PHYSIOLOGICAL ECOLOGY

A Series of Monographs, Texts, and Treatises

EDITED BY

T. T. KOZLOWSKI

University of Wisconsin
Madison, Wisconsin

I 'T. KozLowskI, Growth and Deveiopment of Trees, Volumes I and IT —
1971

DANIEL HILLEL. Soil and Water: Physical Principles znd Processes, 1971
. LEVITT. Responses of Plants to Environmental Stresses, 1972

V. B. YOUNGNER AND C. M. McKeLL

(Eds.). The Biology and Utilization
of Grasses, 1972

[. T. KozLowsk1 (Ed.). Seed Biology, Volumes I, II, and III — 1972
YOAV WAISEL. Biology of Halophytes, 1972

3. C. MARKS AND T. T. KozLowskl

(Eds.). Ectomycorrhizae: Their Ecol-
gy and Physiology, 1973

- T. KozLowskr (Ed.). Shedding of Plant Parts, 1973
{LROY L. RicE. Allelopathy, 1974

. T. KozLowsk1 AND C. E. AHLGREN (Eds.). Fire and Ecosystems, 1974

- BRIAN MUDD AND T. T. KOZLOWSKI

(Eds.). Responses of Plants to Air
‘ollution, 1975

{EXFORD DAUBENMIRE, Plant Geography, 1978

3

Soil and Water

Physical Principles and Processes

DANIEL HILLEL

DEPARTMENT OF SOIL SCIENCE
THE HEBREW UNIVERSITY OF JERUSALEM
REHOVOT, ISRAEL

= ACADEMIC PRESS  New York San Francisco London

A Subsidiary of Harcourt Brace Jovanovich, Publishers




02 4. Flow of Water in Saturated Soil

“his is a second-order partial differential equation of the elliptical type, and
t can be solved in certain cases to obtain a quantitative description of water
low in various systems.

In general, a differential equation can have an infinite number of solutions.
l'o determine the specific solution in any given case, it is necessary to specify
he boundary conditions, and, in the case of unsteady flow, of thc initial
sonditions as well. Various types of boundary conditions can exist (e.g.,
impervious boundaries, free water surfaces, boundaries of known pressure,
or known inflow or outflow rates, etc.), but in each case the flux and pressure
head must be continuous throughout the system. In layered soils, the hvdraulic
conductivity and water content may be discontinuous across interlayer
boundaries (that is, they may exhibit abrupt changes). Flow equations for
inhomogeneous, anisotropic, and compressible systems were given by Bear
et al. (1968).

Philip (1969) recently analyzed flow in swelling (compressible) media.
In unsteady flow, the solid matrix of a swelling soil undergoes motion, so
that Darcy’s law applies to water movement relative to the particles, rather
than relative to physical space. Experimental work with such soils was
carried out by Smiles and Rosenthal (1968).

M. Summary

A proper physical description of water flow in the soil requires that three
parameters be specified: flux, hydraulic gradient, and conductivity. Know-
ledge of any two of these allows the calculation of the third, according to
Darcy’s law. This law states that the flux equals the product of conductivity
by the hydraulic gradient. The hydraulic gradient itself includes both the
pressure and the gravitational potential gradients, the first of which is the
exclusive cause of flow in a horizontal system, while the second occurs in
vertical systems. The hydraulic conductivity at saturation is a characteristic
property of a soil toward water flow, and it is related to porosity and pore-

size distribution.

O Flow of Water in Unsaturated Sopi]

A. General

Comparison of Unsaturated vs, Saturated Flow

In the previous chapter, we stated that
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104 5. Flow of Water in Unsaturated Soil

properties of the pore channels through which flow takes place. These prin-
ciples apply in unsaturated, as well as in saturated soils.

