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ABSTRACT

Oxic soils on O'ahu were studied to develop and test simplified methods

of dete~ining the hydraulic conductivity of unsaturated soils, to test some

simple infiltration models, and to assess the utility of soil survey mapped

units in defining hydrologically similar soils.

Field measurements of water infiltration and redistribution were accom

plished on 21 sites located on the Lahaina, Molokai, and WahiCJ:Wa soil series.

Water retention curves measured on undisturbed soi l cores from the Ap1, Ap2,

and B horizons of each site provided a means of dete~ining the downward

flux of water during redistribution from soil water suction measurements

over time. These data allowed calculation of hydraulic conductivities (by

a detailed Darcy analysis) of soil at various depths in the soil profile and

for a range of water contents and suctions. The detailed analysis and field

infiltration data provided a means of evaluating two new simplified methods

of dete~ining hydraulic conductivity functions of well-drained soils; the

new methods are sufficiently accurate and economical to be used in watershed

characterization. Also, field measured sorptivity and water redistribution

data were used to successfully predict cumulative infiltration with the

Talsma-Parlange and Green~Arrrpt equations, respectively.

Statistical analysis of field and laboratory data suggested that soil

maps of central O'ahu would not be particularly useful in delineating soil

areas of relative homogeneity with respect to hydrologic properties. These

results further emphasize the need for simple methods to characterize hydro

logic properties of field soils.
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INTRODUCTION

The hydraulic conductivity and retentivity (water storage function) of

a soil are fundamental soil characteristics which specify the soil's contri

bution to important hydrologic phenomena, such as water infiltration, drain

age, and groundwater recharge. These properties vary in space in the verti

cal and horizontal dimensions, and thus must often be measured at various

depths and locations in a field to adequately characterize the soil for

hydrologic calculations. In Hawai'i, mathematical modeling of specific

groundwater and watershed cases holds promise for the future as a means of

finding solutions to practical water transport and storage problems. The

theory of water flow in soils has been recently applied to practical agri

cultural problems, such as the design of trickle irrigation systems (Bresler

1978) and the management of water and nitrogen fertilizer in such systems

(Khan, Green, and Cheng 1981). Detailed deterministic models require that

soil hydraulic functions be specified mathematically; this necessitates

measurements of hydraulic conductivity on field-structured soils, preferably

in situ. Measurement methods must be sufficiently simple and rapid to be

practically useful for characterization of field soils at many locations.

Additionally, simple soil criteria must be established to identify

reasonably homogeneous soil areas for hydrologic modeling before detailed

plans of measuring hydraulic conductivity at several field sites in an area

of interest are implemented.

OBJECTIVES

Proj ect obj ectives included: (1) developing and field testing of sim

plified techniques of determining water conductivity of well-drailled soils

of Hawai'i, (2) developing and field testing of simplified infiltration

models incorporating measured soil-water properties, and (3) assessing the

variability in pertinent soil-water properties on selected ~oil survey

mapped units and developing criteria for delineating "homogeneous soil

units".
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PREVIEW OF REPORT

The two major output categories from the project include: (1) descrip

tion and assessment of methods developed and/or tested and (2) presentation

of data (measured and derived) describing the soil properties of hydrologic

significance for the soils included in the study. Some of the results in

the first category have been submitted for publication in scientific jour

nals and will be summarized in this report rather than given in their en

tirety. Other method-oriented results are presented in greater detail in

this report than would be possible in journal papers. The second output

category from the project includes data obtained from in situ field measure

ments and laboratory measurements on soil cores from each site of the three

Oxisols studied, and a statistical analysis of these data to determine the

nature of variability in properties between soil taxonomic units. Morpho

logical descriptions of soil profiles are also included. The analysis in

the first section of Part I includes the Tantalus and Panoche soils for

which data had been obtained in other field studies.

O'ahu field site locations on which the various measurements were made

are shown in Figure 1. The shaded area in central O'ahu includes the major

part of soils classified as Oxisols on the island; most of this area is

cropped with sugarcane and pipeapple. These Oxisols are principally derived

from basaltic rocks of alluvium and are primarily composed of kaolinite and

the oxides of iron and aluminum. Although the .clay content of these soils

is very high, up to 90% in some soils, they are highly structured and, thus,

are quite permeable and generally well drained. The soil profile usually

exceeds one meter in depth, but crop rooting is sometimes limited princi

pally to the plow layer (about 45 cm) due to the combination of low macro

porosity in the B horizon and the development of tillage pans.

In field aspects of this study, the three Oxisols included the Wahiawa,

Lahaina, and Molokai series, which constitute the principal cropped soils of

the Wahiawa plateau. The taxonomic classification of each soil, and loca

tion of field sites, and the site designations used in Part II of the report

are given in Table 1. All sites were located on cultivated fields. Site WI

had been in grass and was cleared and rototilled shortly before the study.

Site W2 was in a recently abandoned pineapple field. All other sites were

located in sugarcane fields.
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I. DEVELOPMENT AND TESTING OF SIMPLIFIED METHODOLOGY

SOIL HYDRAULIC CONDUCTIVITY AND WATER CHARACTERISTICS
DETERMINED FROM MINIMUM FIELD DATA

Application of the soil water-flow theory for describing infiltration

and drainage in a watershed requires the determination of the soil's hydrau

lic conductivity-water content and suction-water content (soil-water charac

teristic) relationships and their spatial variability. To accomplish this,

the most important range of determinations is the wet region of water con

tents at a suction of less than one bar. Perhaps the most reliable method

for determining the field conductivity for saturated (or nearly-saturated)

soil, as well as the unsaturated hydraulic conductivities in this region,

is the Darcian analysis of in situ tensiometric measurements during steady

state infiltration and subsequent drainage, by using soil-water character

istics to calculate water fluxes (Richards, Gardner, and Ogata 1956; Ogata

and Richards 1957; Nielsen et al. 1964; Rose, Stern and Drummond 1965; van

Bavel, Stirk, and Brust 1968). The soil-water characteristics can be ob

tained by periodic measurement of soil-water content during the drainage

phase by soil sampling, neutron meter or gamma-ray attenuation techniques.

The water characteristics are more cpmmonly measured in the laboratory on

undisturbed soil cores. These methods of measuring the soil hydraulic prop

erties are time consuming and tedious. Simplified time-saving approaches

for obtaining one or both of the soil-water properties (Nielsen, Bigger, and

Erh 1973), although somewhat approximate, will encourage their use for

large-scale field application.

The objective of this study was to investigate the possibility of de

termining the hydraulic conductivity as well as the soil-water characteris

tics from minimum field measurements, by assuming that these functions can

be represented by some simplified forms whose parameters can be estimated

from less data. Earlier work with this general approach applied to a soil

core wetting process (Ahuja 1975) provided encouragement for this study.

The minimum field data considered necessary were the field-saturated hydrau-.
lic conductivities of the soil profile during infiltration, and numerous

tensiometric readings and one soil moisture sampling during the subsequent

NOTE: The first section in Part I is the basis for an article by Ahuja,
Green, Chong, and Nielsen (1980).
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drainage.

Theory and Method of Computation

The theory of the method involves taking the hydraulic conductivity

and the soil-water content as functions of the soil-water suction (negative

of soil-water matric potential). These two functions are assumed to be de

scribed by the following piecemeal simplified forms over two subranges of

the tensiometric soil-water suction range for a given depth interval:

K(T) = (J T-nl1
e(T) = a1 - b1T

and

K(T) -nz
= (JzT

e(T) = az - bz 1nT

( 1)

(2)

where K(T) is the hydraulic conductivity function, e(T) is the soil-water

content function, and (Jl, (Jz, n1, nz, a1, az, b 1, b z , and T1 are constants.

The function forms for K(T) suggested above are the types proposed and used

by several other investigators for suctions greater than the air-entry value

(Wind 1955; Brooks and Corey 1964; Brutsaert 1967). The T 1 in equations (1)

and (2) is used in the same sense as the air-entry value, but may not be

equal to it. The K(T) form of (1) allows K to be constant for T <T 1 • The

e(T) function form of (2) has also been used before for suctions greater

than the air-entry value (McQueen and Miller 1974). In the wet range of

T <T 1, we found a linear e(T) function of (1) to be better and moregener

ally applicable than the constant e assumption often used. The function

provides for the latter as a special case. Substitution of the above func

tional forms into the Richards equation of unsaturated flow during the pro

cess of drainage from the soil results in

-b1 ;t ~21 Tdz

;b L 121 lnT- z at 0

(3)

(4)

where t is the time variable, 2 is the soil-depth variable, and 2 1 is the

soil depth considered. Rearranging these equations results in the follow

ing:

(5)



(a JZI ) (aT ) _C2 -n2at oInT dz I az + 1 - 'lJ'; T ,T >T 1 •
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(6)

The left-hand sides of these equations have terms that can be calculated

from the field tensiometric data taken for the soil profile. By plotting

the left-hand side of each equation against T on a log-log plot, we can de

termine the limits of the subranges over which equations (5) and (6) hold

adequately (and, hence, the T I ) and then the values of nI, n2, ci/bI, and

c zlb 2 • The constant c I ' of equation (1), is the saturated K determined in

the field during steady-state infiltration prior to drainage. If the steady

state K is not the nearly saturated value, a proper c i can be derived from

that value and the c 2 obtained by invoking continuity of K(T) at T I • Thus,

the constants b i and b 2 will also be available. With b 2 known, the constant

a2 of equation (2) can be determined from one field sampling of soil mois

ture content, corresponding to a recorded tension and al obtained by invok

ing continuity at T I •

The method described above determines the K(T) for a certain soil depth

zI' but e(T) for a depth interval a to ZI. The method requires that the

soil depth interval from a to ZI be more or less uniform in e(T). Experi

ence of working with the method has, however, indicated that for a layered

soil one may assume that an average e(T) applicable to a layered soil pro

file exists during the drainage process. The method is first applied to the

top soil layer, say a to ZI, and e(T) for this layer determined. Then by

applying the method to the first two soil layers, say a to z2' an average

e(T) for the two layers will be found. From the two e(T) determinations and

the known soil-water suctions in the two layers at different times, e(T) for

the second layer can be estimated. However, for practical purposes of pre

dicting drainage and water storage in the profile, an average e(T) function

may be adequate, or even an attractive feature, inasmuch as the prediction

calculations are simplified.

Experimental and Testing Procedure

The method described above was tested on field data for five soils: the

three Hawai'i Oxisols (Lahaina, Molokai, and Wahiawa), a Hawai'i type Dystrandept

(Tantalus), and one California soil, a Typic Torriorthents (Panoche series).

Field data from previous studies were available for the Tantalus soil

(Ahuja, El-Swaify, and Rahman 1976) and Panoche (Nielsen, Biggar, and Erh
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1973). For Hawai'i soils, the data were obtained by a double-ring infil

trometer with multiple-depth tensiometers (Ahuja, El-Swaify, and Rahman

1976). The diameters of the inner ring were 30 cm and the outer ring,

120 cm. Field-saturated hydraulic conductivities were determined from the

steady ponded-water infiltration rates and from tensiometer readings at the

vertical axis of the axisymmetric flow system. During the subsequent drain

age, transient readings for different depths at the vertical axis as well

as at a location in the middle of the buffer area were periodically recorded

for 10 to 25 days. For two of the four soils, soil moisture samples repre

senting 0 to 30 cm and 30 to 60 cm depths were taken in the buffer area at

three to four different times as the soil drained. Only one of the soil

moisture samplings is needed for the simplified method being investigated;

the additional measurements are used here for testing the results. Undis

turbed soil cores, 10 cm in diameter and 7.5 cm long, were taken for com

parison purposes from three or more depths in all the soils to determine

suction-water content relations in the laboratory. Hanging water columns

and air pressure were combined to determine these relations between 10 and

1000 cm water suctions. Values for less than 10-cm suction were linearly

obtained by back-extrapolations from 10- and 25-cm values. These water

characteristics were then utilized in the more rigorous Darcian analysis of

the drainage tensiometric data (Nielsen, Biggar, and :Erh 1973) to obtain

unsaturated hydraulic conductivities for comparisons. The latter were also

obtained by using the field soil moisture samplings in two of the soils.

For computing hydraulic gradients, integrals,and time derivatives of equa

tions (5) and (6) from field tension-depth-time data--as well as for the

more detailed Darcian analysis, the least-squares cubic spline fittings

(de Boor and Rice 1968) were employed. For the California soil (Panoche

clay loam), the data for plot 1 of Nielsen, Biggar, and Erh (1973) were

utilized.

Results and Discussion

Experimental results of plotting the left-hand sides of equations (5)

and (6), respectively, versus the soil-water suction L1 for Lahaina soil to

30-cm depth, 21 are presented in Figure 2. The straight line segments in

the plots are least-squares fits to the data subranges over which equations

(5) and (6), respectively, seem to be applicable. The slope of these lines
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give nl = 0.415 and n2 = 3.54,

respectively, with the intercepts

cl/b l = 23.49 and c2/b2 = 1.04 X

10 5
• The value of Tl indicated

by the plots is 50 em of water.

The constant Cl, taken as

the field-saturated hydraulic

conductivity at the 30-cm depth

determined during the ponded

water infiltration, was found to

be 0.042 em/min. Using this Cl,

with nl, n2, and Tl determined

above, the unsaturated hydraulic

conductivity (K) calculated as a

function of soil-water suction

(T) is presented as straight line

segments on a logarithmic plot

(Fig. 3). The figure also shows

K(T) values calculated from the

more detailed, and well estab

lished, Darcian analysis of the

drainage tensiometric data, using

the BCT) function measured on

soil cores or using the field

soil moisture samplings. The

three sets of K(T) function agree

very well in this case.

300

•

•
•

•

••
•

(eq. [5] )
/T

1•

°
o

0°
o

/(eq. [6))

o

o

Plots of eqq. (5) and (6)
showing subranges of their
respective appl icabil ity
for Lahaina soil

10 100

SOIL-WATER SUCTION, T (em)

LHS = Left-hand side.
Straight lines are least-squares
fits to the data for the-subranges.

o

LAHAINA SOIL
30-em depth

NOTE:
NOTE:

10'

Figure 2.

~

~

10 -~

0-
Q)

Vl
:I:
-'

The constant c 2 of equation

(2) obtained by invoking conti

nuity of K(T) at Tl = 50 cm is 8716.6; the constantsb l and b 2 are respec

tively 1.79 x 10- 3 and 0.8363. With this b2 and a measured field moisture

content in the 0 to 30 cm soil layer of 0.375, corresponding to an average

suction of 90.5 cm (at 1548 min after the start of drainage), the constant

a2 of equation (2) is 0.7518. The soil-water characteristic BCT) computed

from these parameters represents an average functiQn for the surface soil

(Fig. 4). The BCT) determined by three additional field moisture samplings
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10. 1r-------~------r-----___,

LAHAINA SOIL
30-em depth
o Soi I-core, a(L)
+ Field, a(L)

Steady-State
............ Conduetivity

10.5 ,-,------10'---------:,0...,.0---~500

SOIL-WATER SUCTION, L (em)

Figure 3. Hydraulic conductivity as
function of soil~water suc
tion of Lahaina soil deter
mined by detailed Darcian
analysis and simpl ified
method
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and by the soil-core method

(for two different soil depths

within the 0- to 30-cm layer)

are given for comparisons.

The core values shown are the

average of two replicates,

with a maximum difference in

a values of any two cores of

0.045 cm 3 /cm 3 • While the

agreement between the simpli

fied method and the three

additional field-measured

values is fairly good, the

difference between the field

and core data is noteworthy.

This difference cannot be ex

plained, except as a possible

result of air entrapment dur

ing infiltration under field

conditions. It is interesting

that this difference in soil

core a(T) and field e(T) did

not change the K(T) values de

termined by using these func-

tions in the analysis (Fig. 3).

This is probably due to the two aCT) functions being approximately parallel,

which then gives about the same amount of water draining for flux calcula

tions between any two suctions. The hydraulic conductivities expressed as

a function of a will be different for the two aCT) functions.

Plots of equations (5) and (6), the K(T) functions, and the aCT) func

tions of the above Lahaina soil down to the 60-cm depth are respectively

presented in Figures 5, 6, and 7. The results for K(T) in Figure 6 indicate

a disagreement between the simplified method and the detailed analysis using

soil-core aCT) at suctions less than 20 cm, even though the slope of the two

K(T) plots is about the same. The difference does not seem to be the result

of simplifying assumptions involved in equations (1) and (2) or of the re-
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quirement that an average eCT) applicable to soil between the 0- and 60-cm

depths exists for the drainage process. The discrepancy appears more likely

due to one or a combination of the following.

1. An error occurs in measuring the steady-state hydraulic conduc

tivity during ponded-water infiltration when a multiple-depth

tensiometer in the center of a double-ring infiltrometer is used.

The error could be caused by the channeling of water along the

tensiometer walls, which may affect the measured hydraulic gra

dients. However, the horizontal gradients at 60 cm measured

between the inner ring and the middle of the buffer zone were

practically negligible; thus, no lateral flow was suspected.

2. An error occurred in determining K(T) by the detailed method in

the very wet region (suctions <20-cm water) due to the errors in

the e(T) values for this region used in the analysis. The e(T)

in the very wet region may be unstable or not unique due to the

dynamic nature of air entrapment. The e(T) measured on soil

cores in the very wet region may not represent the field situa

tion.

3. The wet region is basically very difficult to characterize, and

our linear back-extrapolation for obtaining aCT) for suctions

less than 10 cm may not be good enough in all cases.

4. The process of calculating water fluxes from time derivatives of

soil water-storage integrals involves very steep slopes in the

latter at small times (small suctions). An error is bound to

occur and can be appreciable in determining slopes in this region

by any method of fitting. The 0- to 60-cm average eCT) obtained

by the simplified method (Fig. 7) agrees quite well with addi

tional field samplings. The field sampling values of a(T) in

this case are closer to the soil-core values than in the case of

the 0- t030-cm depth range in Figure 4.

The results of K(T) and e(T) calculations for Molokai soil, depth 21 =
30 em, are respectively presen~ed in Figures 8 and 9. While the K(T) of

the simplified method is fairly close to that of the detailed method, the

e(T) evaluation is very poor. The data for Z1 = 60 cm (Figs. 10, 11) indi

cate a better e(T) evaluation, but a discrepancy between K(T) of the simpli

fied method and that of the detailed analysis using soil-core e(T) at low
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suctions, as in the case of the 60-cm functions of Lahaina soil described

above.

For Wahiawa soils, the analysis was extended to soil depths of 90 and

120 cm. The results for all four depths are presented in Figures 12 to 19.

No field soil samples were taken during the process of drainage; therefore,

for estimating the constant a2 of equation (2) by the simplified method, an

appropriate average soil-water content corresponding to 100-cm suction from

soil-core data was utilized. For the 30-cm position, the hydraulic conduc

tivity values at suctions less than 10 cm determined by the detailed analy

sis are higher than the steady-state conductivity, causing a discrepancy

between them and the estimated simplified function in that region. For the

60-, 90- and l20-cm positions, quite the opposite is observed: the K(T)

values at low suctions determined by the detailed analysis are smaller than

those estimated by the simplified method. Possible reasons for these dis

crepancies are given earlier in the case of Lahaina soil. When the 10-cm

suction is exceeded there is fairly good agreement between the two methods.

The e(T) estimation by the simplified method is not satisfactory for the

30-cm position, but improves as the depth Zl increases.

