Estimation of Soil Water Properties
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ABSTRACT

ELATIONSHIPS of soil water tension and hydraulic

conductivity with soil water content are needed to
quantify plant available water and to model the move-
ment of water and solutes in and through soils. Field and
laboratory measurement of these hydraulic seil proper-
ties is very difficult, laborous, and costly. To provide the
best estimates possible from previous analyses, a com-
prehensive search of the literature and data sources for
hydraulic conductivity and related soil-water data was
made in 1978, From this search, data for 1,323 soils with
about 5,350 horizons from 32 states were assembled.
From the data, the Brooks and Corey water retention
parameters, soil water retention volumes at 0.33 bar and
15 bar, total porosity, and saturated conductivities for
the major USDA soil textures classes were developed.
Also, relationships for predicting water retention
volumes for particular tensions and saturated hydraulic
conductivities based on soil properties are presented.

INTRODUCTION

To incorporate the principles of soil water physics into
hydrologic modeling (Mein and Larson, 1973), it is
necessary to specify the relationships between matric
potential and hydraulic conductivity as a function of soil
water content. Measurement of these relationships is
very costly and time consuming, making this approach
difficult to use in watershed hydrology modeling. To
overcome these difficulties, an extensive literature and
data search for soil water retention, hydraulic conduc-
tivity, and related soils information was performed in
1978. In addition, more than 400 soil scientists were con-
tacted, many of whom contributed unpublished data.
The results of this survey are summarized in two parts:
(a) the soil water retention data base and analysis, and
(b) the hydraulic conductivity data base and analysis.

SOIL WATER RETENTION

The literature and data search for water retention and
related soils information produced 26 sources of data
(Table 1) each covering at least a matric suction range
from 100 ecm to 2,000 cm. From this search, data for
1,323 soils with about 5,350 horizons, from 32 states,
(Fig. 1) were assembled. The data base includes location
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TABLE 1. WATER RETENTION-MATRIC
POTENTIAL DATA SOURCES

1 Carlisle, V. W., R. E. Caldwell, F. Sodek, III, L. C. Ham-
mond, F. G. Calhoun, M. A. Granger, and H. L. Breland. 1978,
Characterization data for selected Florida soils. Institute of Food and
Agricultural Sciences, University of Florida: USDA, SCS, Soil Science
Research Report No. 78-1, 335 pp.

2 Cassel, D. K., and M. D. Sweeney. 1976, In situ soil water
holding capacities of selected North Dakota soils. Agricultural Experi-
ment Station, North Dakota State University of Agriculture and Ap-
plied Science, Bulletin No, 495, 25 pp.

3 Elkins, C. B., Jr., G. G. Williams, and F. T, Ritchie, Ir. 1961.
Soil moisture characteristics of some Southern Piedmont soils. USDA,
ARS 41-54, 22 pp. Washington, D.C.

4 Epstein, E., W. . Grant, and J. S. Hardesty. 1962. Soil
moisture survey of some representative Maine soil types. USDA, ARS
41-57, 57 pp. Washington, D.C.

5 Hermsmeier, L. F. 1966. Hydraulic conductivity and other
physical characteristics of some *‘wet" soils in Southwestern Minne-
sota, USDA, ARS 41-127, 17 pp. Washington, D.C.

6 Holt, R. F., G. R. Blake, W. B. Voorhees, D. H. Beolter, and
A. S. Robertson. 1961. Soil moisture survey of some representative
Minnesota soils. USDA, ARS 41-48, 43 pp. Washington, D.C.

7 Holtan, H. N., C. B. England, G. P. Lawless, and G. A.
Schumaker. 1968. Moisture tension data for selected soils on ex-
perimental watersheds. USDA, ARS 41-144.

8 Kelley, G. E., and W. M. Edwards. 1975. Soils of the North Ap-
plachian experimental watershed. USDA, ARS and AQCS, Ohio
Agricultural Research and Development Center, Miscellaneous
Publication No. 1296, 145 pp. Washington, D.C.

9 Krother, E. M., V. C. Jamison, and H. E. Grogger. 1960. Soil
moisture survey of some representative Missouri soil types, USDA,
ARS 41-34, 57 pp. Washington, D.C.

