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Diameter (mm) 50

19 95 476 200 0420 0074 002 0005 0.002

% Finer 100 95 90 84

64 42 20 7 2

Solution The grain-size distribution for this soil is plotted in
Figure 6-2. Using the classification in Figure 6-2, we have the
following proportions:

Total Soil < 2 mm Fraction
% >2mm 25 —
% Sand 40 53
% Silt 33 44
% Clay 2 3

This soil plots where the dot is shown in Figure 6-3—a sandy
loam. However, since more than 15% of the particles are in the
gravel range, the soil would be called a gravelly sandy loam.

6.1.2 Particle Density
Definition

Particle density, p,,, is the weighted average density
of the mineral grains making up a soil:

Pm = 7, (6'1)

where M,, is the mass and V,, the volume of the
mineral grains.

Measurement

The value of p,, for a given soil is not usually mea-
sured, but is estimated based on the mineral com-
position of the soil. A value of 2650 kg m ™3, which is
the density of the mineral quartz, is assumed for
most soils.

6.1.3 Bulk Density
Definition
Bulk density, p,, is the dry density of the soil:

M, M,

=Y Vet VetV D

where V| is the total volume of the soil sample and
Va V.., and V,, are the volumes of the air, liquid
water, and mineral components of the soil, respec-
tively. In most hydrologic problems, bulk density at
any point is constant in time; however, it commonly
increases with depth due to compaction by the
weight of overlying soil.

Measurement

In practice, bulk density is defined as the weight ofa
volume of soil that has been dried for an extended
period (16 hr or longer) at 105 °C, divided by the
original volume.

6.1.4 Porosity
Definition

Porosity, ¢, is the proportion of pore spaces in a

volume of soil:

V,+V,
v

[ (6-3)

Like bulk density, porosity is constant over the time
periods considered in most hydrologic analyses.
However, in many soils, it decreases with depth due
to compaction and to the development of macro-
pores by biologic activity near the surface.

Measurement

It can be shown that

Pb
¢ : pm. (64)
and ¢ is usually determined by measuring p, and
assuming an appropriate value for p, (usually
2650 kg m~?).

The range of porosities in soils is shown in Fig-
ure 6-4; in general, finer grained soils have higher
porosities than coarser grained soils. This is due in
part to the very open “house-of-cards” arrange-
ment of clays, which is maintained by electrostatic
forces between the roughly disk-shaped grains; in
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FIGURE 6-3

Soil-texture triangle, showing the textural terms applied to soils with various fractions of sand, silt, and

clay. The dot shows where the soil in Example 6-1 plots.

contrast, quasi-spherical sand and silt grains are in a
more closely packed grain-to-grain architecture
(Figure 6-5). Peats, which are highly organic soils,
may have porosities as high as 0.80.

6.2 SOIL-WATER STORAGE
6.2.1 Volumetric Water Content
Definition

Volumetric water content, or simply water content,
6, is the ratio of water volume to soil volume:

Vv
0=—- 6-5

V. (6-5)
Clearly, water content can vary in both time and
space. The theoretical range of #is from 0 (complete-
ly dry) to ¢ (saturation) but, as will be seen later, the
range for natural soils is much less than this.

Measurement

In the laboratory, #is determined by first weighing a
representative soil sample of known volume, oven
drying it at 105 °C, reweighing it, and calculating

Mnrm - M.tdry

b= PV, &0



FIGURE 6-4 0.60
Ranges of porosities, field capac-
ities, and permanent wilting
points for soils of various tex-
tures. From Water in Environ-
mental Planning, by Thomas 050
Dunne and Luna B. Leopold.
Copyright © 1978 by W. H.
Freeman and Company. Reprinted
with permission. o040l
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Here, M,,,., and M,,,, are the weights before and after
drying, respectively, and p, is the density of water.

The following methods can be used to measure
water content in the field (more detailed descrip-
tions are given in the cited references):

Electrical resistance blocks use the inverse relation
between water content and the electrical resis-
tance of a volume of porous material (gypsum,
nylon, or fiberglass) in equilibrium with the soil
(Hillel 1980a; Williams 1980).

Neutron moisture meters are combined sources
and detectors of neutrons that are inserted into
access tubes to measure the scattering of neu-
trons by hydrogen atoms, which is a function of
water content (Hillel 1980a).

