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USING SOIL PHYSICAL PROPERTIES TO ESTIMATE HYDRAULIC
CONDUCTIVITY

D. B. JAYNES' ann E. J. TYLER?

We measured the hydraunlic conductivity
of a coarse-textured C horizon at 15 sites.
The hydraulie eonductivity over the soil
water potential range of 0 to =10 kPa was
measured in situ with the crust test
method, and the data were fit to a simple
empirical equation. The resulting regres-
sion coefficients were found to be signifi-
eantly correlated at the 1% confidence
level with the pereentage of sand, percent-
age of silt, bulk density, and porosity of
the soil. An equation based only on the sand
content of the soil was developed that de-
scribed 83% of the hydraulic conductivity
variation. The equation also successfully
described the hydraulic conductivity of a
soil with similar physieal properties, but
was inadeguate when applied to a fine-
textured soil. The technigue shows poten-
tial of serving as an easy, reliable, and
aceurate means for estimating soil hy-
draulic conductivity,

To evaluate the potential use of a soil for
many agricultural and nonagricultural uses, the
hydraulic conductivity, K, of the soll needs to be
known. In practice, many measurements of hy-
draulic conductivity are often required to char-
acterize a soil because of the great spatial vari-
ability of this property {Nielsen et al. 1973).
Unfortunately, current methods available for
measuring or calculating hydraulic conductivity
{Klute 1972} are not easily used repeatedly,
either because they are too costly, time consum-
ing, or technically involved. This makes the
development of alternative methods for deter-
mining hydraulic conductivity desirable. One
possible approach is calculating the hydraulic
conductivity directly from the physical proper-
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ties of the soil. For this approach to be success-
ful, those soil properties that control or influ-
ence the soil permeability have to be identified
and their influence on hydraulic conductivity
quantified. The soil properties also have to be
few in number and essily measured or the
method would be too cumbersome.

Hydraulie'conductivity can be expressed as a
function of the soil water content, {8) or the
corresponding soil water potential, K{(&}. The
hydraulic conductivity of a soil is determined by
the geometry and continuity of the water-filled
pores. Most indirect metheds for obtaining K
vaiues assume some mathematical relationship
between K, #, and ¢ and use either the measured
soil pore distribution (e.g., Marshall 1958; Mil-
lingron and Quirk 1961; Anderson and Bouma
1973; van Genutchen 1980} or other soil hy-
drautic properties, such as the water-entry value
{Russo and Bresler 1980) and the 15-bar (L.5-
MPa) water cantent {Rogowski 1971) to calcu-
late K. While accurate for many seils, these
methods still require several time-consuming
and difficult measurements. In addition, they
are designed to evaluate K over a wide range of
water contents and potentials and may not be
suitable for precise estimates of X over a small
range of water contents.

Correlations between K or other measure-
ments of soil permeability and several easily
measured, nonhydraulic, soil properties have
also been studied, although the relationships
have not been quantified for predicting K. Per-
shinger and Yahner (1970} found that the per-
colation rate of a soil was positively correlated
with the soil’s sand content. Derr et al. (1969)
found no significant correlation with sand, but
did find a positive correlation with the silt con-
tent. Several other studies have found negative
correlations between soil permeability and the
clay content {Free et al. 1940, Winneberger
1974) and the clay plus silt content (Free et al.
1940; Aronoviel 1946) and positive correlations
with the size of the sand fraction {Aronovici
1946). Skgnificant correlations between  soil
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permeabilitv and soil structure (Free et al. 1940
Bouma and Anderson 1973), coarse {ragment
content {Derr et al. 1969; Mehuys et al. 1975),
soil porosity, and organic matter content (Free
et al. 1940; Bouma and Hole 1971) have also
been documented.

Considering the contradictory results of these
previous studies and the general lack of infor-
mation cencerning how these soil properties cor-
refate with hydraulic conductivity, two objec-
tives were defined for this study. First, we
wanted to identify those easily measured soil
properties that are strongly correlated with the
hydeaulic conductivity of a particular soil type
over the soil water potential range of 0.0 to —10
kPa. This potential range was selected for two
reasons. First, K{y) can be measured relatively
quickly over this range by several field tech-
niques, thus simplifying this initial study, See-
ond, this range is of special interest, because the
conductivity over this range, in great part, de-
termines the suitability of a soil for good septic
system, leach field performance (Bouma et al.
19723,

The second objective of the study was to de-
termine if the K{y} relation ever this potential
range could be calculated from selected nonhy-
draulie soil properties with the use of a simple
empirical equation. Such an equation would
greatly facilitate locating suitable areas for sep-
tic leach fields by giving aceurate conductivity
data for soils from quick, easily made and repro-
ducible measurements.