The moving force in a saturated soil is the gradient of a positive pressure

potential." On the other hand, water in an unsaturated soil is subject to a
subatmospheric pressure, or suction, and the gradient of this suction likewise
constitutes a moving force. The matric suction is due, as we have pointed out
to the physical affinity of the water to the soil-particle surfaces and capillar;'
pores. Water tends to be drawn from a zone where the hydration envelopes
surrounding the particles are thicker, to where they are thinner, and from a
zone where the capillary menisci are less curved to where they are more
highly curved.? In other words, water tends to flow from where suction is low
to where it is high. When suction is uniform all along a horizontal column,
that column is at equilibrium and there is no moving force. Not so when a
suction gradient exists. In that case, water will flow in the pores which remain
water-filled at the existing suction, and will creep along the hydration films
over the particle surfaces, in a tendency to equilibrate the potential.
_ The moving_fqrce is greatest at the ““ wetting front” zone of water entry
into an originally dry soil (see Fig. 5.2). In this zone, the suction gradient
can be many bars per centimeter of soil. Such a zradient cons:itutes a moving
force thousands of times greater than the gravitational force. As we shall see
later on, such strong forces are sometimes required (for a given flux) in
view of the extremely low hydraulic conductivity which a relatively dry soil
may exhibit.

The most important Wd and saturated flow

is in the hydraulic conductivity. When the soil is saturated, all of the pores
armﬁg,‘sﬁ that conductivity is maximal. When the soil
becomes unsaturated, some of the pores become airfilled and the conductive
portion of the soil’s cross-sectional area decreases correspondingly. Further-
more, as suction develops, the first pores to empty are the largest ones, which

! We shall disregard, for the moment, the gravitational force, which is completely
unaffected by the saturation or unsaturation of the soil.

2 The question of how water-to-air interfaces behave in a conducting porous medium
that is unsaturated is imperfectly understood. It is generally assumed, at least implicitly
that these interfaces, or menisci, are anchored rigidly to the solid matrix so that, as far a.s'
the flowing water is concerned, air-filled pores are like solid particles. The p;eseuce of
organic surfactants which adsorb to these surfaces is considered to increase their rigidity
or viscosity. Even if the air-water interfaces are not entirely stationary, however, the drag
or momentum transfer, between flowing water and air appears to be very small. ,The inﬁu:
ence of the surface viscosity of air-water interfaces on the rheological behavior of soil
wa}er has not been evaluated (Philip, 1970). Preliminary experimental findings by E. E
Miller and D. Hillel suggest that a drag effect does occur, but that its macnitude is negﬁg'iule‘,
for most practical purposes. :

B. Comparison of Unsaturated vs. Saturated Flow 105

_are the most conductive,® thus leaving water to flow only in the smaller pores.
_The empty pores must be circumvented, so that, with desaturation, the

tortuosity increases. In coarse-textured soils, water sometimes remains almost
entirely in capillary wedges at the contact points of the particles, thus forming

separate and discontinuous pockets of water. In aggregated soils, too, the

large interaggregate spuces which confer high conductivity at saturation
become (when emptied) barriers to liquid flow from one aggregate to its
neighbors.

For these reasons, the transition from saturation to unsaturation generally
entails a stzep drop in h draulic conductivity, which may decrease by several
orders of magnitude (sometimes down to 1/100,000 of its value at saturation)

“as suction increases from zero to one bar. At still higher suctions, or lower

water contents, the conductivity may be so low* that very steep suction
gradients, or very long times, are required for any appreciable flow to occur.

At saturation, the most conductive soils are those in which large and
continuous pores constitute most of the overall pore volume, while the least
conductive are the soils in which the pore volume consists of numerous
micropores. Thus, as is well known, a sandy soil conducts water more
rapidly thun a clayey soil. However, the very opposite may be true when the
soils are unsaturated. In a soil with large pores, these pores quickly empty and
become nonconductive as suction develops, thus steeply decreasing the
initially high conductivity. In a soil with small pores, on the other hand, many
of the pores remain full and conductive even at appreciable suction, so that
the hydraulic conductivity does not decrease as steeply and may actually
be greater than that of a soil with large pores subjected to the same
suction.