‘Gamma-ray scanners measure the absorption of
gamma rays by water molecules in soil between
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a source and a detector at fixed locations (Hil-
lel 1980a).

Capacitance (Dean et al. 1987; Bell et al. 1987; Eller
and Donath 1996) and time-domain reflectom-
etry (Topp et al. 1980; Zegelin et al. 1989; Roth
et al. 1990; Jacobsen and Schjgnning 1993; Yu et
al. 1997) techniques measure the dielectric con-
stant of a volume of soil, which increases
strongly with water content.

Nuclear magnetic resonance techniques measure
the response of hydrogen nuclei to magnetic
fields. Paetzold et al. (1985) developed and test-
ed a tractor-mounted system to measure water
contents along transects.

Microwave remote sensing can provide information
about surface soil-water content over large
areas. These systems can be airplane- or satel-
lite-borne and active or passive and can ob-
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FIGURE 6-5

Schematic diagrams of structures
of aggregates of () clay (shown
as tabular particles viewed edge
on) and (b) sand (shown as
spherical particles). The architec-
ture of clay particles is main-
tained by inter-grain electrostatic
forces. After Hillel (1980).

(b)

serve through clouds (Engman and Chauhan
1995; Mattikali et al. 1997). Active systems
(radar) have high resolution (400-900 m?), but
interpretation of the signal is made difficult by
surface roughness and vegetation. Passive sen-
sors are less affected by surface conditions and
have resolution on the order of 100-1000 km?,
which can be useful for hydrologic analysis of
large areas. The depth for which water content
is determined is about 0.1 times the wave-

length and decreases with water content; it typ-
ically ranges from 0.02 to 0.1 m (Engman and
Chauhan 1995). For satellite-borne sensors, the
times of observation are dictated by the orbital
characteristics.

6.2.2 Degree of Saturation

The degree of saturation, or wetness, S, is the pro-
portion of pores that contain water:



-t 6-7)
VAV, ¢ i

Wetness is not directly measured, but is calculated
using Equation (6-7). Either S or @ can be used to
express the amount of water in a soil.

EXAMPLE 6-2

A 10-cm-long sample of the soil described in Example 6-1
is taken with a cylindrical sampling tube that has a 5-cm
diameter. On removal from the tube, the sample weighs
331.8 g. After oven drying at 105 °C, the sample weighs
302.4 g. Compute the bulk density, porosity, water content,
and wetness.

Solution: The sample volume, V, is

Vs=10cm X (2.5cm)? X 3.1416 = 196 cm?
=196 x 10°*m?,

The bulk density is found from Equation (6-2) as

30249

=———=154gcm™® = 1540 kgm2.
Po = 1963 om’ g g

The porosity can be calculated from Equation (6-4), assuming
that p, = 2650 kg m~%:
_ 1540kgm™3

= 0.419.
2650 kg m~® :

¢ =1

The water content is found via Equation (6-6):

5 - (0:3318kg — 03024 kg)/1000 kg m
T 1.96 X 104 m?

= 0.150.
The wetness is then found using Equation (6-7):

0.150
§= 0419 0.358.

6.2.3 Total Soil-Water Storage

The total amount of water stored in any layer of
soil is usually expressed as a depth [L] (volume
per unit area), which is the product of the vol-
umetric water content times the thickness of
the layer.
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6.3 SOIL-WATER FLOW
6.3.1 Darcy’s Law

Infiltration and redistribution are flows in unsatu-
rated porous media (soils) that are described by
Darcy’s Law:

d(z + ply,)

G ==Ky dx
_ dz d(ply,)
= [dx s dx | ¢-5)

Here, g, is the volumetric flow rate in the x-direc-
tion per unit cross-sectional area of medium [L
T™'], z is the elevation above an arbitrary datum
[L], p is the water pressure [F L"2], y,, is the weight
density of water [F L), and K, is the hydraulic
conductivity of the medium [LT™).

Darcy’s Law describes the flow at a “point”—
actually, at a representative elemental volume of
the soil that includes pore spaces and soil particles.
Flow occurs in response to spatial gradients of me-
chanical potential energy, which has two compo-
nents: gravitational potential energy and pressure
potential energy.” In Equation (6-8a), dz/dx is the
gradient of gravitational potential energy per unit
weight of flowing water, and d(p/y, )/dx is the gradi-
ent of pressure potential energy per unit weight of
flowing water.