MATERIALS AND METHODS

Fifteen € horizons formed in coarse-textured,
calearecus glacial till were studied. C horizons
were chosen because the depth of occurrence of
this horizon corresponds to the depth of place-
ment of typical septic leaching fields in these
soils. Coarse-textured soils were used to aveid
the complicating effects of secondary structural
units in this preliminary study., The selected
sites had been chosen at random within a 40-
km* area of an earlier study.” They were located
in three soils common in south-central Wiscon-
sin: Ringwood silt loam, Typic Argiudoll, fine-
loamy, mixed, mesic; McHenry silt loam, Typic

1. B. Jaynes, 1978, The varizhility and estimation
of hydrautic conductivity in C herizens of sandy loam,
glaciad-till soils, M. 5. thesis, Univ. of Wisconsin-
Madison.
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Hapiudalf, fine-loamy, mixed, mesic; and Dodge
silt loam, Typic Hapludalf, fine-salty, mixed,
mesic.

At each of the 15 sites a pit, approximately 75
® 110 cm, was excavated to about 40 cm below
the top of the C horizon. The top of the C
horizon was determined from marphological fea-
tures. The hydraulic conductivity, K{{), of the
soil was measured in situ using the crust test
method (Bouma and Denning 1972). The infil-
trative surface of the crust test column corre-
sponded to the top of the C horizon. The test,
as described, was modified slightly by installing
a second pencil tensiometer & to 10 cm below
the first to better assess when a unit potential
gradient was established in the column. Place-
ment of tensiometers was often frustrated by
numerous stones in the till; consequently, the
depths of the tensiometers below the column top
varied from site to site. The variation in ten-
siometer placement was accounted for in the
calculations of K{{). During the measurement
of K{y}, the soil pits were covered to prevent
rain from entering and to help maintain a con-
stant temperature within the pits. Temperatures
ranged from 12 to 20°C in the soil columns,
although diurnal changes were less than 2°C.
Conductivities at four or more soil water poten-
tials between 8 and —10 kPa were measured,
including the saturated conductivity, ¢ = 0.

At the completion of the crust test procedure, ©
samples were withdrawn directly from the test
column for further analysis, Bulk densities were
measured within the column using the rubber
balloon method {Blake 1965}, with each deter-
mination being made on a sample volume of
approximately 800 em®, Excavaied samples were
dried and weighed to determine the bulk density,
including fragments >2 mm, and then sieved to
separaie the coarse fragments for which weight
and volume were measured and subtracted from
the initial measurements to give the bulk density
of the <2.mm fraction. The soil portion of the
sample was then used to measure the percent-
ages of sand, silt, and clay by the hydrometer
method; dry sieving was used to measure the
size distribution of the sand portion (Day 1965).

Assuming that K and ¢ are independently
measured and separate variasbles, an empirical
equation was used to describe the K(y) data
obtained at each site using the log transform of
K. 'The log function was used because K ranged
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over several orders of magnitude and, by assum-
ing the population of K(¢) values to he log-
normally distributed (Nielsen et al. 1973), the
data could be fit to a simple empirical relation
by the least-squares method {Allen 1973). There
are numerous empirical equations in use today
for relating K 10 ¢ or # {Heover and Grant 1983
and others). The equation used here was a mod-
ification of one used by Gardner (1958)

K = o exp(8]¢1™) {1)
or in common log form
long = bf\fzi% +a {2}

where «, 8, g, and b are empirical constants.
This equation is simple in form, requiring only
two parameters, and gives a good fit to most
K{¢) data in the 0 to —10 kPa potential range.

The correlations between the regression line
parameters, ¢ and &, and the measured physical
properties at each site were also tested, Multiple
linear regression was performed using a matrix
reduction algorithm procedure {Allen 1973) to
find the hest equation for predicting log Ki¢)
based on the related seil characteristics and
using Eq. (2} as the proposed model. The regres-
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sion procedure was conducted stepwise with one
variable brought into the equation at each step
(Maddala 1977, p. 125), the variable having the
highest partial correlation with log K of all the
variables not already in the equation being the
one brought into the equation. Only those vari-
ables that improved the fit of the equation to
the data by at least 1% were included.

