential part in these methods is a pore-interaction
model, that describes the dominant effect of small pores ("necks") on the
conductivity of & three dimensional porous body having a wide variety of
pore sizes. This concept was found to apply also to planar voids on soil
peels of different horizons. Ksat’ calculated with morphometric data using
a newly developed planar-void pore-interaction model, agreed well with Ksat
measured in situ with the double-tube method in four soil horizons (Boumae
and Anderson, 1972). This paper examines the reproducibility of the Ksat
calculations from morphometric data obtained from several peels of the

same horizon.

Several techniques have been developed both for field and laboratory
use to measure K_ . (Bouwer, 1962, Klute, 1965). Methods to measure K
in situ are generally preferable to those using soil cores in the laboratory
because field sampling of cores and associated transport may involve dis-
turbance of the natural structure that could result in erroneocus unrepre-
sentative measurements. However, in situ methods may be quite elaborate
and measurements An soil cores remain an efficient and therefore attractive

procedure.
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103.

In this study measurements of Ksat cn cores are compered with Ksat'
computations from morphometric dats, to investigate the often great
variability among Ksat values derived from different cores in the same
horizon. Part of that variabllity is due to the heterogenecus structure
of the soil, and although it is generally agreed that core samples
should be sufficiently large to be representative for the soil volume
to be tested, the necessary volumes of such cores for different soil
materialshave never been clearly defined. Morphometric soil structure
analysis, defining the size of the elementary structurasl units in the
soil, can be used to illustrate differences in structure among soil hori-
zons (Bouma and Anderson, 1973). The pore-interaction model used in
that study predicted a relationship between core height and measured K
which is further explored in this paper.

Studies are reported on the use of a dye to establish patterns of
water movement in natural soil. The patterns, indicated by the dye,are
used to interpret measurements and celculations of Ksat and also the rela-

tionship between the two.

50202.
Materials and Methods

The horizon under study is the B2lt of a Batavia silt loam
(Typic Argiudoll) at the Chammany University Experimental Farm in
Madison, Wisconsin. Horizon boundaries were between 33 and 66 cm
below the soil surface, Samples were taken downwards from the LO 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 loanm;

weak coarse prismatic parting inte strong medium subangular blocky;
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slightly firm; ped surfaces smooth, root channels sbundent inside peds
but not reaching the ped surface; ped cutans common; gradual and smooth
upper (with A2) and lower {with B22) boundaries.

The number snd sjizes of channels were determined in herizontal
sections of 625 em® {25 x 25 cm) each throughout the profile (Bouma and
Hole, 1965). Results for the B2lt, averaged from three observations,
are as follows: 3 channels larger than 4 mm; 14 channels with sizes
between 2 and 4 mm and 11 channels between 1 and 2 mm.

K. was determined in situ by the double tube method (Bouwer, 1962).
During the fall of 1971 and the spring of 1972, three 30 cm high
columns (Bouma, et 8l., 1971) were carved out of the horizon at 40 cm depth

and dye experiments performed in them to demonstrate patbterns of liquid
movement. The top of two of the columns was exposed and cleaned with a
hole cleaner (Bouwer, 1962) to permit saturated flow. Rhodamine B dye

was mixed with water in a ratio of 1:10 and was ponded on top of the column
for a period of two days. Afterwards, three soil peels (Bouma and Hole,
1965) were sampled from each column st 7 cm intervals. A morphometric
counting technique was then applied to each of these peels to calculate
Ksat for the purpose of investigating the reproducibility of the

counting technigue. Color patterns in these peels were used to discuss

differences between calculated and measured K values.

sat
The remaining column was prepared to demonstrate flow patterns
associated with unsaturated flow induced by a gypsum crust (Bouma and

Denning, 1972). Rhodamine B was again added to water infiltrating through

the crust and soll peels were taken of the subcrust scil. The

10k,
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equation to calculate the Ksat is based on the physical relationship between
the width of a planar void and its capacity to transmit liquid at a given

gradient and includes & pore interaction model (Bouma and Andersom, 1973).

i=n-x+s 3 ' 3 I3
(Pgdi ) . Li pgdn—x+l . t'cbn-x+l+Ln-x+2+“"Qn-x+s)

K = _i-2—;'!-— -+

sat s 12N S

j=n-x+1

where: 0= density of water, g = gravitational constant, M= viscosity of

water, d, = average width of a planér void in size class i, Li = repre-

i
sentative plane length for size class i: Li = L(gi) where L = total length
of planar voids in an alr-dry peel and Py = number of planes in a certain
size class i, i =1, 2, 3... n and P, = total number of planes counted in
air-dry peels in the ribbon count procedure. Flane widths are counted in
eir-dry peels and are corrected for swelling by using COLE data (Grossman,
et al., 1968). S = top surface area of peel. Size class n-x is the
largest class to be closed by swelling, Class n-x+5 is the largest class
to have a sufficient probability of being continuous throughout the sample
through planes of simllar or larger size, It 1s assumed that flow occurs
through all planes open after swelling, The second term of the equation
gives the contribution to flow of all planes larger than n-x+s, which
are assumed to lead into "mecks" of size n-x+l, the smallest open size
class.

S0il cores 10 cm high with a diemeter of 7.5 cm were taken in the
field in the fall of 1971 and the spring of 1972 to measure Ksat in the
laboratory (Klute, 1965). Rhodamine B dye, mixed in a ratio of 1:1 with

water, was run through the cores after the messurement to make visible
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the patterns of liquid movement inside the cores. The cores were then

oven dried, completely impregnated with plastic (Buol and Fadness, 1961)

and cut into 3 cm thick horizontal slices, the faces of which were polished.

A counting technigue similar to the one used for the soil-peels was
employed and Koot W28 calculated from the morphometric data.

To investigate the effect of different core heights on measured Ksat
values, series of ten cores with a diameter of 7.5 cm but with heights of
5, 7.5, 10 and 17 cm were taken, and Ksa.t was measured in the laboratory
(Klute, 1965). The first three sizes were sampled with metal rings
using 8 core sampling device. The 17 cm cores were chtained with a
hydraulic probe by cutiting the proper length from the probe borings.

This 17 cm sample was then placed inside a cylindrical metal container
of such height as to allow both ends of the core to be free from
obstruction. Then a viscous gypsum mixture (Boums and Denning, 1972)
was applied inside the container arcund the outside of the core encasing
the sample. Good contact between the sample and the hardened gypsum

avoided boundary flow during the K measurement.
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Figure 1. Representative picture of a soil peel surface sampled from

a horizontal section through the B21t horizon in a Batavia

silt loam.
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5.2.3. Results and Discussion

5.2.3.1.
Reproducibility of X-calculations with morphometric data

Results of XK-calculations using morphometric data were reported
earlier for four soil horizons fram 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 horizomn in a Batavia silt loam pedon. A representative
picture of a soil peel surface is in Fig., 1. Average ped height, as
measured in & soil peel taken from & verticel cut through the horizon,
wes 2.0 cm.

The calculated K values for the seven soil peels were very close,
even though there was some variastion émong 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 (zt) (Teble 1}. These results
demonstrate the effect of the planar-veld pore-interaction model, as
applied in this calculation, which describes the dominant effect on
permesbility of the smaller pores in a heterogeneous pore system (Bouma
and Anderson, 1972). The unrealistically high K_ . of 60,000 ¥ 3,000
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 vecids,

1= pgd-B g
K O i (2)
all planes i 12n (1

i=n-x+1

108.
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The K-values calculsted with the pore-intersction model were lower, though
of the seme order of masgnitude, than the double-tube values measured

in situ (Teble 1), This could be due to flow through tubular or elongated
pores other than planar voids, that may interconnect planes in the soil,
thereby bypassing plenar "necks", The dye studies made in excavated
columns in the field, confirmed flow through some channels to a depth of

14 cm below the infiltrating surface, as evidenced by staining of channel
walls. However, many channels were found to be uncolered at the same
depth, indicating that these channels did not contribute to flow, presum-
ably because they were not connected with voids containing tension-free
water, TFor the pame reason all channels were left uncolored under con-
ditions of unsaturated flow into a column capped with a gypsum crust,

that created a suberust 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 calculations of Ksat based solely

on the occurrence of channels {according to eguation (7) in Boums and
Anderson, 1973}, using morphologicel 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 Ks values were unrealistic-

at

ally high (K = 32,000 ¥ 5000 cm/day). In conclusion, the figures in

sat
Table 1 show that the morphometric method of caleulating Ksat’ including
a plsnar-void pore interaction model, yields reproducible results in this

horizon that are of the same order of magnitude as values measured in situ

with the double tube methoed.



Figure 2.

]

.
| - f CHANNELS

COLORED PLANAR VOIDS I 1 CM
{ T

Pictures of impregnated horizontal sections through soil
cores with drawings showing the decrease in length of colored
planar voids with depth. The sections were 3.5 cm (upper),
6.5 cm (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.
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5.2.3.2.

Caleculation of K-sat from morphopetric soil core data

K was calculated from morphometric measurements for thirteen faces,

sat
of three different cores (Table 2). ZFach face hed a surface area of 45.4

cm2. Fig. 2 (ieft part) shows three Taces obtained at increasing dis-
tances from the top in core B. Sizes of all planar voids, as measured

on these faces, were used for the K-calculation. The calculated Ksat
values were close to those measured experimentally in two cores and of the
same order of magnitude in the third. ZFach face yielded 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, soill struc-
tures with larger peds; such 28 occur in some B3 or C horizons, would
require much larger face areas to be representative. For such horizons,
counts made on relatively small faces of U5 cm2 would be inadeguate for
calculating Ksat for the horizon as a whole.

Dye studies were made to trace patterns of water movement during the
measurement of Ksat‘ Use of dyes offers many problems since coloring
substances may be absorbed by the scil during percolation, thereby losing
their function as tracers (Reynolds, 1966; Corey, 1968). However, in
these experiments conductivities were measured in the reletively small
coregs before and afier application of the dye solution, showing that
rates wexe only insignificantly lower afterwsrds and that the solution
leaving the core had an unchsnged very red coler. The assumption is mede,

therefore, that oaly veoids with colored wells, as observed in the polished
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faces and represented in the drawings of Fig. 2, conducted liquid. The
total length of colored planar voids was measured in each polished face
(f%ol in Table 2). According to the assumption made in the calculation
procedure that flow follows all open pores, this length of colored planes
should be similar to the c&lculateduik values, vwhich represent the total
length of all open pores after swelliing. Agreement was good for the
lower slices in the cores, considering the much larger total length of
all planes {L). The length of the colored planes in the top slices of
the cores was much higher than the corresponding.lg values, Liquid appar-
ently moves inio planes here that are supposedly closed after swelling.
This phenomenon can be explained by considering that faces of adjacent
subangular blocky peds will not completely seal off interpedal planar
voids upon swelling due to their curved and not strict planar morphology
(see Fig. 1). Even though subangular blocky structure is present
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 conclusion, these data demonstrate that only a few pores, con-
tributing an insignificant smaell fraction to the total pore volume,

determine Ksat of the entire core,

113.




Figure 3.
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Meagured and calculated hydrauwdic conductivities and standard
deviations {s) for series of cores with different heights.
K valnes'measured with the double-tube method are inciuded as

a reference,



10

1!

i2

13

14

15

16

17

18

19

26

21

22

23

24

25

115.