In this chapter we consider only flows in the
vertical (z) direction, so

B d(z + ply,) [dz d(ﬁ%)]
9: = —K, dz Sy dz * dz
d "fw
= K;;-[l 4 (ply )J, (6-8b)
dz

that is, the magnitude of the gravitational potential-
energy gradient will always equal unity (+1 if di-
rected upward, —1 if downward). The sign of z
depends on whether the “point” is above (z>0)or
below (z < 0) the arbitrary datum. As described in
Section 6.3.2, p =< 0 for the unsaturated flows con-
sidered in this chapter.

_—

* Electrical and chemical (osmotic) forces can also induce water
flow in soils, but these forces are negligible in most hydrological
situations,
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Since v, is effectively constant for hydrologic
problems that do not involve temperature or salini-
ty gradients, it is convenient to use the pressure
head, ¢, defined as

i)
Yo

U (6-9)
Note that ¢ has the dimension [L}; it is usually ex-
pressed in cm of water.* Since p = 0, ¥ < 0.

In unsaturated flows, both the pressure head and
the hydraulic conductivity for a given soil are func-
tions of the soil-water content, 6, so we henceforth
write Darcy’s Law for vertical unsaturated flow as

d
g = ~k0) T
= —K,(8)-|1 + d";iﬂ)}. (6-10)

The relations between pressure and water con-
tent [¢(#6)] and between hydraulic conductivity and
water content [K,(6)] are crucial determinants of
unsaturated flow in soils, and these relations are ex-
amined in more detail in the following sections.

6.3.2 Soil-Water Pressure
Definition

Pressure is force per unit area, [F L7?];it is a scalar
quantity that acts in all directions in a fluid. It is
conventional to measure pressures relative to at-
mospheric pressure; thus p > 0 and ¢ > 0 in saturat-
ed flows, and p < 0 and < 0 in unsaturated flows.
The water table is the surface at which p = 0. Nega-
tive pressure is often called tension or suction, and
i is called tension head, matric potential, or matric
suction when p < 0.

In unsaturated soils, water is held to the miner-
al grains by surface-tension forces; the water can be
thought of as hanging suspended from menisci and
as being under tension (as in the capillary tube in
Figure B-9). Since infiltration can take place only
into unsaturated soils, p and ¢ will always be nega-
tive numbers in this chapter, Tension increases (i.e.,
pressure gets more negative) as the radii of curva-
ture of the menisci decrease [Equation (B-9)]. Thus,

* Soil scientists sometimes express tension head in pF units,
where pF = logy, (= ) and s in cm of water. [Note the analo-
gy with pH, defined in Equation (B-1).]

for a given soil, tension increases as the water con-
tent decreases.

Measurement

The tension of soil moisture under field conditions
can be directly measured by tensiometers (Figure
6-6). These devices consist of a hollow metal tube,
of which one end is closed off by a cup of porous
ceramic material and the other end is fitted witha
removable airtight seal. A manometer, vacuum
gage, or pressure transducer is attached to the tube.
The tube is completely filled with water and insert-
ed into the soil to the depth of measurement. Since
the water in the tube is initially at a pressure some-
what above atmospheric pressure, there is a pres-
sure-induced flow through the porous cup into the
soil that continues until the tension inside the tube
equals that in the soil. When equilibrium is
reached, the manometer or gage gives the tension
in the tube and in a roughly spherical region imme-
diately surrounding the cup. The soil tension, [, is
then computed as

|¢| = |¢‘gugr| = Ziems (6‘11)

where 1Y, | is the reading of the tensiometer gage
and z,., is the distance between the tensiometer
bulb and the height at which the gage measures
(Figure 6-6).

The practical range of tension measurable in a
tensiometer is from 0 to 800 cm (0 to 78 kPa), which
covers only a small part of the tension range ob-
served in nature (Hillel 1980a). However, this prac-
tical range covers a large part of the water-content
range for coarser-grained soils, and tensiometers
are often very useful tools for hydrologic field stud-
ies. Most commonly they are installed in clusters of
two or three, extending to different depths to pro-
vide information on vertical tension gradients. If
transducers or mercury manometers are used as
sensors, tensions can be recorded continuously on a
chart recorder or data logger (Walkotten 1972;
Williams 1978; Cooper 1980).