10 Long, F. L., J. M. Daniels, F. T. Ritchie, Jr., and C. M.
Ellerbe. 1963. Soil moisture characteristics of some lower coastal plain
soils, USDA, ARS 41-82, 22 pp. Washington, D.C.

11 Long, F. L., H. F. Perkins, J. R. Carreker, and J, M, Daniels.
1969. Morphological, chemical, and physical characteristics of 18
representative soils of the Atlantic Coast Flatwoods, USDA, Southern
Branch, Soil and Water Conservation Research Division, ARS, Univer-
sity of Georgia, College of Agriculture Experiment Station, Research
Bulletin No. 59, 74 pp. Athens.

12 Longwell, T. J., W. L. Parks, and M. E. Springer. [963.
Moisture characteristics of Tennessee soils. University of Tennessee,
Agricultural Experiment Station; and SCS, USDA Bulletin No. 367,
46 pp. Knoxville.

13 Lund, Z. F., and L. L. Lofton. 1960. Physical characteristics of
some representative Louisiana soils. USDA, ARS 41-33, 83 pp.
Washington, D.C.

14 Lund, Z. F., L. L. Loftin and S. L. Earle. 1961. Supplement to
physical characteristics of some representative Louisiana soils, USDA,
ARS 41-33-1, 43 pp. Washington, D.C.

15 Lutz, J. F. 1970. Movement and storage of water in North
Carolina soils. Department of Soil Science, North Carolina State
University, Soil Information Series No. 15, 29 pp. Raleigh.

16 Mathers, A. C., H. R. Gardner, F. B. Lotspeich, H. M. Taylor,
G. R. Laase, R. E. Daniell. 1963. Some morphological, physical
chemical, and mineralogical properties of seven Southern Great Plains
soils. USDA, ARS 41-85, 63 pp. Washington, D.C.

17 MeceCreery, R. A. 1966. Soil investigation of Little River water-
shed, Tifton, GA. (USDA contract with the University of Georgia).

18 Olson, T. C. 1970. Water storage characteristics of 21 soils in
Eastern South Dakota. USDA, ARS 41-166, 69 pp. Washington, D.C.

19 Perrier, Eugene R., A. J. MacKenzie, and R, P, Zimmerman,
1974, Physical and chemical properties of major Imperial Valley soils.
USDA, ARS W-17, 31 pp. Washington, D.C.

20 Post, D. F., D. M. Hendricks, and O. J. Pereira. 1978. Soils of

1982—TRANSACTIONS of the ASAE

ug [RIMNOUEY JO A12100§ UBDLIBUIY 2U) AQ paysigng

(861 ‘8TET % 0ZE1-91EL 'dd *C "ON ‘6T '[0A) HVSY 2W JO SNOILDVSNVL 941 wous pajuidas st ajarue siyy,

ueSyoty ‘ydasor 1§ ‘sraaut




the University of Arizona Experiment Station: Marana. University of
Arizona, USDA, SCS, Agricultural Engineering and Soil Science 78-1,
37 pp. Tucson.

21 Rourke, R. V., and C. Beek. 1969. Chemical and physical prop-
erties of the Charlton, Sutton, Paxton and Woodbridge soil series.
Maine Agricultural Experiment Station, Technical Bulletin No. 34,
University of Maine, 8 pp. Orono.

22 Rourke, R. V., and C. Beek. 1971, Chemical and physical prop-
erties of the Allagash, Hermon, Howland, and Marlow soil mapping
units. Life Sciences and Agriculture Experiment Station, Technical
Bulletin No, 46, University of Main, 73 pp. Orono.

23 Rourke, R. V., and R. Bangs. 1975, Chemical and physical
properties of the Bangor, Dixmont, Caribou, Conant, Perham, and
Daigle soil mapping units. Life Sciences and Agriculture Experiment
Station, Technical Bulletin No. 75, University of Maine, 102 pp.
Orono.