5.2- 3-3-

Relationships hetween dimensions of soil cores and mesasured K-sat

Although it is generally realized thet soil cores should be sufficiently
large to represent the soll material to be characterized, minimum lengths of
cores from different s0il materials have never been defined. The dominant
effect of smaller pores on the hydraulic conductivity of a soil material
has important implications for this problem. The probabllity of a small
plane forming a "planar neck” in the flow system increases &s a core
becomes longer and the probebility of a large plane being continuous
decreases, This was expressed in the pore-interaction-model where
probabilities were calculated for certasin sizes of planes to be continuocus
throughout a sample (Boums and Anderson, 1973). This can for example be
illustrated for the second largest planewsiééropen after swelling, with
L =1

n

i -x+2°
layer of peds, the probability (P) of a plane of class (n-x+2) to be

Coneldering the contact between the first and the second

connected with a plane similar or larger than itself is proportiocnal to

the &i values involved:

F I
P = { t n-x+l)
- !
t

Where'{t is the total length of open planes after swelling and where

1 is the length of the smallest plane-size-class open after swelling.

x4+
The probability P of a plane of size class (n-x+2) to be connected
throughout a sample with height H by planes elther of its own size or

larger cen be expressed as:

" {(Pt B Ln«x+1)/{1(H/V)-1 (3)
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where v = average ped height to be measured on soil peels taken from
vertical sections through the horizon. Equation (3) indicates the effect
of sample height because P will strongly decrease with increasing H, all
other factors being consbart. This implies that larger pores tend to
become discontimuous throughou higher cores, which would resuit in a
considerable drop in the hydraulic conductivity. Equation (1) was used

to caleculate Ksat values for cores of the studied horizon that were 5, 7.5,
10 and 17 em high, all with a diameter of 7.5 em. Calculated K values
were 2000, 500, 6C and 4 cm/day respectively (Fig. 3). The experimentally
measured K values showed similar trends, although somewhat less extreme.
Soil structure is considered as a constant in these experiments, whether

a core is 5 centimeters or 17 centimeters high., The subangular blocky peds
increase somewhat in size with depth but this increase is sufficiently
small from 4O to 57 centimeters depth in the horizon to be neglected.
Standard deviatlons, indicated in Fig. 3 for each set of measurements,
decreased strongly as sample height increased. The 17 cm high samples
were closest to the values measured in situ with the double tube which is
considered as the reference level, although the real reference would be

a core with the height of the heorizon to be tested. The data indicate
that in this horizon, which iz representative for pedal horizons in

silty soils, K % values measured in cores are an inverse function of the

sa
height of the core. C(Cores from this horizon to be used for Ksat measure-

ments should be at least 17 ow high to be representative.
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5.3. A comparison of hydraulic conductivities calculated

with morphometric and physical methods

Absiract

Hydraulic conductivity of coarse porous media with packing pores could
be calculated not only with accepted physical, but also with morphometric
techniques if matching factors were used. Morphometric K curves were closest
to physical curves derived from moisture adsorption characteristics. The
morphometric technique can be applied exclusively to small or fragile homo-
geneous so0il materials that cannot be sampled for moisture retention deter-
minations in the labcratory. The pore interaction model of Marshall over-
estimated Ksat when measured r-values were used. Moisture retention curves,

calculated with morphometric data, agreed well in coarse porous medla with

physical adscrption curves.

Additicnal Index Words: moisture retention, adsorption, desorpticn.
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5.3.1., INTRODUCTION

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 belng repre-
sented by a pore size rn(rl >r, 2Ty .. rn). The radius of the

circular "neck" area T, considering all pores, is then defined by:

_ e 2 2 2 2
r, = ;1-5 (r,” + 30, + Srp,” + ... (2n-)r (1)

where: e = porosity. This "neck'" model alsc 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 pr. is filled with air:

1
_ et 2 2 2 2
r.o_q 5 (r2 + 8r," + 51‘“ + ....(2n-3):r'n (2)
(n-1)
where: e' = total porosity minus the porosity contributed by size r, and

(n-1) is the total number of pore classes considered. Conductivities are

120.
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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:

KS eP m 5
k(0);, = (g—=) ¢ —5 x E (25 +1 - 2i)1"j (3)
sc 8n j=1

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 (KS/KSC)
which is the ratio between the measured and the calculated Ksat)'

k(e)i is the calculated k (intrinsic permeability in cm2) for a spec-
ified water content 6,- {Numerically hydraulic conductivity K = 1 emn/day
ki = lO_locmz), e and n were defined previously; p = coefficient varying
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-
ciass) 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 applicetion for calculating X 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
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be followed by K-calculations. Thin sections can be made of such samples,
however, and point-count procedures can be applied to obtain a pore size
distribution which, in turn, can then be used to calculate the K-curve,

A Ksat value can usually be measured in situ for curve matching purposes
even in small samples,

The purpose of this study was to: (i) further investigate the poten-
tial of the morphometric method by comparing results with those obtained by
accepted physical methods. Molsture retention data in this study were de-
rived by desorption and adsorption processes. Morphometric data was also
used to calculate moisture retention curves. (ii) test the validity of
the pore interaction model, which is based on r values, by comparing calcu-
lated Ksat values using morphometric data, and measured Ksat values. The
methods were applied to a sand and three homogeneocus gypsum-sand mixtures,
the latter used in the crust test procedure for measuring hydraulic con-

ductivity in situ between saturation and a moisture tension of approximately

100 cm water (Bouma et al., 1871, 1872).

2.3.2. Materials and Methods

Four porous media were investigated in this study. The sand was ob-
tained from the coarse-sandy C horizon of the Plainfield loamy sand. Dry
mixing with various quantities of gypsum-powder was followed by wetting
and stirring of the mixture to a viscous paste as described by Bouma and
Denning (1972). Hardening of the paste was allowed for a period of at least
48 hours, Quantities of gypsum in the mixture are expressed as a percentage

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-counf technique was epplied to obiain estimates of
total volumes and size distributions of visible pores in a thin sectisn
(Chayes, 1956, Anderson and Binnie, 1961). One thousand two hundred points
were counted per section in 240 fielde with each 5 points at a linear magnifi-
cation of 80x. Resulting percentages are to be read as X 29 (95% probability).
To obtain optimal counting efficiency, distances between adjacent points in
the counting ocular were made larger than the largest dimensions of simple
packing voids as present in thin sections of the basic fabrics (Van der Flas,
and Toby, 1965). The size of a counted pore, below one of the points in the
ocular, was determined by measuring the smallest possible intergranular dis-
tance in the pore through the point, because shortest dimensions in pore systems,

their "necks", are most significant in determining resistance to watermovement.

Calculations of K were made with
the method of Marshall (1958) as applied to both the morphological and
physical data (Bouma aﬁd 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 c¢crusts of increasing resis-
tance (Bouma and Denning, 1972). The obtained K versus P curves wWere trans-
lated into K versus 0 curves by using adscrption data cbtained 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 = 523 where h = soil moisture pressure (dyne cm-2) ¢ = surface tension

of water (dyne cnrl).



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 sandj; Sample
2 is a 12%; Sample 3 is a 20% and Sample 4 a 50% gypsum-sand

mixture.
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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 parti;les are invisible in transmittea lightrtBouma 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 mbar 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
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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 Ksa values exceeding

) t
1 em/day. Many crust wmaterials and thin layers in stratified sediments
have such properties
Both physical and morphometric procedures needed very large matching
factors (Table 1) indicating that calculated Ksat values were much higher
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
guite 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 1 and 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 neo fine particles. However, the model

proves to be unrealistic as the content of fines (soil plasma) increases.
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Figure 5.

Hydrauliec conductivity (K) calculated with morphometric

and physical methods for four porous media and measured
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Table 1. Matching factors (K JK ) for

sat-measured’ sat-calculated

calculations of K with morphometric and physical

techniques applied to four porocus media.

Physical Physical
Porous medium Morphometric (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

The purpoge of using morphometric techniqes should not be to reproduce
results that can more easily be obtained by physical methods, but to use
specific advantages inherent to such technigues, such as distinction and
measvrement of different types of pores. Flensr voids and channels, though
contributing only small fractions to total pore volume, strongly affect
the conductlvity of soil materials. Morphometry can be used to construct
simple but relevant models of soil structure with planar-voids, channels
or packing voids, from which K may be estimated using basic physicsl equa-
tions relating pore size to conductivity. In a pore sysiem with varying
sizes, conductivity is goverred by the smallest pores in the system,
Hypothetical models are therefore necessary to predict pore comtinuity in
soil materials from pore measurements that are necesserily made in two-
dimensionsl sections. A contimuity model for interpedal planar voids

was introduced.

A recent method to calculate Kggt in pedal soil materials using morphometric
data ylelded reproducible results for soil peels and soil cores sampled in
one argillic horizon. Calculated values were reassongbly close to those
measured experimentally, 'These results indicate that morphometric seoil
structure characteristics can be used to predict Kggt of pedal soil materials.
Qualitative descriptions of soil structure, noting sizes and shapes of peds
and their degree of development have been s part of the standard profile
description in soil survey practices for many yeers. Interpretations

of these dats and correlstions with physical properties of the soil are
rather difficult to make because of the general nabure of these data.

More quantitative and reproducible epproaches, as for example the one
discussed in this paper, yield data that masy be more unseful for predicting
s01l physical behaviour,

The planar-void-pore-interaction model of flow as introduced by the calcula-
tion method prediets a pronounced relationship between core height and
measired Kgat in pedal soil materials. This was confirmed by experiments.
These results suggest that morphological soil structure data should play

an important role in defining representative sizes of soll samples to be

used for physical determinations in different soil materials.
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Hydraulic conductivity of homogensous coarse porous medis with packing pores
can be calculated with both physical and morphometric techniques if matching
factors are used. Morphometric K~curves and moisture retention curves
caleulated with morphometric data are closest to physical curves derived

from moisture adsorption characteristics.

The pore-interaction model of Marshall overemphasized the hydraulic function
of large packing pores in sandy soil materisals.

The concept of soll structiwre should epply not only to aggregated, but
elso to unaggregated soill meterials because they have characteristic bagic
structures that strongly affect thelr hydrauliec behaviour.

Morphological study of soil meterials, with the purpose of relating soil
structure to hydraulic conductivity, involves observation of basie, matric,
secondary and tertisry soll structures in sufficient detaill to obtain

an informative, yet readable and reproducible description, Relationships
betwean this type of deta and hydraulie conduetlvity charascteristics, as
explored in this paper, can be used to improve field estimates of K.
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6. USE OF PHYSICAL METHODS TO EXPAND SOIL SURVEY

INTERPRETATIONS OF SOIL DRAINAGE CONDITIONS

As use of soil maps for planning purposes increases, questions become
more specific concerning the physical behavior of the different units of
80il depicted on the maps. One of the more important physical properties
of a soil is its capacity to retain and ftransmit water, which is reflected
by the water content at a given time. BScil drainage classes, as defined
in the Soil Survey Manual {1951), are used in the Soil Survey prograsm to
classify natural soil pedons on the basis of dynamic hydrological proper-
ties. Reliance in this procedure is placed malnly on empirical judgements
and cbserved scil-morphological features., This methed has proven its
value as & broad gualitative indicator.