The analysis results for Tantalus soil are presented in Figures 20 and

21 for depth Zl = 30 cm. The tensiometric data, the detailed-analysis K(T) ,

and the soil-core e(T) data were from an earlier study (Ahuja and El-Swaify

1975). The plot of equation (6) described the experimental data in the com

plete range. The estimation" of K(T) by the simplified method, shown in

Figure 20, agrees with that by the detailed analysis for suctions between

5 and 70 cm. For suctions less than 5 cm, the K(T) by the latter method

was not determined in the earlier work (Ahuja and El-Swaify 1975). The

determination of e(T) (Fig. 21) with the constant a2 of equation (2) ob

tained by matching at average 0 to 30 cm water content for 100-cm suction

of soil cores (since no field soil moisture samplings during the drainage

were conducted), agrees well with the soil-core data. The results for the

depth Zl = 60 cm of this soil (Figs. 22, 23) are similar to the above for

the 30-cm depth.

The simplified analysis of the field tensiometric data of Nielsen,

Biggar, and Erh (1973) for Panoche soil, plot 1, is presented in Figures 24

to 27. The plot of equation (6) for depth Zl = 30 cm (not presented here)

indicated that while this equation described the points for suctions greater
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Figure 18. Hydraulic conductivity as function of soil-water
suction of Wahiawa soil determined by detailed
analysis and simplified method
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than 30 em, a lack Qf data points between 1.7 and 30 em suction values pre

vented the detennination of Tlin the normal way. The Tl was approximated

by back-extrapolation of the least-squares line through points for 30 em and

higher suctions to the suction value where the ordinate value was equal to

that of the data point at 1.7~cm suction. In spite of this somewhat ~rude

approximation, the XCT} obtained by the simplified method CFig. 24), agre.es

quite well with the detailed analysis values. This is also true. of the aCT)

determination for O-to 30 em CFig. 25). The simplified calculations for.

soil depth Zl = 60 em of Panoche soil (Figs. 26, 27) also show good results.

Conclusions and Discussion

The following conclusions are drawn from the results and discussion of

the preceding section.

1. The determination of the XCT) by the simplified method of equations

Cl) to (6), especially at very small suctions between 0 and 20 em of water,

is affected by errors in the determination of field-saturated hydraulic con

ductivi ty, '. which is required as an input parameter. the deviations between

the simplified method and the detailed Darcian analysis method in the very

wet region wiil mostly disappear if an unsaturated XCT) value obtained' from

the latter method were to be used as a parameter instead of th.e field

saturated conductivity. However, one should keep in mind that the calcula

tion of XCT) in the very wet region by the detailed method is also subject

to appreciable uncertainties and errors in measurement of aCT) of the field

conditions as well as in calculation of slopes in the steep regions of the

data involved. Overall, the mechanism of the simplified method for esti

mating XCT) seems to work fairly well. The field-saturated conductivity is

very important physically and its direct measurement is very desirable, in

spite of some problems.

2. The determination of XCT) by the simplified method does not require

prior knowledge of the soil's aCT) function, as is the case in the detailed

Darcian analysis method. This is an attractive and useful feature, espe

cially in view of the reason that the aCT) determined on soil cores may not

represent the actual field situation, as seen in Figures 4, 7, 9, and 11.

The simplified method XCT) would presumably be based on the actual field

situation.

3. The estimation of the constant b2 of the aCT) function of equation
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(2) seems to be somewhat more sensitive than that of the n2 of the KC'r)

function to scatter in the field and secondary data points, especially when

the n2 value is large (Figs. 8, 9, 12, 13). The procedure of obtaining b 2

from the ratio 02/b2 (eq. [6]) also makes it sensitive to the errors in the

02 estimate, which in turn depends upon the field-saturated conductivity 01.

Large inaccuracies in the e(T) obtained by the simplified method may be de

tected by comparing the estimated saturated value of e with that obtained

from the porosity (calculated from bulk density and particle density) along

with a reasonable estimate for percent field saturation of porosity. For

example, the Molokai soil had a bulk density of 1.09 g/cm 3 for 0 to 30 cm

depth range, its measured particle density was nearly 2.85, which gave

porosity = 0.618. Assuming field saturation of approximately 85% will give

field-saturated e = 0.525 cm 3/em3. Compared with this, the estimated e(T)

in Figure 9 is obviously quite a bit off. Of course, if two values of e(T)

are known both parameters b 2 and a2 of the function of equation (2) can be

directly determined. We did this for the Molokai soil case of 0 to 30 cm

(Fig. 9), using one field-sampled value and the approximate field-saturated

e calculated above. The e(T) thus obtained (Fig. 28) was closer to the

three additional field-sampled values of een. It should be noted that the

knowledge of the position of Tl = 11 and b 1 = 0 (eq. {I]) in the above case

from plots in Fig

ure 7 was utilized in

Figure 28. Soil-water characteristics of
Molokai soil determined by soil
cores, field sampling, and sim
plified method

--- --- Soil cores, I-g-cm depth + Field sompling, 0-30 em
_.- Soil cores, 19-28-cmdepth --8(T)ofeq,(2) bosedont"okno"nVOlues

0.20 50 100 150 200 250

SOIL-WATER SUCTION, T (em)

NOTE: See Fig. 9.

the process.

In spite of some

limitations, the e(T)

results for five dif

ferent soils indicate

that the estimations

are fairly good in

most cases. It is

interesting that an

average e(T) for the

soil profile (0 to

60 cm or deeper) can

be assumed for the

process of drainage.
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e(T) is obtained as a by-product of the measurements required for a simpli

fied K(T) determination, with one additional measurement for field-moisture

content, which could correspond to the physically important field capacity

point (about IOO-cm suction in Hawai'i soils).

HYDRAULtC CONDUCTIVITY AND D1FFUSlV1TY DETERMINED
FROM SO I L WATER-RED I STR IBUTI ON MEASUREMENTS l

A simplified field method for measuring hydraulic conductivity, K(e),

and diffusivity, D(e), was developed by Nielsen, Biggar; and Erh (1973) by

assuming a unit hydraulic gradient in the soil profile during the redistri

bution period. On the average, the results obtained by this simple field

method compared favorably with the detailed Darcian analysis. A limitation

of this simple method is that hydraulic conductivity and diffusivity are

determined only within the range of soil-water contents measured during

drainage of a field plot after wetting of the soil profile. Extension of

the method to provide a characterization of water conducting and water

storage properties of soils over a wider range of water contents requires

some modification. Additionally, for the tilled soils of immediate concern

to us, the possible errors introduced by the assumption of unit hydraulic

gradient need to be evaluated. The subsurface horizons of Oxisols are gen

erally denser and less permeable than the tilled surface horizon, a situation

which might be expected to result in a nonunit gradient during drainage. A

severe departure from unit gradient might invalidate the method for such soils.

Thus, we developed a procedure which would allow estimation of K(e) and

D(e) over a wider range of water contents than provided by the method of

Nielsen, Biggar, and Erh (1973) and determined the applicability of the sim

ple field method for some important irrigated Oxisols in Hawai'i.

Theory

The assumption of a unit hydraulic gradient for water distribution,

after steady infiltration in a uniform soil profile without evaporation, was

introduced by Black, Gardner, and Thurtell (1969). With this assumption., the

rate of change of soil-water content in the profile can be used to calculate

IThis section contains material from a paper by Chong, G;reen, and Ahuja
(1981) and from a Ph. D. dissertation by Chong (1979).
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hydraulic conductivity, K(8) , as shown by Nielsen, Biggar, and Erh (1973):

de
KL(8) = -Ldt ' (7)

where

L = soil depth under consideration, cm

KL(8) = hydraulic conductivity at depth L, cm/min

e = average soil water content in the soil
profile to depth L, cm 3 /cm3

t = time, min.

Furthermore, following Gardner (1970) and Nielsen, Biggar, and Erh

(1973), if we assume that an average soil water-characteristic curve holds

for the entire soil layer under consideration, along with the assumption of

unit gradient, then the diffusivity of the soil profile at depth L, can be

expressed as

where

DL(8) = _Ldh
dt

(8)

DL(8) = soil-water diffusivity at depth L, cm2 /min

h = soil water-pressure head at L, cm of water.

Extension of this simplified method to allow calculation of K andD at

water contents higher or lower than those measured during drainage requires

the development of mathematical expressions which describe adequat.ely 8 and

h vs. time during drainage. Following Richards, Gardner, and Ogata (1956)

and Gardner, Hillel, and Benjamini (1970), the water content in the soil pro

file during the postinfiltration redistribution process is assumed to dimin

ish with time in such a manner that

8 = atb (9)

where a and b are constants. The relationship of (9) is assumed to be

approximately applicable starting from 8 = field-saturated value 8s, even

though some discrepancy may occur near the point as, and the effect of this

assumption on the calculation of KL(8s ) will be tested. It is also assumed

that the soil water-pressure head during the redistribution period can be

similarly expressed as a power function of time, that is

h = mtn (10)

where m and n are constants. We assume that (10) is applicable starting from

h = air entry pressure, ha , which corresponds to the point 8s in (9).

Substituting equations (9) and (10) into (7) and (8) , respectively,
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equations (11) and (12) are obtained in which K and D are both expressed as

functions of t, where t = 0 corresponds to the initiation of drainage after

the soil profile has been thoroughly wetted, as follows:

b-lKL (t) = -L aht (11)

and
n-l

DLCt) = -L rrmt (12)

Furthermore, if we substitute equation (9) into (11) and (12), K and D

can be expressed in terms of e, such that

KL(8) = -Lba(l/b) 8[(b-l)/b]

DL(8) = _Lrrma-[(n-l)/b]e[(n-l)/b]

(13)

(14)

Thus, hydraulic conductivity and diffusivity of the soil profile at

depth L can be calculated with (13) and (14) for a wide range of soil-water

contents, if the constants a, b, m, and n can be determined. Similarly, K

and D can be expressed as functions of h instead of e when equation (10) is

substituted in (11) and 12). For example, hydraulic conductivity as a func

tion of soil water-pressure head is given by

KL(h) = -L ahm- [(b-l)/n] h[b-l)/n] (15)

The reliability of (9) and (10) for describing soil-water behavior in the

field is readily verified by experimental results. The accuracy of the

simplified method is tested by comparisons of conductivities calculated with

(15) and (13), with conductivities obtained .by the detailed Darcy analysis

of transient drainage data and by surface flux and gradient measurements

during steady infiltration.

Experimental Procedures

Field infiltration and redistribution data used for this analysis in

cluded those from Molokai and Lahaina soil sites used for the work reported

in the previous section of this report plus three additional Molokai soil

sites located at the Hawaiian Sugar Planters' Association (HSPA) Kunia Sub

station. Detailed soil descriptions are given in Part II. Infiltration

measurement procedures are described in the previous section.

After the water supply was cut off, zero time for redistribution cor

responded to the time when water in the inner ring had just disappeared from

the ground surface. The soil water-pressure heads during the redistribution



30

period were obtained from the multiple tensiometer readings. The soil-water

contents were gravimetrically obtained from soil samples obtained between

the inner and the outer rings; duplicate samples were taken to depth L at

each sampling time. The time period over which hand e were measured varied

for the different locations. The soil water-pressure head was measured at

increasing time intervals throughout the drainage period, from initially

every few minutes to daily near the end of the several days of measurement.

Soil-water content, on the other hand, was measured less frequently: seven

times over a 14-day period at the HSPA sites and only four or five times

over a 5- to 8-day period at the other sites. The earliest e measurement

varied between 1 hr (HSPA sites) and 24 hr (other sites).

Results and Discussion

EVALUATION OF EQUATIONS (9) AND (10). The power functions provided an

excellent description of the water redistribution data for all seven sites.

Results from the regression of (9) and (10) on experimental data for each

plot are tabulated in Table 2. The absolute value of the correlation co

efficient, r, between regressed and measured results for e vs. t exceeded

0.95 for all plots, and the standard deviation of the residual, se, is less

than 1% of soil-water content by volume. For h vs. t, the absolute value

of r is always larger than 0.98, and sh is less than 4.5 em of water in all

but one case. Thus, for the soils included in this study, equations (9) and

(10) are very good empirical equations describing changes of e and h with

time during postinfiltration redistribution of water in the soil profile.

The experimental water contents, from which the parameters in (9) were ob

tained, ranged from field saturation (about 50% water content) to 34% for

the HSPA sites, and from about 40 to 34% for the other sites. Pressure

values from which the parameters in (10) were obtained ranged from h =

-25 em to h = -250 em water.

The appropriateness of (9) has been demonstrated also by Libardi et al.

(1980) with an analysis of drainage data from six depths of the Panoche soil

profile at 20 sites (data of Nielsen, Biggar, and Erh [1973]). Although the

Panache soil (a California Entisol) and the Hawai'i Oxisols included in this

study are well drained, the California and Hawai'i soils differ considerably

in soil structure, bulk density, and related physical properties. For ex

ample, the bulk density in the Panoche profile decreased with depth from
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TABLE 2. WATER REDISTRIBUTION PARAMETERS (EQQ. [9], [10])
DETERMINED BY REGRESSION WITH EXPERIMENTAL DATA
FROM SEVEN SITES, O'AHU, HAWAIII

SOIL AND
SITE a

e = atb (eq. [9])
b r": m

h = mtn (eq. [10))
.0-

n r"

0.7058 -0.0797 -0.9871 0.0053
0.6110 -0.0601 -0.9944 0.0030

-5.8426 0.3718 -0.9996

-12.1452 0.2761 -0.9990

MOLOKAI

HSPA A

B

C

Op410E

W

SOIL

0.6079
0.6602

0.6071

-0.0595

-0.0633
-0.0611

-0.9949
-0.9928

-0.9913

0.0058

0.0073
0.0071

-8.5570
-1.1095
-4.8220

0.3259
0.5505
0.3807

-0.9986

-0.9903
-0.9967

2.77
14.50

4.36

1. 15

2.09

LAHAINA SOIL

OP221EO.5895 -0.0601

W 0.7132 -0.0769

-0.9874 0.0075

-0.9965 0.0028

-6.6110 0.3555 -0.990

-8.1103 -.3446 -0.9959
1. 75
2.94

*Correlation coefficient.
!Standard deviation of residual 8.
TStandard deviation of residual h.

1.47 g/cm 3 at the 30-em depth to 1.31 g/cm 3 at 180 cm (Nielsen, Biggar, and

Erh 1973), while the Oxisols in our study evidenced an increase in bulk den

sity with depth, from 1.00 g/cm 3 at the surface to 1.30 g/cm 3 at a depth of

52 cm. Thus, equation (9) appears to be applicable to a wide range of well

drained soils.

DETERMINATION OF 8 AT "FIELD SATURATION" AND CALCULATION OF K AND D.

Hydraulic conductivity and diffusivity of the soil profile can be calculated

either from equations (11) and (12) or from (13) and (14). No matter which

set of equations is used for calculating K and D, either the water content 8

or the appropriate t has to be determined for the condition of field satura

tion. Unfortunately, when t is equal to zero, K in (11) is undefined be

cause b always has a negative value. An arbitrary choice of a small value

of t to satisfy (11) near zero time was considered as unsatisfactory.
,

On the other hand, if (13) and (14) are used, 8 instead of t has to be

determined. At the fully saturated condition, e should be equal to the

total porosity of the soil. However, reports from numerous studies state

that even though a soil is submerged in water, the soil is not fully satu~
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rated due to air entrapment. For example, Jackson (1963) found that for

loam soils only 79 to 91% of total porosity was fillable'by water. In a

previous field study* at a site near our HSPA site, soil water contents were

measured by neutron probe at the time when the ponded water had just dis

appeared from the ground surface. The results showed saturation percentages

of 75 to. 86% with a median value of about 85%--a saturation percentage very

close to the average value obtained by Jackson. Thus, 85% of total porosity

is used as an estimate of the field-saturated, soil-water content in this

study.

Since in (13) and (14) field saturation can be thus determined, K(8)

and D(8) for any soil-water content of interest can be calculated by the

equations. For using equation (15), the air-entry pressure ha corresponding

to field saturation 8s can be obtained by solving (10) for the t value that

gives 8s when inserted in (9).

EVALUATION OF SIMPLIFIED METHOD. A comparison of estimated and mea

sured values is provided in Figure 29. The diagonal line represents a one

to-one correspondence between calculated and measured K values. Vertical

deviations from the diagonal line indicate the extent to which the simpli

fied method yielded conductivity values which approached the measured values.

Conductivity values calculated with equation (15), for OP221 and OP4l0,

range from about 5 x 10-5 cm/min (corresponding to a pressure head of about

-170 cm water) to about 3 x 10-2 cm/min (corresponding to a pressure head

of about -30 cm water). The detailed analysis was not accomplished for the

HSPA sites, so no K(h) comparisons were possible for these sites. Saturated

onductivities calculated with equation (13) for all seven sites are noted

by Ks in Figure 29, these values are compared with measured conductivities

obtained from surface flux and gradient measurements near the end of the

infiltration measurements.

The comparisons in Figure 29 indicate that the simplified method was

quite satisfactory for the soils included in this study despite the exis

tence of nonunit gradients in some cases. The reasonably good prediction

of conductivity at field saturation (Fig. 29) encourages the use of eq. (13)

for the entire water content range between field saturation and water con

tents corresponding to about h = -170 cm water.

*Green, Rao, and Balasubramanian (1972): unpublished data.
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10·' 10-3 10.2

MEASURED K (em/min)

t:::. HSPA A
8 HSPA B • HSPA C
G OP410 E • OP410W
o OP221W • OP221E
Ks :: Saturated hydraulic conductivity

Summary

Use of tensiometers in

this study allowed calcula

tion of D(8) and K(8) and

also the evaluation of the

simplified method by compari

son of results with measure

ments of conductivity ob

tained by the standard de

tailed analysis. For field

measurement of K(8), how

ever, tensiometers are not

needed as only equations (9)

and (13) are used.

Hydraulic conductivies cal
culated by simplified method
compared with measured con
ductivities at seven sites

Figure 29. A simplified method was

sought to calculate hydrau

lic conductivity K(8) and

diffusivity D(8) of the plow

layer of well-drained agricultural soils from in situ measurements of infi1

trationand redistribution. Simple equations for calculating K(8) and D(8)

were derived with the assumption of unit hydraulic gradient, following the

approach of Nielsen, Biggar, and Erh (1973); the derivation employed power

functions to describe the change of water content, 8, and pressure headh,

with time during the redistribution period. For well-drained soils the

resulting equations for K(8) and D(8) are expected to be applicable for the

8-range in which the power functions adequately represent redistribution

data. There was some uncertainty, however, as to the validity of the assump

tion of unit hydraulic gradient--especially for tilled surface soils with

less permeable B horizons--and the extent to which departures from unit

gradient would diminish the accuracy of the simplified method. Measured

transient pressure profiles dur~ng drainage showed that the total hydraulic

gradient varied from extremes of about 0.3 in the early stage of drainage

to 2.0 after several days; unit gradient was most frequently approached in

the intermediate stages of drainage. Thus, K(8) and D(e) values obtained
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with the simplified method should be most reliable at intermediate water

contents; this expectation was confirmed by comparison of Kcel values from

the simplified method with unsaturated K values measured by the detailed

Darcy method. The simplified method appears to provide a practical means of

characterizing K(e) and Dce) for the A horizon of well-drained soils, even

when the surface is tilled and the conductivity at high-water contents de

creases with depth. Such methods are needed to adequately characterize

large areas for which hydrologic models, which require K(e) and D(e) func

tions, are to be applied.

FIELD-MEASURED SORPTIVITY APPLICATION
FOR INFILTRATION PREDICTION

In watershed simulation, a major hindrance in predicting runoff from a

watershed is the uncertainty in characterizing infiltration. The difficulty

of predicting infiltration is mainly due to the variation of infiltration

related soil physical properties from site to site in the field. Thus, the

use of analytical or numerical solutions of the theoretical flow equation

for unsaturated conditions to describe water infiltration (Green, Hanks,

and Larson 1964) is unsatisfactory for watershed prediction because of the

difficulty of adequately characterizing the hydraulic conductivity-water

content, K(e), and pressure-water content, h(e), which are functions needed

for such calculations. These hydraulic properties are difficult and expen

sive to measure on field soils (Klute 1973) at even a few locations, let

alone at the large number of locations that would be required to adequately

characterize the spatial variability in K(e) and h(e) that is anticipated

in most watersheds.