24 University of [llinois and USDA, Agricultural Research Service.
1979. Water infiltration into representative soils of the North Central
Region. Agricultural Experiment Station Bulletin No. 760 and North
Central Regional Research Publication No. 259, 119 pp. Urbana.

25 Personal correspondence with J. M. Davidson, Professor,
University of Florida.

26 Personal correspondence with Dan Wiersma, Director, Water
Resources Research Center.

(state and county), data source, soil profile description,
USDA soil texture, particle size distribution [basic (3
particle sizes) or detailed (8 to 10 particle sizes)], selected
chemical data, organic matter content, bulk density,
saturated hydraulic conductivity and soil water retention
data. All the data are available in the cited references
(Table 1) or in computer readable form trom the USDA-
ARS Hydrology Laboratory, BARC-W, Building 007,
Beltsville, MD 20705.

Soil Water Retention Relationship

It has been shown that the Brooks and Corey equation
(1964) provides a reasonably accurate representation of
the water retention-matric potential relationship for ten-
sions greater than 50 cm (Brakensiek et al., 1981). This
equation is written as

B, = Residual soil water content, cm?®/cm?

¢ = Total porosity, cm*/cm?

w, = Bubbling pressure, cm of water

y = Capillary pressure, cm of water

A = Pore size distribution index

McCuen et al. (1981) showed that the Brooks and Cor-
ey parameters (A, 8, and y,) vary systematically with the
USDA soil texture classes (Soil Conservation Service,
1975). Also, Brakensiek et al. (1981) showed that the
distribution of total porosity, (d), residual soil water con-
tent (8,), logarithum of the pore size distribution (1) and
the logarithum of the bubbling pressure (w,) were best fit
with a normal distribution. The Brooks and Corey equa-
tion was fitted to all the water retention-matric potential
data which had five or more observations by using pat-
tern search optimization (Green, 1970). Those data sets
which had a correlation coefficient significant at the 0.95
percent level were used in the analysis. In Table 2 the
mean values and standard deviations for the 11 USDA
soil texture classes are given for (a) Brooks and Corey
parameters, (b) the total porosity and the water content
at 1/3 and 15 bar and, (c) the geometric values for the
Brooks and Corey bubbling pressure and pore size distri-
bution parameters. The 1/3 and 15 bar water retention
values given in Table 2 were predicted using the opti-
mized Brooks and Corey parameters. The 1/3 bar water
retention values given in Table 2 for the clay and sandy
clay textures are greater than the effective porosity (d.)
for the respective textures which is not physically possible
and we believe is a result of averaging.

Soil water retention at selected matric potentials have
been correlated with particle size, organic matter, and
bulk density (Gupta and Larson, 1979). We checked the
prediction capabilities of the equations presented by
Gupta and Larson (1979) with our data base and found
that they produced correlation coefficients between 0.8
and 0.95 which are reasonably good in view of the diver-
sity of soils and methods used to obtain data. Even

L0 R A —— (11 :
though the Gupta and Larson (1979) equations produced
where acceptable results there is a need for a series of predic-
S.  (effective saturation) = 8 — 6,/8 — 8, tion equations utilizing different levels of soils data. We
6 = Soil water content, cm®/cm?® developed three levels of linear regressions relating soil
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FIG. 1 Distribution of soils by state.
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TABLE 2. HYDROLOGIC SOIL PROPERTIES CLASSIFIED BY SOIL TEXTURE