The new taxonomic soil classification system (Soil Survey Staff, 1970)
defines soil moisture regimes on the basis of frequent in situ measurements
of the changes in soll 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 namely, those derived from morphological
observations and those from in situ moisture measurements made, by necessity,

over a limited period of time. This is particularly true when envirommental



10

11

12

13

id

15

16

18

19

20

21

22

23

24

conditions deviate pericdically from the average or when they change
permanently. Soil physical techniques describing flow of water in soil
materials under specified conditions are increasingly svailable in recent
vears. The purpose of this exploratory paper, therefore, is: 1. To
review some of the concepts underlying the distinction of different soil
drainage regimes in soil survey practices; 2. To explore the feasibility
of using soil physical characteristics and methods to quantify these con-
cepts; and 3. To demonstrate the potential of some recently developed
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, 1951) 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 relation determines when the soil is dry or completely saturated and
poorly aerated. The frequency and duration of periods of saturation form
the basic criteria for distinguishing seven drainage classes, ranging from
very poorly drained to excessively drained. In the course of mapping, &
soil surveyor is usually able to make only a few direct observations of
individual pedons in a landscape, but the drainage classification that he
assigns to the polypedons purports to deseribe their hydrodynamics through-
out four seasong. Therefore, he needs &s many indicators as possible from
which to make inferences. The indicators listed in the Manusl, include:
climatic data, soll color patterns, nature of organic surface layers, soil
slope, and texture and structure of the horizons that will affect the perm-

eability of the soil. However, relationships between such indicators and
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the very complex hydrodynamics of the soil tend to be speculative, and so
are the resulting estimates of runoff, soil permeability and internal soil
drainage. For example, although morphological soil structure data can be
used to calculate hydraulic characteristics of some soll herizons, the
description of soil structure as defined in the Soil Survey Manual does not
provide an adeguate basis for such caleulations (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
Gescriptions of structure and mottiing are therefore bound to be somewhat
speculsative. More basically, pedogenic soil features and the entire pedons
and polypedons themselves are seen &5 records of past enviromments, viz.,
&s products of specific combinations of soil forming factors and processes
functioning over many years (Marbut, 1935). In turn, the nature of some
of these processes can be inferred from cbserving such features in the soil
and if these processes are not expected to change with time, future seoil
tehavior can be predicted. But soil survey results are intended for making
predictions of future behavior of the so0il 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 &s a porous medium
for liquid waste disposal (RBouma, 197lc).

Changing soil-use patterns tend to be the rule rather than the
exception in our urbanizing society. So in addition to using & 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
adeguate for predicting soil behavior more precisely as & function of a

wide range of man~induced as well as of natural environmental conditions.

Current activity in the study of moisture regimes in so0il sbove the

ground water, as discussed here, relates to recent attention to fluctuations

in the wvater table itself. For many 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 Heesen, 1970; Simonson and Boersma, 1972)}. 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, models have been developed using physical and statistical
techniques for predicting ground-water fluctuations as a function of
environmental conditions (Boersma, et 8l., 1972). This paper explores a
similar approach to the moisture regimes of soil above the ground water.
The soil 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
Physical conceprt in which characteristic constants (hydraulic conductivity
and moisture retention) are used in mathematical or numerical procedures
to calculate 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 program,

follows.
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6.2,
So0il permeability

Soil permeability (Soil Survey Manual, 1951, p. 167) 1s defined as
"that guality of the soil that enables it to transmit water or air”.
Darcy's law states that the amount of flow in a saturated soil is proportion-
ate to the gradient of the soil water potential in that soil. The propor-
tionality factor K is generally designated s the hydraulic conductivity
(L/t) which is a characteristic value for a soil material. Percolation
and infiltration rates are more variable and not characteristic, because
they may result from varying potential gradients (Bouma, et al., 1972).
More importantly, liquid above the ground-water table commbnly occurs in soil
whose pore volume is only partially filled with water. In this case, water
movement still occurs, though at a much slower rate. Darcy's law also

applies to unsaturated flow (Richards, 193L1).

Soil moisture tension increases as the moisture content decreases. Since
larger pores drain first with increasing tension, the hydraulic conductivity
drops sharply. This is because the flow of ligquid through a (tubular) pore
is proportionate to its radius to the fourth power. In summary, & soil
material is not characterized by one specific "permeability", but by an
infinite numter of hydraulic conductivities (& K-curve) corresponding with
as many moisture contents ranging downwards from saturation. Hydraulie
conductivity curves are specific for a soil material, since they are largely
& function of the pore size distribution. Fhysical models of flow use only
K-values to characterize Tlow processes. Therefore, application of these

models to soils requires K-measurements. Measurements are preferably made
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1 in situ, to avoid the deviant results that come from disturbances of the soil
2 through sampling, transportation and storage. Methods are available to measure
3 insitu X, (Bouwer, 1962) and K ansat (Rose, 1965; Watson, 1966; Boums, et al.,

4 1971, 1972). Laboratory methods are also available (Klute, 1965, 1972).

5 6.3.
Interpal soil drainage

é Internal soil drainage (Soil Survey Manual, 1951) was defined as "that
; quality of a soil that permits the downward flow of excess waﬁer through

ﬁ%ﬁ - it", which is reflected in the frequency and duration of periods of satura«
’ tion. This differs froam soil permeability in the iﬁelusion of the climatic
ii factor: A soil of "medium” internal drainage may be similar in permeability
2 to one of "slow" internal drainage occurring in & more moist climate.
13 Different classes of internal drainage, ranging from none to very rapid, are
iy essentially based on the estimated length of the period in the year during
15 which the soil is saturated. This also includes the occurrence of ground |
6 water. A soil with a constantly high ground-water table may have no
17 internal drainage. Many factors, besides permeability of soil horizons,
18 determine the amount of water present in the soil at any given time.
19 These include the level of the ground water, precipitation patterns,
20 interception by vegetation, crusts on the soil surface and associated run-
21 off, occurrence and depths of soil horizons and their initial moisture con-
99 tent, and extraction of liquid from the soil by evapotranspiration.
23 Quantitative physical techniques have been developed in the last decade
24 describing flow in simplified soil systems (usually aggregates packed in
g5 & S0il column) under simplified physical conditions. These technigues

can be mathematical (for example: Raats and Gardner, 1972) or numerical.
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For example, numerical techniques, using high-speed digital computers, were
applied to caleculate: 1. Moisture profiles in stratiflied porous media

under transient-flow conditions (Hanks and Bowers, 1962; Whisler and Klute,
1967); 2. Infiltration and redistribution of water in homogeneous Ssoil
materials (Staple, 1966, 1969; Rubin, 1967); 3. Intermittent infiltration
and redistribution in homogeneous soil materials {Tbrahim and Brutsaert,
1968). Generally good agreement was reported between calculated and measured
values. Numericsl techniques use saturated and unsaturated hydraulic con-
ductivity values for every layer in the flow system and moisture retention
data, that show soil moisture content as a function of soil moisture tension.
Infiltration and redistribution of liquid in scil is influenced by hysteresis,
which is the phenomenon that the moisture content in a soil sample at a

given tension is partly detemined by whether water was absorbed by initially
drier soil or water was desorbed from an initjially wetter sample. Moisture
retention data, therefore, has to be defined in terms of a desorption and

an absorption curve for use in numerical analyses. At this time numeriecal
analyses have not been reported for real complex field situstions, where

only a fraction of the water from intermittent irregular rains enters &
heterogeneous so0il profile, in which water is redistributing and from

which it is being extracted by plants. Future flow models will most probably
become more sophisticated and more realistic. At this time it appears
advisable to collect basic data, as discussed, for major soil types in
anticipation of gsuch future developments. Practical disadvantages of
mumerical procedures for calculating simplified moisture flow patterns are

their complexity and need for highspeed computors and computor programming



10
i1
12
13
14
15

16

18

19

21
22
23
24

25

expertise, Some approximate physical methods have been developed also to
calculate some hydrodynamic properties of soil (Bybordi, 1968; Davidson,
et al., 1969; Gardner, et al., 1970; Peck, 1971; Raats, 1973). These
methods, thaet assume the availability of K values and moisture retention
data, are simple and quick, and therefore very attractive for use in
approximate analysis of hydrodynamics of soils under simplified conditions.
This paper reports results of the application of two of these techniques
to four Wisconsin soils with ground-weter tables standing more than é m
below the soil surface: 1. A "somewhat poorly drained" Almena silt loam;
2. A "well to moderately well drained” Hibbing silt loam; 3. A "well
drained" Batavia silt loam; and 4. A "somewhat excessively drained"

FPlainfield loasmy sand. Drainage-~class classifications are according to

Hole (1973}.
6.4,

Soils and methods

The Almena silt loam (Aeric Glossagualf) had the following soil
horizons: (&) Al: 0-20 cm. Dark brown (1O0YR 3/3) silt loam, platy struc-
ture, gradual and smooth boundary (b) A2: 20-33 cm. Grayish yellow
brown (10YR 5/2) silt loam, platy structure, few iron mottles, clear and
smooth boundary; (c) B2lg: 33-68 em. Brown (7.5YR 4/6) inside peds,
dull brown (7.5YR 5/3) on walls of cracks tonguing into B, iron mottles
inside peds, silt loam, medium prismatic structure,diffuse and smooth
boundary, (d) B22g: 68-110 cm. Bright 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 prismatic structure,

clear and wavy boundary, (e) I1B3: 110-126 cm. Brown (7.5YR 4/6) inside

141,
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peds with common bright brown (7.5YR 5/8) iron mottles; light brownish gray
(7.5YR 7/2) on walls of cracks, loam; coarse prismstic in upper part of hori-
zong maseive in lower part, gradual and wavy boundary, (f) IIC: 126~-180 cm.
Dull brown (7.5YR 5/4) coarse sandy loam with many large boulders, massive
structure.

The Hibbing silt loam (Typic Butroboralf) had the following soil horizons:
(a) Ap: 0-25 cm. Reddish brown (2.5YR 5/k) silt loam; fine and medium sub-
angular blocky structure; skeletans on ped faces, clear and smooth boundary,
(b) B2t: 25-50 cm. Red (2.5YR 4/6) clay; very coerse prismatic parting to
redium angular blocky structure; CaCOB-glaebules 3 gradual and smooth boundary,
(c) B3: 50-120 cm. Red (2.5YR 4/6) clay; prisms as B2, TFockets of weak-
red {10R 5/L4) clé.y, very rich in CaCOB, graduasl and smooth boundary, (d) C:
120-180 cm. Red (2.5YR 4/6) clay; prisms as in B2, The Batavia silt loam
{Typic Argiudoll) had the following horizons: (&) Ap: 0-30 em. Very dark
brown (1OYR 2/2) silt loam; medium subangular blocky structure; abrupt and
smooth boundary, (b) B2t: 30-78 em. Dark brown (7.5YR 3/3) silty clay
loam; medium prismatic parting to medium subangulsr blocky structure,
(c) B3: T78-100 em, Dark brown (7.5YR 3/4) inside peds with few bright
brown (7.5YR 5/8) iron mottles, silty clay loam, coarse prismatic parting
to medium prismaticand medium subangular blocky structure ; gradual and
broken boundary, (4) IIC: 100-180 cm. Derk yellowish brown (LOYR b4/4)
sandy loam with pebbles and boulders; single grain (intertextic S-matrix),
The Plainfield loamy sand (Typic Udipsamment) had the following horizons:
(2) Ap: 0-25 em. Very dark grayish brown (10YR 3/2) loamy sand; fine
subanguler blocky structure; abrupt and smooth boundary, (b} B2: 25-50 cm.
Strong brown (7.5YR 4/6) sand; single grain; gradusl and smooth boundary,
(c) B3: 50-70 cm. Strong brown (7.5YR 5/8) sand; single grain; gradual
and smooth boundary, (d) C; 70 em+. Brownish yellow (10YR 6/6) coarse

sand, single grain,
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Measurements of hydraulic conductivity of the major horizons in these
four pedons were made in situ with the double tube method (Bouwer, 1962)
and the crust-test (Bouma, et al., 197b, 1972). Undisturbed samples were
taken for measurement of moisture retention characteristics in the labera-
tory. Detailed descriptions of these methods are given by Bouma, et al.
(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 from a measured hydranlic

conductivity curve. The basic equation, given here for a two layer system,

is s follows:

& P2 -
Z = - [ j ~gh J' dh
n kg 1_-3151 hy 1—{—2-‘

vhere X, and K, are the moisture dependent hydraulilc corductivities of the
two layers, h = moisture tension (cm) and Z = height (cm) above reference
plane. The integral limit hfl is not known initially., Starting at ho 3
integration is contimued through the bottom layer until Zn assumes the
value of Z.l’ which is the thickness of this layer. The corresponding
h is found to be h].' This tension is continuous across the boundary and
is therefore the lower limit of the second term of the integration, which
is continuzed using the K2 valwes, that spply to the second layer, until
Zn assumes the valwe Z2 at a pressure of h2‘

In his paper, Bybordl described flow to a water teble., In this

application only the lower horizon boundaries are considered. Ground water may
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occur in the soil but is not essential to the anelyslis. The tensions in
each horizon &t & certain flow rate can be derived from the K-curve, since
the flow rate is equal to the hydraulic conductivity under steady-state
conditions with only gravity-~flow occurring. Such tensions are sometimes
not reached, however, due to interferences of underlying horizons that
have different K-curves. This caleulation method is used to calculate

the tension profiles resulting from these interferences, Moisture con-
tents in the profiles were derived from the calculated tension profiles
by using moisture retention data.