Since 'n the field the soil is unsaturated most of the time, it often happens
that flow is more appreciable and persists longer in clayey than in sandy
soils. For this reason, the occurrence of a layer of sand in a fine-textured
profile, far from enhancing flow, may actually impede unsaturated water
movemen| until water accumulates above the sand and suction decreases
sufficiently for water to enter the large pores of the sand. This simple principle
is all too often misunderstood.

3 By Poiseuille’s law, the total flow rate of water through a capillary tube is proportional
to the fourth power of the radius, while the flow rate per unit cross-sectional area of the
tube is proportional to the square of the radius. A 1-mm-radius pore will thus conduct
as 10,000 pores of radius 0.1 mm.

4 As very high suctions develop, there may (in addition to the increase in tortuosity
and the decrease in number and sizes of the conducting pores) also be a change in the
viscosity ol the (mainly wdsorbed) water, tending to further reduce the conductivity.
(Miller and Low, 1963).
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6.18)
— L A ( r
s saturation and 0, is zero, I=/fL¢, W ]

(In the special case where 0, i

is the porosity.) Therefore, o
dr Bde_.K.A_IiE—_—KAB-AHP 6.19) I=Kt+§
dr A dar Ly d ; where § can eventually be regarded as a constant.

- of the wetting front. The infiltration r?te Th§: Green anq Ampt _re]ationships are essentially empirical, since the
where dL¢/dt is the rate of advance he cumulative infiltzation. Rearreuging ' value of the effective wetting-front suction must be found by experiment.
is thus seen to be inversely related to the c4 e For infiltration into initially dry soil, it may be of the order of —50 to — 100
Eg. (6.19), we obtain: o cm H,0, or ~ —0.1 bar (Green and Ampt, 1911 ; Hillel and Gardner, 1970).

(6.20) s However. in actual field conditions, particularly where the initial moisture

=K AHp 4= D dt
L;dL; = AB is not uniform, H; may be undefinable. In many real situations, the wetting
0) can be regarded as an effective diffusiv- front is too diffuse to indicate its exact location at any particular time.
i K AH_[AB) can
where the composite term ( X

ity D for the infiltrating profile. Tntegration gives

G. Infiltration into Layered Soils

L AH, . Dt .6.21)
T Al The effect of profile stratification on infiltration was studied by Hanks
= (6.22) and Bowers (1962),® who used a numerical technique for analyzing the flow
Li= \/m = af 201 ' equation, and by Miller and Gardner (1962), who conducted experiments on
_ the effect of thin layers sandwiched into otherwise uniform profiles. A
or (6.23) _ conducting soil must have continuous matric suction and hydraulic-head

7= A0/ 2D1, i=A68 DJ2t

s. (6.4) and (6.5) (the difference ?eing in thed, /zt;
ctE D 5 D, both being approximate ). Thus the dep

values throughout its length, regardless of layering sequence. However, the
wetness and conductivity values may exhibit abrupt discontinuities at the

which compares with E interlayer boundaries.

ratio for the weighting 0 ' ~ and the infiltration rate is pro- One typical situation is that of a coarse layer of higher saturated hydraulic
of the wetting front is proportional to \/ 4 B8 conductivity, overlying a finer-textured layer. In such a case, the infiltration
. + i te is at first controlled by the coarse layer, but when the wetting front
1to 1[4/ 1 t approach gives = y Yer, ! !

pomvs;ili grav{t\y/ taken into account, the Green and Ampt app reaches and penetrates into the finer-textured layer, the infiltration rate can
I dL H, —H: + L (6.24) be expected to drop and tend to that of the finer soil alone. Thus, in the long
‘_i_, —AD dtf K i, Tun, it is the layer of lesser conductivity which controls the process. If infiltra-

dt

tion continues for long, then positive pressure heads (a “perched water
table”) can develop in the coarse soil, just above its boundary with the
npeding finer layer.