bl Water Water Saturated
< 1 o Bubbling pressure stitnied T ARt i
Tatal Residual I \ELLL‘IVL (Wb Pore size distribution retained at nm_md at . H;,ch‘nluln ‘
porosicy saturation porosity == sk S e (\) -0.33 bar -15 bar Conductivity
Texture Sample 1), (He) (04}, Arithmetic, Geomerrie, tension, tension, (Kg)
cluss size cm? fem? an? Jem? em? fem? = om Arithmetic Ceometrict cem’ fem? em® fem? emfh
Sand 7602 0437 0.020 0.417 15.98 7.26 0.694 0.592 0.091 0033 21.00
(0374 0.500)  (0.001 0.039) (0.354-0480) (0.24-31,72) (1.36-38.74) (0.298-1.090) (0.334-1.051) (0.018 0.164} (0.007-0.059)
Loy sand 338 0.437 0,035 0,401 20.58 8.09 0.553 (474 0.125 0.055 6.11
(0,368 0.506) (0003 0067) (0.329-0.473) (0.0 45.20) (1.BO—41.85] (0.234-0.872) (0.271 0.827) (0.060 0.190) (0.019-0.091)
Sandy loam [ 0.453 0.041 0,412 30,20 14.06 0,378 0.322 0.207 0.095 2.59
(0.351 0.555) (0.0 0.106) (0.283-0.541) (0.0-64.01) (3.5 62.24) (0.140-0.616) (0,186 0.558) (0.126 0.288) (0.031-0.159)
Loam 383 0463 0.027 0,434 4012 11.15 0.252 0.220 0.270 117 1.32
(037505511 (0.0 0.074) (0334 0.534) (0.0 100.3) (1.63-76.40) (0.086-0.418) {0.137 0.355) (0.195 0.345) (0.069 0.165)
Silt loam 1206 0.501 0.015 0.486 50.87 20.76 0.234 0.211 0,330 0.133 0.68
(0420 0.582)  (0.0-0.058) (0394 0578) (0.0 109.4) (3.58-120.4) (0.105-0.363) (0.136 ©.320) (0.258-0.402) (0.078 0.188)
Sandy clay loam 498 0.398 0.068 0.330 5941 28,08 0.319 1.250 0.255 0148 0,43
(0.332-0.464) (0.0 0.137) (0235 0425) (0.0 123.4) (5.57-141.5) (0.079-0.559) (0.125-0.502) (0.186 0.324) (D.U85-0.211)
Clay loam 366 0.4064 0.075 0.390 56.43 25.89 0.242 0,194 0.318 0.197 U323
(0,409 0.519) (0.0 0.174)  (0.279-0.501)  (0.0-124.3)  (5.80 115.7) (0.070-0.414) (0.100-0.377) (0.250-0.386) (0.115 0.279)
Silty clay loum 689 0.471 0.040 0.432 70.33 32.56 0177 0,151 0.366 1.208 0,15
(0418 (0.524) (0.0 0.118)  (0.347-0517) (0.0 143.9)  (6.68 158.7) (0,039 0.315) (0.090-0.253} (0,304 0.428} (0.138-0.275)
Sundy clay 45 0,430 0.109 0.321 79.48 29.17 0.223 0,108 0.339 0.239 (108 Bel
(0370 0.490) (0.0 0.205)  (0.207 0.435) (0.0 179.1) (496 171.6) (0.048 0.398) (0.0T8-0.364) (0.245 0433 (0.162-0.310)
Silty clay 127 0,479 11.056 0.423 76.54 3419 0,150 0.127 0.387 0.250 0,09
(0.425 0.533) (0.0-0.136)  (0.334 0512) (0.0 159.6) (7.04 166.2) (0.040-0.260} (0.074 0.219) (0.332 -0.442) (0.193 0.307)
Clay 291 0,475 0.090 11,385 85.60 37.30 0.165 0.131 1,396 0.272 0.6
10427 0.623) (0.0 0.195) (0269 0.501) (0.0 176.1) (7.43 187.2) (0.037 0.293) {(0.068 0.253) (0,326 0.466] (0.208 0.336)
First Iime is the mean value
Second line is + one standard deviation abour the mean

[ Antilog of the log mean
£ Obtained from Fig. 2

water retention at specific matric potentials to (a) pet-
cent sand, silt, clay, organic matter content, and bulk
density; (b) percent sand, silt, and clay, organic matter,
bulk density and 15 bar water retention; and (c) percent
particle size content, organic matter, bulk density, and
1/3 and 15 bar water retention. These levels of analysis
demonstrate the predictive ability achieved by adding
tactors which require more costly and/or time consum-
ing laboratory procedures to the standard soil survey
data analysis. For example, particle size distribution and
organic matter data are the least expensive data to obtain
while 1/3 bar water retention and bulk density data are
the most expensive. The 15 bar water retention value is
an intermediate cost item.