A second approximate method (Peck, 1971) was used for calculating
redistribution after infiltration into an initially uniform profile. This
method was applied to major soil horizons of the four soils discussed:

The B21g 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® and weter potentialY increase during redistribution
to meximum values (9, and Y , respectively) and then decrease. As time
advances, the maxima occur at greater depths. At the time when the maxima
are at & depth z = z, the soil is drying in the zone above z, and 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 eguation is &s

follows:

8,-6 ) (5,-6 )2
a8 - 2 rf%— X0 + K :]

ac ¥ T ey 1PTE
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where Q = amount of infiltrated water. no = original moisture content

in the soil. D = diffusivity = Kggp The latter term is the slope of the
molsture retention curve. K = hydrauwlic conductivity and O and B are
constants (& = 0.70 and B = 0.78, Peck, 1971). Two expressions for

o and B are used to calculate values for 6, the average moisture content

in the transmission zone of thickness Z , as a function of time:

0Q = (8, - eo) s 2

g = (B* _90)

(6 - 8,)

6.5.
Results and discussion

Results of hydraulic conductivity and moisture retention messurements
for major horizons of the three soils are in Figs. 1, 2, 3 and 4. Results
of the Bybordi caleulations are in Figs. 5, 6, 7 and 8.

The hydraulic conductivity and moisture retention data are a function
of the pore-size distributions in the different studied horizons. 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 value 1is
therefore relatively high at 450 cm/day (Fig. 4). The compact B2 horizon
of the Almena silt loam, with & silt loam texture, has many fine and few

large pores. K is relatively low at 2 cm/day (Fig. 1). The water in

sat

unsaturated soil has a negative pressure which is expressed as the soil

moisture tension (cm). The moisture content in the soil decreases and
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progressivel& larger pores will empty a&s moisture tensions increase. This
is reflected in the slopes of the conductivity curves which are plotted as
a function of the moisture tension. For example, the curve for the Plain-
field-C has a steeper slope than the curve for the Almena-B2, while the
slope of the curves for the Plainfield-B2 {loamy sand, Fig. L) and the
Batavia-IIC (sandy loam, Fig. 3) are intermediate. These differences are
also reflected in the moisture retention curves. The Plainfield-C looses
23 vol % moisture between saturation and 40 cm pressure (Fig. L) and the
Almena-B2 only 2 vol % (Fig. 1). Of particular interest are curves for
the Batavia-B2 {silt loam, Fig. 3) and the Hibbing-B2 (clay, Fig. 2).
These horizons have well developed structural elements (peds) with relatively
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/dey and 70 cm/day, respectively). Conductivities in these
horizons drop sharply between saturation and low tensions
of approximately 20 mbars, becaunse these large pores are emptied in this
tension range leaving only the relatively small pores 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
cpposite is true at a low tension of LO cm, which corresponds with steady
flow rates of respectively 1 mm/day and 2.5 mm/day.

Fig. 5 shows calculated moisture tensions in the Almena silt locam at
three low flow rates. The corresponding phase distributions show that the
mottled B2 horizon is close to saturation (air 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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have been 46 cm at 1 om/day, 90 cm at 5 mm/day and 220 cm at 1 mm/day

{see K curve in Fig. 1) if this horizon would have extended much deeper.
The lower calculated tensions in the topsoil illustrate therefore the
ponding effect of the underlying B2. The glacial till has a conductivity
curve which is virtually identical to that of the overlying B2. Different
moisture retention data resulted in somewhat higher air contents in the
till at the flow rates considered. Fig. 6 shows calculated moisture
tensions in the Hibbing silt loam at two very low flow rates. The Ksat

of the B3 horizon was only 2 mm/day and higher flow rates into the overlying
horizon would lead to ponding of water in the overlying horizons. The
phase distribution in Fig. & shows that only 7% of the pore volume in the
topsoil is occupied by air at a flow rate of 2 mm/day, indicating &
virtually saturated soil condition. Moisture tensions in the Ap horizon
would have been 110 cm at 1 mm/day and 60 cm at 2 mm/day if this horizon
would have extended much deeper (see X-curve in Fig. 2). The data for
this soil are quite comparable to those for the Almena silt loam, as both
illustrate the ponding effect of & very slowly permeable B horizen below
a relatively permeable A.

The Almena silt loam has a higher capacity than the Hibbing silt loam
to transmit weter and molsture contenis at comparable flow rates are lower.
But differences are relatiﬁely small and both soils cffer many practical
problems because of their slow permeability. This contradicts the current
rclacement of these two soils in differernt drainage classes (Hole, 1973).
The Hibbing silt loam has no mottles and has been classified as well to

moderately well drained; the highly mottled Almena silt loam has been
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clessified as socmewhat poorly dralmed. Iack of visible mottling in the
Hibtbing silt loam is probably due to the red color in this soil that was
formed in red clay sediments. The physical data for both soils illustrate
that morphologieal criteris for soill drainage, such as occurrence of
mottling, have to be used with care because unrestricted application may
lead to misleading conclusions.

Fig. 7 shows the calculated tensions in horizons of the Betavia silt
loam at five flow rates varying between 0.5 mm/dsy and 50 cm/dsy. The
effect of the sandy loam till below the silty cover is obvious., DBoth
soil materials have a conductivity of 1 mm/day at 100 mbar, However,
moisture retention characteristics of the two materials are quite different,
which results in a much higher volumetric moisture content in the B2 as
compared with the TIC (Fig. 7). The water content in the silty clay loam
B horizon in the boundary zone with the sandy loam IIC increases only at
the very high flow rate of 50 cm/day and at the very low rate of 0,5 mm/day.
This zone is drier at the intermediate rates than it would have been if
the silt had extended to greater depth, The conductivity curves for these
soils (Fig. 3) can be used to illustrate that & soil horizon has not just
one but ar infinite mumber of permeabilities. At tensions between zero
(saturation) and 8 cm, the silt cap is more permeable than the underlying
till. This is most probably due to the coowrrence of large root- and worm
channels and cracks. Between tensions ot 3 and 100 em, the till is
more permeable than the silt. 7The silt is zgain more permeable at tensions
higher than 100 cm. The differences resulc from the different pore

size distributlons of both materisls and
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are reflected in the curves of Fig. 7. TField soil scientists are often
puzzled by the occurrence 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 are 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 thrcough 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 mm/day to 200 cm/day. The Ap and B2 are
more permeable than the C horizon at flow rates lower than 37 cm/day,
corresponding with a tension of 22 em. At higher flow rates the opposite
is true (Fig. b4). 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 Batsvia silt loam. The differences
in physical behavior between the B2, (with 1% clay, 10% siit and a medium-
size sand fraction) and the ¢ (coarse sand, no clay and 1% silt) is
rather pronounced due to the different pore size distribution. In all
cases, the shape of the K-curve determines tensions and derived moisture
contents as a function of rate of flow.

Horizon boundaries in these examples 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 soll horizons are considered to be of
physical significance as well, separating layers with distinctly dif-
ferent physical characteristics. Though this assumption appears fto be
reasonsble, there is as yet hardly any data in the literature correlat-
ing dimensions of morphologic and 'hydraulic" soil horizons. It has been
shown that genetically identical soil horizons may physically behave
guite differently (Bouma, 1969; Bouma and Hole, 19712). Relationships
between soil structure characteristics and hydraulic characteristics
(Bouma and Anderson, 1973) may prove to be useful in defining "hydraulic”
soil horizons. Even more important is the question whether or not the
investigated soil is representative of the cartographic unit or the
clagsification 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 alsoc have a characteristic physical behavior is rather hypothetical
at this time. Nielsen, et al. (1972) studied the variability of soil
physical characteristics in an 150=-acre field. More work of this type
is very much needed.

Steady-state flow in a soil profile, as calculated in this paper
for four pedons, will not be common in the upper scil horizons due to the
intermittent character of rains. However, such processes may be guite
realistic for deeper horizons (Raats and Gardner, 1972) and for extended

infiltration into crusted soil (Bouma, 197lc).

154,



Figure G.

- porasity

_4

——— CLAY

t-Bp —T——

)
/

porosity

o

T T T — rrrr T T
nt w3 ol 19! ! o

REDISTRIBUTION TIME { DAYS §

The average moisture content in the transmission zone as a
function of time, calculated for three infiltrated quantities
of water: (a) = 2 mm; (b) =5 mm; () = 10 mm. The three
soil horizons consigdered were: B2 ol Hibbing (clay); B2 of
Batavia {silty clay loam) and C of Flainfield (sand). Curves
for the B2 of the Almena had a similar slope es those fer the
B2 of the Hibbing.

155.



10

11

12

13

i4

15

16

17

18

19

20

21

22

23

24

25

156.

The average moisture content in the transmission zone &, as cal-
culated with the Peck approximation for three infiltrated guantities of
water is plotted in Fig. 9 as & function of time to show that these data can
be used to define the drainage rate. The horizons are considered here
as separate entities because the Peck calculation cannot be applied to
a series of different layers. After waiting ill minutes (1/10 day)
following the infiltration of 5 mm of weter (curves b) the clay has U7%
moisture and 5% air; the silty clay loam has 35% moisture and 12% air
and the sand has 12% moisture and 22% air. After waiting one day the
moisture contents would be 43%, 33% end 10%, respectively. Original
moisture contents of the three horizons (80) were chosen to be correspond-
ing with a very low X-value of approximately 0.2 mm/day, which describes
a near static condition, that might be called the "field capacity". The

derived §  values were 419 for the clay, 31% for the silty clay loam and

& for the sand., The shape of curves calculated for the B2 of the Almena

silt loam were essentially identical to those of the B2 of the Hibbing
511t loam ("clay" in Fig. 9) and were not separately plotted in Fig. 9.
Calculations can be made varying @ and,eo as needed to make estimates

for particular soil horizons.

6.6.