Other devices can be used for field determina-
tion of soil-water tension outside the range for
which tensiometers are useful. Peck and Rabbidge
(1966) described a method that uses osmotic princi-
ples, and Hillel (1980a) described a thermocouple
psychrometer that can make precise determina-
tions of soil-water tension by measuring the humid-
ity of soil air. Gypsum electrical-resistance blocks




FIGURE 6-6

Schematic diagram of two types
of tensiometers, one using a vac-
uum gage and one using a mer-
cury manometer to measure
soil-water tension in a volume of
soil surrounding the porous ce-
ramic cup. z,, is the gravity-head
adjustment [Equation (6-11)].
After Hillel (1980).
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can also be used to measure tensions stronger than
about 1020 cm (100 kPa) (Rawls et al. 1992).

Example 6-3 indicates how Darcy’s Law [Equa-
tion (6-10)] operates in practice in near-surface un-
saturated flows.

EXAMPLE 6-3

Consider two adjacent tensiometers inserted into unsaturated
soil to determine whether water flow is toward or away from
the surface. Both tensiometers have a distance z,,, = 61 cm be-
tween the gage and the bulb. (See Figure 6-6.) The bulb of ten-
siometer A is installed at a depth of 20 cm; the bulb of
tensiometer B is installed at a depth of 50 cm. The readings in
the accompanying table (Conditions 1-5) are obtained at differ-
ent times. Assuming that no maximum or minimum of tension

surface

5
“ten

Porous ceramic
cup

occurs between the depths of the two sensors, which way is the
water flowing in each condition?

Condition 1 2 3 4 5

| Ygage | LA (cm) 93 76 151 217 71
| i3ae | at B (Cm) 83 7 117 173 7

Solution: The first step is to compute the value of |y at the
bulb level by subtracting z,, = 61 cm from the gage readings
[Equation (6-11)]:

Condition 1 2 3 4 ]

|yl atA(cm) 32 15 20 156 10
| ¢l atB (cm) 22 10 56 112 10
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As indicated by Darcy's Law [Equation (6-10)], the direction of
flow is given by the direction of the gradient of (z + ) in each
situation. The datum for measurement can be arbitrarily fixed
at any elevation, and the most convenient choice is at the level

of the lower tensiometer. With this choice, z, = 30 cm and z;=
0 cm. Since the soil is unsaturated, the value of v at each
depth is the negative of the value indicated in the previous
table. Thus,

Condition 1 2 3 4 5
Tensiometer A B A B A B A B A B
Z(cm) 30 0 30 0 30 0 30 0 30 0
¥ (cm) —-32 -22 -15 -10 —90 —56 —156 -112 -10 -10
Z+ i (cm) =2 -22 15 -10 —60 —56 —126 -112 20 -10
Gradient A>B A>B A<B A<B A>B
Direction down down up up down

Note that we did not compute the actual flow
rate in Example 6-3. Since there is a gradient of
water content between the levels of tensiometers A
and B, the product of the gradient and the hydraulic
conductivity, and hence the flow rate, changes over
the flow path. Furthermore, as water moves from
one level toward the other, the water contents, gra-
dients, and conductivities change with time, so that
the flow is inherently unsteady. The only way to
quantify such flows is by solution of the Richards
Equation, which is discussed in Section 6.6.1.

6.3.3 Pressure-Water-Content Relations
Moisture-Characteristic Curve

The relation between pressure head, i, (often plot-
ted on a logarithmic scale) and water content, 6, for
a given soil is called the moisture-characteristic
curve. The relationship is highly nonlinear and typi-
cally has the form shown in Figure 6-7, curve a.
Note that the pressure head is zero (i.e., the pres-
sure is atmospheric) when the water content equals
the porosity, and that the water content changes lit-
tle as tension increases up to a point of inflection.
This more-or-less distinct point represents the ten-
sion at which significant volumes of air begin to ap-
pear in the soil pores and is called the air-entry
tension, y,..* The absolute value of the air-entry ten-

* e is also called the bubbling pressure.

sion head equals the height of the tension-saturated
zone, or capillary fringe (discussed in Section 6.4.2).

As tension increases beyond its air-entry value,
the water content begins to decrease rapidly and
then more gradually. At very high tensions the curve
again becomes nearly vertical, reflecting a residual
water content that is very tightly held in the soil
pores by capillary and electrochemical forces.