In the opposite case of infiltration into a profile with a fine-textured layer
T a coarse-textured one, the initial infiltration rate is again determined by
‘the upper layer. As water reaches the interface with the coarse lower layer,
owever, the infiltration rate may decrease. Water at the wetting front is
rmally under suction, and this suction may be too high to permit entry
the relatively large pores of the coarse layer. This explains the observation

which integrates to :
f
f—; o= Ly —(Ho =H) lnkl * g —Hf)

right-hand side of Eq. (6.25) inCﬁ}:a
he increase in Lg. SO that, at verylar

the second term on the
relation to t :
te the relationship by

As f increases, :
more and more slowly in

times, we can approxima

D ca be re deda an indica ono What wettin -front va UellluSt be aSSUIHEd
£ 1
dl tion (4
can regal S

k This technique was used by Green ef al. (1962) to estimate infiltration in the field.
the Green and Ampt approach to work.




144 6. Infiltration —Entry of Water into Sg I fltrat.on into Crust-Tupped Soils 145
(Miller and Gardner, 1962) that the wetting-front advance stops for a
(though infiltration at the surface does not stop) until the pressure head at ¢
interface builds up sufficiently to penetrate into the coarse material. Thus,
layer of sand or gravel in a medium or fine-textured soil, far from enhanci
water movement in the profile, may actually impede it. The lower layer, |
any case, cannot become saturated, since the restricted rate of flow throu
the less permeable upper layer cannot sustain flow at the saturated hydrau
conductivity of the coarse lower layer (except when the externally appli
pressure, i.e., the ponding depth, is large).

The steady-state downflow of water through a two-layer profile into
free-water table beneath was analyzed by Takagi (1960). Where the upp
layer is less pervious than the lower, negative pressures (suctions) were shov

to develop in the lower layer, and these can remain constant throughout a
considerable depth range.

not more than several millimeters in thickness) ar_1d the soil is
rwise highly permeable. Failure to aﬁclcou{lt for the formation of a crust
in eross overestimation of infiltration. _ ‘

;;Sl;lr;alll;s?s of the effect of a developing surface crust upon mﬁltlzatlog
carried out by Edwards and Larson (1969), whp adapted the Hal'l[ s1 anc1
jers (1962) numerical solution to this problem. Hillel (1964), and Hil c;: an
ardner 1969,1970) used a quasiana lytical approachto calculate fluxes ?;cllni
jéady and transient infiltration into crust-capped profiles from 1§n0w 5 g
f the basic hydraulic properties of the crust and of th§ umierl;nngssm;1 )
. The problem is relatively simple in the case of steady infiltration. teaﬁ y
e conlitions require that the flux through the crust g, be equal to the flux
ough the subcrust {ransmission zone " q,:

qe = Gu

k(1) (&), )

vhere K., (dH/dz)., K., and (dH]dz), refer to the ?ydraulic goqduct1v1ty
nd hydraulic-head gridient of the crust and- ur_lderlymg transmission ZO}?G’
espectively. The gradient through the transmission zone tends to umt).rt\; t;r;
_steady infiltration is approached, as the suction gracheqt d_ecreases \;1 ]
“increase in wetting depth, eventually leaving the grawtat_lonal gra :e::i -eai
' the only effective driving force. In the absence pt.' a suction-head g;a ien
. in the zone below the crust, we obtain (with the soil surface as our re erence
level)

H. Infiltration into Crust-Topped Soils

A very important special case of a layered soil is that of an otherwise
uniform profile which develops a crust, or seal, at the surface. Such a seal
can develop under the beating action of raindrops (Ekern, 1950; Mclntyre,
1958 ; Tackett and Pearson, 1965), or as a result of the spontaneous slaking
and breakdown of soil aggregates during wetting (Hillel, 1960). Surface
crusts are characterized by greater density, finer pores, and lower saturated
conductivity than the underlying soil. Once formed, a surface crust can
greatly impede water intake by the soil (Fig. 6.6), even if the crust is quite