The role of physical methods im soil survey interpretations

This application of physical methods is intended to expand soil
survey interpretations. Its function is not to replace any of the
current classifications of soil drainage 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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of soii mapes and gquantitative physical data may then not be needed. The
physical data are essential for some engineering purposes, such as, for
example, selection and design of systems for on-site liquid wastie disposal
(Bouma, et al., 1972). The preparation of specific engineering designs

is beyond the scope of soil map interpretations, but a basic physical
characterization of sojl-map units in terms of X wvalues and moisture
retention data, including an analysis of variability, should be available
for major soils to satisfy increasing professional demand of engineers and
research soil scientists. They will use this basic data in their specific
fiow-models or calculation schemes. A third category of users of soil
information need more specific data than provided by broad gqualitative
descriptions but these users do not have the opportunity or training to
Process besic physical data in computer programs or calculation schemes
describing their specific problems. In this case, the best solution wouid
seem to be to apply relatively simple approximate physical methods, as
discussed, as part of soll survey interpretationms.

o
D, T-

Conclusions

Future interpretations of soil maps will increasingly require that
guantitative assessments be made of the hydrodynamic behavior of scilsg
under different uses. Traditional classifications of soll drainage commonly
used in soil survey interpretations are very useful as broad indicators
of current conditions, altheough exciusive use of morphological criteria
may result in erroneous ccnclusiouns. In order to expand soil survey
interpretations, procedures are needed for predicting moisture conditions

in & scil at any time as a function of varying environmental conditions.
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Elaborate calculation methods predicting hydrodynamic behavior of soil
materials with numerical or mathematical procedures are at present
available to analyze simplified flow conditions and flow geometries. Use
of these methods for soils in the field will become more attra;tive as they
become more closely correlated with actwal, variable conditions in the
field. Approximate calculation methods are very attractive at present

in that they are simple and rapid, once K values and moisture retention
data are available, in providing & better understanding of, admittedly
simplified, flow conditions in soils. K values and moisture retention

data are needed for both elaborate and approximate methods. In any case,
physically poorly defined measurements of "percolation rates' or "field
capacity” will not suffice. Application of physical techniques in the

s0il survey program assumes that cartographic units depicted on soil maps
and associaeted representative pedons not only act as relatively homogeneous
pedological individuals but alse as individuals with a characteristic
physical behavicr. This assumption is hypothetical and research is needed

to test it.
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7. APPENDICES

The following subchapters will discuss procedures and metheds which
were used in the previous chapters to study soil morphology and processes

of water movement through scil.

T.1. The preparation of soil peels.

T.2. B5S0ll moisture retention characteristiecs.

7.3. In situ measurement of saturated hydraulic conductivity:
The Bouwer double tube method.

7.4, Field measurement of unsaturated hydraulic conductivity by
infiltration through artificial gypsum crusts.

T.5. Field messurement of unsaturated hydraulic conductivity with
the instantaneous profile method.

7.6. Calculation of hydranlic conductivities from moisture retention data.
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Tig. 6.7. Traveltime of liquid for one foot of soil
at different soil moisture tensions, cal-
culated for four soil materials.

gradient of 1 em/cm equal to X) in a hypothetical omne-dimensional flow system
below the gravel bed. Kg,y (P = 0) would represent the infiltration rate
into an uncrusted soil surface, and K decreases in characteristic patterns
with increasing soil crusting, and increasing soil moisture tension. A lower
limit of allowable infiltration rate, based on practical and economical
criteria was tentatively defired as approximately 2 cm/day (see lower hori-
zontal lines in the curves of Fig. 6.8) based on a seepege bed area of 1000



Fig 7.1
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Appendix T.1.

The preparation of soil peels

Several publications have described this procedure in detail (Boum
and Hole, 1965; Soil Sei Soc. Amer. Proc. 29:483-485; Jager et al., 1966 (Section 5.1.5).
The pictures in Fig. 7.1 illustrate the procedwre as applied to pedal soil
materials. A horizontal plane is prepared at the desired depth in the profile
(Picture 1) if & horizontal soil peel is to be taken. Vertical peels are
obtained from flattened vertical profile walls. A metal box, which size of
bottom area will determine the surface area of the fubture soil peel, is 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 (Picture 3). Box and excess soil are cut loése'with 8 spade
(Picture 3) and next excess soil in the box is removed with & knife (Picture k).
The flattened exposed soil In the box is the Ffuture bottom ares of the soil
peel that is to be attached to & supporting board. It is important to make
this surface smooth so as to facilitate contact between soil and board. )
The sodl in the box is slowly eir-dried for about & week., Fast drying is
not recommended because ummatural cracking patterns may result. Once sir-dried
(Picture 5: showing several filled boxes of major horizons in a Btiavise
silt loam), liguid plastic is applied to the soil surface, which has been covered
with a piece of cheesecloth to increase soil cohesion and to facilitate
attachment to the supporting board later (Picturc 6). The plastic solution
consists of polyvinyl-scetate, dissolved in acetone (1:8 solution). ‘The box
is slightly tilted during pouring to create dowrward flow of plastic over the
s0il surface (Picture 6). The box is immediztely twurned around on top of a
plece of wood or masonite as soon as the exposed soil surface is covered with
plastic (Picture 7). This is to avold deep percolation of plastic into the
block of soil through larger crevices. A thin layer of liquid plastic should
also be applied to the board to aid the cementing process. The exposed soil
surface on the board (Pictwre 7) does not show natural ped surfaces. The top
part of the block of s0il has therefore to be removed, leaving only those peds
on the peel that are attached to the board b plestic or by interpedal binding
forces. Excess scil can be removed by gently knecking on the back of the board.
Slow wetting of the block of soil with & slightly moist sponge may he helpful
to facilitate removal of excess soil. The soil surface to be exposed on the Puiure
501l peel should show matural cleavage feces o:cmpring in the soll. It is imperative
therefore that this surface should not be touched with knives, needles or fingers.
If this procedire is carefully executed, natuial ped surfaces ecan be shown in soil

peels, pictures of which were shown in Pig. 2.2 in Chapter 2.
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Fig' 703-

Slow saturation of undisturbed
field samples, sampled with

the double cylinder hammer
driven core sampler. The 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).

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 outflow
(o) at different distances from
the cup. The cores and the

cups are covered with aluminum
foil to avoid evaporation.
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Appendix Tcao

Soil moisture Tetentioncharacteristics (References in Section 5.1.5)

Moisture retention characteristics (desorption) can be determined from
samples obtained in the field with the double cylirder hammer driven core
sampler {Blake, 1965, p. 376) in small cylindrical rings { 5 cm high with &
diameter of 7.5 cm, see Fig. T.2). The soil in the ring is slowly satwated
by first absorbing water in the fleld-moist sample at a tension of &pproximately
20 cm for at least one day. This is achieved by placing the cores on moist
sponges in & plastic container which has about 1 em of water at the bottom
(Fig. 7.2). Then, the soil is completely seturated by raising the water level
to the upper brim of the core. Moisture contents at 20, 40, 60, 80 and 100 cm
tensiog are determined by placing the cores inside porous cups {p) (Fig. 7.3)
in which & 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 tenslons can
be created &t the level of the digk by lowering or raising the point of outflow
{0) of the water-filled flexible tube below the cup. The tension is equal
to the vertical distance (em) between the bottom of the porous plate and the
point of outflow (o). A verticsl seale is mounted next to the tube to measure
the tension. Use of &8 5 cm high sample requires that distances are measured
from the middle of the sample (2.5 cm above the porous plate) dowrmards
rather than from the porous plate itself. Eguilihrium is resched at each
measurement when water stops flowing from the tube at point (0), The cores are

weighed 8% each point of measurements. An slterrative procedure would be to

s

measure the amount of cutflow at point (o) Letwee: successive applied teasion
Aluminum foll should be wrapped arcund the core and the cup to avoid eveaporstion

(Fig. 7.3). Moisture contents corresponding with tensions exceeding 100 cm are
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neasured by applying ajr-pressures to cores that are placed on & porous plate
inside & metal container, following standard techniques (Richs.i-ds, 1965).

After determining the whole range of moisture contents, corresponding with
tensions ranging from zero (saturation) to 15 bar (wetting point) the cores
are dried at 1050 C, Tt is éssential that soil is never lost from the cylinder
during successive measurements, as this would result in erroneocus caleculation
results. To avoid this problem, the cylinder can be wrapped with cheesecloth
which is to betmped with water-resistant tape (Fig. 7.2). Moisture contents

can also be determined by processes of adsorption (see Chapter 3). Then,

the original moisture contemt of the core should be low (for example, corresponding
with 30C cm tension). The core is placed on the cup to which & tension of

100 em is applied. Water is absorbed then until eguilibrium is reached,

as evidenced by the constant level of the water in the plastic tube at point

0. Successive measurements can be made at 100, 80, 60, 40 and 20 cm tension,
Caleulations of moisture contents at different tensions and soil porosity can

be made for each sample. This caleculation is relatively simple when samples

in eylinders (with a constant volume) are used, To illustrate the calculation
procedure, an example will be presented based on the Saran-clod method, where

the volume of the sample 1s roi constant.

The method to determine soll physicel characteristics from large
clods obtained from pedal swelling soil materials and using saran resin
as & coating materizl, was introduced by Brasher et szl., 1966. Clods
should have a volume of at least 100 cm?, but preferably more than that.
They should represent the soil strucutre from the sarpled horizon. In
peneral about 20 elementary units of strociure should be represented In
any ¢lod sample. A medium sized blocky siructure, wilh ped wolume of
1 em3 should be represented by a clod volure of at least 20 cmd.,  This
guide does not work in coprse prismatic sir wctures, since Individual
peds may have volumes of 150 cn3 or more. T¢ should be clearly stated
when values are determined for such single peds. The method consists
of the following steps:
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1. A weighed air-dry clod is coaled with saran; and slowly saturated
with water through one flattered side of the clod where the coating has been
temporarily removed.

2, After saturation, the open side of the clod is coated again
with saran and weight and volume of the clod are determined.

3. The coating on the flattened side is removed again, and the clod
is placed in g pressure gpparatus to determine water contents and soil
volume at different pressures. After equilibrium has been reached gt a
given pressure, the clod is coated again at the flattened side, and
weight and velume are determired. Tt is essemtial not to loose any soil
from the clod during this procedure, since this would lead to erroneous
results. After determining moisture contents and volumes of clods for
a renge of pressures (usually 0.03b, 0.1b, 0.3b, 1b, and 15b), the clod
ig dried at 105°C. Then &8ll values are avallable to calculate bulk
densities, porosities at different suctions, and the moisture retention
curve. Non-swelling soll materaals, such as sands, can be sampled directly
in cylinders of krnown volumes,

Example of clod method eslculation: Clod from C-horizon of Mexico silt
loam, calculations for 1 bar suctlon only.

Basic data: Air dvy weight of e¢lod: 55.3C gr. Coated with saran: .00 gx.
Weight of coats: 2.60 gr. = 1.73 cc (Spec. dens. saran = 1.50). At 1 bar
equilibrium: 57.10 gr. Volume of clod {+ plastic): 30.50 cc (difference
between weight of beaker with water and total weight vhen clod is suspended
in the besker). After drying clod + piastic at 105°C for ome day: weight =
L7.k0 gr. Volume = 27.9 cec.

Calculation 1:

Determine bulk density (bulk density = e/ em3 of pmatural soil). Since
B.D. of scil is required, the plastic has ‘o be excluded. Volume of soil
at L b = 30.50 - 1.73 = 28.77 ce. The weight of 57.10 gr. is composed

of water, plastic and soil. Affer dryins at 105°C, weight = L7.L0O gr.