Figure 6-8 compares typical moisture-charac-
teristic curves (shown as ¢ vs. S rather than ¢ vs. 6)
for soils of three different textures and shows that,
at a given degree of saturation, tension is much
higher in finer-grained than in coarser-grained soils.

In reality the value of tension at a given water
content is not unique, but depends on the soil’s his-
tory of wetting and drying (Figure 6-9). While this
hysteresis can have a significant influence on soil-
moisture movement (Rubin 1967; Perrens and Wat-
son 1977), it is difficult to model mathematically
and is therefore not commonly incorporated in hy-
drologic models.

Measurement

The moisture-characteristic curve for a soil stratum
can be defined, at least for the wetter portions of its
range, by simultaneous field measurement of water
content and tension by the methods described pre-
viously. The hanging-water-column method de-
scribed by Stephens (1995) can be used in the
laboratory to define curves for tensions less than
about 30 kPa (310 cm). Complete curves are devel-
oped in the laboratory by successive weighing of an
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initially saturated sample after its water content has
equilibrated under successively higher vacuums in a
pressure-plate apparatus.

6.3.4 Hydraulic Conductivity
Definition

From Equation (6-10), it is clear that the hydraulic
conductivity, K, [LT™"].is the rate (volume per unit
time per unit area) at which water moves through a
porous medium under a unit potential-energy gra-
dient. This rate is determined largely by the size
(cross-sectional area) of the pathways available for
water transmission. Under saturated conditions,
this size is determined by the soil-grain size (see
Figure 8-5); for unsaturated flows, it is determined
by grain size and the degree of saturation.

Measurement

Hillel (1980a) and Stephens (1995) described vari-
ous approaches to field and laboratory measure-

0.2 0.3 0.4 0.5

Water content, £

ment of unsaturated hydraulic conductivity. One
such approach involves measurement of water con-
tent at several depths as the soil drains for extended
periods following irrigation, with evaporation pre-
vented. The flux of water and the vertical water-
content gradients can be determined from these
measurements, and the hydraulic conductivity can
be calculated by substituting the measured values
into Darcy’s Law (Khosla 1980). The infiltrometer
measurements described in Section 6.5.2 can also
be used to estimate saturated hydraulic conductivi-
ty (Scotter et al. 1982; Elrick et al. 1990).

Mualem (1976) derived a method for calculat-
ing K, based on the moisture-characteristic curve
and the value of K, which is relatively easy to mea-
sure using various laboratory and field techniques.
[See, for example, Freeze and Cherry (1979).]

6.3.5 Hydraulic-Conductivity-Water-Content Relations

For a given soil, unsaturated hydraulic conductivity
is very low at low to moderate water contents; it in-
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FIGURE 6-8

Soil-water pressure (tension), v, vs. degree of saturation, S, for soils of three different textures. Note
that the vertical axis gives the base-10 logarithm of the absolute value of the pressure (which is nega-
tive), expressed in cm of water (pF). Curves are based on typical values given by Clapp and Hornberger
(1978). The sandy-loam curve is for the soil discussed in Examples 6-1-6-3.

creases nonlinearly to its saturated value, K;;, as the
water content increases to saturation (Figure 6-7). A
comparison of K, — S relations for soils of different
textures is shown in Figure 6-10; the form of these
curves differs from that in Figure 6-7, because here
the K, scale is logarithmic. Note that, for a given §,
K, increases by several orders of magnitude in
going from clay to silty clay loam to sand; also note
that, for a given soil, K, increases by several orders
of magnitude over the range of S values. The hys-
teresis effect in the K, — @ relation is less marked
than in the ¢ — @relation and is usually neglected.