To simplify the infiltration prediction problem, researchers have in

troduced a number of simple algebraic infiltration equations (Green. and

Ampt 1911; Kostiakov 1932, Horton 1940; Philip 1957; Holtan 1961; Talsma

and Parlange 1972; Collis-George 1977). These simple algebraic equations

are either physically based or empirical. To apply these equations, one

must first determine the equations parameters. Some of the physically based

IThis section is abstracted from a paper by Chong and Green (1979).
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parameters can be measured in the field, e.g., the saturated hydraulic con

ductivity, Kg, in the Green-Ampt equation, or the sorptivity, S, in the

Philip and the Talsma-Parlange equations. But most of the empirical equa

tion parameters are determined from a regression of the infiltration equa

tion on the experimental data. In general, the regressed parameters are

good only for the particular set of data from which they originated and can

not be used with confidence for other cases. This implies that most of the

simple algebraic equations are not adequate for infiltration prediction on

a range of soils for which both spatial and temporal variability will be

encountered.

In short, in watershed infiltration analysis, a reasonably accurate

prediction equation that can accommodate variability is needed. The method

of determining equation parameters should also be simple and relatively

inexpensive, and the parameters should be sufficiently sensitive t.o repre

sent significant variations in infiltration associated with soil differences

in a watershed.

The Talsma-Parlange equation, applicable for the case of immediate

ponding on the soil surface, is used to predict infiltration. The param

eters S and Kg in the equation were directly obtained in the field. The

nature of the statistical distribution of the measured sorptivities is

tested by the Kolmogorov-Smirnov method. Because sorptivity varies with

antecedent water content, 8n , a linear approximation of the S-8n relation

is assumed for infiltration prediction. The method was tested on the

Molokai (Typic Torrox) and Lahaina (Tropeptic Haplustox) soil series of the

Oxisols order at seven soil locations with 26 infiltration measurements. All

experimental sites are located on cultivated soils on the island of O'ahu,

Hawai'i.

Description of a Theory-Based Equation

Much attention has been given to the Philip two-term equation,

1
I = St~ + At ,

in which cumulative infiltration I, is related to time, t, by two param

eters, the sorptivity, S, and the coefficient A. Sorptivity is the single

most important quantity governing the early portion of infiltration (Philip
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1957); it varies for different soils as it depends on the structure and the

pore-size distribution of the soil, and is also influenced by antecedent

water content (Bouwer 1978). A problem in using Philip's equation is the

uncertainty in estimation of the parameter A (Youngs 1968; Swartzenruber

and Youngs 1974; Parlange 1975).

An infiltration equation which is similar to the Philip equation was

recently developed and tested in a series of studies by Talsma and Parlange

(1972) and Parlange (1971, 1975, 1977). This new equation will be subse

quently referred to as the Talsma-Parlange equation. Cumulative infiltra

tion is given by

K2 3
I = St-! + 1 K t + 1 --?- t?J.

3 s 9 S (16)

in which I is the cumulative infiltration (in m/s) corresponding to t(s) in

a soil having a sorptivity S (m/s-!), at a specified antecedent soil-water

content, and hydraulic conductivity Ks (m/s) at water saturation. The cor

responding infiltration rate, i, is given as

(17)

Equation (16) is the working equation for calculating cumulative infiltra

tion in this study. The similarity between equation (16) and the time ex

pansion solution by Philip (1957) is notable. Even though the Talsma

Parlange equation contains three terms, it requires only two parameters

which characterize the soil, the sorptivity, S, and the saturated hydraulic

conductivity, Ks .

Equations (16) and (17) thus are promising equations for practical in

filtration prediction. They are physically based, having physically mean

ingful parameters, S and Kg, which can be independently measured in the

field with relative ease. The equations appear to predict infiltration

with sufficient accuracy for moderate times in most practical cases (Talsma

and Parlange 1972). Equation (16) has two principal advantages over the

Philip two-term equation: (a) it avoids the need for K(8) and D(e), which

are required to calculate the parameter A in the Philip equation, and

(b) it appears to be more accurate for longer times than the Philip equa

tion.
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Procedures

At each experimental site the field measurements included cumulative

infiltration versus time and also independent measures of sorptivity within

a few meters of th.e infiltration site. Measured cumulative infiltration

data were used to assess the accuracy of infiltration predictions with equa

tion (16) and also provided the estimate of Kg needed for each site. All

sites were in sugarcane fields with tilled Ap horizons 0.30 to 0.40 m deep.

INFILTRATION MEASUREMENT AND ESTIMATION OF Kg. Infiltration measure

ments were conducted with a double-ring infiltrometer in a manner similar

to that described by Ahuja, EI-Swaify, and Rahman (1976), but with only a

0.02-m head maintained by controlling water flow to the inner and outer

rings. The rings were inserted 0.15 to 0.20 m into the soil. Cumulative

infiltration over time was measured in the 0.30 m diameter inner ring while

a buffer zone was provided by the 1.20 m outer ring. Initial wetting of

the profile was accomplished with an infiltration run on dry soil (dry-run),

after which the soil surface was covered and insulated to reduce evaporation

during a 3-day redistribution period. Subsequently, infiltration measure

ments were accomplished on the moist soil (wet-run). Measurements were con

tinued until an apparent steady intake rate was sustained for about 1 hr.

The total period of infiltration was generally 3 to 5 hr.

The apparent steady infiltration rate was used as an estimate of the

saturated conductivity, Kg. The rationale for this approximation is given

in the Results and Discussion section.

FIELD SORPTIVITY MEASUREMENT. At six of the seven soil locations, in

filtration sites were duplicated, and duplicate sorptivity measurements were

made near each infiltration measurement site. A more thorough evaluation of

sorptivity variation was conducted on the Molokai soil at the Hawaiian Sugar

Planters' Experiment Station at Kunia. Infiltration was measured at three

sites about 10 m apart. Each infiltration site was located in the center of

a 5.4-m x 5.4-m area (29.16 m2) which was divided into nine square subareas,

each having an area 1.8 m x 1.8 m (3.24 m2 ). A sorptivity measurement was

taken at the center of each of ~he eight squares surrounding the infiltra

tion rings.

Sorptivity was measured essentially as described by Talsma (1969). The

method is based on the assumption that, for the very early portion of infil

tration, the second term of the right-hand side of Philip's two-parameter
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equation can be neglected. Therefore, if one plots the early portion of

experimental cumulative infiltration versus the square root of the elapsed

time on normal scale paper, the sorptivity for the existing antecedent soil

conditions can be obtained from the slope of the curve. Since this method

is simple and rapid, many measurements can be made with limited funds and

labor for watershed characterization.

The site prepa.ration for sorptivity measurement was the same as that

for infiltration measurement: it involved leveling the soil surface, fol

lowed by shallow hoeing and final leveling. The single infiltrometer ring

(0.30-m diam) was inserted about 0.15 m into the soil. The soil was pre

wetted 4 to 5 days before sorptivity was measured. Just prior to the sorp

tivity measurement, a composite gravimetric antecedent soil-water sample was

obtained from the soil (to about 0.06 m deep) within the sorptivity ring

with a cork borer (0.015-m diam). After sampling, soil from outside the

ring was placed in the hole and compacted.

A porous, fibrous packing material was placed on a portion of the soil

surface to reduce disturbance of the soil when water was rapidly applied

into the ring at zero time. A known volume of water (0.0016 m3
) was then

ponded in the ring, giving an initial water depth of about 0.02 m. The sub

sequent drop in water level was read from a graduated capillary tubing which

was inclined at a 9.5 0 angle to the water surface, giving a six-fold ampli

fication in depth changes with time. The time corresponding to each water

level reading was recorded using a hand-carried digital electronic stop

watch. Normally, the measurement required two people; however, if a tape

recorder is used, one person can handle the entire operation.

The soil sample for bulk density and particle density was taken within

the sorptivity plot after completion of the measurement. The initial volu

metric soil water content for the sorptivity measurement was calculated from

the measured gravimetric water content and bulk density. The particle den

sity was determined by the pycnometer method described by Blake (1965).

APPROXIMATION OF SORPTIVITY-WATER CONTENT RELATION. A single, field

sorptivity measurement as described above results in a. single value of S at

a given antecedent soil water content, en. For other antecedent water con

tents, corresponding values of S must be obtained either by measurement or

by some method of estimation. Unstable soil, such as in a recently tilled

surface layer, tends to consolidate with repeated application of water;
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thus, measurements of sorptivity at different soil water contents within the

same infiltration ring can seldom be accomplished without confounding the

effects of soil structure and soil water content on sorptivity. It would be

desirable, therefore~ to estimate the entire Seen) relationship from a sin

gle field measurement. In a related study, Chong (1979) found that the

S(8n) relation was almost linear in several cases. This suggested approxi

mating Seen) by a linear function, i.e., by passing a straight line from

S = 0 at saturation through the S value measured in the field at the exist

ing antecedent water content. The sorptivity function derived in this way

can then be used to obtain an estimate of S at any antecedent water content

for the soil on which the sorptivity was measured, assuming that the pore

size distribution of the soil is essentially invariant with changes in water

content. A similar linear approximation was previously used by Chapman

(1970), who assumed that the sorptivity at a given water content was a func

tion of the soil-water deficit and the sorptivity at zero water content.

STATISTICAL ANALYSIS. To determine a representative value for a given

hydrological parameter in a large watershed, it is necessary to first deter

mine the form of the statistical distribution of the parameter. For ex

ample, if the parameter observations are normally distributed, an arith

metic mean is used. On the other hand, a geometric mean is suggested if

the parameter observations are from a log-normal population. In this study

we assumed that Ks was log-normally distributed; however, the distribution

of S data was tested as there are no published studies establishing the

nature of S distribution.

There are a number of equations which can be used for calculating the

empirical cumulative distribution function (Chow 1964; Haan 1977). In this

study, the Kolmogorov-Smirnov test was employed for a goodness-of-fit test,

and the California method was used to calculate the sample cumulative dis

tribution (Benjamin and Cornell 1970). Detailed procedures for the

Kolmogorov-Smirnov test are given by Lilliefors (1967). A 5% level of sig

nificance was used in our tests.

Results and Discussion

CALCULATION OF SORPTIVITY AND PREDICTION OF INFILTRATION. A method of

obtaining S versus en by linear approximation has been described and an ex

ample is shown in Figure 30. In this case, eight sorptivity measurements
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the dashed curve in Figure 30 (Chong

1979). The comparison suggests that the linear approximation can be expect

ed to yield values of S which are too large at low water contents and too

small at water contents above that of the measured S; however, the error in

S introduced by the approximation does not appear large relative to the

sorptivity measurement error.

In the calculation of infiltration, Ks in equation (16) is approximated

by the geometric mean value of field-measured "steady" flux, is, which is

essentially the field-measured "steady" infiltration rate. To obtain Ks =
is requires the assumption of unit hydraulic gradient with depth in the pro

file during the infiltration 'measurement. There are two reasons for using

the "steady" flux to approximate Ks . First, because a determination of the

true value of Ks requires a measurement of soil-water pressure during infil

tration with one or more tensiometers installed at each site, it is more

convenient and economical, especially in characterizing an entire watershed,

if tensiometers can be eliminated in the method. Second, the maximum dif

ference between Ks and is for our field measurements was about two-fold

(Chong 1979). The error thus contributed to the calculated cumulative in

filtration due to using is in place of Ks in the third term of the right

hand side of equation (16) is essentially zero (squaring of Ks reduces the

error). In the second term of the right-hand side of equation (16), the

error associated with the estimate of Ks is also relatively small, but de

pends more upon the magnitude of t. Using the HSPA A site as an example,

is and S values used to calculate I are respectively 3.133 x 10-6 mls and
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o

~ 0.6

1.356 X 10- 3 mls If is calculated

using Ks = is, I = 0.0853 m of water

when t = 3600 s, and if Ks = 2is , I =
0.0896 m. Therefore, the difference

between the two computed results is

about 5%, which constitutes a reason

able small error for a field method.

Figure 31 shows a comparison of

calculated (eq. [16]) and measured

cumulative infiltration for elapsed

times of 300 s to the time, t, when

the wetting front is estimated to have

reached the B horizon of the profile.

The horizontal distance of a data

point from the diagonal line is an

indication of the absolute error in

calculated cumulative infiltration for

r = 0.93
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Figure 31. Comparison of cumula
tive infiltration
calculated by Talsma
Parlange equation and
measured in the field

a field site. Cumulative infiltration

results predicted by equation (16) are generally good, although a few predic

tions exhibit considerable error. The relative error in each calculated

value can be obtained by dividing the absolute difference between calculated

and measured values for each site by the measured value; expressed as percen

tages, the relative errors ranged from 4.7 to 175% with a median of 19% and

mean of 37%. The three lowest measured cumulative infiltration values had

much higher perGentage errors than all other values (130, 141, 176%); there

fore, if these three sites are omitted the mean error is 23%. The calculated

and measured values are reasonably well correlated (r = 0.93).

While the prediction method examined in the present paper may sacrifice

accuracy in relation to more detailed methods, it is extremely simple, re

quiring only two parameters which are easily measured in the field. The

steady state infiltration measurement, which is used to estimate the satu

rated hydraulic conductivity, is more difficult to measure than sorptivity,
,

and thus would not be characterized at as many sites in a watershed as the

sorptivity. In most field situations, infiltration rates for storms of rela

tively short duration «3 600 s) will be mroe sensitive to variations in S

than to variations in Ks, so that the greater ease of measuring S is advan-
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tageous. A single soxptivity measur.ement, including site preparation on

tilled soils, takes less than 1 800 s. The method should allow in{iltration

prediction at a greater number of sites in a watershed and thus provide a

means of characterizing spatial variability of infiltration ..

Summary and Conclusion

The sorptivity of cultivated surface soils was measured using Talsma's

method. The statistical distribution of field~measured sorptivity in a

large area was found to be log-normal by the Kolmogorov-Smirnov test. A

linear relation between S and a was assumed to predict infiltration, and

was obtained from the geometric mean of the field-measured sorptivity and

the sorptivity at saturation (assumed to be zero). The infiltration equa

tion of Talsma and Parlange, which requires only the SCan) relation and

saturated hydraulic conductivity, was used to predict infiltration.

The method was tested on two soil series at seven soil locations, for

a total of 26 infiltration measurements, including both "dry" and "wet"

antecedent conditions. Predictions of cumulative infiltration by this

method were reasonably good, considering the simplicity of the method. The

method proposed here should provide a practical means of predicting infil

tration in field soils, but will require testing on other soils to determine

the appropriateness of the linear approximation of SCan)'
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II. HYDROLOGIC PROPERTIES OF THREE OXISOLS
OF THE WAHIAWA PLATEAU, O'AHU, HAWAII I

FIELD-MEASURED PROPERTIES AND RELATED DERIVED FUNCTIONS

Several operations were performed over a period of several days at each

of the field sites shown on the map in Figure 1. The approximate sequence

of operations was as follows:

Day

1

1

1

1 or 2

2

2

3

5

5

5

5 to
10-12

10-12

Sequence of Operations

Preparation of soil surface for two or more replicate
measurements of infiltration

Installation of infiltration rings and final leveling
of soil surface within rings

Preparation of soil surface and installation of sorp
tivity rings near each infiltration ring

Sampling of soil for determination of antecedent water
content at infiltration and sorptivity measurement
sites

Measurement of water infiltration at existing antece
dent soil water content, the dry run

Measurement of sorptivity near infiltration sites for
dry antecedent conditions while infiltration measure
ments were proceeding

Installation of multiple tensiometers in inner and
outer rings of each infiltrometer 1 day after first
infiltration measurements

Sampling of soil for antecedent water content at infil
tration and sorptivity sites 3 days after initial in
filtration measurements

Measurement of infiltration for wet antecedent condi
tion and simultaneous monitoring of soil water pressure
at various depths over time

Measurement of sorptivity with wet antecedent condi
tion

Measurements of soil water content and soil water pres
sure at increasing time intervals throughout 5 to 7 day
water redistribution period

Removal of infiltrometer, tensiometers, and sorptivity
rings from site,; sampling of soil cores from three
depths at each site

Description of soil profile at each infiltration site,
using pits dug during core sampling.



44

In Part II, the methods used are either described herein or referenced

in the literature, and measured or derived values of various hydrologic

properties of soils are presented with only cursory discussion of the data.

Cumulative Infiltration and Infiltration Rate

MATERIALS AND METHODS. The determination of infiltration rate with

elapsed time was not required to meet the objectives of this study; only

the steady infiltration rate was needed. An extension of this study, how

ever, involved the prediction of infiltration rates over time by various

methods, and the data obtained in the experiments reported here provided a

means of evaluating predictions of infiltration for various sites.

Infiltration with time was measured for the ponded case, with a con

stant head being maintained in the inner and outer rings of a double-ring

infiltrometer by control of water flow into each ring. The inner and outer

ring diameters were respectively 30 em and 120 cm. The head was maintained

at 2 ± 0.2 cm (approximately) on most measurement sites by manually adjust

ing the inlet valve from the reservoir. Steel pins, 0.3 cm in diameter and

25 cm long, were vertically inserted into the soil prior to application of

water, with only the top 2 cm extending above the leveled soil surface.

Such pins in both the inner- and outer-ring areas provided a reference for

maintenance of a constant head of water. Only on site W3 was water ponded

to a depth of 7 cm, with the inflow being controlled by float valves. The

experimental setup at site W3 was essentially that described by Ahuja,

El-Swaif~ and Rahman (1976), with 30 cm diameter tanks supplying water to

the rings. At the other sites, 15.2 cm diameter reservoirs supplied water

to the inner ring, providing improved sensitivity in the measurement of

water intake by soil in the inner ring. A glass sight tube attached to the

side of the reservoir and connected to the inside of the reservoir at the

bottom provided a means of measuring the level of the water surface in the

reservoir at different times. Water was supplied to the outer rings from

0.2l-m3 (55-gal) drums; the large diameter of the drums was satisfactory in

that accurate measurements of infiltration were not required in the outer

buffer ring. Water level readings in the supply reservoir were taken every

one to two minutes for the first 10 min if the water intake was sufficiently

rapid to warrant such frequent readings. When infiltration approached a

steady rate the time interval between readings was about 30 min. During the
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early period of infiltration, measurements required one person to read water

levels on both reservoirs and another person to read the elapsed time on an

electronic stopwatch and to record the data. The total period of infiltra~

tion measurement was usually two to four hours, depending on the time re

quired for approximate steady infiltration to be achieved.

Infiltration was measured for both dry ~nd wet antecedent conditions,

the dry condition being the soil water content profile existing in the field

when the infiltration rings were first installed, and the wet condition

being the water content profile about three days following the dry run.

A computer program was developed to calculate cumulative infiltration,

I, at each measurement time, t, for both inner and outer rings to provide

measured I(t) curves. Another program accomplished least-squares analysis

on each set of measured data to determine the best-fit equation for each

set. The steady infiltration rate was graphically determined from the slope

of the linear portion of the measured I(t) curve.

RESULTS. Cumulative infiltration data for the inner ring were fit with

the five equations shown at the bottom of Table 3. The equation having the

best fit (lowest residual sum of squares) for each set of data was used to

represent the measured data; the selected equation number and the appropri

ate coefficients are given in Table 3. The cubic polynomial and power func

tion equations gave the best results. The total time of infiltration, time

to approximate steady infiltration, and cumulative infiltration at one hour

elapsed time (wet run only) are also shown in Table 3. About one to three

hours were required to achieve steady infiltration on all three soils. The

cumulative infiltration in one hour was highly variable for the Lahaina

soil. It is of interest to note that the L3-l and L3-2 sites, which had the

lowest cumulative infiltration for the Lahaina locations, were located in an

area mapped Lahaina in the soil survey, but classified Mo1okai in this study

(see App. A, L3 site). Thus, the lower infiltration rates for the L3 sites

are consistent with the actual classification of this soil location as Mo1o

kai, since the Mo1okai 11 hr values were generally lower than those for the

Ll and L2 locations of the Lahaina soil.