(= soil + plastic). TFrom a separate experiment it was learned that the
saran plastic looses 25% of its weight when heated for 2k hrs. at 103°C,
Soil weight only, therefore, is L7.40 - (0.75 x 2.60) = k5,15 pr. This
is an important value, from which dry bulk densities ot different moistwe
contents are derived. B.D. at 1 bar is:

%g:—l,;% = 1.58.

Calculation 2:

Determine percentage of moisture (din % of dry weight and volume) at 1 bar.
Stovedry soil weight was 1S.4S gr. We neod to know now the weight of the
moisture only at 1 bar. 8oil + plastic + watery = 57.10 gr. Scil + waiter =
57.10 « 2.60 = 54,50 gr. Moisture % of dr - weight =

(B2 Y 1007 = 19.9%.

r

Moisture % by volume = % of ary weight x B.D. = 19,9 x 1.58 = 31.4%,
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Calculation 3:

Determine porosity (= vol. % of scil 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%%7 For this we need to know one
additional soil characteristic: the particle density (= gr/cm3 of the

solid soil phase only). This can be determined by a separate procedure,
using pyknometers (see appendix at the end of this section and Blake, 1965).

Presuming we have a particle density of 2.60, the 45.h5 gr of soil repre-
sents 17.45 ce. Total volume of clod was 28.77. FPores form 28.77 - 17.kS =
11.29 cec which is (11.29/28.77) x 100% = 39.2% of soil volume (this means
that 7.8% of the pores in the soil are filled with air). In formula:

Bulk density
Terticle density) * 00

Porosity = {1.0 -

Calculation L

Determine coefficient of linear extensibility (COEE) as:

v vV /V 1
d - "
where V, = volume of moist whole soil fabric and Vy = volume of dry whole

soié fabric (Grossman, et al., 1968). Here: COIE = (28.77/26.60) -~ 1 =
0.081.

Moisture retention characteristics for non-swelling soil materials,
such as sands, were determined from samples obtained in the field with
the double cylinder hammer driven core sampler (Blake, 1965, p. 376) in
small cylindricel ringe (5 em high, with a diameter of 7.5 cm). These
rings were placed in the pressure apparatus, and later calculations,
which are basically the same as the ones for saran coated clods, were
relatively simple since the bulk density was constant at different
moisture contents and since there was no plastic coating involved. DBulk
densities of these materials were determined separately (after using the
same sampling device) from larger cores with a diameter and height of
Te5 cm.

Appendix:

Summary of pyvknometer test to determine particle density of soil
(see Methods of Soil Analysis).

Pyknometer (dry, empty) = Wi gr. Fyknometer + about 5 gr. stove
soil = Wp gr. Pyknometer [illed with de-zired water = W3 gr. Pyknometer
with water + soil = Wi,

3
Particle density = gr /em

The princivie on which the method is houcd s the same as that for the
clod tests: a body suspended in water will Le subjected to an upward
force that is equal to the weight of the volume of the displaced liguic,



Fig. T.lt. Measurement of the hydraulic conductivity
with the Bouwer Double tube apparatus.
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Appendix T.3 (References in Section 5.1.5)

3.2.3. In situ measurement of saturated hydrsulic conduetivity:
The Bouwer double tube method

T™is method is g stendard procedure for measuring hydraulic conductive
ity of saturated soil, well above the ground water table (Boersma, 1965,
in: Methods of Soil Amalysis, Part 1, p. 234)., With the double tube
method, two concentric tubes are inserted into an auger hole and covered
by a 1id with a standpipe for each tube (Fig. 7.5). Water levels
are maintained &t the top of the standpipes to create a zone of positive
water pressures in the goil below the bottom of the hole. The hydraulic
conductivity (K) of this zore is evsluated from the reduction in the rate
of flow from the inner tube into the soil when the water pressure 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 &)
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 fall is less than that obtained in a subsequent measurement
in which the water level in the outer itube standpipe is allowed to fall
at the same rate (by manipulating valve b) as that in the inrer tube
standpipe. The difference between the two rates of fall 1s the basis of
the calculation of K,

Procedure:

The different stages of the method will now be explained in more
detail with reference to the numbers on the included pictures (Fig. 7.h4).
A large auger, with a ddameter of 10 inches (1) is used t0 make a cylindrical
hole {2) to the desired depth. A bottom scraper (3} is used to obtain
a flat surface at the bottom. Looge soil is removed from the hole. Beiore
using the hole cleaner (4) the outer tube (8) is forced down in the hole.
It is oftten rnecessary to widen the hole locally %o make this possible.
This is done with & scraper, not pictured here. When the outer tube is
found to fit well it is temporarily removed agein. The hole cleaner (4)
is gently forced into the soil at the hottom of the hole., If the soil is
dry, premoistening of it may be necegsary. The thin rmetal fins of the
hole cleaner should pernstrate abovt 2 cm into the soil. Next, the hole
cleaner is pulled out of the hole with an upward cork-screvw movement that
prevents smearing the soil surface, as would heppen if ihe cleaner were
turned without being pulled up at the came time. The detached mass of
soil is up~ended for observation of the natuzral broken surface of soil
held between the fins. A corresponding natural broken soil surface is
left at the bottom of the hole.

The outer tube {8) is forced down as evenly as possible sbout 5 cm
into the soil at the botiom of the hole ( 17\ This may reguire careful
tlows of & sledge hammer on a wooded cross-yiece. Control of the disgtance
is by measurement from a fixed horizontal raierence rod (15). /ith a
vacuum clesner (5), powered by a portalle vlectric generator (6), loose
soil fragments are removed from the botitom of the hole. This bottom
surface is then covered with & thin ( 1 cm) Iayer of coarse sand {7) on
top of which a baffle is laid (12), with attached gtrings looped over the top



Abbreviated explanation of numbers:

]

1 = soil auger, 2 = test hole, 3 = bottom scraper, 4 = hole cleaner, 5 = vacuum clearer,
6 = generator, 7 = bucket with sand, 8 = outer tube, 9 = inner tube, 10 = top plate,

11 = wrench to attach top plate to inner tube, 12 = energy breaker, 13 = outer tube in
test hole, 1k = water-hose, 15 = reference rod, 16 = assembled inner tube - top plate,
17 = OTS-full measurement, 18 = equal level measurement.

]
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of the tube. The outer tube is slowly filled with water (14). The erergy
breaker and sand layer protect the natural soll swxface fronm ercosion by
the turbulent water. Then the inner tube (9) and the top plate (10)

which has two basal stanfpipes leading to the inner tube and outer tube,
respectively, and three valves (a, b and ¢)* are assembled into one

fixed unit (16). A special wrench {11) is used to tighten a ring with
washer inside the inner well 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 luner tube will be only 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 ¢ on the
top plate (1). When the outer tube is brim full and water staris streaming
between the loose top plate and the upper rim of the outer tube, the bolis
are tightly screwed, closing down on the gasket. This procedure flushes
out alr, avoiding ite entrapment on the under side of the top plate.
Valve a is now opened to admit water teo the inner tube basgal 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 twrbulence that
might disturb the soil surface. The inner tube 1s pushed down about 2 cm
into the so0il. In the meantime water is continuously entering the system
in such & quantity as to keep both tubes filled gll the time., Overflow
water that spills onto the top plate from the outer tube basal standpipe
(near valve b) is drained off the top plate through a brass tube and
noge extension into a bucket nearby. The depth of penetration of the
imer tubc is accuretely neasured using the reference level (15). Next,
the plastic standpipes for the imrer and outer tubes mre fastered to the
two openings in the top plate. PFor slow infiltrations, a smaller inner
tube standpipe {IES) is used (R = 0.6 cm); for larger infiltrations a
larger one is used (R = 1.85 cm). Valve c is then opened enough o
ensure a slight overflow at the top of the standpipes.

Two types of readings are made, usually starting orne hour after applica-
tion of the water: 1. The outer tube stondpipe (OTS) - full measurement
(17). Velve a is kept closed, as is, of course, valve b. 2. 'The equel-
level measurement (18). Valve & is closed and valve b is cpened, bui with
obstruction by the fingers at the open end of the pipe, in such a way
ag to synchronize the drop of the water level in the OT8 with that in
the ITS. Eight stop watches are gtarted simultaneously ai the beginning
of a reading. One watch at a time is stopped as the water level in the
ITS reaches a mark on the tube. The msriks are spaced 5 cm apart over a
total distance of 60 em. Elapsed time is recorded in teaths of a second,

*ﬁhe functions of the three valves are exp e ned as follovs: Ciariing with
the valves closed, they can be manipuintad in the course of the experiment
to control the flow of water. Openiw: volve c allows water to flow into
the outer tube basal standpipe which is situcbed between valve ¢ and valve b.
Opening valve b bleeds water from the outer tube standpipe, which can
be igolated from the water supply by closiig valve ¢, ard from iuer thbe
standpipe by closing valve a.
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1967).



The readings over & disbance of 40 em should yield a difference of at
least 6 seconds between two measurements; that is, between one OTS~full
measurement and the average value of the preceeding and the next equal-~
level measurements. If the time difference is less than 6 seconds,
reagurerent should be extended to, say, 60 cm and readings made within
the lower 40 cm interval therecf. ‘The measurements are 1o he repeated

at regular time intervals until the ratio At/t2 eq. level becomes constant
(Bowwer, 1962), Here, Ot is the time difference between the OIS-full and
the average value of equal level measurements before and after this
OTS-full measurement.

A congtant ratio may occur after & period varying from one to four
nours. The congbant ratio is supposed to indicate sufficient saturation
of the soil below the btubesg. The intervals between successive measurements
should e approximately ten times as long as the time required for each
separate reading, or 15 minutes (Baumgafz, 1967), which is the shorter,
to allow reBstablishment of equilibrium. The two final curves obtained
(Fig. T+5) differ because of flow of wabter from the outer tube into
the inrer, during the O0TS-full measurement.

X is calculated according to the equation:
1_"2 A - r
X = LR /(¥R )] (An/)mat)
where: K = difference in hydraulic head H petween both curveg at any time t.

Hit = surface below 0TS curve (o be determined graphically)

F, = flow factor, to be read from tables, expressing the influvences
of the dimensions of the zystem and the depth D to a layer
with a much smaller or higher permeability. When D is

saveral times larger than the diameter of the inner tube (Be)
a general set of curves may be used to estimate Fr (see Bouwer,
1961). 'The flow Ffactor deviates usually only slightly

Trom unity.

A more convenient method of caleulation was ﬁi%{%ﬁtﬁd by Bouwer {(1062)
using the ratio: 24t/t2 eq. level instead of AﬁJHd .

The ratios obtained For the final set of data are extrapolated to
zers, toe correct for the decrease in irnfiltration that oceurs during the
equal level reading, duc to the gradual descrease of hydraulic head (see
example of data gheet and calculation in Teble 3.2,3). The calcuiabion
of X values, according to this procedure may be difficult somMu1req
because of the rather inaccurate procedurs of extrarolatlon {zee left part

of Hig. T.6), Problems can be reduced when the total drop H of ths
water level in the inner tube standpipe {IT8) is varied for different

reasurenents, 80 as Lo create s difference betwesn the equal lszvel and
U2S~full times of spproximately & sec. #or cxample, in soils with a

high infiltration, it may be necessary to exiend the measwement to ¥ = 30 cum,
instead of the usual 3O cm. Baumgart {1967) made a study of the Bouwer
method and suggests a somewhat modified procsdure of caleculation, Lhat g
based on the Bouwer calculation with an svailabls F value.