6.3.6 Analytic Approximations of ¢ — @
and K, — 0 Relations

Because measurement of ¢ — 6 and K, — 6 rela-
tions is difficult, and because of the need to incor-
porate these relations into computer models of
water movement, it is useful to express them in

1 1
0.5 0.6 0.7 0.8 0.9 1.0
Degree of saturation, S

equation form. Brooks and Corey (1964), Campbell
(1974), and Van Genuchten (1980) have proposed
various versions of these relations; we use the
power-law equations of Campbell (1974):

|Wael
Sb

lw(S)| = (6-12a)

Or, using Equation (6-7),

[ (0)] = |Weael (%) (6-12b)
and
Ky(S) = Ky*S° (6-13a)
or
o 0N ,
K,(0) = K,,-(E). (6-13b)
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Hysteresis in the  (6) — @ relation for Rubicon sandy loam.
The paths with arrows trace the relation as the soil undergoes
successive cycles of wetting (arrows pointing to the right) and
drying (arrows pointing to the left). From Perrens and Watson
(1977); used with permission of the American Geophysical
Union.
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Clearly, Equations (6-12) and (6-13) ignore hys-
teresis. Furthermore, Equation (6-12) states that
when S = 1 (saturation), ¢ = ¢, thus the equation
applies only for 4 = |y, |. The moisture-character-
istic curve for Iy < |y, can be crudely approximat-
ed by a vertical line from ¢4 = 0 to ¢4 = |¢,l; Clapp
and Hornberger (1978) and van Genuchten (1980)
showed how the portion of the curve near § = 1 can
be represented more accurately, if required.

The parameter b (or sometimes its inverse) is
often called the pore-size distribution index; the
exponent ¢ is called the pore-disconnectedness
index, because it is a measure of the ratio of the
length of the path followed by water in the soil to
a straight-line path (Eagleson 1978; Bras 1990).
Approximately,

c=2-b+3. (6-14)

Values of the parameters in Equations (6-12)
and (6-13) depend primarily on soil texture (Clapp
and Hornberger 1978; Cosby et al. 1984; Mishra et
al. 1989; Rawls et al. 1992). Typical values deter-
mined by statistical analysis of data for a large
number of soils are given in Table 6-1, but one
should be aware that there is considerable within-
soil-type variability, as reflected in the standard
deviations. Rawls et al. (1992) described how .
K,, and b can be estimated from soil-texture
information.

EXAMPLE 6-4

Use the general analytic relations of Equations (6-12)—(6-14)
to estimate the moisture-characteristic curve and hydraulic-
conductivity-water-content relations for the soil of Examples
6-1 and 6-2.

Solution The porosity of this soil was found in Example 6-2: ¢
= 0.419. Since we have no information about the other quanti-
ties in these equations, we use the typical values for sandy
loams from Table 6-1 (I, = 21.8 cm; b= 4.90; K, = 3.47 X
10~* cm s~"). From Equation (6-14) we calculate

c=2xX490+3=128

Then we can calculate the following values via Equations
(6-12b), (6-13b), and (6-14):
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0 0.042 0.084 "0.126 0.168 0.210

Iy (cm) 171 x10° 573 x10* 7860 1920 643
Kycms™) 567 x107"" 404x107" 726x107" 288x10® 502x107
0 0.252 0.294 0.336 0.378 0.419
[y (cm) 263 124 64.3 36.1 218

Kycms™) 518x10"® 372x10° 206x10* 929x10* 347x107°

Note that the sandy-loam curves in Figures 6-8 and 6-10 show
these relations in terms of S: it is instructive to plot them in
terms of 6. (Use semi-log paper for the ¢ — @ relation.)

6.3.7 Hydraulic Diffusivity

In some situations, problems of soil-water move- ~ Note that Dﬁi(e)_ lhas appropriate dimensions of

ment can be more readily solved by defining the hy- diffusivity, [E-' T™7]. Using Equation (6-15), we may

draulic diffusivity, D, (6), as write Darcy’s Law [Equation (6-10)] as
ap(6)

Dy(0) = Ku(6) —— (6-15) 4. = ~Ki(0) - DO (610

Sandy loam; ¢ = 0.419

Silty clay loam; ¢ =0.420_ - =~ e

-
-

- Clay; ¢ = 0.482_ = r

log, o[K,(8) cms™")]
\
\

-10.0} %

-11.0¢ e

-12.0 . . ) .
0.5 0.6 0.7 0.8 0.9 1.0

Degree of saturation, S

FIGURE 6-10

Hydraulic conductivity, K, vs. degree of saturation, S, for soils of three different textures. Note that the vertical axis gives
the base-10 logarithm of the hydraulic conductivity, expressed in cm s~'. Curves are based on typical values given by
Clapp and Hornberger (1978). The sandy-loam curve is for the soil discussed in Examples 6-1-6-3.




