Steady infiltration infiltration rates for the dry and wet antecedent

conditions at each site are given in Table 4. The ratios of steady rates

for the dry and wet runs range from 0.9 to 9.2, with the mean ratio for the

Lahaina, Mo1okai and Wahiawa soils being respectively 2.1, 2.0, and 3.5.
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TABLE 3. COEFFICIENTS OF BEST-FIT EQUATIONS FOR MEASURED CUMULATIVE-
INFILTRATION VS. TIME, AND INFILTRATION DATA

DRY EQ.. COEFFICIENTSt
TOTAL TIME TO

OR OF INFll- APPROX. '/'SITE WET BEST TRATION STEADY II hr

RUN FIT* B( 1) B(2) B(3) B(4) TIME INFIL-
(hr) TRATION (em)

L1-1 D 3 0.731 31.23 -3.553 0.610 2.67 1. 12
W 3 -0.013 13.44 -1.038 0.125 4.33 1.58 12.54

L1-2 D 3 0.849 53.52 -8.112 1.106 3.00 1. 73
W 3 1.339 23.76 -2.126 0.288 3.03 1.42 23.26

l2-1 D 4 17.62 0.743 4.25 3.51
W 3 0.372 10 .. 83 -2.274 0.368 3.17 1.53 9.30

L2-2 D 3 0.525 15.22 -3.617 0.477 3.83 2.06
W 3 0.443 8.213 -2.021 0.275 3.75 2.00 6.91

L3-1 D 3 0.965 5.549 -0.767 0.081 4.17 2.37
W 3 -0.255 2.358 -0.176 0.015 6.25 2.64 2.45

l3-2 0 4 5.803 0.485 3.50 3.19
W 3 -0.113 1.419 -0.178 0.017 4.75 2.54 1.37

Hl-l D 4 12.08 0.5'18 4.75 4.28
W 3 0.652 6.246 -1.052 0.101 5.50 2.83 5.95

H1-2 D 4 7.187 0.419 2.33 2.15
W 3 -0.155 2.382 -0.711 0.121 2.33 1.60 1.64

H2-1 D 4 11.23 0.496 4.00 3.63
W 4 4.458 0.386 3.75 3.45 4.84

H2-2 D 3 1.164 10.16 -1. 454 0.225 3.83 1.43
W 3 0.997 3.887 -0.582 0.071 4.58 1.99 4.37

H3-1 D 3 0.517 14.35 -2.264 0.245 4.25 2.36
W 3 0.218 7.504 -1.252 0.128 5.08 2.60 6.60

H3-2 D 3 0.551 19.85 -4.325 0.440 4.58 2.81
W 3 0.231 10.52 -2.746 0.471 1.83 1.51 8.48

H4-1 D 4 10.26 0.685 4.52 3.52
W 3 1.387 6.386 -1.641 0.208 4.80 0.87 6.34

H4-2 D 4 5.069 0.550 3.98 3.04
W 3 1.050 3.182 -0.756 0.085 5.20 1. 18 3.56

H4-3 D 3 0.254 3.312 -1.110 0.180 3.42 1.09
W 3 1. 143 6.878 -2.937 0.388 4.40 0.92 5.47

Wl-l D 3 1.857 2.676 -4.939 0.546 3.95 2.41
W 3 1.056 6.403 -0.728 0.060 5.72 3.03 6.79

W1-2 D 3 1.752 26.94 -4.876 0.824 2.75 1.38
W 4 4.681 0.604 3.33 2.95 5.28

W2-1 D 4 35.53 0.530 0.50 0.45
W 3 3.166 16.91 -6.431 1:426 3.00 1.21 15.07

W2-2 0 3 1.574 122.1 -199.4 153.0 0.68 0.36
W 4 16.27 0.27 1.92 1. 74 16.72

W3-1 D 3 4.621 3.776 -0.362 0.027 8.42 3.37
W 3 1.423 4.110 -0.398 0.029 8.08 3.47 5.16

W3-2 D 3 3.843 15.05 -4.290 0.714 3.50 1.61
W 3 4.281 3.914 -0.293 0.024 7.50 2.64 7.93
W 3 3.394 5.044 -0.573 0.036 10.00 4.41 7.90
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TABLE 3.-Continued

DRY EQ. COEFFICIENTSt TOTAL TIME TO
OR OF INFll- APPROX. 4-

SITE WET BEST TRATION STEADY II hrT

RUN FIT* B( 1) B(2) B(3) B(4) TIME INFll-
(hr) TRATION (em)

W3-3 D 3 1.229 19.59 -3.682 0.590 2.92 1.47
W 3 3.504 5.687 -1.470 0.331 2.92 1.06 8.05
W '+ 8.310 0.516 2.67 2.41 8.83

W3-'+ D '+ 10.03 0.300 4.00 3.74
W 4 10.01 0.274 3.50 3.28 10.28

*Eq. 1: 1 = B(l) + [B(2)]t Eq. 4: I = [B(l)]dB(2)]
Eq. 2: I = B(l) + [B(2»)t + [B(3)]t 2

Eq. 5: I = [B(1))e[B(2) It
Eq. 3: I = B(l) + [B(2)]t + [B(3»)t 2 + [B(4»)t 3

tFor I expressed in cm and t in hr.
TCumulative infiltration in 1 hr (wet run), where I = cumulative infil trat ion, em

t = time, hr.

TABLE 4. STEADY INFILTRATION RATES FOR DRY AND
WET ANTECEDENT CONDITIONS

SOIL STEADY INF ILTRATI ON DRY:WET
SERIES SITE RATE (cm/hr) RATIODry Wet

Lahaina Ll-1 30.8 10.9 2.8
Ll-2 33.9 18.6 1.8

L2-1 10.0 6.3 1.6
L2-2 6.7 3.5 1.9

L3-1 3.5 1.6 2.2
L3-2 1.8 0.8 2.2

Molokai Ml-1 3.6 2.8 1.3
Ml-2 2.7 1.1 2.4

M2-1 3.9 1.5 2.6
M2-2 6.8 2.4 2.8

M3-1 7.0 3.5 2.0
M3-2 6.2 5;4 1.1

M4-1 5.3 2.6 2.0
M4-2 2. 1 1.2 1.8
M4-3 1.2 0.6 2.0

Wahiawa Wl-1 12.5 3.5 3.6
Wl-2 17.5 1.9 9.2

W2-1 30.0 8.3 3.6
W2-2 38.5 8.5 4.5

W3-1 2.3 2.5 0.9
W3-2 7.3 2.8 2.6
W3-3 12.2 4.0 3.0
W3-4 2.0 2.2 0.9
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It is likely that the consistently lower steady rate for the wet antecedent

condition is due to soil settling following the initial infiltration and

subsequent drainage of the tilled soil.

The results of statistical analyses of infiltration data are presented

on pages 58 to 66.

Hydraulic Conductivity of Unsaturated Soil

This section describes the method and results of determining the in

situ unsaturated hydraulic conductivity, K(8) or K(h), of the field sites

by the rigorous detailed analysis of h(z, t) data taken during the post

infiltration drainage process. These results were used to evaluate the

simplified methods described in Part I.

MATERIALS AND METHODS. The basis for determining the K(8) or K(h) was

the integrated form of the Richards equation of unsaturated flow, similar

to equations (3) or (4):

a 1z1
(ah)- 8 dz = -K - - + 1 .at 0 az z = z 1

The soil water pressure gradient, ah/az, at any given time, t, and position,

ZI' was computed from the measured tensiometric data with depth and time.

A least-squares cubic spline was fitted to the suction-depth data for a

given time to interpolate between the measured depths and to obtain slopes.

The number and position of knots in the cubic spline were adjusted to obtain

a smooth curve and to avoid getting the hydraulic gradients, -ah/az + 1,

that were negative at some points because of local fluctuations in the shape

of the curve. In some cases, the random scatter in the experimental data

was such that it was difficult to get a good fit to the data and also avoid

all the local fluctuations.

The soil-water contents, 8(z, t), required for computing the left-hand

side term in the above equation were obtained from the fitted h(z, t) data

by using the soil water retention functions 8(h, z) measured on undisturbed

soil cores in the laboratory. The. 8(z) at any given time was calculated at

a z interval of 5 em, and the integral 1z1 8dz was determined by the trape-
o z

zoidal rule. zFor determining the slope a~ fa 1 8 dz, a cubic spline fit to

the data of f 1 8dz vs. t was employed.
o
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RESULTS. Calculated hydraulic conductivities over the range of suc

tions measured duririg the drainage period, subsequent to steady infiltra

tion, are given for each site in Appendix C. The data listed include, for

each depth of measurement, the elapsed time, suction, water content, flux,

gradient, and hydraulic conductivity.

Hydraulic Conductivity at Saturation

MATERIALS AND METHODS. When steady infiltration had been established

in the wet run, soil water pressures were measured at various depths in the

soil profile. The total head difference between two depths divided by the

distance between the two depths gives the hydraulic gradient, in cm head

per cm distance. The steady infiltration rate (water flux at field satura

tion), as given in Table 4, divided by the gradient gives the hydraulic con

ductivity at saturation by the Darcy equation.

RESULTS. Saturated hydraulic conductivity values for the 0- to 30-cm

and 30- to 60-cm depths are given in Table 5 for all sites in which steady

infiltration was achieved. Conductivities are generally highest in the 0 to

30 cm depth interval, probably because this layer is within the tilled Ap

horizon while the 30 to 60 cm depth interval extends into the untilled B2

TABLE 5. FIELD-MEASURED HYDRAULIC CONDUCTIVITY AT SATURATION

Ks at Depth Intervals, Ks at Depth Intervals,
Site 0-30 cm 30-60 cm Site 0-30 cm 30-60 cm

------ (cm/hr) ------ ------ (cm/hr) ------

Ll-1 16.0 10.7 M3-1 6.'9 3.6
Ll-2 22.4 M3-2 6.0 6.2

L2-1 9.0 7.7 Wl-l 6.9 6.4

L2-2 5. 1 3.0 Wl-2 3.3 1.7

L3-1 2.0 2.3 W3-1 3. 1 2.9

L3-2 0.8 0.8 W3-2 2.6 4.0

Ml-1 6.8 1.6
W3-3 4.2 3.6

Ml-2 2.6 0.8, W3-4 2.2 2.5

M2-1 1.8 1.2

M2-2 2.7 2.5

NOTE: Ks = Hydrau 1i c conductivity at saturation.
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horizon. The relatively high hydraulic conductivities at both depths are

consistent with the observed rapid drainage of these soils. There is no

apparent trend of one soil series having a consistently higher conductivity

than another series as the values vary widely within a given series. Sta

tistical analyses are presented in a later section.

Sorptivity

MATERIALS AND METHODS. Field measurements of sorptivity by the method

of Talsma (1969) were made at most of the sites listed in Table 1. Dupli

cate measurements (designated A and B) were taken near each replicate of

the buffered-ring infiltration measurement. The procedures are given in

Part I, pp. 37 and 38. Measurements were made in the tilled soil at the

initial water content of the soil and again about two days later in the

same ring on wet soil which had been covered in the interim by plastic.

Antecedent gravimetric water contents for each sorptivity measurement were

converted to the volumetric water contents by use of bulk density values

measured on soil cores from the nearby infiltration measurement sites.

RESULTS. Sorptivity values (S) and associated antecedent water con

tents are given in Table 6. Since sorptivity is a function of water con

tent (Fig. 30), the variation in S between measurement sites reflects spa

tial variability and water content effects. Sorptivity decreases with in

creasing water content so that in most cases lower values were obtained in

the second (wet) run than in the initial (dry) 'run.

LABORATORY-MEASURED PROPERTIES

Determination of soil-water contents, corresponding to field-measured

soil-water suctions measured by tensiometers during postinfiltration drain

age, required measurement of the water content-suction relationship (reten

tivity) on soil cores in the laboratory. Profile water contents at various

times were required for calculatiop of hydraulic conductivity of unsaturated

soil from field drainage data as described on p. 48. Core measurements also

allowed characterization of bulk density, total porosity, macroporosity, and

in some cases, saturated conductivity. Similar information on other Hawai'i

soils was presented by Green and Guernsey (1981).
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OXISOLS FOR INITIAL (DRY) AND SUBSEQUENT (WET) CONDITIONS
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SITE
DUPLICATE

MEASURE
MENTS

INITIAL (DRY) RUN SECOND (WET) RUN
Water Sorp- Water Sorp-

Content tivity. Content tivity
(% by vol.) (em/min!) (% by vol.) (em/min!)

Ll-1

Ll-2

L2-1

L2-2

L3-1

L3-2

M2-1

M2-2

M3-1

M3-2

W1-1

Wl-2

W2-1

A
B

A
B

A
B

A
B

A
B

A
B

A

A

A
B

A
B

A
B

A
B

A
B

20.2
20.2

19.0
20.7

18.2
18.6

13.2
14.0

7.3
7.4

7.3
7.6

11.7

10. 1

20.5
20.5

10.3
10.9

6.5
5.5
3.4
3.3

15.3
16.4

3.6
2.9

4.5
5.5

2.4
1.9
1.0
0.7

1.2
1.0

1.3
1.5

2.3

1.6

1.4
1.4

1.3
1.4

2.2
2. 1

2.6
1.7

7.0
3.4

31.0
27.2

31.0
33.7

30.0
30.5
28.8
31.4

32. 1
30.9
28.0
39.2

28.6

32.9

30.3
31.2

28.8
32.5

29.7
19.2

27.5
25.0

4.0
2.9

3.2
3.3

1.2
1.2

0.41
0.57

0.52
0.41

0.43
0.40

1.0

1.1

1.4
1.4

1.4
1.4

1.3
1.8

1.0
1.3

NOTE: See Table 1 for Oxisols and site designations; also, Fig. 1 for
site locations.

Materials and Methods.
Soil core samples were taken, with little disturbance of field struc

ture, at each of the field sites of infiltration and drainage measurements.

Duplicate or triplicate cores were obtained from three depths to represent



52

the ApI, Ap2, and B2 horizons. The ApI and Ap2 layers evidenced visibly

distinct structural characteristics. The ApI cores were taken near the soil

surface, usually from the 1- to 9-cm interval. Ap2 cores were taken from

the approximate middle of the Ap2 layer. B-horizon cores were taken so that

the top of the core was at least 5 cm below the boundary of the Ap2 and B

horizons. Brass rings, 9.84 cm in diameter by 7.62 cm high (volume =

579.5 cm 3
) with a wall thickness of 0.16 cm, were attached to a 1.5 cm-long

ring which was sharpened on one edge to aid penetration of the core ring

into the soil with a minimum compression. The hand-operated sampler devel

oped and used in the course of this study is described elsewhere (Chong,

Khan, and Green 1982). Samples were obtained within the area of the outer

infil tration ring about two weeks following the final infiltration run, with

the soil at field capacity. Core depths and other information about each

sampling site are given in Appendix B.

C9re samples were wrapped with paraffin film in the field to prevent

drying o£ the soil. About 0.5 m~ of 37% formaldehyde solution was injected

through the film into each end of the core to reduce microbial activity

during storage. The cores were then stored at 4°C until used.

Prior to hydraulic conductivity and water retention measurements, ex

cess soil on each end of the soil core was carefully trimmed to provide sur

faces which were level with the ends of the brass core ring. Cores were

then inserted into one end of a lucite conductivity cell which was con

structed to accommodate the brass rings. A rubber "0" ring snuggly held

the ring in the unit and provided a water-tight seal between the brass ring

and the lucite end~plate. The conductivity cell end units had a plastic

disc, 10.4 cm in diameter and drilled with about 100 holes (l-mm diam) , as

a support for either a thin layer of glass wool or a sheet of porous poly

vinylchloride (S-grade PORVIC) against which the soil core was fitted. The

soil core was then saturated with 0.25% formaldehyde solution for at least

14 hr prior to fitting the core with another end unit and subsequently

attaching the whole cell to a constant-head burette for conductivity mea

surement.

Hydraulic conductivity was measured with the core at or near satura

tion, depending on the permeability of the core. Measurements on the highly

porous Ap-horizon samples were made with the core saturated with water and

with the highly permeable, glass wool-drilled plate combination supporting
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the soil. Less permeable Ap2 and 82 horizon cores were supported by PORVIC

to allow a slight suction to be applied to the column during the conductiv

ity measurement; this was done to remove water in large cracks or at the

soil-ring interface, which might give anomalous results and thus not reflect

the true average conductivity of the core. Holes (l-mm diam) drilled in the

brass ring allowed air to enter the soil core. The air-entry suction of

subsoil cores was assumed to exceed the suction imposed at the top and

bottom of the vertically oriented core, so that the core was essentially

saturated. The inlet was positioned 5.0 em below the top of the core and

the outlet 5.0 em below the lower surface of the core, giving a unit hydrau

lic gradient and a maximum suction of 5.0-cm water at the upper and lower

core boundaries. Deionized water was passed through the soil for about one

hour before actual measurements were started. Three successive measure

ments, requiring about 20 to 120 min each, were made on each core. The

ambient room temperature was 21 ± 1°C.

Following the hydraulic conductivity measurement, each core was fitted

into a different cell in which a I-bar air-entry porous ceramic plate pro

vided support for the core and hydraulic continuity with a hanging water

column. The other end of the core was sealed with paraffin film; two pin

holes in the film provided air entry to the soil. A hanging water column

connected to the outlet of each porous-plate cell allowed equilibration of

the soil core with water at suctions of 10-, 25-, 50-, and 100-cm water.

Outflow from a soil core after each increase in suction was measured in a

250-m£ burette which was adjusted up or down as required to establish the

desired suction. When cessation of outflow indicated that the soil was in

equilibrium with water at the established suction, the suction was increased

in two or three steps to the new suction value. After the final equilibra

tion at 100-cm suction, the soil core was removed from the cell and weighed.

Subsequently, water retention measurements were made on a standard pressure

plate apparatus at pressures of 150-, 250-, 500-, and 1000-cm water. Two

I-bar porous ceramic plates in each chamber accommodated a total of eight

soil cores, so that measurements could be simultaneously made on 16 cores

in two chambers. Cores were weighed after each equilibration to allow cal

culation of water loss between each suction value. The soil core was oven

dried and weighed after the final pressure step. A computer program was

developed to calculate the volumetric water content at each suction value



54

from the combined data obtained with the pressure plate apparatus and the

hanging-water-column apparatus.

Bulk density was calculated for each core from the dry soil mass and

core volume (579.4 cm 3). A particle density of 2.93 g/cm 3 was assumed to

apply to all soils, although particle density measurements were made only on

the Molokai soil at location M4. Porosity (£), in cm 3 /cm 3
, was calculated

from the bulk density (Ph) and particle density (Pp) by the relation, £ =
1 - Ph/Pp. The macroporosity (cm 3 /cm 3

) was obtained as the difference be

tween total porosity and the volumetric water content at 50 em water suction.

Results

Detailed results for each property measured on soil cores are presented

in Appendix Table D. Data are organized in groups designated by series,

horizon, location, and replicate with two or more observations in each group.

A summary of these data (Table 7) includes some statistical information:

the number of samples, mean values, standard deviation, minimum and maximum

values, and the coefficient of variation (C.V.).

Saturated conductivity (KE) data are not included in the summary be

cause reliable data were not obtained on many of the cores. KS values which

appear valid are included in Appendix Table D. The reliability of KS mea

surements on cores was judged by comparing results on cores with field

measured values given in Table 5 and TIlaximum K values in Appendix Table C.