The three levels of regression equations are summa-
rized in Table 3 for the 12 matric potentials reported in
the Gupta and Larson (1979) paper. The addition of the
15 bar water retention value and both the 1/3 and 15 bar
water retention values to the percent sand, silt and clay,
bulk density and organic matter content markedly in-
creased the accuracy (Table 3). In general, the 1/3 bar
water retention value was more significant for the matric
potentials between 0 and —1/3 bar and the 15 bar water
retention was significant for the matric potentials be-
tween —1/3 and the —15 bar.

The data base used to develop the equations in Table 3
included 2,541 soils horizons with a wide range of sand
(mean 56 percent, range 0.1-99 percent), silt (mean 26
percent, range 0.1-93 percent), clay (mean 18 percent,
range 0.1-94 percent), organic matter (mean 0.66 per-
cent, range 0.1-12.5 percent), bulk density (mean 1.42
gm/cm®, range 0.1-2.09 percent). Most agricultural
soils, including both expanding (montmorillonite) and
nonexpanding (kolinite, illite, chlorite, and vermiculite)
type clay minerals are represented.

HYDRAULIC CONDUCTIVITY
A generalized set of unsaturated hydraulic conductivi-
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ty values was defined for the USDA soil texture classes
(SCS, 1975) by combining the results of numerous ex-
periments reported in the literature. Table 4 contains the
principle references from which the unsaturated
hydraulic conductivity data were obtained. The
generalized conductivity curves were obtained by first
digitizing the many reference curves by enough points to
adequately define them by straight line segments, Using
information tfrom the reference or standard soil survey
reports, these data were classed and sorted according to
the USDA soil texture classes. An average representative
curve was estimated by visual analyses for each soil tex-
ture class. Some minor adjustments of the average curves
were made to provide a uniform family of relationships
as shown in Fig. 2.

Generalized curves given in Fig. 2 cannot accurately
define the conductivity of any particular soil based only
on texture. Each soil will have other characteristics
which will cause deviation. However, the degree of
definition provided by textural sorting shows that this is
a major determinant. Thus, these relationships will pro-
vide adequate estimates for applications where more
detailed data are not available.

Saturated Hydraulic Conductivity Relationship

The saturated hydraulic conductivities given in
Table 2 were taken from Fig. 2. Using the saturated
hydraulic conductivity data set compiled by Mualem
(1976) a set of mean saturated hydraulic conductivity
values were developed according to soil texture and com-
pared with those in Table 2. The Mualem values were
similar to those in Table 2, further veritying the
representativeness of the saturated hydraulic conduc-
tivities in Table 2.

Brutsaert (1967) derived a saturated conductivity rela-
tionship by substituting the Brooks and Corey equation
into the Childs, Collis-George (1950) permeability in-
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TABLE 3. COEFFICIENT FOR LINEAR REGRESSION EQUATIONS FOR PREDUCTION OF SOIL WATER CONTENT
AS SPECIFIC METRIC POTENTIALS.