Hy+ Wy, + 2
g=K0)=K——— v (6.28)
zc
e where K, (i,) is the unsaturated hydraulic conductivity of the subcrust zone,
u u

a function of the suction head ¥, which develops.in this zone, begmnn;g
just under the hydraulically impeding crust; Ho is the positive hydra::l 1(;
head imposed on the surface by the ponded water; and z, is therver ica
i 3 rust. _ .
thlc\l;n;:;ei;etfogding depth H,, is negligible and thg crust_itself is very tl_'un
and of low conductivity (e.g., where z. is very small in relation to the 'suctilon
i, which forms at the subcrust interface), we can assume the approximation

Infiltration rate

(c)

g, = 9. = Ke ¥ (6.29)

a2 =
Time g d 4

| iti i while its lower part will
Fig. 6.6. Infiltrability as a function of time: (a) in a uniform soil; (b) in a soil with - T The con lition that the Cl‘LlSt'I"BlTI.a! 1 saturated evetr; éeeded el g ey
a more porous upper layer; and (c) in a soil covered by a surface crust. * be under suction is thatits eri tical air-entry W, not be ex eV, =
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This, together with the condition that the subcrust hydraulic-h
gradient approximate unity, leads to the approximation

K, K. 1 '
il P T (6.
dlu zc Rc

i.e., the ratio of the hydraulic conductivity of the underlying soil transmis

zone to its suction is approximately equal to the ratio of the crust’s (saturate
hydraulic conductivity to its thickness. The latter ratio is the reciprocal
the hydraulic resistance per unit area of the crust R..? Also, by Eq. (6.28)

q=K,(¥,) = V/R,

Where the unsaturated conductivity of the underlying soil bears a know
single-valued relation to the suction, it should be possible to calculate the

steady infiltration rate and the suction in the subcrust zone on the basis of

the measurable hydraulic resistance of the crust. Where the relation o

matric suction to water content is also known, it should be possible to infer

the subcrust water content during steady infiltration.

Employing a K vs. relationship of the type K = ay ™ (where a, and n
are characteristic constants of the soil), Hillel and Gardner (1969) «btained.

the following!®:

al[(n+ 1) B
= R R (6.32
Y = (@R + 1 = R 1t 1) (6.33)

where B =a'/"*" is a property of the subcrust soil. The theoretical con-
sequences of Eqs. (6.32) and (6.33) are illustrated in Fig. 6.7. These equations
indicate how the infiltration rate decreases, and the subcrust suction ircreases,

with increasing hydraulic resistance of the crust. Gardner (1956) has shown
that the values of @ and of n generally increase with increasing coarseness,
textural as well as structural, of the soil. Sands may have n values of four or
more, whereas clayey soils may have n values of about two. Tillaze may
pulverize and loosen the soil, thus increasing », whereas compaction may
have the opposite effect. '
Both the crust and the underlying soil are seen to affect the infiltration
rate and suction profile, and the crust-capped soil is thus viewed as a self-
adjusting system in which the physical properties of the crust and underlying

® A distinction is made between the hydraulic resistance per unit area, defined as
above, and the hydraulic resistivity, the latter being equal to the reciprocal of the
conductivity. )

% The relation of conductivity to suction does not always obey so simple an equation
as K = ay—", An alternative expression, proposed by Hillel and Gardner (1969), may have
more general validity: K = K.(u/4)", for > .
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Fig. 6.7. Theoretical effect of crust resistance upon ﬂux_anc_t subcrust suction du;x(;:ag
teady infiltration into crust-capped columns of a uniform soil withn = 2, a = 4.9 X i

~ The brok n lines (1) and () indicate the hvpothetical effect of subcrust hydraulic.resistance
Ry: Ry(1) < Ry(2). The ducreasing g vs. k. curve applies only where the hydraulic conduc-
tance of the subcrust layers is not limiting. (After Hillel and Gardner, 1969.)

soil interact in time to form a steady infiltration rate. and m.oisture proﬁle_:.
In this teadily infiltrating profile the subcrust suction which develops is

“such as (o create a gradient through the crust and a conductivity in the sub-
‘crust zone which will result in an equal flux through both layers.