RESULTS AND DISCUSSION

The physical characteristics of the soil at each
site are listed in Table 1. Bulk densities, cor-
rected for coarse fragments, ranged from 1.57 to
1.86 g/em®. The amount of coarse fragments
showed a considerable range of from 2 to 36%
of the sample volume. Textures of the soil were
sandy loam to loamy sand, with the sand frac-
tion composed predominantly of fine and me-
dium sand.

The K{y) results for each site are shown in
Fig. 1. Also shown {solid lines) are the regression
lines fitted to the data by the least-square
method using Eq. (2). The regression parameters
for each line are listed in Table 2. At sach site
the regression line gives high correlation, r, with
the data and small standard deviation, s {stan-

TABLE 1
Physical cheracteristics of the till ot the 15 sites

glenyd Percent, %
Site Uncor-  Cor. Poro- .. ) . Sand that is: LCowrse Texture

rected®  rectoed® sizy Sand®  Sit Clay Very ) ) Very fragments

Dy De conre Coarse  Medium  Fine e (volums)
1 1.62 .66 0.38 rin 18 5 ' otr 4 KH 52 12 2 ls
2 1.77 .73 033 70 26 4 1 5 32 47 15 4 sl
3 1.86 1.73  0.30 ™ 26 4 2 7 29 47 15 13 sl
4 1.3 197 028 63 a2 5 1 6 29 47 17 16 si
3 LSO 1.72 028 7l 25 4 1 5 28 47 18 3 sk
4] 1.95 182  0.26 62 32 6 tr 8 27 41 24 14 sl
T 1.75 1.64 034 2 26 2 2 14 23 40 24 i4 sl
8 1.76 .68 034 Ta 23 7 tr 4 28 50 ¥7 7 sl
9 1.92 1.77 028 72 27 1 3 I 26 38 20 16 Is
10 .71 1.69 0.3% 87 9 4 tr & 33 48 12 K] is
11 1.89 171 032 80 18 2 tr & a6 46 13 8 Is
12 21 .87  0.24 73 25 2 2 11 27 41 18 38 ls
13 1.91 1.86 028 68 29 3 1 7 35 41 16 [ sl
14 177 173 0.33 T2 24 4 1 ] 29 30 18 7 st
15 1991 L69  0.35 83 10 7 tr b 32 52 11 3 sk

“ Corrected or uncorrected for >%-mm fraction.
? Porosity = 1 ~ (uncorrected D }/2.65.
* By weight.
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F16. 1. Hydraulic conduc-
tivity versus soil water poten-
tial for 14 sites, Points repre-

sent measured values. Solid
lines are least-squares fit io
data. and dashed lines are cal-
calated functions based on
percentage of sand of the goil
only.

HYDRAULIC COMBUCTIVITY [CM/DAY]

TABLE 2
Regression statistics from least-squares fit of Kig)
data where logy, K = bAd /"™ + ar s is the standard
error of the estimate, and 1° the coefficient of
determination adjusted for degrees of freedaom

Site a b s I
1 2.9 -} 0.52 0.84
b 2.2 {73 0.29 {L.86
3 2.4 -1.1 .20 G498
4 1.8 ~{1.68 0.08 .99
3 1.9 ~{.66 .18 096
6 1.4 ~{),60 0.06 0.99
7 2.6 -1.1 0.38 .90
8 17 .85 0.18 .95
4 2.1 ~L.576 0LOB 0.9%

19 2.6 -1.2 0.65 0.80

11 2.2 ~{1.89 0.21 (.96

12 2.2 -(1L.85 0.25 0.94

13 1.4 03,07 {LO8 0.9

14 1.9 -{(,95 0.21 0.97

15 2% —i.5 0.62 (.83

dard error of the estimate). The coefficient of
determination, #*, adjusted for degrees-of-iree-
dom (Maddala 1977, p. 121}, which represents
the portion of the variation in log K that is
explained by the variation of the independent

~10 @ -5

-0 O -5

SO WATER PDTENTIAL IKPA)

variable in the equation (Snedecor and Cochran
1967, p. 176), is also high (=0.80).