The laboratory method failed with many cores for the following reasons:

(1) flow units which retained the soil with only perforated plates covered

with glass wool (used principally for ApI samples) gave values which were

generally too high, probably due to boundary flow, and (2) flow units

equipped with PORVIC membrane gave conductivities which appeared too low on

some samples, probably a result of a contact impedance at the soil-membrane

interface, even with a slight desaturation. These difficulties are inherent

in the measurement of saturated conductivity on soil cores, demonstrating

the need for reliable and simple field methods.

Some generalizations can be made from the summary data in Table 7. The

mean values of the various physical properties for a given horizon of three

soil series are very similar relative to the variability within a given

series, as evidenced by the minimum and maximum values or the standard de-
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TABLE }-Cantinued

Variable No. Mean Standard Minimum Maximum C.V:Samples Deviation Value Value

MOlOKAI SERIES-Cant.
Apl HORIZON-Cant.

THETA 25 18 0.524 0.029 0.470 0.569 5.6
THETA 50 18 0.472 0.032 0.409 0.519 6.7
THETA 100 18 0.402 0.020 0.361 0.443 5.0
THETA 150 18 0.371 0.016 0.342 0.402 4.4
THETA 250 18 0.342 0.014 0.317 0.369 4.2
THETA 500 18 0.315 0.012 0.300 0.335 3.8
THETA 1000 18 0.294 0.011 0.281 0.318 3.9

Ap2 HORIZON
BUlKDEN 18 1.249 0.081 1. 120 1.350 6.5
POROSITY 18 0.575 0.027 0.542 0.618 4.7
MACROPOR 18 0.079 0.044 0.026 0.169 56. 1
THETA 10 18 0.536 0.019 0.507 0.569 3.6
THETA 25 18 0.525 0.018 0.498 0.559 3.4
THETA 50 18 0.496 0.029 0.443 0.540 5.8
THETA 100 18 0.444 0.025 0.387 0.485 5.5
THETA 150 18 0.411 0.028 0.341 0.462 6.8
THETA 250 18 0.382 0.026 0.326 0.436 6.8
THETA 500 18 0.355 0.025 0.306 0.408 7. 1
THETA 1000 18 0.334 0.024 0.295 0.386 7.2

B21 HORIZON
BUlKDEN 18 1. 313 0.078 1. 160 1.410 5.9
POROSITY 18 0.553 0.027 0.519 0.604 4.9
MACROPOR 18 0.078 0.026 0.031 0.128 33.3
THETA 10 15 0.518 0.031 0.495 0.615 6.0
THETA 25 15 0.497 0.030 0.470 0.597 6.0
THETA 50 18 0.475 0.027 0.449 0.573 5.6
THETA 100 15 0.444 0.029 0.422 0.543 6.6
THETA 150 18 0.422 0.028 0.383 0.524 6.7
THETA 250 15 0.400 0.029 0.377 0.498 7.3
THETA 500 13 0.375 0.031 0.352 0.471 8.3
THETA 1000 13 0.347 0.030 0.323 0.440 8.7

WAHIAWA SERIES
Apl HORIZON

BUlKDEN 19 1.078 0.136 0.860 1.230 12.6
POROS ITY 19 0.632 0.047 0.580 0.706 7.4
MACROPOR 19 o. 163 0.107 0.047 0.344 65.6
THETA 10 19 0.565 0.019 0.524 0.602 3.4
THETA 25 19 0.519 0.052 0.419 0.575 10.0
THETA 50 19 0.469 0.063 0.362 0.550 13.3
THETA 100 19 0.408 0.049 0.324 0.486 12.0
THETA 150 19 0.385 0.048 0.310 0.490 12.6
THETA 250 19 0.352 0.031 0.299 0.393 8.9
THETA 500 19 0.325 0.018 0.289 0.348 5.6
THETA 1000 19 0.308 0.014 0.282 0.330 4.5

*Coefficient of variation.
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TABLE 7--Continued

Variation No. Mean Standard Minimum Maximum *
Samples Deviation Value Value C.V.

WAH IAWA SER IES--Cont.
Ap2 HORIZON

BULKDEN 22 1. 197 0.096 1.040 1.380 8.0
POROSITY 22 0.591 0.033 0.529 0.645 5.6
MACROPOR 22 o. 107 0.051 0.022 0.212 47.6
THETA 10 18 0.549 0.026 0.498 0.582 4.7
THETA 25 18 0.533 0.030 0.475 0.573 5.6
THETA 50 22 0.484 0.032 0.430 0.545 6.6
THETA 100 18 0.437 0.026 0.406 0.492 6.0
THETA 150 22 0.415 0.024 0.382 0.465 5.7
THETA 250 18 0.388 0.022 0.363 0.430 5.5
THETA 500 18 0.356 0.015 0.338 0.385 4.2
THETA 1000 18 0.334 0.014 0.303 0.360 4.2

B2l HORIZON
BULKDEN 22 1.337 0.095 1. 210 1.530 7. 1
POROSITY 22 0.544 0.032 0.478 0.587 5.9
MACROPOR 22 0.086 0.026 0.033 o. 158 29.9
THETA 10 18 0.500 0.023 0.462 0.544 4.6
THETA 25 18 0.481 0.022 0.450 0.528 4.6
THETA 50 22 0.458 0.023 0.415 0.508 4.9
THETA 100 18 0.425 0.018 0.398 0.460 4.2
THETA 150 22 0.413 0.021 0.380 0.448 5.0
THETA 250 18 0.384 0.022 0.352 0.422 5.6
THETA 500 18 0.358 0.026 0.330 0.403 7.2
THETA 1000 18 0.339 0.027 0.310 0.388 7.8

B22 HORIZON
BULKDEN 10 1.443 0.054 1.350 1.520 3.8
POROS tTy 10 0.507 0.019 0.481 0.539 3.7
MACROPOR 10 0.064 0.017 0.040 0.090 16.6
THETA 10 10 0.478 0.030' 0.439 0.544 6.3
THETA 25 10 0.464 0.020 0.441 0.510 4.3
THETA 50 10 0.443 0.018 0.425 0.485 4. 1
THETA 100 10 0.420 0.014 0.402 0.450 3.3
THETA 150 10 0.405 0.011 0.388 0.428 2.7
THETA 250 10 0.383 0.011 0.371 0.400 2.9
THETA 500 10 0.361 0.008 0.350 0.370 2.0
THETA 1000 10 0.341 0.007 0·330 0.350 2. 1

*Coefficient of variation.

viation. Most properties are consistently different for the three horizons

within a given series; bulk de~sity increases with depth, while total poros-

ity and macroporosity decrease with depth. The mean total porosity exceeds

0.5 cm3jcm3 (50% of soil volume) in all horizons of all series, a consequence

of the high clay content and high degree of aggregation of these soils.

A more detailed statistical analysis is presented in the next section.
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SOIL SERIES AND LOCATION CONTRIBUTIONS TO VARIAB'ILITY IN
SO I L-WATER PROPERTI ES AND CORRELAT I ON B.ETWEEN PROPERTI ES

The results of statistical analysis of data presented in the two sec

tions of Part II are summarized here. The objectives of these analyses were

L Determine if soil series mapping units delineated by the U. S.

Soil Conservation Service could provide a practical me'ans of .

dividing upland O'ahu soils into relatively homogeneous units

for purposes of watershed analysis or irrigation water manage

ment

2. Identify easily measured soil properties which would serve as

predictors of important hydrologic properties for which spatial

variability must be characterized over'large areas.

Analysis of variance (ANOVA) was applied to field and laboratory data

to assist in achieving objective 1 above. The ANOVA of data for three

series, at three locations for each series, with two sites at each location,

provided a means of detennining (a) if the soil series were statistically

different with respect to a given property and (b) the 'variance contribution

of the soil series relative to the contribution of locations within series.

The analysis appropriate for a nested model, as provided by the SAS (Statis

tical Analysis System) ANOVA procedure, was used for five field-measured

variables and four laboratory-measured variables.

For the second objective, various soil properties which were measured

in the laboratory and field were statistically correlated by the SAS cor

relation procedure.

Variation in Hydrologic Properties

Analysis of variance procedures include a test of significance (the

F test) which requires that errors be normally distributed. The normality

assumption is valid for many soil physical properties, but not for all. Fot

example, while soil water content in a fie'ld is likely to be normally dis

tributed, hydraulic conductivity is often.log-normally distributed. In the

present work, the number of samples was generally too small to test accu

rately the nature of the' statistical distribution of each property. How

ever, frequency distributions were examined to detect strong deviations from

normality.
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The only field properties for which the frequency histograms showed

strong deviation from normality were "FLUXWET" and "FLUXDRY", the steady

infiltration rates under wet and dry antecedent conditions. The frequency

distributions for FLUXWET and the log-transformed variable LFLUXWET are

shown in Figure 32. The log transformation of both FLUXWET and FLUXDRY gave

distributions which approach normality, thus the analysis of variance was '

accomplished on the transformed variables. In Figure 32 the letters L, M,

and W, denoting the Lahaina, Molokai, and Wahiawa series, are used in the

bar graphs to indicate the number from each soil series in each frequency

group. The Lahaina soil was represented in both extreme groups, while the

Molokai is characterized by lower steady fluxes and the Wahiawa by higher

fluxes. This result is consistent with field observations of profile char

acteristics. The soils classified Lahaina were quite variable between the

three locations, but Molokai soils had consistently less distinct, struc

tural development than the Wahiawa soil.

Physical properties of soil cores tended to be normally distributed,

although skewness was evident in some cases, e.g., in the distributions for

bulk density of the ApI horizon, shown in Figure 33.1. Logarithmic trans

formations did not improve these distributions, and since they do not devi-

ate from normal in an extreme way, the analysis of variance was performed

on the original data.

The ANOVA procedure of SAS with nested classes and balanced data

yielded information such as that given in Table 8 for LFLUXWET and in

Table 9 for BULKDEN (bulk density).

The analysis of field data (Table 8) was based on two replicates at

each of the three locations for each of the three soil series. The effects

of series and "locations within series" were evaluated by an F test, using

the error-mean square obtained from "replicates within locations and

series." A summary of the analyses of five field-·measured variables is

given in Table 10. In addition to LFLUXDRY and LFLUXWET, three other infil

tration variables were evaluated: the times required (hr) for steady infil

tration to be reached with both dry and wet antecedent conditions (TIMEDRY

and TIMEWET) and the cumulative infiltration (em) in one hour during the wet

run (CIATlHR). Sorptivity was not included in the analysis because'there

were too many missing values. If 0.10 is chosen as the probability level

below which the F test denotes significance, then the values of Fare con-
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TABLE 10. SUMMARY OF VARIANCE ANALYSES (NESTED MODEL)
OF FIELD-MEASURED HYDROLOGIC PROPERTI ES

* PR > FtVARIABLE MEAN r 2 C.V.
(%) Model Series Location

LFLUXDRY -0.903 0.97 12.4 0.0001 0.00141' 0.0001

LFLUXWET -1. 251 0.88 13.9 0.0024 0.09281' 0.0015

T1MEDRY 2.35 0.68 37.4 0.1044 0.3138 0.0808

TIMEWET 2.30 0.72 23.8 0.0630 O. 1669 0.0565

CIATlHR 8.17 0.84 38.2 0.0077 0.06311' 0.0065

*Coefficient variation.
tDenotes probability that F values obtained by ANOVA were chance occur

rences; if 0.10 is chosen as probability level below which F test denotes
significance, then values of F are considered significant when PR > F is
less than 0.10. . .

TVariables for which PR > F is ~O. 10 for series effect.

sidered significant when PR > F is less than 0.10. Thus, we can conclude

that the soil series were different in their mean values of LFLUXDRY,

LFLUXWET, and CIATlHR. However, the effect of locations-within-series was

also significant, so that the division of soil sites into series classes

was no more effective in accounting for variability between field sites than

was the location category.

This result suggests that separation of soil areas into different

groups, each consisting of the same soil series, is not likely to be an

effective means of getting relatively homogeneous soil units with respect

to a given hydrologic property.

A similar analysis was conducted on laboratory core data for the prop

erties listed in Table 11: bulk density, macroporosity, and volumetric

water contents at 50-em suction (THETA 50) and at ISO-em suction (THETA 150).

These variables were thought to be those of greatest potential value for

hydrologic characterization of soils. Macroporosity is a derived property

based on bulk density and THETA 50: it should be positively related to

hydraulic conductivity at saturation and perhaps also to sorptivity. THETA

150 is a reasonable estimate of the water content corresponding to the suc

tion associated with field capacity of well-drained soils. In these anal

yses, each horizon was separately analyzed, and there were duplicate cores

in each field replicate. The error mean square for core replicates within

field replicates provided the estimate of variance used to test the variance



contribution of series, locations, and field replicates (Table 9). The

series effect was significant for bulk density and macroporosity at all

three horizon depths; only in the ApI horizon was the series effect signifi

cant for THETA 50 and THETA 150. However, the value of PR > F was less for

the series than for location in only three of the eight cases in which series

effects were significant. Thus, the core data suggest, as did the field

measured properties, that soil maps of the upland areas of central O'ahu

would not be particularly useful in delineating soil areas of relative homo

geneity with respect to hydrologic properties. Perhaps this result is not

surprising in that soil-water properties, such as conductivity and retentiv

ity, are not principal criteria used in separating soils into different

series.

Correlation of Soil-Water Properties

If easily measured soil properties (property Xl) could be used to esti

mate a soil-water property of interest, such as hydraulic conductivity (X2)-

which is more difficult to measure, then perhaps the spatial variability of
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Xi could be evaluated by extensive measurements of Xl in an area of interest.

A high correlation between Xl and X2 would suggest the possibility of such a

procedure. The steady flux is one of the most useful values for character

izing water conduction of the soil profile, but it is time-consuming to mea

sure. Correlations of FLUXDRY, LFLUXDRY, FLUXWET, and LFLUXWET with field

measured sorptivity and laboratory measurements of bulk density and macro

porosity gave the results in Table 12. The numbers of observations were too

TABLE 12.

SORPDRY

SORPWET

LSORPDRY

LSORPWET

BDAl

BDA2

BDB2

MACAl

MACA2

MACB2

CORRELATION OF FIELD-MEASURED STEADY FLUX WITH OTHER
MEASURED SOIL PROPERTIES FOR ALL SOILS AND SITES

FLUXDRY LFLUXDRY FLUXWET LFLUXWET

0.78 0.72 0.68 0.64*
0.0009 0.0033 0.0066 0.0134t

14 14 14 14f

0.88 0.70 0.78 0.65
0.0001 0.0033 0.0006 0.0077

15 15 15 15

0.83 0.77 0.70 0.65
0.0002 0.0010 0.0047 0.0113

14 14 14 14

0.72 0.61 0.61 0.56
0.0024 0.0137 0.0139 0.0296

15 15 15 15

-~.48 -0.50 0.14 -0.27
0.0188 0.014 0.52 0.20

23 23 23 23

-0.47555 -0.55127 -0.26214 -0.45386
0.02 0.0064 0.22 0.029

23 23 23 23

-0.06 0.14 0.02 0.07
0.77 0.51 0.90 0.73

23 23 23 23

0.68 0.57 0.38 0.37
0.0003 0.00041 0.0716 0.0813

23 23 23 23

0.69 0.64 0.54 0.57
0.0003 0.0010 0.0071 0.0040

23 23 23 23

-0.03 -0.19 -0.19 -0.23
0.89 0.37 0.36 0.28

23 23 23 23

*Correlation coefficient, r.
!Probab iIi ty of a va 1ue greater than r under the hypothes i s P =o.
TNumber of observations.
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few to provide conclusive results, but the data suggest that none of the

more easily measured properties would be particularly good predictors of

the steady flux. Neither bulk density nor macroporosity when correlated

with FLUXDRY and FLUXWET, or the log-transformations of these variables,

gave r values greater than 0.7. Sorptivity variables gave higher correla

tions with flux variables than core data, but r values between 0.7 and 0.8··

do not suggest that sorptivity would be a good predictor of steady flux.

This result is not surprising in that the steady flux depends on water con

duction through the soil profile at a hydraulic gradient near one, while

sorptivity, as measured in this study, describes water conduction in the

top few centimeters of the soil with hydraulic gradients often much higher

than one.

Since hydraulic conductivity of field soils--especially in the unsatu

rated state--cannot be predicted from other soil properties with much accu

racy, actual measurement of K(h) or K(6) in the field is necessary if the

hydraulic conductivity function is required. The simplified methods de

scribed in pp. 5-34, Part I provide means of characterizing the conducvitity

of field soils. However, these methods are still too time-consuming for an

intensive analysis of spatial variability of a large land area which might

require hundreds of measurements. The sorptivity measurement, on the other

hand, may be very useful for such variability analyses, as the measurement

is simple and takes very little time. Sorptivity data, however, are useful

only in predictions of ponded infiltration sucD as are described in pp. 34

42, Part I; these measurements do not provide information about water con

duction properties of the soil below the top few centimeters.

GLOSSARY

BDAI

BULKDEN

CIATlHR

D

DL(6)

'dh/dz

Bulk density, Al horizon (g/cm 3
)

Bulk density (g/cm3
)

Cumulative infiltration, 1 hr (cm)

Soil-water diffusivity (cm2 /min)

Soil-water diffusivity, depth L (cm 3/min)

Soil-water pressure gradient (cm/cm)

Porosity



FLUXDRY

K50

KL(8)

K(T), K(h), K(8)

KS

LFLUXDRY

LSORPDRY

MACROPOR

MACA1

S

SORPDRY

TlMEDRY

TIMEWET

THETA 50

8 (z, t)

8(T)

T

h
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Steady infiltration rate, dry antecedent condition
(em/min)

Conductivity corresponding to 50-em suction (em/min)

Hydraulic conductivity, depth L (em/min)

Unsaturated hydraulic conductivity, in situ (em/min)

Saturated hydraulic conductivity measured on cores
(cm/hr)

Log-transformed (FLUXDRY) variable

Log transformation of SORPDRY

Macroporosity (cm3 /cm3
)

Macroporosity of Al horizon (cm 3/cm 3 )

Sorptivity (em/mint)

Sorptivity, dry antecedent condition (em/mint)

Time to steady infiltration with dry antecedent condition
(hr)

Time to steady infiltration with wet antecedent condition
(hr)

Volumetric water content, 50cm suction (cm 3 /cm 3
)

Soil water content as a function of depth and time
(cm3 /cm 3

)

Soil-water content as a function of suction (cm 3/cm 3
)

Soil-water suction (em water), the negative of h

Soil-water pressure head (em water)
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APPENDIX TABLE A.I. DESCRIPTION OF SOILS AT EXPERIMENTAL SITES

Site:

Soil:

Location:

Date:

Description by:

Topography:

Parent Material:

Elevation:

Annual Rainfall:

Drainage and
Permeability:

Erosion:

Stoniness:

Vegetation:

Remarks:

WI

Wahiawa silty clay, Tropeptic Eutrustox; clayey,
kaolinitic, isohyperthermic family

O'ahu UH Poamoho Experimental Farm; Poamoho II site,
about 15 m (50 ft) SW of Kaukonahua Rd. and 46 m
(150 ft) NW of reservoir

5 July 1977

S. Nakamura, Soil Conservation Service

Gently sloping upland; 7% slope

Residuum from basic igneous rock

213 m (700 ft)

1 016 mm (40 in.)