Metrie Organic Bulk 0.33 bar 15 bar Correlation
potential Sand, Silt, Clay, matter, density, water retention, water retention, coefficient,
bars Intercept % % % % gfem? em® fem? em?® jem? R
---------------------------------------------------- Regression coefficients —-----mmmmmmeemmmmece e ce e aa .
a b c d d f B h
0.7899 -0.0037 0.0100 -0.1315 0.58
-0.04 0.6275 -0.0041 0.0239 -0.08 0.57
0.1829 -0.0246 -0.0376 1.89 -1.38 0.77
0.71356 -0.0030 0.0017 -0.1693 0.74
-0.07 0.4829 -0.0035 0.0263 0.25 0.74
0.8888 -0.0003 -0.0107 1.563 -0.81 0.91
0.4118 -0.0030 0.0023 0.0317 0.81
-0.10 0.4103 0.0031 0.0260 0.41 0.81
0.0619  -0.0002 -0.0067 1.34 -0.51 0.95
0.3121 -0.0024 0.0032 0.0314 0.86
-0.20 0.3000 -0,0024 0.0235 0.61 0.89
0.0319 -0.0002 1.01 -0.06 0.99
0.2576 -0.0020 0.0036 0.0299 0.87
-0.33 0.2391 -0.0019 0.0210 0.72 0.92
0.2065 =-0.0016 0.0040 0.0275 0.87
-0.60 0.1814 -0.0015 0.0178 0.80 0.94
0.0136 -0.0091 0.66 0.39 0.99
0.0349 0.0014 0.00565 0.0251 0.87
-1.0 0.1417 -0.0012 0.0151 0.85 0.96
-0.0034 0.0022 0.52 0.54 0.99
0.0281 0.0011 0.00564 0.0200 0.86
-2.0 0.0986 0.0009 0.0116 0.90 0.97
-0.0043 0.0026 0.36 0.69 0.99
0.0238 0.0008 0.0052 0.0190 0.84
-4.0 0.0649 -0.0006 0.0085 0.93 0.98
-0.0038 0.0026 0.24 0.79 0.99
0.0216 0.0006 0.0050 0.0167 0.81
=7.0 0.0429 -0.0004 0.0062 0.94 0.98
-0.0027 0.0024 0.16 0.86 0.99
0.0205 0.0005 0.0049 0.0154 0.81
-10.0 0.0309 -0.0003 0.0049 0.95 0.99
-0.0019 0.0022 0.11 0.89 0.99
-15.0 0.0260 0.0050 0.0158 0.80
Sand (%) + silt (%) + clay (%) = 100 Sand = 2,0-0.5 mm Silt = 0.06-0.002 mm Clay < 0.002

Oy =a+b xsand (%) + ¢ x silt (%) d d x elay (%) + ¢ x organic matter (%) + £ x bulk density (g/em?)
+ g x 0,33 bar moisture (cm® /em®) + h x 15 bar moisture (cm?® fem® )

Oy = predicted water retention (em® fem?® ) for a given metric (x) potential

a-n = regression coefficients

tegral (1950). The resulting equation is

f e? A?
i -~
Yp? (A+1) (A+2)

Kg =

in which K, is saturated hydraulic conductivity, (cm/s);
“a’” is a constant representing the effects of various tluid
constants and gravity; d, is total porosity minus residual
soil water content, (cm®/cm?), y, is bubbling pressure,
(cm); and A is the pore-size distribution index. According
to Brutsaert (1967) the constant “‘a” in equation [2]
equals 270. Using the Brooks and Corey parameters in
Table 2 and 270 as the constant, we checked the
saturated hydraulic conductivities derived from equation
[2] with those given in Table 2 and found that equation
[2] produced saturated hydraulic conductivities approx-
imately one order of magnitude higher than those in
Table 2. Since the constant was theoretically derived, we
fit equation 2] to the 11 saturated conductivity values in
Table 2. This fitting produced a constant equal to 86
with a correlation coefficient of 0.98 using the Brooks
and Corey arithmetic mean values and a constant equal
to 21 with a correlation coefficient equal to 0.96 using the
Brooks and Corey geometric mean values.

1982—TRANSACTIONS of the ASAE

Because the fitted constant was derived from a set of
mean values for 11 soil texture classes, we tested it using
the water retention-matric potential and saturated
hydraulic conductivity data collected in the Luxmoore
and Sharma (1980) study. For this set of data (52 obser-
vations), equation [2] predicted the saturated hydraulic
conductivity with a correlation coefticient ot .65 (signifi-
cant at the 95 percent level). Primarily the equation still
over predicted on an order of three or four times.

SUMMARY

A comprehensive compilation of soil-water and
hydraulic properties have been assembled and statistical-
ly studied. Relationships for predicting water retention
volume for particular tensions and saturated hydraulic
conductivities based on soil properties are presented
along with a set of mean hydraulic soil properties for the
11 USDA soil texture classes. Hydrologists and soil
scientists may use them (a) for a study of theoretical
models by comparison with a large set of experimental
data, (b) to check the reliability of empirical formulae,
and (c) to model soil water flow problems for a wide
range of soils.
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Field oriented scientists may tind the report helpful
when an estimate is required for the hydraulic properties
of some particular soil without expensive testing.
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