Table T.1.

Celculations of the double~tube method for determining Ksa‘b in situ,

Genersl data:
Date: Aug. 5, 1969. Soil profile: Plano silt losm, By 55 em depth. Time weter started: noon.
Temp. weter: 20°C, Tube radii: outer tube = 12.5 cm, inner tube (Ry) = 6.2 em, Ry = 0.6 cm + @ = 2,6 em.
Measuremente:

t  1:5 PM 1:55  2:05 2:15 2:25 2:35 2:bk5 2:55  3:05 3:15 3:25 3:35 3:45 355

H 0TS Eg.l 0TS Eqa. 0TS Eg., 0TS Bq., OFS Fa. OIS Eg. OTS Eq.

O - " N N

5 3.9 bk 4.3 .6 4,2 L7 4.2 5.2 5.4 5.6 6.2 6.2 6.0 6.2
10 T.7 7.9 8.8 9.0 8.9 1G.0 9.2 5.8 10.4 1.0 1.8 12.2 12.4 12.0
15 2.0 n.6 13.0 13.0 13.» 1k.7 13.8 15.0 16.2 16.8 18.2 18,k 19,0 18.2
20 6.6 15.5 18,2 17.7 18.6 20.0 19.0 20.k 22.0 23.0 2k.B8 25.6 26.2 25.0
25 20,8 20.0 23.9 23.0 24,0 26.0 24,5 26,0 284 28,9 3P.5 P2 33.8 3.9
30 a5.6 2.2 28,8 21.6 29.8 31.6 30.0 31.86 35.2 35.2 39.8 39.4 41.8 39.2
35 31.7 28,8 k. 33.0 35.9 37.4  37.0 37.6 42.6 2,0 L8B4 A7.0 508 47.0
Lo 37.0 k.2 Li.z 38.6 kLo khe k5.0 bk 50.0 4o 58,0 55.0 61.0 55.1
Fatic’'s =3 A 00305 (1:55-2:15); 0.0007 {(2:15-2:35)}; 0,00032 (2:35-2:55); 0.0001k (2:55-3:15);

% ey.lav 0.00020 {3:15-3:35) and 0.00020 (3:35-3:55). (constant!)

Calculation of K baszed on:

ors:  3:45 PM

Eg.: level: average of 3:35 and 3:55
A0 Hat Ratio H 24 1;2 eqg. lev. Ratio
30 1.0 352.5 2.84x10-3 20 1.8 62 2,9x10"3
ko 1.8 610.0  2.95x10-3 30 5.0 15&2 3.2x10:%
50 2.2 975.0 2.25x10-3 o 12 3025 3.9x10

- -3 N
fiatio extrapolated to t = o : 3.0x1073 (Fig. 3.2.3.3.) Ratio extrapolated to H = o; 3.0x10 ~ (Fig. 3.2.3.3.)
The ratio g-(—‘- {=2.38) was used to determine the flow factor Fp from a dlagram of Bouwer {1961}.

Ff = 1.1 Then:

=) 2 Rve
K=Y __ . __0H - 313cm/day, or X = . 2h = 13cm/day.
FaR, Hdt TR, 12 eq. lev.

*LLT
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Hy 1is the difference in cm between the top of the outer tubs standpipe
(073S) and the water level at balanced flow conditions, when Qy = Qp, where
Qr is the Plow leaving through the bottom of the inner tube due to intake
anid Oy = flow, entering through the bottom of the inner tube due to a
difference H between the water levelg In inner and outer iuvbe. Then:

243Rv2 H -
K= R logm; {Bowrer, 1961)
e'F T

where Ry = radiusg of inner tube standpipe, Ro = radius of inner tube, Ty =
flow factor, t = elapsed time, H = distance of water level in the inner
tube below water level in the oubter tube Hy = H at balanced flow. This
equation can only be applied when Hp can be measured. Mostly this is not
the case and then the (TS-full and egual-level meagurements are made as
discussed in the previous part. Baumgart {1967) esuggests that this formmula
be used in all cases, and to estimate &, valuesg until the plotied values
of t and log H¢~Hb/H¢~Em are on g straight line. With some practice thisg
can be dore rather easily and gquickly (see right part of Fig. 7.6.,

from: Baumgert, 1967). K values calculated by this procedure compared
vell, with these,; obtalned with the 0IS-full equal level procedure.
Application of this caleulation method is recommended, because it saves
time and is applicavle to any type of test result,

fependix Fleld messursment of unsgturated hydraulic conductivity by infiltration
Tk through artificial gypsum crusts® {References in Section 5.2.4.)

T.b.1, Tntroduction

The scliution of many problems assceiated with soil water {low
depends upon knowledge of the hydraulic conductivity, K. As yet there
appesrs to e no universally reliable way to obtain X from more fundamental
physical measurementg such ag particle-gize or pore-size distribution,
Bence K is ususlly meagured experimentally.

Of the mumsrous methods which have been propoged for this measurement
{Klute, 1965a, b Boersma, 1965a, b}, the in situ methods must be regardad
g8 inherently preforable as they are more directly applicabls to the solu-
tion of Tield provlems. Satisfactory procsdures are now gvallable for
the in situ measurement of hydraulic cornductivilty under saturated conditions
{Kgat ), both below and above the water table (Bower, 1962}, However, in
many cases the Tlow regimen is such that the soil is unssburated. In the
presence of an impeding layer at the surface or in the pressnce of very
low precipitation rates, the soll profile mwey never Lescome ssaturste
dquring infiltration, and the flow rate will be governed by the soil's
ungaturated hydraulic conductivity which is, itself, a function of the
matric suction prevalent in the soil.

*The type of gypsum used was wltracal-30, provided by the United States Gypsum
Company. The authors wish to express their sincere tharks to Iw. R, B. Grossman
for his helpful suggestion and %o Mr, J. Heedham (U.S. Gypsum Co.) for
providing the gypsun sarple.




Processes of infiitration into crust-capped profiles were recently
studied by Hillel and Gardner (1969, 1970a). They reported that an
impeding layer or crust at the top of an infiltrating profile causes a
potential head loss at that point. Thus, if water head over the crust
is kept small, it ig possible to maintain infiltration inte an unsaturated
column yet retain the experimentsl advantages of easily measured inflow
rate afforded by a flood infiltrometer. This finding formed the basis
of a proposed method for measuring the unsaturated hydraulic conductivity
at different suction and water-content values, which Hillel and Gardrer
(1970b) checked with artificlally-packed laboratory columns, but not in
the field.

7.2, Methods

The method described by Hillel and Gardrer for measuring the hydraulic
transmission properties of a profile, as a function of water content or
suction, involves a series of infiltraticon trials throusgh ceppring 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 infilira-
tion, the most reliable measurements are obtained by allowing the
infiltration process to proceed to a steady state, when the flux becomes
equal to the conductivity. The use of a series of crusts of progressively
lower resgistance can give progressively higher K-values corresponding to
higher water contents uwp to saturation. Such a series of tests can be
caxried out if the soil ig initially fairly dry, either successively in
the same Jlocation or concurrently on adjacent locations.

The swrface impedance can be gpplied «ither by means of a porous
plate (e.g., ceramic) or by forming a continuous layer of puddled (slaked
or compacted) soil material over the soil surface. Once the crust is
established, water is applied (e.g., in a ring infiltrometer ) and a small,
congtant head is maintained over the soil surface long enough for the
inflow rgte to become sgteady. This {lov rate 1s equal to the conductivivy
in a one-dimensional flow system where the suction gradient belou the
crust is negligibly small (i.e. the hydraulic gradient tends Lo unity).

Tensiometric measurements on columms of different depth showed that
in order to obtain & ome-dimensional vertical flow system it wes necessary
to create an impervious boundary around a column &t least 30 cm deep. A
steel cylinder was used at the top of the column to support the small
head of water over the crust, to provide a rigid sealing surface for
the edges of the crust and to provide = rvide for positioning tensiome.ers
below the crust. Below the cylinder an aluminum foil moistize baryier
sufficed, since saturated flow would not oceour, Use of the Iuil also ‘
nade the method appliecable to stony scil. Hydraulic conductivity valves
were calcuvlated from infiltration rates diunto capped columns and soii
suction gradients below the crusts, if any.
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T.h.3. Procedures {see phote seriss, Flg. 7.7)

Tests were made at several sites in Wisconsin., The solls ranged in texture
from sand to elay. At esch site, e horizonial plane was prepared by using & putty
knife and & carpenter’s level {Pleture 1). A cylindrical column of soil, at least
30 em high, with 2 diameter of 25 om, was carved out from the test level dowrward,
taking care to chip or pick the soil away from the colimn as the desired boundary
was epproached, so as to prevent undue disturbance of the column itself (Pictures 2
and 3). A ring infiltrometer, 25 cm in diemeter and 10 cm high with & 2.5 cm wide
brim at the top was fitited onmbo the column (Picture 4). The sides of the column
were then sesled with siumimm foil and soil was packed sround it (Pioture 5%,

A half-inch thick scrylic plastic cover with & diameter of 12" (30 cm) and with
& thin rubber gasket glued to it was boltsd to the top of the infilirometer (Picture 6).
An intseke port and blesder valve were provided in the cover,

Thin pencil-size mercury-type tensiometers (Pictures 7 and 8) were placed
Just below the crust in the center of the column and 3 cm deeper. Carefully
pesitionsd holes in the steel infiltromster ring and exbernal instellation guides
aided in positioning the tensiometers. Stony goile present some difficulties,
but sucecessful insertion of tensiometers is usually possible after probing at
several points, Recent test resuikts have indlcated that one tensiometer 3 om
beiow the crust maey suffice.

In the first experiments with the crusit-test procedure, varicus puddled
501l materials were used for crusts (Poums o al., 1971b). Additional field
exparience, however, showed that some of these crusts {in particular the ones

with a relatively lov resistance ) ware rather unstable and easily disturbed due

to continuous swelling of the clay perticles, A different precedure was developed
therefore in lster experiments using dry gypsum powder, thoroughly mixed with
varying quantitiss of 2 mediuvw sand, After sufTicient wetbting, and conbinuous
mixing, & thick paste was obiained. Then, this material was gquickly transferred
to the prepared column and applied on top with & carpenter’s knife as a continuous
crugt with constant thickness. Special care wag talen to seal the crust to the
wall of the cylinder to aveid bhoundsry flow. Within about 30 minutes, crusts of
this type would harden, thereby providing & stable porous mediuvm with a fixed
conductivity value. Crust resistance could be varied by changing the relative
guantities of gypoum and sand. Crughs compossd of gypsum only had the highest
regigtance., For sxample: A gubcrust tension of 52 wmbar was induced in a sand
column capped with a 5 mm thick gypsum exust with 3 mm water on top. This crust
had & ¥ value of 0.007 mm/&ays The microfebric of thils crust comsigted of

veTry r1H8 gypsum crystals. Some microfabrics of other erusts wers pictured in
Fig. 5.7 in Chapber 5. 7The unper picture shows relatively large pores cccurring
between sand grains, whils fire gypsum crystals arve concentrated around the grains,
cemgnting them together. This crust wes formed Irom a pre-webted miwbture composed
of 14% gypsum and 86% sand by volume, as measured in the field using a graduated
gylinder. As a crust on top of & column in sand, this mixture indueced a subcrust
tension of 11 mbar. X of the crust was 0.3 cmfd%ya The widdle picture shows

a crust Tormed from & Srd-wetted miwburs with 30% gypsuz by volume (70% sand).