Well drained; moderately rapid permeability (low end of
moderately rapid)

None

None

Guineagrass, natal redtop, lantana, koa-haole

Representative of Wahiawa series

Profile Description: (Colors for moist soil unless otherwise noted; all
textures "apparent field textures")

Ap 0-30 cm (0-12 in.)-Very dusky red (2.5 YR 2/2) silty clay; weak,
very fine granular structure; friable, very sticky and plastic; many
pores; many roots; many very fine manganese concretions; clear,
smooth boundary

821 30-96 cm (12-38 in.)-Dark reddish brown (2.5 YR 2/4) silty clay;
gritty due to earthy lumps; strong, fine and very fine subangular
blocky structure; few roots; common very fine pores; common manganese
concretions and stains; nearly continuous pressure faces; compact in
place; diffuse, smooth boundary

822 96-112 cm (38-44 in.)-Dark reddish brown (2.5 YR 2/4) silty clay;
moderate, fine and medium subangular blocky structure; friable,
stocky and plastic; few roots, many very fine pores; common pressure
faces; common manganese stains and concretions; firm in place
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APPENDIX A-Continued

Site:

Location:

Date:

Description by:

Topography:

Parent Material:

Elevation:

Annual Rainfall:

Drainage and
Permeability:

Erosion:

Stoniness:

Vegetation:

Remarks:

W2

Wahiawa silty clay; Tropeptic Eutrustox; clayey, kaoli
nitic, isohyperthermic family

O'ahu PRI Waipio; site about 183 m (600 ft) NE of PRI
buildings

5 July 1977

s. Nakamura, Soil Conservation Service

Gently sloping uplands; 4% slopes

Residuum from basic igneous rock

216 m (710 ft)

1 016 mm (40 in.)

Well drained; moderately rapid permeability (low end of
moderately rapid)

None

None

Abandoned pineapple

Representative of Wahiawa series

Profile Description: (Colors for moist soil unless otherwise noted; all
textures "apparent field textures")

Ap 0-41 cm (0-16 in.)--Dark reddish brown (2.5 YR 2/4) silty clay; weak,
very fine granular with some clods; friable, sticky and plastic; many
roots; many pores; few holes up to 7.62 cm (3 in.) in diameter due to
decomposed pineapple stumps; clear smooth boundary

B2 41-117 cm (16-46 in.)--Dusky red (10 R 3/4) silty clay; gritty due
to earthy lumps; moderate and strong fine and very fine subangular
blocky structure; friable, sticky and plastic; few roots; many very
fine pores; common pressure faces; common very fine manganese concre
tions; firm in place
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APPENDIX A--Continued

Site:

Soil:

Location:

Date:

Description by:

Topography:

Parent Material:

Elevation:

Annual Rainfall:

Drainage and
Permeability:

Erosion:

Stoniness:

Vegetation:

Remarks:

W3

Wahiawa silty clay; Tropeptic Eutrustox; clayey, kaolini
tic, isohyperthermic family

O'ahu, about 5.6 km (3t miles) S of Kunia in Oahu Sugar
Field 157; Plot 1, about 3 m (10 ft) E of cane haul road

1 October 1976

s. Nakamura, Soil Conservation Service

Nearly level upland; about 1% slopes

Residuum from basic igneous rock

186 m (610 ft)

762 rnrn (30 in.)

Well drained; moderate permeability

None

None

Irrigated sugarcane

Transitional soil to Lahaina series a typical Wahiawa
has moderate structure throughout the solum and manga
nese concretions in the,A horizon; rainfall and eleva
tion at this site in the lower range compared to a typi
cal Wahiawa; profile descriptions of plots 3 and 4 simi
lar

Profile Description: (Colors for moist soil unless otherwise noted; all
textures "apparent field textures")

Al 0-43 ern (0-17 in.)--Dusky red (2.5 YR 3/2) silty clay; weak, very
fine granular structure, few clods; friable, sticky and plastic;
many roots; many pores; gradual .wavy boundary

B2l 43-69 em (17-27 in.)--Dark red (2.5 YR 2/4) silty clay with patches
of dusky red; weak, fine and medium subangular blocky structure;
friable, sticky and plastic; common roots, many very fine pores; com
mon very fine manganese concretions; clear wavy boundary

B23 69-140 ern (27-55 in.)--Dark'red (2.5 YR 2/4) silty clay; moderate
very fine and fine subangular blocky structure; friable sticky and
plastic; few roots in upper part; many very fine and few fine and
medium pores; many very fine manganese concretions; firm in place;
common earthy lumps
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APPENDIX A--C~ntinued

Site:

~i1:

Location:

Date:

Description by:

Topography:

Parent Material:

Elevation:

Annual Rainfall:

Drainage and
Permeability:

Erosion:

Stoniness:

Vegetation:

Remarks:

L1

Lahaina silty clay; Tropeptic Haplustox; clayey, kaolini
tic, isohyperthermic family

O'ahu Mililani site in Oahu Sugar field (adjacent to
waste water reuse project site)

30 August 1977

S. Nakamura, Soil Conservation Service

Gently sloping uplands, 4% slopes

Residuum from basic igneous rock

160 m (525 ft)

711 nun (28 in.)

Well drained; moderate permeability

None

None

.Sugarcane

Representative of Lahaina series; however, surface layer
cloddy due to tillage

Profile Description: Lahaina silty clay--Mililani site
(Colors for moist soil unless otherwise noted; all
textures "apparent field textures")

Ap 0-30 cm (0-12 in.)--Dark reddish brown (2.5 YR 2/4) silty clay;
cloddy due to tillage; clods are primarily gravel size; very hard,
sticky and plastic; common roots; loose in places; clear, smooth
boundary

B21 30-45 cm (12-18 in.)--Dusky red (10 R 3/4) silty clay; weak medium
and coarse subangular blocky structure; very friable, sticky and
plastic; common roots; many very fine pores; compact due to tillage;
many very fine manganese concretions; gradual wavy boundary

B22 45-107 cm (18-42 in.)--Dusky red (10 R 3/4) silty clay; strong
very fine subangular blocky structure; friable, sticky and plastic;
few roots; many very fine pores; many very fine manganese concretions;
many shiny pressure faces; compact in place
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APPENDIX A--Continued

Site: L2

Soil: Lahaina silty clay; Tropeptic Haplustox; clayey, kaoli
nitic, isohyperthermic family

Location: Olahu, Oahu Sugar Field 221 (NW corner)

Date: 30 August 1977

Description by: S. Nakamura, Soil Conservation Service

Topography: Nearly level upland; 1% slopes

Parent Material: Residuum from basic igneous rock

Elevation: 165 m (540 ft)

Annual Rainfall: 711 mID (28 in.)

Drainage and
Permeability: Well drained; moderate permeability

Erosion: None

Stoniness: None

Vegetation: Sugarcane, swollen fingergrass

Remarks: Representative of Lahaina series

Profile Description: Lahaina silty clay, F~eld 221
(Colors for moist soil unless otherwise noted; all
textures "apparent field textures")

Ap 0-41 cm (0-16 in.)--Dark reddish brown (2.5 YR 3/4) silty clay; weak,
very fine granular structure with few clods; friable, sticky and
plastic; many roots; many pores; compacted by tillage in places;
clear, smooth boundary

B2 41-92 cm (16-36 in.)--Dusky red (10 R 3/4) silty clay; moderately
fine and very fine subangular blocky structure; few roots; common
very fine pores; friable, sticky and plastic; many very fine manga
nese concretions; common shiny pressure faces

. !
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APPENDIX A--Continued

Site:

SQil :

Location:

Date:

Description by:

Topography:

Parent Material:

Elevation:

Annual Rainfall:

Drainage and
Permeabili ty:

Erosion:

Stoniness:

Vegetation:

Remarks:

L3

Molokai silty clay loam; Typic Torrox; clayey, kaolini
tic~ isohyperthermic family

O'ahu, Oahu Sugar Field 146 (north)

30 August 1977

S. Nakamura, Soil Conservation Service

Gently sloping uplands; 3% slopes

Residuum from basic igneous rock

162 m (530 ft)

686 mm (27 in.)

Well drained; moderate permeability

None

None

Sugarcane

Borderline between Molokai and Lahaina soils (more like
Molokai, but mapped as Lahaina); silty clay loam tex
tures and weak structure in ,the B2 horizon, typical of
Molokai, unlike Lahaina soils, lacks moderate or strong
structure in upper B2 horizon

Profile Description,: Molokai silty clay loam, Field 146 (north)
(Colors for moist soil unless otherwise noted; all
textures "apparent field textures")

Ap 0-48 cm (0-19 in. )-Dark reddish brown (2.5 YR 2/4) heavy silty clay
loam; weak, fine and medium subangular blocky structure; friable,
sticky and plastic; many roots; many pores

B2 48-89 cm (19-35 in.)-Dusky red (10 R 3/4) silty clay loam; weak,
fine and medium subangular blocky structure; friable, sticky and
plastic; many roots; many very fine pores
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APPENDIX, A--Continued

Site: M1

Soil: Molokai silty clay loam; Typic Torrox; clayey, kaolini
tic, isohyperthermic family

Location: O'ahu, Oahu Sugar Field 146 (south)

Date: 30 August 1977

Description by: S. Nakamura, Soil Conservation Service

Topography: Gently sloping upland, 3% slopes

Parent Material: Residuum from basic igneous rock

Elevation: 128 m (420 ft)

Annual Rainfall: 635 mm (25 in.)

Drainage and
Permeability: Well drained; moderate permeability

Erosion: None

Stoniness: None

Vegetation: Swollen fingergrass, guineagrass, sugarcane

Remarks: Representative of Molokai series
(Clean fine gravel and glass found in bottom of pit-
may have been site of old irrigation ditch)

Profile Description: Molokai silty clay loam, Field 146 (south)
(Colors for moist soil unless otherwise noted; all
textures "apparent field textures")

Ap 0-38 cm (0-15 in.)--Dark reddish brown (2.5 YR 3/4) silty clay loam;
weak, very fine granular structure; very friable, sticky and plastic;
many roots; many very fine pores

B2 38-81 cm (15-32 in.)--Dark reddish brown (2.5 YR 3/4) silty clay
laom; weak, fine and medium subangular blocky structure; very friable,
sticky and plastic; many roots; many very fine pores
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APPENDIX A--Continued

Site:

Soil:

Location:

Date:

Description by:

Topography:

Parent Material:

Elevation:

Annual Rainfall:

Drainage and
Permeabil i ty:

Erosion:

Stoniness:

Vegetation:

Remarks:

M2

Molokai silty clay loam; Typic Torrox; clayey, kaolini
tic, isohyperthermic family

O'ahu, HSPA Kunia Substation, block C; site about 46 m
(150 ft) south of NE corner of block

30 August 1977

S. Nakamura, Soil Conservation Service

Gently sloping upland; 3% slopes

Residuum from basic igneous rock

70 m (230 ft)

635 mm (25 in.)

Well drained; moderate permeability

None

Boulder in lower profile

Sugarcane

Representative of Molokai series

Profile Description: Molokai silty clay loam, HSPA
(Colors for moist soil unless otherwise noted; all
textures "apparent field textures")

Ap 0-28 cm (0-11 in.)--Dark reddish brown (2.5 YR 2/4) silty clay loam;
weak, very fine granular structure with few clods; friable, sticky
and plastic, but clods are firm; many roots; clear smooth boundary

B21 28-68 cm (11-27 in.)--Dark red (2.5 YR 3/6) silty clay loam; weak,
fine and medium subangular blocky structure; very friable, slightly
plastic; few roots; many very fine pores; compact in place; gradual
wavy boundary

B22 68-102 cm (27-40 in.)--Dark red (2.5 YR 3/6) silty clay loam; moder
ate fine and very fine subangular blocky structure; friable, sticky
and plastic; no roots; many very fine pores; compact in place
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APPENDIX Ar-Continued

Site: M3

Soil: Molokai silty clay loam; Typic Torrox; clayey, kaolini
tic, isohyperthermic family

Location: O'ahu, Wof Crestview; site in Oahu Sugar Field 410,
approximately 183 m (600 ft) SW of reservoir

Date: 30 August 1977

Description by: S. Nakamura, Soil Conservation Service

Topography: Gently sloping uplands; 4% slopes

Parent Material: Residuum from basic igneous rock

Elevation: 76 m (250 ft)

Annual Rainfall: 635 rom (25 in.)

Drainage and
Permeability: Well drained; moderate permeability

Erosion: None

Stoniness: None

Vegetation: Sugarcane

Remarks: Representative of Molokai series

Profile Description: Molokai silty clay loam, Field 410
(Colors for moist soil unless otherwise noted; all
textures "apparent field textures")

Ap 0-36 cm (0-14 in.)--Dark reddish brown (2.5 YR 2/4) silty clay loam;
weak, very fine granular structure; with few clods; friable, sticky
and plastic; many roots; many pores; gradual wavy boundary

821 36-56 cm (14-22 in.)--Dusky red (10 R 3/4) silty clay loam; weak
very fine granular structure; very friable, sticky and plastic; many
very fine pores; many roots; gradual smooth boundary

B22 56-89 cm (22-35 in.)--Dusky red (10 R 3/4) silty clay loam; weak,
fine and medium subangular blocky structure; very friable, sticky and
plastic; many very fine pores; many roots; clear smooth boundary. .

823 89-114 cm (35-45 in.)-'-Darkreddish'brown (2.5 YR 2/4) clay loam;
gritty due to hard earthy lumps; strong very fine subangular blocky
structure; common very fine pores; few roots; firm, slightly sticky
and slightly plastic; difficult to break down when rubbed; nearly
continuous pressure faces, reddish brown sugary coatings in pores
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APPENDIX TABLE C.l. HYDRAULIC CONDUCTIVITY AND ASSOCIATED SUCTION, WATER
CONTENT, FLUX, AND HYDRAULIC GRADIENT DURING POST-
INFILTRATION DRAINAGE, SITE Ll-l, OIAHU, HAWAIII

Measure- Water Hydrai 1icment Time Suction Fl ux Gradient
Depth Content Conductivity

(em) (mi n) (em water) (cm1em3
) (em/min) (em/em) (em/min)

30 40 2 0.520 6.38E-03 1.02 6.25E-03
60 5 0.515 7.30E-03 1.04 7.05E-03

100 8 0.509 8.80E-03 0.76 1.16E-02
120 7 0.510 8.24E-03 0.86 9.56E-03
158 9 0.506 6.97E-03 0.91 7.64E-03
218 13 0.499 5.43E-03 0.93 5.83E-03
240 14 0.496 5.22E-03 0.94 5.58E-03

1490 49 0.435 6.12E-04 1. 38 4.44E-04
2815 67 0.423 3.59E-04 1.65 2.17E-04
4190 80 0.415 1.29E-04 1. 70 7.56E-04
5960 96 0.405 2.71E-05 1. 89 1.43E-05
8460 112 0.400 4.77E-04 1. 85 2.58E-04

60 40 -10 0.549 7.82E-03 0.33 2.35E-02
60 -5 0.549 9.46E-03 0.43 2.18E-02

100 -1 0.549 1.24E-02 0.94 1.32E-02
120 2 0.546 1.12E-02 0.89 1.26E.,.02
158 4 0.542 9.92E-03 0.86 1.16E-02
218 8 0.536 9.26E-03 0.81 1.14E-02
240 9 0.535 9.06E-03 0.81 1.12E-02

1490 53 0.476 9.85E-04 0.84 1. 17E-03
2815 74 0.461 5.93E-04 0.80 7.39E-04
4190 89 0.451 3.00E-04 0.84 3.57E-04
5960 103 0.443 1. 50E-04 0.72 2.09E-04
8460 120 0.437 4.56E-04 0.60 7.57E-04

90 40 -17 0.549 5.99E-03 1. 61 3.71E-03
60 -13 0.549 9.25E-03 1.40 6.60E-03

100 0 0.549 1.41E-02 0.95 1.49E-02
120 -1 0.549 1.24E-02 0.90· 1.38E-02
158 1 0.549 1.16E-02 0.91 1.28E-02
218 4 0.547 1.26E-02 1. 01 1.24E-02
240 6 0.539 1.24E-02 1.06 1. 17E-02

1490 45 0.484 1.38E-03 0.78 1. 79E-03
2815 63 0.469 8.62E-04 0.64 1. 34E-03
4190 77 0.459 4~82E-04 0.55 8.77E-04
5960 90 0.451 2.63E-04 0.54 4. 87E-04
8460 102 0.443 5.06E-04 0.55 9.18E-04
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APPENDIX TABLE C.2. HYDRAULIC CQNDUCTIVITY AND ASSOCIATED SUCTION, WATER
CONTENT, FLUX, AND HYDRAULIC GRADIENT DURING POST-
INFtLTRATIONDRAINAGE, SITE Ll-2, O'AHU, HAWAIII

Measure- Water Hydraul iement Time Suction Flux Gradient
Depth Content Conductivity

(em) (mi n) (em water) (em3ft;m3) (em/mi n) (em/eni) (em/mi n)

20 29 3 0.517 3.04E-02 0.45 6.72E-02
39 5 0.513 2.17E-02 0.74 2.94E-02
49 7 0.509 1.46E-02 0.51 2.84E-02
59 8 0.506 8.98E-03 0.78 1.15E-02
89 11 0.500 1.78E-03 0.75 2.36E-03

119 13 0.496 1. 71 E-03 0.75 2.29E-03
1404 46 0.427 1.86E-04 -0.43 -4.27E-03
2769 61 0.411 2.17E-04 -0.33 -6.51E-03
4079 73 0.402 1.78E-04 -0.80 . -2.21E-03
5864 82 0.395 9.76E-05 . 0.69 1.42E-04
8384 99 0.381 5.11E-05 0.48 1.06E-04

11129 105 0.379 4.51E-05 1. 20 3.76E-05
12749 105 0.379 4.36E-05 2.39 1.82E-05

30 29 -1 0.532 4.12E-02 0.71 5.76E-02
39 2 0.526 2.95E-02 0.56 5.24E-02
49 3 0.523 1.99E-02 0.62 3.20E-02
59 5 0.518 1.24E-02 0.49 2.56E-02
89 8 0.511 2.76E-03 0.50 5.49E-03

119 10 0.506 2.66E-03 0.50 5.30E-03
1404 40 0.448 3. 77E-04 0.99 3.80E-04
2769 58 0.428 2.99E-04 1. 57 1.90E-04
4079 71 0.419 2.29E-04 1. 78 1.28E-04
5864 87 0.409 1.49E-04 2. 13 7.01E-05
8384 103 0.400 7.78E-05 2.22 3.51E-05

11129 118 0.396 5.11E-05 2.92 1.75E-05
12749 128 0.393 5.90E-05 3.23 1.83E-05

50 29 -10 0.490 4.72E-02 O. 11 4.15E-Ol
39 -7 0.490 3.40E-02 0.76 4.46E-02
40 -6 0.490 2.32E-02 0.42 5.51E-02
59 -5 0.490 1.48E-02 0.89 1.67E-02
89 -3 0.490 3.84E-03 0.70 5.48E-03

119 -1 0.490 3.72E-03 0.70 5.29E-03
1404 51 0.469 6.44E-04 1.59 4.04E-04
2769 76 0.458 4.55E-04 1. 17 3.90E-04
4079 90 0.452 3.30E-04 0.78 4.23E-04
5864 107 0.446 2.17E-04, 0.93 2.34E-04
8384 127 0.440 1. 18E-04 1.02 1.16E-04

11129 144 0.436 8.22E-05 0.51 1.59E-04
12749 153 0.434 9.22E-05 1.03 8.97E-05
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APPENDIX TABLE C.3. HY'DRAULIC CONDUCTIV lP( AND ASSOC I.ATED SUCTION, WATER
CONTENT, FLUX, AND HYDRAULIC GRADIENT DURING POSTINFIL-
TRATI ON DRA INAGE FOR SITE L2-1 (SET 1), O'AHU, HAWA II I

Measure- Water HydrauJ icment Time Suction Flux Gradient
Depth Content Conductivity
(cm) (mi n) (cm water) (cm3/cm3