The problem is rather more complicated in the prc?valent case of transient
infiltration into an initially unsaturated profile, during \ji’l‘.llch tk}e flux, the
wetting depth, the subcrust suction, and the conductivity might all be

e .
Chaig;sfm‘;:;htﬂ? Green and Ampt condit_ions (Section 6F), z‘md wmh.H(;
negligib'z, Hillel and Gardner (1970) recognized thFee stages during tx:ansxgn
infiltration into crusted profiles: an initial stage, in wthh the rate is ﬁ.mte:
and dependent on crust resistance R, and on an e_ﬁ"cctwf: subsoil suctxon‘ ;
an intermediate stage, in which cumulative inﬁltratlor} I increases approxi-
mately as the square root of time; and a latf:r stage, in which 7 can be ex-
pressed as the sum [ a steady ad a transient t?rm., the lgtter bccom:mg
negligible at long times. / was shown to decrease w;t}} increasing Ry pf.r::llC;l-
larly in coarse-textured and coarse-structured soils. Experimental data




1940 i .
. 6. Inﬁltratmn—Entry of Water into W

Infiltration

indicate that the cumulative infiltration curves of crusted profiles scale
square root of their transmission-zone diffusivities. Thus inﬁltratiorr astt
crusted profile can be described by the approximation thé;t water ente: g
the sut?crust soil at a nearly constant suction, the magnitude of wh? LI.lt
determined by crust resistance and hydraulic characteristics of the soilc
\_?V%]g;ere the gravity effect is negligible (e.g., in horizontal flow or d. i
the 11:ut1ai stages of vertical infiltration into an initially dry medium fﬁ b
matric suction), the infiltration vs. time relationship was given by: i gh -

e 1l e correction t=rm 6(r) becomes negligibly small as ¢ increases. Thus,
an be expressed as the sum of a steady and a transient term. Some experi-

tal results are shown in Fig. 6.8.

" L. Rain Infiltration

When rain or sprinkling intensity exceeds soil infiltrability, the infiltration
process is the same as in the case of shallow ponding. If rain intensity is less
an the initial infiltrability value of the soil, but greater than the final value,
en at first the soil will absorb we ter at less than its potential rate and flow
n the soil will occur under unsaturated conditions; however, if the rain is
ontinued at the same intensity, and as soil infiltrability decreases, the soil

I'= /KRN0 +2K,H A0 — K,R,

Where the gravity effect is significant, the expression given is

Ly = i—';; + (H; — K,R) In [Hf +(K1/AD) + 5(¢ )] (6.35) urface will eventually become saturated and henceforth the process will
y £ e ontinu > as in the cuse of ponding infiltration. On the other hand, if rain

ntensity is at all times lower than soil infiltrability (i.e., lower than the

(a) aturated hydraulic conductivity), the soil will continue to absorb the water

_as fast as it is applied without ever reaching saturation. After a long time,
* as the -uction gradients become negligible, the wetted profile will attain a

15}
Uncrusted ~wetness for which the conductivity is equal to the water application rate,
and the lower this rate, the lower the degree of saturation of the infiltrating

o profile. This effect is illustrated in Fig. 6.9.

The process of infiltration under rain or sprinkler irrigation was studied
“by Youngs (1960) and by Rubin and Steinhardt (1963, 1963), Rubin et al.
(1964), and Rubin (1966). The latter author, who used a numerical solution
of the flow equation for conditions pertinent to this problem, recognized
three modes of infiltration due to rainfall: (1) nonponding infiltration, involyv-
ing rain not intense :nough to produce ponding; (2) preponding infiltration,
due to rain that can produce ponding but that has not yet done so; and (3)
rainpond infiltration, characterized by the presence of ponded water. Rainpond
infiltration is usually preceded by preponding infiltration, the transition
betwec | the two being called incipient ponding. Thus, nonponding and pre-
ponding infiltration are rain-intensity-controlled (or flux-controlled), whereas
rainpond infiltration is controlled by the pressure (or depth) of water above
the soil surface, as well as by the suction conditions and conductivity relations
of the soil. Where the pressure at the surface is small, rainpond infiltration,
like ponding infiltration in general, is profile-controlled.