The regression parameters, b, the slope of the
line that iz influenced by the pore distribution,
and g, the y intercept or calculated log K{ = 0)
value, were then correlated against the physical
parameters of each site, as shown in Table 3,
For this soil, the sand and silt fractions, bulk
density, both corrected for stones, Dy, and un-
carrected, Dy, and poresity correlated highly
with either a, & or both, It should be noted,
however, that [ and poresity are measure-
ments of the same property {provided the par-
ticle densities are uniform) and are not idepen-
dent. Surprisingly, the coarse fragment percent-
age was not highly correlated with either factor,
despite coarse fragments occupying up to 36%
of the soil volume. This is consistent with the
results for K(¢) observed by Mehuys et al.
{1975}

Carrelation between log K(4 = 0) regression
coefficient g, as predicted by the empirical equa-
tions, was felt to be the most significant since it
is the saturated value of K that the empirical
equation best deseribes, rather than the shape
or stope of the K{{) relation. Because the sand
fraction correlated highest with this value, it
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was chosen as the starting point for a multivar-
iable equation that could be used to predict the
K{) function for each site. Regression compu-
tations were performed by placing the related
physical parameters into an equation of the form

iOg K= :i.:n,n: B¢X¢) hf/l;" + 3",'.,1 A;X. {3}

where K and ¢ are the measured values for
conductivity and soil water potential at each
site, anct A; and B; are constants corresponding
to X, the value for each soil property measured
for the sites. For any soil property not used in
the equation, the corresponding regression pa-
rameter was set equal to zero. The soil param-
eters, the regression constants, and resulting
regression statistics are shown in Table 4 for
each step of the analysis.

Using only the sand fraction to calculate K}
at each site, I2q. (3) accounted for 83% of the

TABLE 3
Correlation between till physical characteristics and
regression parameters fit to K{y) data by leas-
squares methods

Fitl property ! b

Do ~ {168 2 a.69**
D -} TA" 0.58"
Porosity 0,68 w3 H9*"
% sand {174 —-{r78**
% silt ~{1.6g** (.79
% clay —0.03 ~0.19
% very coearse sand .08 .04
% coarse sand —0.12 0.20
% medium sand 0.03 —-0.05
% fine sand 142 ~0.50"
% very fine sand —0.45 0.46
% coarse {fragments ~{L17 G.22

“ Asterisks indicate significance of difference: * =
significant at the 5% confidence level; ** = significant
at the 1% confidence level.

variation in the K(¢) data. By including the silt
fraction in calculating the b parameter of the
line and by including the uncorrected bulk den-
sity for caleulating the coefficient a, a slight
improvement in fitting the data was made, with
the resulting equation accounting for 85% of the
variation of the measured K{¢) values. None of
the other factors measured for the till at the 15
sites appreciably improved the ability of the
model eguation to predict K{¢). For each site,
the use of just the sand fraction values accounted
for an average of 78% (52 to 94%) of the K()
variation (dashed lines, Fig, 1), Of the variation
not accounted for, an average of 7% (1 to 20%)
was due to the form of the model equation used
{Table 5). A model equation giving a better fit
to the K(¢} results for each site would perhaps
resuit in a tighter fit between the measured K(y)
values and the values caleulated from related
soil characteristics.

The fact that the sand percentage was highly
correlated with both the K(¢ = 0) value and the
slope of the K(¢) curve for this soil indicates
that it is this parameter that dominates in de-
termining the effective pore distribution of the
soil. The relative amount of sand in the soil is
directly related 1o both the effective size of the
pores {the more sand in the soil, the larger the
apparent pore sizes are), causing a greater value
for K{ =0}, and the distribution of the effective
pore sizes, as indicated by the rate of decrease
in log K (the greater the percentage of sand, the
faster the decrease in log K with decreasing ¢,
which indicates fewer effective fine pores for
transmitting water). While the sand percentage
is negatively correlated with the number of finer
pores contributing to flow, the addition of the
silt percentage to the regression equation, causes
a leveling off of the K(y) curve {less negative
b}, indicating an increase in the number of ef-
fective fine pores contributing to water flow at

TABLE 4

Multivariable regression used to predict Kt} from soil properties, sand {8), sift (si), and bulk density, including
caarse fragments (Dy)

Btep 57 r
1 log K= -~0012({% 8) [} ¥+ 0.029 (% 8§) 0.1 0.83
2 log K= [-0.014 {% 8} + 0.0063 {5 B¢ 4 0029 (% §) 0.40 0.84
3 log K=[-0016 (% 8) + 0.013 {% SUH 2 4+ 0.044 (55 8) .39 0.85
~L61 {53}
* Btandard error of the estimate,
*Coefficient of determination adjusted for degrees of freedom,
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TABLE 5
The percentage of the varintion in K{$} values that is accounted for by predicting K(¢} from sand data only; the
precentage of the variation not accounted for by the form of the empirical equation used (log K =b | ¢ | ¥* + a);
and the percentage of the explainable variation in K¢} that is explained by the caleulated K(¢) values