Pores are smaller and ¥ wag 2.9 cmfday,

ant




Plg. 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 1/8-inch plastic tubes along calibrated
scales (S) are measured in the columns.



The induced suberust tension in sand was 18 mbar. The third picture shows
a crust formed from a dry mixture with 50% gypsum (50% sand). Virtually
no larger pores are visible in the crust, indicating that pore sizes
between the fine grained gypsum crystals are smaller than the thickness
of the thin section (20 microns). Kggt of this crust was 0.8 mm/day and
the induced tension in the suberust sand in the column increased to

30 mbar.

Cruste of this type were gpplied to the same column for succeeding
runs. Each infiltration run through a particular crust yielded one point
of a curve of hydraulie comductivity versus soil suction (see Flg. 7.9).
The small space between the crust surface and the cover of the ecylinder
was kept full of water. A Marioitte device, in a burette, maintained a
constant pressure of sbout 3 mm water over the crust ( Fig. 7.8). The
infiltration rate into the soil, eorresponding to the rate of movement of
the water level in the burette, was recorded as soon as the tensiometers
showed that equilibrium had been reached. This infiltration rate, when
constant for a period of at least 4 hours, was tzken to be the unsaturated
K-value at the suberust suetion, when the suction gradient was zerc. In
some cgses a suction gradient remsined at steady state conditions.
Hydraulic conductivity was then calculated according to: K = v/i, wheze
v = infiltration rate and i = hydraulic gradient below the crust (in such
a case £ 1).

Th b, Resﬁlts

Pigure 7.9 gives the hydraulic conductivity versus suction
curves Ffor some horizons of four soilg. These curves could be extended
farther dnto the dry range, but this would take more time and requires
that the soil he initially quite dry. The hydraulic conduetivity values
for saturated soil, measured with the double tube apparatus corresponded
wvell with infiltration rates into these columns before crusts were added.
One column wes of glacisl till, conmtalning many stones that made use of
the Bouwer tubes irpossible.

The data indicate that hydrsulic conductivity decreases sharply
with increasing scil moisture tension. This is most evident in soil
materials with cosrse pores (B3, Plainfield send) and less so in fine
porous clays (B2, Hibbing), in which saturated conductivity is low.
These results are important for the gtudy of ligquid waste disposal in
gsoils. Messurement of soil moisture tensions around seepage beds of
operating systems (5) indicated the occurrence of considerable
soil moisture tensions. Movement of ligquid, therefore, is governed by
processes of unsaturated flow. A guantitative anslysis of the flow
system can only be given when relevant K valuves, as measured with this
new test, are availsble. '
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Appendix 7.5

The instantaneous profile method.

This method can be used to determine K-values in the fleld in situ.
Several authors have described the basic method (Staple and Ishane, 195k4;
Ogata and Richards, 1957; Rose et al., 1965; Watson, 1966; Davidson et al., 1969;
Rose and Stern, 1967; Nielsen et al., 1972 and Hillel at al., 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 8 completely worked out
example will be presented as obtmined for the Ap, Bl’ and B, horizons of

2
the Betavia silt loam (UW-Charmany Ferm, Medison, Wisconsin),

THEORY

The genexgl eguation describing flovw of water in a vertical soil profile

is (see Chapter 3.3)

CJ >H
- X (e) - (1)
3t 3% Y

t

where © is volumetrie wetness; t = time, z = vertical depth coocrdinate (here

positive dowrvards), K = hydraulic conductivity; H = hydraulic head (= M + z)

Integration results in:

Z

e ] 3H
2 dz = 2L - k(e)
3t ot 3z

O
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where Z is the soil depth to which the measurement gpplies. If the soil surface
is covered to prevent evgpotranspiration, only internal drainsge can occur.
Equation (2) states that the change in water content per unit time for a

given vertical distance 7 equals the product of the relevant K and hydraulie
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:

| 28 28 28
—_— dz o+ — a4z + — az ete. (3)
3t b >t

0 A %

vhere 2. + 22 + 23 = Z and the gzero level represents the =oil surface.

1
Initially, the whole profile is saturated (P = 0). Tensiometers are
installed at depths 21, Z2’ and 33 and record soil moisture tensions as a function
of time (= 38/a%).
The gradient of the hydraulic head can be measwred and the X can be

calculated by:

K(e) = (k)



Fig. T7.10.

Fig. T.11.

Excavated column to be used
for field determination of
K sat. with the instan-
taneous-profile method
(see text). p = metal
pipe for neutron probe;

¢ = soil solumn; t =
tensiometers and s =
tensiometer boards with
calibrated scales for
reading moisture tensions.

Tensiometers used for the
instantaneous profile
method as applied to a
large area (10m?).

¢ = 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.
Tensiometers can be in-
stalled at different
depths.
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Fxperimental procedure.

1. A fallow plot has to be selected in the fleld thaet is sufficlently large so
thaet processes of one-dimensional vertical flow in its center are uraffected
by its boundaries. A4 plot of 3 x 3 m may be sufficlenmtly large (Davidson et
al., 1969). An alternative procedure is to carve out a large cylindrical
column of soil down to 8 depth of 1.80 em below the soil surface (Fig. 7.10).
This column has to be carefully wrapped with aluminum foll to avoid any evaporation

from the sidewalls of the column.

2. Tensiometers are placed at certain intervals preferably not exceeding 30 om (Fip. 7.10
or 7.11). A morphological study of soil structure has to preceed this installation
because meesurement results will be wost significant 1f tensiometers coincide

with boundaries of major horizons.

3. An access tube, to be used for messurement in situ of soil moisture contents
with the neutron probe, can be installed in the center of the plot. An
alternative procédure is to determine the moisture retention curves (desorption)
for the major horizons by amalyzing soil cores in the laboratory (see Appendix 7.2).
The measured soil molsture tensions can be translated into moisture contents

using these desorption curves. (This procedure was followed in the following

example).

k. Weter is ponded on top of the fsllow plot or the column until all tensiomebers
indicate satureted conditions or constant lov tensions. The soll surface is

then covered with a plasgtie sheet to avoid evaporation and tensions in all
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of time as part of the instantaneous profile metheds.
50
45
J T
404 \ -‘—‘-—_—'"“‘-—-—-—-——.-_ B2-46cm
4 ""- L —
%___________ﬁ_“-_—_——
—_— T _____:—_.______________Ei ~28cm
] T
35+ Ap-8cm
.30
T T T 1 T T
] 2 3 4 5 6
TIME ¢ DAYS)

Fig. 7.13. Modsture contents derived from moisture retention
data using measured moisture tensions for three
depths in the Batavlia silt loam.



Table 7.2: Calculstion K ingtantanecus profile method

+ z r)G/Q’b az {0e/dt) q = Edz
0-8 0,190 1.520 1.520
0.1 day 8-28 0.150 3,000 4,520
28-L§ 0.020 0.360 4,880
0-8 0.068 0.54k 0.54h
0.3 day 8-28 0.0%0 0.800 1.34h
28-k6 0.018 0.324 1.668
0-8 0.050 0.40 0.400
0.6 day 8-28 0.016 0.32 0.720
28-46 0.016 0.288 1.008
0-8 0.040 0.32 0.320
1 day 8-28 0.003 0.06 0.380
2B8-L6 0.007 0.126 0.506
0-8 0.010 0.080 0.080
2 day 8~28 0.003 0.060 0.140
28-46 0.0025 0.0k5 0.185
Table T-‘j_
K —
Depth q Q1/dz cm/day 8 P
1.520 0.86 1.75 Lo 12
0.5kk 0.50 1.08 Loo 30
8 cm 0.400 0.5 0.85 .385 Lo
0.320 0.40 0.80 .375 L&
0.080 0.20 0.40 .365 58
0.032 0.10 0.22 .350 80
k.520 0.86 5.30 oo 8
1.34L 0.50 2.68 355 22
28 cm 0.720 0.30 2.15 350 28
0.380 0.28 1.1k .345 36
0.140 0.20 C.70 .340 Lo
0.082 0.20 0.ko .335 59
4,880 0.86 5.65 A1s 7
1.668 0.50 3.3k oo 1%
L6 cm 1.008 0.30 3.00 -395 17
0.506 0.28 1.55 .390 21
0.185 0.25 0.7k .385 ol
0.09 0.24 0.37 375 4o
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tensiometers and the moisture content are measured as a function of time.
First, some hourly measurements may be needed. Iater, daily measurements

may suffice. The necessary frequency of measurement and the dwation will

vary for different soils,

Handling of Deta

Data for three soil depths in the Patavia silt loam: the Ap horizon

(a 8 cm depth), the B, horizon (ZE = 28 cm depth) and the Bopy horizon

46 cm depth) are presented in Figs. 7.12 and T.13. These data include curves giving

(A
the moisture tensions (Fig.‘ﬂﬂﬂ, the derived moisture contents {Fig. 7.13),
and the hydraulic heads (Fig. 7.12)as a Punction of time at the three depths.
Calculations of soil moisture fluxes (36/3t) are presented in Table 7.2
56/3t values were graphically determined from Fig. 7.13 far each depth., Table 7.3
presents the calculation of X, using the fluxes calculated in Table 1 and
the slopes of the hydraulic-head curves (aH/az) as graphically determined from
Fig. T.1l2.
The calculated K values were plotted in Fig. 7.14 as a function of P
(P directly measured in situ). A comparison was made in Fig. T.14 with XK valuves

measured in the same soil at the same site with the crust test (see Appendix 7.L).

Agreement was quite good,
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AppeniixT. 6, Calculation of hydraulic conductivities from moisture retention
data (method of Green and Corey).

A detailed description of this method, based on & review and revision
of earlier work, is given by Green and Corey (1971). Iarger soil pores
are progressively emptied with increasing soil moisture tension and since
flow rates are strongly correlated with pore sizes (Chapter 3), a relstion-
ship between flow rates and moisture tension can be derived in principle
for different soll materials using moisture retention characteristics.
In addition, a pore interaction model is necessary to express the dominant
hydraulic effect of small pores on the rate of flow in a complex heterc-
geneous pore system. The equation used by Green and Corey (1971) is
as follows:

K(EJ)i = (KS/KSC) . (3052/pg,h) . (eP/n2) . Elf(ejﬂ-ei)hﬂ

j. = 1.,2, weeeadll

wheres K(R), is the calculated conductivity for a specified water content
(given in cmfday); P is water content (cm3/cm3); i = last water conmtent
class on the wet end: i = 1 = pore class corresponding with QSat' i=m-=
pore class with lowest water content for which X is calculated; Kof/Kge =
matching factor (= measured/calculated K); & = surface tension of water
(dynes/cm); o = density of water (g/cm3); g = grevitational constant
(em/sec”); m = viscosity of water (g/cm sec) e = porosity (cm3/em3); p =
parameter. Here p = 2, n = total number of pore classes between A=20

and Bsati hj = pressure of a given class of waterfilled pores (cm water ).

The need for use of the mmtching factor (Ks/Ksc) implies that the

method does not directly vield a curve at the correct level of conductivities

for each moisture content or tension, but that the slope of the calculated
K-curve is agsumed to be correct. This method has been applied to several
Wisconsin soils. Unpublished results show that calculated K-curves for
sandy, apedal soil horizons agree well with those determined experimentally,
Results for clayey, pedal soil horzons were guite veriable, however, and
use of the method for these soils is not recommended.