In the analysis of rainpond or ponding infiltration, the surface boundary
condition generally assumed is that of a constant pressure at the surface,
whereas in the analysis of nonponding and preponding infiltration, the water
flux through the suriace is considered to be constant, or increasing. In actual
field conditions, rain intensity might increase and decrease alternately, at
times exceeding the soil’s saturated conductivity (and its infiltrability) and

o

Cumulative infiltration (cm)

ol
o

I\(’::m/hr)
[=]

Infiltration rate
o

Time (hours)

Fig. 6.8. Time dependence of cumulative i i
ulative infiltration (A) and of infiltration r:
;?: gl;crusted and crusted columns of Negev loess. Crust resistance values R, Il;»ltﬁ J(QB :
-2, 9.1, and 17 days, respectively (after Hillel and Gardner, 1969). ol i
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Water content

depth

Soil
Soturation

" f;;gj 6.9. Tnl';; Wwater-content distribution profil
( er sprinkling at relati igh i ity;
el vely high intensity ;

e during infiltration: (a) under ponding;
and (c) under sprinkling at a very low

as a CO b 113 . 2

hy So?lu;?(j):s bodg of ““thin Water reaching the soil surface at a given

ol e ] dretgark') ed as a continuous phase, at atmospheric pressure. The

med to be uniform and i i .

ke i stable (i.e., no fabric changes such as
We shall bri i

o aa chrleﬂy review the consequences of Rubin’s analysis in qualitative

-5 (.md 4 constant pressure head is maintained at the soil surface (as in
p infiltration), then the flux of water into this surface must be con

if the 2 in i ity (i
hydrau’i?éaé::d;fg zf:tenszty (1.e_., the ratio of rain intensity to the saturated
o vity of .the‘soﬂ) ?xcceds unity. During nonponding infiltra-
b nstant rain intensity gr» the surface suction will tend
Ung valu:_z Wiim such that KWiim) = g,. : e
2 upn (:l' rax::lpond infiltration, the wetted profile consists of two parts:
Per, water-saturated part: and a lower, unsaturated part. The degth ot-‘

ce Runoff 151

atu: .ted zone continuously increases with time. Simultaneously, the
pness of the moisture gradient at the lower boundary of the saturated
e (i.e., at the wetting zone and the wetting front) is continuously decreasing
se phenomena accord with those of infiltration processes under ponding,
lescribed in the previous sections of this chapter). The higher the rain
nsity s, the shallover is the saturated layer at incipient ponding and the
r is the moisture gradient in the wetting zone.

Figure 6.10 describes infiltration rates into a sandy soil during preponding

Flux, cm /sec

00 B0 200 250

Time, sec

{ Fig. 6.10. Relation between surface flux and time during infiltration into Rehovot
sand due to rainfall (solid lines) and flooding (dashed line). The numbers labeling the
curves indicate the magnitude of the relative rain intensity (after Rubin, 1966).

and rainpond infiltration under three rain intensities. The horizontal parts
of the curves correspond to preponding infiltration, and the descending parts
. to rainpond infiltration periods. As pointed out by Rubin (1966), the rain-
~pond in‘Itration curves are of the same general shape and approach the same
limiting infiltration rate, but they do not constitute horizontally displaced
parts of a single curve, and do not coincide with the infiltration rate under
- flooding, which is shown as a broken line in the same graph.
The process of rain infiltration has not yet been studied in sufficient detail
_ in the ficld to establish the applicability of existing theories. Complications
due to the discreteness of raindrops (which causes alternate saturation and
redistribution at the surface), as well as to the highly variable nature of rain-
~ storm intensities and raindrop energies, and the unstable nature of many
(perhap. even most) soils, can cause anomalies disregarded by idealized
theories. Additional complications can arise in cases of air occlusion and
when the soil exhibits profile or areal heterogeneity.