Percent, %

Variation in K(3) avcounted

Possible variation in K{Q) that is

i - Variation in Ki ot accounted
Site ﬁi}:”lz}; zgfc::{:i;tgi;frﬁgf r;({;r dﬁentlo l{h\ze;:':r;nef the accounted for by caloulated valees
data only i empirical equation used of Kiy} based on sand data enly
1 68 16 81
2 52 14 60
3 92 2 &
4 81 1 82
5 68 4 71
6 89 1 g0
7 88 10 96
8 72 5 76
9 83 1 89
10 T 20 96
11 ™ 4 a8
12 94 6 100
i3 62 1 63
14 84 3 87
15 41 17 3

the lower potentials. The reduction of the inter-
cept or saturated value in the equation when the
Dy, term is included indicates that as the total
porosity or possible pathways for flow decreases,
the conductivity, especially at saturation, alse
decreases,

For these soils, the K{¥) values can be suc-
cessfully described by a model equation based
only on the amount of sand in the soil. For the
equation to be of practical value, however, it
would alse have to accurately calculate the K()
values for soils not included in this study. Using
this equation to caleulate K{(¢) for soils studied
in another investigation {(Bouma et al 1972),
good agreement was found between the calcu-
lated and measured K{J) relations for the 20
horizon of a Savbrook silt loam (Typic Argiu-
doll, fine-silty, mixed, mesic), a horizon within
the texture range of the soils from which the
equation was derived [Fig. 2). For a soil horizon
of considerably different texture and structure,
such as the 2Btgl horizon of a Withee silt loam
{Aeric Glossaqualf, fine-loamy, mixed, frigid},
however, agreement is not good (Fig. 2). This is
net surprising, because the equation was devel.
oped for soils having a limited texture range;
thus when it is used to calculate the K{¢) of a
much different textured soil, the uncertainty in

100

1
°K

Hydrauile Conductivity (cm/day)

.01 i 1

0 -5 -1
Soil Water Potentiat {kPa)
F16. 2. Hydraulic conductivity measured in situ
{from Bouma et al. 1972} and predicted based only on
the sand content of the soils a1 two sites, Solid hine
and @ are predicted and measured values, respectively,
for a Saybrook sit 2C horizon (76% sand content).
Diashed line and A are for & Withee sil 2B1gl horizon

{33% sand content). -
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the calculated values would he much greater
(Snedecor and Cochran 1967, p. 144). When the
percentage of silt and uncorrected bulk density
are included in the equation for determining
K(¢) (Eq. 3, Table 4}, the agreement with the
measured values is even worse for the Withee
soil, in eontrast to the sandy loam material,
where their inclusion improved the fit. Poor
agreement between predicted and measured
K(¢) values for fine-textured soils may also be
due to the fact that soil properties that did not
significantly affect the K() values in the sandy
loam soils and were thus not included in the
prediction equation are significant for fine-tex-
tured soils. Such soil properties as degree and
strength of aggregation, mineralogy, swelling po-
tential, and clay percentage probably affect the
K{¢) characteristics of fine-textured soils to a
greater extent and need to be incorporated into
the prediction equation if it is to be expanded
to include a wider range of soils,

CONCLUSBIONS

For the coarse-textured soil used in this study,
there are several physical properties of the soil
that correlate significantly with the measured
values of K(¢}. A prediction equation based only
on the pereentage of send in the horizon ade-
quately described the K(¢) curve for each site
studied. This supports the concept of Bouma
(1975} that, for at least coarse-textured soils,
texture alone may serve as a reliable indicator
of a soil's conductivity characteristics. The
equation derived for these sites appears to be
applicable to soil materials of similar physical
properties, but is clearly inadequate for finer-
textured soils. However, the general approach
does show promise for accurately and easily
delineating the K(¢) curve of a soil based only
on its physical characteristics. Before this ap-
proach can be generally applied, those physical
characteristics closely related to the soil hy-
draulic conductivity must be identified and their
correlation with K{($) guantified for a wide
range of soil materials,
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EYMBOLS

a,0,A,.B Empirical constants
B Bulk density corrected for coarse frag-
ments, g/em”®
Dy, Bulk density with coarse fragments, g/
e’
K Hydraulic conductivity, em/d
r* Coefficient of determination
s Standard error of estimate
X General soil property
a8 Empirieal constants
§ Soil water content, em*/em®
¥ Soil water patential, kPa
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