) (cm/mi n) (cm/cm) (cm/m in)
20 25 3 0.544 1. 46E-02 0.39 3.74E-02

30 4 0.543 1.09E-02 0.33 3.29E-02
40 8 0.539 8.24E-03 0.21 3.92E-02
50 12 0.534 8.37E-03 0.21 4.05E-02
80 17 0.529 6.22E-03 O. 14 4.54E-02

111 21 0.525 3.11E-03 0~06 5.19E-02
140 24 0.521 2.15E-03 0.06 3.85E-02
170 27 0.517 2.13E-03 0.13 1.59E-02
206 31 0.511 2.06E-03 0.06 3.56E-02
235 33 0.508 1. 97E-03 0.06 3.35E-02

1015 66 0.463 5.50E-04 0.17 3.26E-03
1465 78 0.449 4.63E-04 0.27 1.74E-03
2575 97 0.426 3.04E-04 O. 18 1. 70E-03
4060 118 0.408 1.78E-04 0.25 7.01E-04
5650 135 0.394 1. 14E-04 0.40 2.83E-04
6940 144 0.387 9.08E-05 0.37 2.46E-04
8590 158 0.379 5.66E-05 0.56 1.02E-04
9970 166 0.375 4.05E-05 0.63 6.43E-05

12670 184 0·367 9.30E-05 0.69 1. 35E-04

30 25 -1 0.573 2.95E-02 0.84 3.50E-02
30 0 0.573 1.79E-02 0.79 2.27E-02
40 3 0.570 8.96E-03 0.69 1.30E-02
50 6 0.566 9.19E-03 0.62 1. 49E-02
80 10 0.562 7.40£-03 0.49 1.50E-02

111 14 0.559 4.61E-03 0.47 9.81E-03
140 17 0.556 3.77E-03 0 .. 48 7.87E-03
170 21 0.551 3.76E-03 0.50 7.44E-03
206 24 0.548 3.66E-03 0.47 7.71E-03
235 26 0.545 3.51E-03 0.47 7.44E-03

1015 60 0.469 9.81E-04 0.59 1.67E-03
1465 72 0.452 7.83E-04 0.57 1. 38E-03
2575 91 0.425 4.72E-04 0.65 7.30E-04
4060 112 0.404 2.77E-04 0.67 4.12E-04
5650 131 0.391 1.80E-04 0.70 2.57E-04
6940 141 0.384 1.45E-04 0.83 1.74E-04
8590 155 0.376 9.08E-05 0.95 9.51E-05
9970 165 0.732 6.26E-05 1.06 5.89E-05

12670 184 0.365 1.35E-04 1. 17 1. 16E-04

60 25 -3 0.491 5.66E-02 0.64 8.90E-02
30 -3 0.491 2.93E-02 0.64 4.60E-02
40 -2 0.491 7.60E-03 0.64 1. 18E-02
50 -1 0.491 7.93E-03 0.62 1. 28E-02
80 1 0.491 8.14E-03 0.62 1.31E-02

111 4 0.488 7.88E-03 0.64 1.23E-02
l l l0 7 0.485 7.88E-03 0.64 1.24E-02
170 11 0.482 7.92E-03 0.62 1.27E-02
206 14 0.480 7.75E-03 0.64 1.21E-02
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APPENDIX TABLE C.3-Continued
Measure- Water Hydraulic

ment Time Suction Content Flux Gradient Conductivity
Depth
(em) (mi n) (em water) (cm3 Icm3

) (cm/mi n) (em/em) (cm/mi n)
6o-cont. 235 16 0.478 7.44E-03 0.64 1.16E-02

1015 53 0.457 1.90E-03 0.66 2.89E-03
1465 63 0.453 1.50E-03 0.66 2.26E-03
2575 86 0.444 8.85E-04 0.65 1.37E-03
4060 107 0.437 5.14E-04 0.67 7.69E-04
5650 126 0.431 3.45E-04 0.74 4.69E-04
6940 140 0.426 2.91E-04 0.78 3.73E-04
8590 157 0.421 1.87E-04 0.85 2.19E-04
9970 169 0.419 1.23E-04 0.85 1.45E-04

12670 192 0.414 2.35E-04 0.97 2.44E-04

90 25 -25 0.491 6.70E-02 o. 18 3.69E-01
30 -25 0.491 3.30E-02 0.22 1.51E-01
40 -22 0.491 6.15E-03 0.28 2.23E-02
50 -19 0.491 6.35E-03 0.36 1.78E-02
80 -15 0.491 ' 7.70E-03 0.51 1.50E-02

111 -11 0.491 9.21E-03 0.49 1.87E-02
140 -9 0.491 9.76E-03 0.46 2.12E-02
170 -5 0.491 9.81E-03 0.47 2.09E-02
206 -1 0.491 9.60E-03 0.-6 2.07E-02
235 1 0.491 9.22E-03 0.46 1.99E-02

1015 36 0.466 2.29E-03 0.44 5.23E-03
1465 50 0.458 1.79E-03 0.56 3.21E-03
2575 67 0.452 . 1.06E-03 0.29 3.65E-03
4060 89 0.443 6.58E-04 0.34 1.94E-03
5650 113 0.435 4.66E-04 0.53 8.76E-04
6940 123 0.431 3.95E-04 0.30 1.30E-03
8590 143 0.425 2.62E-04 0.38 6.83E-04
9970 152 0.422 1.78E-04 0.25 7.20E-04

12670 177 0.417 2.82E-04 0.28 1.02E-03
120 25 -33 0.491 8.32E-02 1. 57 5.30E-02

30 -32 0.491 3.86E-02 1. 55 2.49E-02
40 -29 0.491 2.95E-03 1. 50 1. 97E-03
50 -26 0.491 3.28E-03 1. 41 2.33E-03
80 -19 0.491 6.20E-03 1. 33 4.65E-03

111 -17 0.491 9.60E-03 1. 30 7.41E-03
140 -15 0.491 1.07E-02 1. 29 8.34E-03
170 -11 0.491 1.08E-02 1. 26 8.57E-03
206 -8 0.491 1.06E-02 1. 23 8.60E-03
235 -7 0.491 1.02E-02 1. 20 8.48E-03

1015 31 0.468 2.92E-03 1. 43 2.04E-03
1465 45 0.461 2.17E-03 1. 29 1.67E-03
2575 57 0.455 1.19E-03 1. 32 8.98E-04
4060 80 0.447 8.30E-04 1. 24 6.70E-04
5650 106 0.437 6.05E-04 1. 14 5.31E-04
6940 112 0.435 4.88E-04 1. 14 4.27E-04
8590 133 0.428 3. 36E-04 1. 13 2.97E-04
9970 139 0.426 2.51E-04 1. 13 2.22E-04

12670 163 0.420 3.28E-04 1.08 3.04E-04
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APPENDIX TABLE c.4. HYDRAULIC CONDUCTIVITY AND ASSOCIATED SUCTION, WATER
CONTENT, FLUX, AND HYDRAULIC GRADIENT DURING POSTINFIL-
TRATION DRAINAGE FOR SITE L2-2 CSET 1), O'AHU, HAWAIII

Measure- Water Hydraulicment Time Suction Flux Gradient
Depth Content Conductivity
(em) Cmi n) (em water) (em3/em3

) (em/mi n) (em/em) (em/mi n)
20 28 2 0.577 2.15E-02 0.77 2.78E-02

38 7 0.567 1. 41 E-02 0.66 2.15E-02
48 10 0.561 9.84E-03 0.66 1.49E-02
58 14 0.553 8.60E-03 0.56 1. 53E-02
68 17 0.547 8.70E-03 0.59 1. 48E-02
78 19 0.543 8.43E-03 0.59 1.44E-02
98 23 0.535 6.82E-03 0.57 1. 20E-02

118 27 0.527 4.79E-03 0.55 8.78E-03
148 30 0.522 2.83E-03 0.51 5.51E-03
178 32 0.518 2.19E-03 0.56 . 3.93E-03
238 37 0.510 2.15E-03 0.47 4.56E-03
308 42 0.501 1.97E-03 0.44 4.46E-03

1083 72 0.460 5.40E-04 0.41 1.33E-03
1548 83 0.446 5.02E-04 0.47 1.06E-03
2668 105 0.421 3.86E-04 0.45 8.49E-04
4128 127 0.400 2.46E-04 0.45 5.51E-04
5718 144 0.383 1.74E-04 0.58 3.02E-04
7008 155 0.374 1. 46E-04 0.76 1.92E-04
8658 169 0.363 9.76E-05 0.96 1.02E-04

10038 177 0.357 7. 72E-05 1. 10 7.04E-05
13008 201 0.340 2.05E-04 1.26 1.63E-04

30 28 2 0.522 2.45E-02 1. 16 2.11E-02
38 6 0.521 1. 66E-02 1.00 1.67E-02
48 8 0.520 1.20E-02 0.94 1.28E-02
58 11 0.519 1.07E-02 0.76 1.40E-02
68 14 0.519 1.08E-02 0.70 1.51..E-02
78 16 0.518 1.05E-02 0.70 1.49E-02
98 19 0.517 8.52E-03 0.58 1. 48E-02

118 23 0.516 6.06E-03 0.52 1. 16E-02
148 25 0.516 3.70E-03 0.47 7.95E-03
178 28 0.513 2.91E-03 0.53 5.51E-03
238 31 0.509 2.86E-03 0.40 7.11E-03
308 36 0.505 2.64E-03 0.35 7.63E-03

1083 65 0.474 8.42E-04 0.29 2.94E-03
1548 77 0.462,., 7.49E-04 0.40 1.8 E-03
2668 99 0.439 5.39E-04 0.39 1.37E-03
4128 122 0.424 3.34E-04 0.51 6.58E-04
5718 141 0.413 2.39E-04 0.78 3.06E-04
7008 154 0.405 2.07E-04 1.04 1.99E-04
8658 172 b'.396 1. 40E-04 1.43 9.81E-05

10038 181 0.391 1.08E-04 1. 59 6.82E-05
13008 209 0.377 2.89E-04 2. 12 1.36E-04
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APPENDIX TABLE C.4--Continued

Measure- Water Hydraulicment Time Suction Flux Gradient
Depth Content Conductivity

(em) (mi n) (em water) (em3/em3
) (em/min) (em/em) (em/mi n)

60 28 -7 0.508 2.52E-02 0.36 6.98E-02
38 -6 0.508 1. 82E-02 0.36 5.06E-02
48 -5 0.508 1.41E-02 0.34 4.09E-02
58 -4 0.508 1.30E-02 0.41 3.17E-02
68 -3 0.508 1.31E-02 0.40 3.29E-02
78 -1 0.508 1.27E-02 0.38 3.32E-02
98 1 0.507 1.06E-02 0.42 2.50E-02

118 3 0.505 7.92E-03 0.41 2.95E-02
148 5 0.504 5.32E-03 0.44 1.22E-02
178 7 0.502 4.46E-03 0.37 1.20E-02
238 12 0.497 4.38E-03 0.50 8.71E-03
308 16 0.494 4.08E-03 0.55 7.44E-03

1083 46 0.469 1.58E-03 0.70 2.26E-03
1548 59 0.460 1.37E-03 0.67 2.05E-03
2668 83 0.444 9.39E-04 0.76 1.23E-03
4128 110 0.429 5.73E-04 0.90 6.37E-04
5718 136 0.418 4.24E-04 1.02 4.13E-04
7008 147 0.413 3.88E-04 0.89 4.34E-04
8658 172 0.402 2.82E-04 1.00 2.81E-04

10038 185 0.396 2.30E-04 1. 14 2.02E-04
13008 232 0.375 5.72E-04 1. 53 3.74E-04
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APPENDIX TABLE C.5. HYDRAULIC CONDUCTIVITY AND ASSOCIATED SUCTION, WATER
CONTENT, FLUX, AND HYDRAULIC GRADIENT DURING POSTINFIL-
TRATION DRAINAGE FOR SITE L3-1 (SET 1), O'AHU, HAWAIII

Measure- Water Hydraul iement Time Suction Flux Gradient
Depth Content Conductivity

(em) (min) (em water) (em3Icm3
) (em/mi n) (em/em) (em/m in)

20 10 2 0.496 5.86E-02 1.04 5.66E-02
15 0 0.497 3.53E-02 0.88 4.01E-02
25 4 0.496 4.01E-03 0.74 5.42E-03
35 6 0.495 -6.66E-03 0.59 -1.14E-02
50 11 0.494 -6.45E-03 0.70 -9.22E-03
80 18 0.492 -9.89E-04 0.71 -1.39E-03

110 22 0.491 5.44E-03 0.75 7.25E-03
140 25 0.490 7.07E-03 0.77 9.19E-03
155 26 0.489 6.69E-03 0.76 8.80E-03
875 67 0.463 -1.45E-03 1. 14 -1. 27E-03

2885 78 0.455 8.56E-04 1.34 6.40E-04
3920 124 0.429 4.32E-04 1.44 2.99E-04
5610 133 0.425 -8.63E-05 1. 81 -4.76E-05
6879 145 0.420 4.57E-04 1. 57 2.91E-04

30 10 1 0.496 7.35E-02 0.75 9.74E-02
15 -1 0.497 4.39E-02 0.85 5.16E-02
25 3 0.496 4.32E-03 1.04 4.16E-03
35 5 0.495 -9.20E-03 1.23 -7.47E-03
50 9 0.494 -8.92E-03 0.92 -9.68E-03
80 15 0.492 -1.48E-03 0.79 -1. 88E-03

110 20 0.491 7.28E-03 0.82 8.92E-03
140 23 0.490 9.51E-03 0.88 1.08E-02
155 24 0.490 9.00E-03 0.89 1.01E-02
875 69 0.461 -1.92E-03 1.20 -1.60E-03

2885 82 0.452 1. 14E-03 1.48 7.74E-04
3920 128 0.427 5.·90E-04 1.47 4.01E-04
5610 142 0.421 -1.07E-04 1.97 -5.43E-05
6~79 152 0.417 5.90E-04 1. 73 3.41E-04

60 10 -6 0.504 1.19E-Ol 0.99 1.21E-Ol
15 -4 0.504 7.22E-02 1.01 7.12E-02
25 4 0.502 9. 11E-03 0.84 1.09E-02
35 11 0.496 -1.24E-02 0.72 -1. 73E-02
50 7 0.499 -1.20E-02 0.80 -1.50E-02
80 11 0.496 -4.90E-04 0.88 -5.55E-04

110 16 0.492 1.31E-02 0.91 1.44E-02
140 21 0.489 1.65E-02 0.91 1.80E-02
155 23 0.487 1. 56E-02 0.97 1.60E-02
875 70 0.451 -2.82E-03 0.79 -3.57E-03

2885 88 0.440 1.84E-03 0.72 2.54E-03
3920 132 0.419 1.02E-03 0.69 1.48E-03
5610 154 0.412 -1.40E-04 0.53 -2.67E-04
6875 158 0.411 7.72E-04 0.40 1.91E-03
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APPENDIX TABLE C.S-Continued

Measure- Water Hydraulicment Time Suction Flux Gradient
Depth Content Conductivity

(em) (mi n) (em water) (em3/em3
) (em/min) (em/em) (em/min)

90 10 -2 0.504 1.42E-01 1. 18 1.20E-Ol
15 -2 0.504 8.64E-02 1. 12 7.74E-02
25 0 0.504 1.21E-02 1.09 1.11E-02
35 1 0.504 -1. 34E-02 1. 01 -1.32E-02
50 4 0.501 -1. 29E-02 1. 16 -1.11E-02
80 10 0.497 1. 83E-03 1. 10 1.67E-03

110 16 0.492 1.92E-02 1. 16 1.66E-02
140 22 0.488 2.34E-02 1.25 1.88E-02
155 25 0.485 2.22E-02 1.25 1.78E-02
875 65 0.454 -3.76E-03 1.13 -3.32E-03

2885 80 0.445 2.55E-03 1. 14 2.23E-03
3920 123 0.423 1.45E-03 1.00 1.45E-03
5610 137 0.417 -1.88E-04 0.95 -1.98E-04
6875 139 0.417 9.37E-04 0.89 1.05E-03
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APPENDIX TABLE c.6. HYDRAULIC CONDUCTIVITY AND ASSOCIATED SUCTION, WATER
CONTENT, FLUX, AND HYDRAULIC GRADIENT DURING POSTINFIL-
TRi-\T ION ORA INAGE FOR SITE L3- 2 (SET 1), O'AHU, HAWA III

Measure- Water Hydrau,l iement Time Suction Flux Gradient
Depth Content Conductivity
(em) (min) (em water) (cm3/an 3) (em/min) (em/em) (em/mi n)

20 7 -1 0.541 3.16E-03 . 1. 17 2.71E-03
12 4 0.539 6.30E-03 0.97 6.48E-03
22 6 0.538 9. 04E-03 0.88 1.03E-02
32 12 0.535 8.8 E-03 0.69 1.27E-02
44 18 0.532 6.82E-03 0.55 1.24E-02
54 20 0.530 4.66E-03 0.50 9.31E-03
64 22 0.529 3.11E-03 0.51 6.15E-03
84 26 0.527 1. 88E-03 0.54 3.49E-03

119 29 0.524 1.87E-03 0.57 3.27E-03
149 32 0.521 1. 82E-03 0.62 2.93E-03
179 36 0.518 1.74E-03 0.61 2.85E-03
197 37 0.517 1.69E-03 0.60 2.81E-03
917 67 0.485 6.06E-04 0.89 6.82E-04

1467 82 0.467 5.27E-04 1.04 5.04E-04
2892 104 0.442 1.71E-04 1. 31 1.30E-04
3967 117 0.434 1.30E-04 1. 38 9.44E-05
5652 129 0.427 6.08E-06 1. 50 4.05E-06

30 7 1 0.506 5.04E-03 1. 24 4.06E-03
12 4 0.505 8.03E-03 1.08 7.47E-03
22 6 0.505 1. 07E-02 1.09 9.81E-03

~~
11 0.503 1.05E-02 1.01 1.04E-02
15 0.501 8.23E-03 0.90 9.15E-03

'54 17 0.500 5.84E-03 0.84 6.94E-03
64 19 0.500 4.14E-03 0.91 4.56E-03
84 23 0.498 2.79E-03 0.89 3.13E-03

119 27 0.495 2.78E-03 1.01 2.76E-03
149 31 . 0.491 2.72E-03 1.07 2.55E-03
179 34 0.488 2.59E-03 1.06 2.45E-03
197 35 0.487 2.50E-03 1.05 2.38E-03
917 69 0.459 8.36E-04 1. 40 5.97E-04

1467 85 0.446 7.57E-04 1. 52 4.99E-04
2892 111 0.431 2.'38E-04 1.98 1.20E-04
3967 125 0.425 1.80E-04 2. 10 8.56E-05
5652 138 0.420 2.34E-05 2. 12 1.11E-05

50 7 2 0.509 7.39E-03 0.64 1.15E-02
12 4 0.507 1.07E-02 0.83 1.28E-02
22 6 0.505 1. 36E-02 0.76 1.79E-02
32 9 0.502 1.33E-02 0.59 2.27E-02
44 13 0.497 1. 09E-02 0.70 1.55E-02
54 15 0.495 8.26E-03 0.78 1. 07E-02
64 17 0.493 6.40E-03 0.66 9.64E-03
84 22 0.488 4.95E-03 0.85 5.84E-03

119 28 0.482 4.97E-03 0.83 5.98E-03
149 32 0.478 4.85E-03 0.76 6.42E-03
179 36 0.475 4.60E-03 0.90 5.lOE-03
197 38 0.4,3 4.42E-03 1.05 4.21E-03
917 73 eJ.4 5 1.22E-03 0.62 1.96E-03