'j‘ J. Surf:.ce Runoff

Surface runoff, or overland flow, is the portion of the rain which is not
absorbed by the soil and does not accumulate on the surface, but runs
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down-slope and collects in gullies and streams. Runoff can occur only when
rain intensity exceeds the infiltration rate. Even then, however, runoff does not
begin immediately, as the excess rain first collects in surface depressions
forms puddles, whose total volume is termed the surface storage capaci
Only when the surface storage is filled and the puddles begin to overfl
does runoff begin. The rate of the runoff flow depends upon the ex
of rain intensity over the infiltration rate. Obviously, the surface storage
depends on the slope, as well as on the roughness of the soil surface.

In agricultural fields, runoff is generally undesirable, since it results in
loss of water and often causes erosion, the amount of which increases with
increasing rate and velocity of runoff. The way to prevent erosion is to pro:
tect the soil surface against raindrop splash (e.g., by mulching), to increas
soil infiltrability and surface storage, and to obstruct overland flow o as t
prevent it from gathering velocity. Maintenance and stabilization of soi
aggregation will minimize slaking and detachment of soil particles by rain:
drops and running water. A crusted or compacted soil generally has a lo
infiltration rate and therefore will produce a high rate of runoff. Proper
tillage, especially on the contour, can increase infiliration and surfac
storage capacity, thus reducing runofl (Burwell and Larson, 1969).

In arid regions, it is sometimes desirable to induce runoff artificially i

order to supply water for human, industrial, or agricultural use (Hille
et al., 1967).

but the final infiltrability remains unchanged, as it is hmlt;d b]Z ﬂ(l;
; er conductivity of the transmission zone beneath. On the otrfer an s;
1 the soil surface is compacted and the profile cover;;i by ?t;u ac:;;le :
c ivi i ic is lower than that of the un

er conductivity, the infiltraticn rate 1s : .
W:IJn) soil. The surface crust acts as a hydraulic barrier, or bottlc;e::}l;
peding infiltration. This effect, which becomes more pronour;cfe e
1I;ker and the denser the crust, reduces both the initial and the ﬁnatlrcxl v
ion rate. A soil of unstable structure tends to fo_rm such a crust ; Sg

:'trati.a-n especially as the result of the slaking action of b_gatlng ramc rl;::;pt (.)
In: i mulch of plant residues can s

1 such a soil, a plant cover or a surface : :
: ércept and break the impact of the raindrops and thus help to preven

(5) The presence of impeding layers inside t.he profile: Layers Wgﬁi

differ in texture or structure from the overlying sclnl rr;ay retardd“;zt:\z; cll:l e

Nne ing i i isingly, clay layers an

ment during infiltration. Perhaps surprisingly, 3t S

imi h for opposite reasons. The clay lay

can have a similar effect, althoug cas Y et

' i ts lower saturated conductivity, while a sa

pedes flow owing to 1 t Nl
i saturated conditions preval

retards the wetting front (where unsa :

lower unsaturated conductivity of the sand. Flf)w into a c‘_lry ;;anfd 19\,3(:;:2:;

take place only after the pressure head has built up sufficiently tor

move ii.to and fill the large pores of the sand.

K. Summary

An important physical property of a soil is the rate at which it can
absorb water supplied to its surface. This rate, termed soil infiltrability,
depends on the following factors:

(1) Time from the onset of the rain or irrigation: The infiltration rate is
apt to be relatively high at first, then to decrease, and eventually to approach
a constant rate that is characteristic for the soil.

(2) Initial water content: The wetter the soil is initially, the lower will be
the initial infiltrability (owing to smaller suction gradients) and the quicker
will be the attainment of the final (constant) rate, which itself is generally
independent of the initial water content.

(3) Hydraulic conductivity: The higher the saturated hydraulic conduc-
tivity of the soil is, the higher its infiltrability tends to be.

(4) Soil surface conditions: When the soil surface is highly porous and of
“open” structure, the initial infiltrability is greater than that of a uniform