1467 89 0.43~ 1. 20E-03 0.36 3.31E-03
2892 119 0.41 3.61E-04 0.03 1.30E-02
3967 134 0.406 2.87E-04 -0.06 -5.17E-03
5652 142 0.402 1.37E-05 -0.55 -2.49E-05
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APPENDIX TABLE C.7. HYDRAULIC CONDUCTIVITY AND ASSOCIATED SUCTION, WATER
CONTENT, FLUX, AND HYDRAULIC GRADIENT DURING POSTINFIL-
TRATION DRAINAGE FOR SITE Ml-1, O'AHU,HAWAI'I

Measure- Water Hydraul i ement Time Suction Flux Gradient
Depth Content Conductivity
(em) (mi n) (em water). Cem3{cm3) (em/min) (em/em) Cern/min)

30 30 ·2 0~518 3.52E-02 0.83 4.24E-02
110 6 0.515 5.48E-03 0.77 7.10E-03
140 11 0.512 5.40E-03 0.82 6.56E-03
170 16 0.510 5.17E-03 0.75 6.86E-03
919 65 0.465 1.06E-03 0.71 1.50E-03

2734 107 0.435 3. 36E-04 0.77 4.37E-04
3934 126 0.426 2.22E-04 0.64 3.47E-04
5839 147 0.416 1. 43E-04 0.86 1.66E-04
7219 164 0.409 1.25E-04 0.97 1. 29E-04
8279 176 0.405 1.03E-04 0.97 1.07E-04

10016 190 0.400 7.87E-05 1. 18 6.67E-05
11419 203 0.395 8.37E-05 1.29 6.50E-05
12559 211 0.394 1.04E-04 1.29 8.03E-05

60 80 -2 0.505 3.37E-02 1.01 3.33E-02
110 2 0.503 8.86E-03 1.02 8.67E-03
140 6 0.499 a.70E-03 0.93 9.35E-03
170 9 0.496 8.34E-03 0.91 9.15E-03
919 .61 0.453 2.00E-03 0.88 2.26E-03

2734 105 0.427 5.93E-04 0.86 6.89E-04
3934 127 0._417 4.24E-04 0.93 4.54E-04
5839 152 0.406 2.91E-04 0.97 3.01E-04
7219 171 0.401 2.50E-04 1.02 2.45E-04

I8279 182 0.397 2.14E-04 1.05 2.04E-04
10016 200 0.392 1.67E-04 1.06 1. 57E-04
11419 214 0.389 1.50E-04 1.05 1. 43E-04
12559 225 0.387 1.51E-04 1.08 1. 40E-04

90 80 1 0.504 3.01E-02 1.02 2.96E-02
110 5 0.501 1.26E-02 0.97 1.30E-02
140 6 0.499 1.24E-02 0.96 1.28E-02
170 9 0.497 1.18E-02 0.92 1.29E-02
919 54 0.457 2.68E-03 0.60 4.44E-03

2734 94 0.433 8.63E-04 0.47 1.84E-03
3934 114 0.423 6.38E-04 0.43 1.49E-03
5839 140 0.411 4.39E-04 0.52 8.49E-04
7219 160 0.404 3.67E-04 0.43 8.63E-04
8279 172 0.400· 3. 13E-04 0.43 7.26E-04

10016 188 0.396 2.42E-04 0.42 5.76E-04
11419 203 0.392 2.09E-04 0.47 4.46E-04
12559 212 0.390 . 1.98E-04 0.46 4.34E-04
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APPENDIX TABLE c.8. HYDRAULIC CONDUCTIVITY AND ASSOCIATED SUCTION, WATER
CONTENT, FLUX, AND HYDRAULIC GRADIENT DURING POST-
INFILTRATION DRAINAGE FOR SITE Ml-2, O'AHU, HAWAIII

Measure- Water Hydraul i ement Time Suction Content Flux Gradient ConductivityDepth
(em) (min) (em water) (em3/em3

) (em/mi n) (em/em) (em/min)

30 30 1 0.532 9.14E-02 0.64 1.42E-01
50 6 0.529 2.51E-02 0.49 5.09E-02
70 11 0.525 3.50E-03 0.35 1. 00E-02
90 14 0.523 3.33E-03 0.41 8.20E-03

120 18 0.520 3.14E-03 0.35 8.90E-03
150 22 0.518 3.01E-03 0.45 6.76E-03
180 24 0.516 2.88E-03 0.47 6.12E-03
970 69 0.453 9.87E-04 0.87 1. 13E-03

2745 109 0.422 4.22E-04 1. 12 3.76E-04
3945 127 0.413 3.36E-04 1. 21 2.76E-04
5730 151 0.402 1. 93E-04 1.34 1.45E-04
7230 167 0.396 8.85E-05 1.48 6.00E-05
8290 173 0.394 4.17E-05 0.88 4.71E-05

50 30 5 0.511 8.88E-02 0.92 9.67E-02
50 10 0.511 2.71E-02 1.02 2.56E-02
70 16 0.505 7.04E-03 1. 70 4.14E-03
90 11 0.510 6.86E-03 0.51 1.34E-02

120 23 0.497 6.61£-03 1.72 3.85£-03
150 20 0.499 6.38E-03 0.73 8.79E-03
180 28 0.491 6.14E-03 1. 39 4.42E-03
970 62 0.466 2.26E-03 -0.82 -2.75£-03

2745 96 0.446 5.83E-04 -1.94 -3.01E-04
3945 108 0.439 5.75E-04 -2.92 -1.97E-04
5730 140 0.426 3.31E-04 -2.18 -1.52E-04
7230 160 0.418 2.82E-04 -1.86 -1.51E-04
8290 355 0.384 5.75£-04 17.69 3.25E-05
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APPENDIX TABLE C.9. HYDRAULIC CONDUCTIVITY AND ASSOCIATED SUCTION, WATER
CONTENT, FLUX, AND HYDRAULIC GRADIENT DURING POST-
INPILTRATION DRAINAGE FOR StTE M3-1, O'AHU, HAWA1Q

Measure- Water Hydraulicment Time Suction Flux Gradient
Depth Content Conductivity
(em) (mi n) (em water) (em 3/cm3) (em/min) (em/em) (em/min)

20 15 3 0.570 -1. 76E-02 0.47 -].77E-02
25 8 0.567 1.98E-02 0.49 4.06E-02
35 13 0.565 1.90E-02 0.40 4.79E-02
45 16 0.563 1. 42E-02 0.32 4.49E-02
55 19 0.561 8.42E-03 0.29 2.87E-02
75 24 0.559 3.55E-03 0.21 2.71E-02

105 27 0.556 3.24E-03 0.27 1. 20E-02
135 31 0.553 3.14E-03 0.22 1.41E-02
165 33 0.550 3.14E-03 0.27 1.17E-02
225 38 0.545 3.03E-03 0.29 1. 04E-02
290 42 0.541 2.73E-03 0.34 8.08E-03

1035 73 0.495 5.32E-04 0.55 9.65E-04
1485 82 0.478 5.41E-04 0.64 8.50E-04
2675 106 0.443 4.06E-04 0.70 5.76E-04
4155 126 0.424 1.75E-04 0.90 1. 94E-04
5495 141 0.411 1.09E-04 0.98 1.12E-04
7230 156 0.401 9.18E-05 1. 19 7.72E-04
8430 168 0.396 5.89E-05 1.24 4.73E-05
9675 179 0.392 6.38E-06 1.47 4. 34E-06

30 15 -2 0.571 -1.63E-02 0.48 -3.35E-02
25 2 0.570 2.24E-02 0.36 6.16E-02
35 7 0.568 2.14E-02 0.32 6.72E-02
45 9 0.566 1. 62E-02 0.31 5.21E-02
55 12 0.565 9.63E-03 0.25 3.66E-02
75 15 0.564 4.1OE-03 o. 16 2.50E-02

105 20 0.561 3.75E-03 0.28 1.36E-02
135 23 0.560 3. 77E-03 0.26 1. 43E-02
165 26 0.558 3.95E-03 0.27 1.44E-02

. 225 31 0.552 4.04E-03 0.32 1.26E-02
290 36 0.547 3.75E-03 0.42 9.02E-03

1035 69 0.501 9.23E-04 0.74 1. 24E-03
1485 80 0.482 8.98E-04 0.84 1.07E-03
2675 105 0.444 6.40E-04 0.98 6.54E-04
4155 127 0.424 2.77E-04 1. 17 2.37E-04
5495 144 0.408 1.74E-04 1.46 1. 20E-04
7230 161 0.399 1. 50E-04 1. 74 8.61E-05
8430 174 0.394 9.81E-05 1. 79 5.50E-05
9675 186 0.389 1.39E-05 1. 94 7.16E-06
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APPENDIX TABLE C.l0. HYDRAULIC CONDUCTIVITY AND ASSOCIATED SUCTION, WATER
CONTENT, FLUX, AND HYDRAULIC GRADIENT DURING POST-
INFILTRATION DRAINAGE FOR SITE M3-2, OIAHU, HAWAIII

Measure- Water Hydraul iement Time Suction Flux Gradient
Depth Content Conductivity

(em) (mi n) (em water) (em3/em 3
) Ccm/m in) (em/em) (em/min)

20 18 5 0.586 . 2.98E-02 0.60 4.98E-02
22 7 0.582 2.31E-02 0.56 4.17E-02
32 13 0.570 1. 66E-02 0.49 3.42E-02
42 17 0.562 1.60E-02 0.43 3.74E-02
52 19 0.558 1. 31 E-02 0.44 2.99E-02
62 21 0.553 9.44E-03 0.39 2.43E-02
72 23 0.549 6. 88E-03 0.37 1. 88E-02
87 26 0.543 5.03E-03 0.43 1.19E-02

117 30 0.535 4.08E-03 0.29 1.39E-02
147 33 0.528 3.83E-03 0.35 1. 10E-02
207 37 0.520 3.61E-03 0.32 1.15E-02
267 42 0.509 2.80E-03 0.35 8.08E-03
315 44 0.504 2.01E-03 0.36 5.54E-03
390 48 0.496 1. 48E-03 0.35 4.21E-03

1120 73 0.450 8.51E-04 0.62 1.36E-03
1570 74 0.449 6.43E-04 0.70 9.25E-04
2745 96 0.409 3.07E-04 0.98 3.14E-04
4240 104 0.399 1.31E-04 1.04 1.26E-04
5580 120 0.387 7.79E-05 1. 31 5.93E-05
7315 137 0.374 1.58E-04 1. 50 1.05E-04

30 18 2 0.558 4.68E-04 0.79 5.92E-02
22 3 0.556 3.42E-02 0.73 4.70E-02
32 8 0.550 2.13E-02 0.61 3.50E-02
42 11 0.546 2.05E-02 0.50 4.13E-02
52 13 0.543 1.70E.-02 0.50 3.39E-02
62 15 0.541 1.28E-02 0.51 2.50E-02
72 17 0.539 9.64E-03 0.46 2.10E-02
87 20 0.534 7.14E-03 0.45 1.58E-02

117 3 0.530 5.50E-03 0.41 1.33E-02
147 26 0.526 5.37E-03 0.33 1.62E-02
207 30 0.517 5.75E-03 0.39 1.46E-02
267 35 0.507 4.43E-03 0.33 1.34E-02
315 38 0.501 3.03E-03 0.46 6.63E-03
390 42 0.492 2.11E-03 0.45 4.68E-03

1120 70 0.451 1.22E-03 0.73 1. 67E-03
1570 75 0.445 9.22E-04 1. 31 7.06E-04
2745 99 0.414 4.42E-04 1. 51 2.92E-04
4240 113 0.406 1.91E-04 2.40 7.98E-05
5580 129 0.396 1.26E-04 2.29 5.50E-05
7315 147 0.386 2.66E-04 2.37 1.12E-04
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APPENDIX TABLE C.1D--Continued

Measure- Water Hydraul icment Time Suction Flux Gradient
Depth Content Conduct i vi'ty

(em) (mi n) (cm water} (cm3/cm3
) (cm/mi n) (em/em) (cm/mi n)

60 18 -7 0.523 5.50E-02 0.64 8.57E-02
22 -5 0.523 4.26E-02 0.71 6.02E-02
32 -1 0.523 2,97E-02 0.71 4.18E-02
42 0 0.523 2.85E-02 0.70 4.09E-02
52 1 0.522 2.41E-02 0.65 3.71E-02
62 3 0.520 1.87E-02 0.64 2.92E-02
72 3 0.520 1.46E-02 0.62 2.35E-02
87 5 0.518 1.10E-02 0.57 1.93E-02

117 8 0.514 8.05E-03 0.58 1.38E-02
147 11 0.511 8.38E-03 0.66 1.26E-02
207- 17 0.504 1.03E-02 0.65 1. 59E-02
267 20 0.501 8.30E-03 0.65 1.28E-02
315 24 0.496 5.73E-03 0.60 9.64E-03
390 29 0.492 4.05E-03 0.63 6.44E-03

1120 58 0.469 2.28E-03 0.48 4.72E-03
1570 66 0.464 1.71E-03 O. 19 9.24E-03
2745 92 0.447 8.13E-04 o. 14 5.83E-03
4240 115 0.436 3.69E-04 -0. 12 -3.19E-03
5580 129 0.430 2.42E-04 -0.08 -3.28E-03
7315 151 0.421 4.92E-04 0.06 8.63E-03
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APPENDIX TABLE C.11- HYDRAULI C CONDUCTI VITY AND ASSOC IATED SUCTI ON, WATER
CONTENT, FLUX, AND HYDRAULIC GRADIENT DURING POST- .
INFILTRATION DRAINAGE FOR SITE W1-1, O'AHU, HAWAII'.

Measure- Water Hydraul iement Time Suction Flux Gradient'
Depth Content Conductivity

(em) (m i n) (em water) (cm3/em3
) (em/min) (em/em) (em/min)

20 29 5 0.581 1.02E-02 0.91 1. 13E-02
37 7 0.572 . 1.09E-02 0.55- 1.99E-02
48 9 0.565 1.11E-02 0.42 2.61E-02
78 11 0.558 9.70E-03 0.34 2.86E-02

108 13 0.552 7.57E-03 0.22 3.45E-02
138 16 0.541 5.57E-03 0.21 2.69E-02
169 18 0.534 4.56E-03 0.24 1. 87E-02
198 19 0.531 4.15E-03 0.24 1.70E-02
228 20 0.528 3.76E-03 0.21 1.82E-02
258 22 0.521 3.46E-03 O. 19 1.80E-02
288 23 0.517 3.17E-03 0.28 1. 12E-02
348 23 0.517 2.65E-03 0.20 1. 34E-02
908 37 . 0.475 5.37E-04 0.33 1.62E-03

1563 46 0.448 5.52E-04 0.40 1.38E-03
2598 59 0.426 1.90E-04 0.47 4.06E-04
2848 61 0.424 1.99E-04 0.46 4.34E-04
4001 71 0.412 2.37E-04 0.38 6.18E-04
5448 82 0.400 1.70E-05 0.49 3.48E-05
8448 100 0.379 6.30E-04 0.58 1.08E"'"03

30 29 3 0.568 1.28E-02 0.72 1.78E-02
37 2 0.569 1.27E-02 0.56 2.27E-02
48 3 0.568 1.25E-02 0.52 2.42E-02
78 4 0.567 1. 13E-02 0.45 2.49E-02

108 6 0.566 8.76E-03 0.48 1.84E-02
138 9 0.563 6.25E-03 0.42 1.47E-02
169 11 0.561 5.08E-03 0.43 1.18E-02
198 12 0.560 4.68E-03 0.43 1.09E-02
228 13 0.559 4.32E-03 0.44 9.86E-03
258 15 0.558 4.01E-03 0.37 1. 08E-02
288 17 0.556 3.73E-03 0.45 8.30E-03
348 17 0.536 3.20£-03 0.51 6.24£-03
908 31 0.532 1.01E-03 0.51 2.00E-03

1563 41 0.506 8.70E-04 0.62 1.41£-03
2598 56 0.476 3.56£-04 0.76 4.71E-04
2848 57 0.475 3.39£-04 0.66 5. 10£-04
4001 67 0.462 3. 15£-04 0.69 4.53E-04
5448 79 0.447 1.65£-04 0.75 2.21£-04
8448 98 0.423 4.06E-04 0.80 5.07£-04
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APPENDIX TABLE C• .11~Continued

Measure- Water Hydraulicment Time Suct i'on Flux Gradient
Depth Content Conductivity

(cm) (min) (em water) (cm3/cm3
) (em/min) CC1Ti/cm} Ccm/mi n)

60 29 -12 0.508 6, 19E.,.,03 0.71 8.73E-03
37 -3 0.508 1.20E-02 0.90 .1,34E.. 04
48 -1 0.508 1. 42E-02 1.00 1.41E-02
78 1 0.507 1.31E-02 1.02 1. 29E-02

108 3 0.505 1.04E-02 0.98 1.06E-02
138 4 0.504 7.59E-03 0.98 7.72E-03
169 5 0.503 6.31E-03 0.98 6.42E~03

198 6 0.502 5.88E-03 0.98 5.99E-03
228 7 0.501 5.49E-03 0.98 5.59E-03
258 8 0.500 5.14E-03 0.99 5.21E-03
288 8 0.500 4.83E-03 0.98 4.91E-03
348 11 0.496 4.24E-03 1.01 4.20E-03
908 23 0.484 1. 69E-03 0.97 1.74E-03

1563 35 0.474 1.41E-03 0.97 1.45E-03
2598 48 0.465 6.58E-OLI 0.85 7.72E-04
2848 51 0.463 5.83E-04 0.89 6.58E-04
5448 71 0.454 4.51E-04 0.81 5.58E-04
8448 89 0.446 -1.99E-04 0.72 -2.76E-04

90 29 -5 0.508 1. 20E~03 1.59 7.53E-04
37 -4 0.508 1. 15E-02 1.28 8.98E-03
48 0 0.508 1.54E-02 1.09 1.41E-02
78 0 0.508 1. 42E-02 1.04 1.37E-02

108 1 0.507 1.16E-02 1. 12 1.03E-02
138 3 0.505 9.03E-03 1.09 8.31E-03
169 6 0.502 7.76E-03 1.1'0 7.08E-03
198 7 0.501 7.27E-03 1. 10 6.63E-03
228 8 0.500 6.81E-03 1. 10 6.21E-03
258 9 0.499 6.40E-03 1. 10 5.84E-03
288 11 0.496 6.02E-03 1.07 5.64E-03
348 13 0.495 5.33E-03 1.06 5.05E-03
908 27 0.480 2.18E-03 1. 12 1.95E-03

1563 37 0.473 1.72E-03 1. 01 1.70E-03
2598 47 0.466 8.41E-04 0.92 9.18E-04
2848 48 0.465 7.38E-04 0.90 8.19E-04
4001 56 0.461 4.98E-04 0.76 6.52E-04
5448 66 0.456 5.84E-04 0.76 7.67E-04
8448 81 0.450 -3.82E-04 0.71 -5.41E-04
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APPENDIX TABLE C.12. HYDRAULIC CONDUCTIVITY AND ASSOCIATED SUCTION, WATER
CONTENT, FLUX, AND HYDRAULIC GRADIENT DURING POST-
INFILTRATION DRAINAGE FOR SITE Wl-2, OIAHU, HAWAIII

Measure- Water Hydraul iement Time Suction Flux Gradient
Depth Content Conductivity

(em) (m in) (em water) (em3/cm3
) (em/min) (em/em) (em/min)

20 70 10 0.569 2.49E-02 0.22 1.15E-Ol
85 11 0.564 1.52E-02 0.12 1.30E-Ol
98 13 0.557 9.29E-03 0.07 1. 39E-Ol

127 15 0.548 4.16E-03 0.07 6.25E-02
157 16 0.544 4.42E-03 0.02 1.99E-Ol
188 18 0.533 4.26E-03 0.04 1.10E-Ol
215 19 0.529 3.77E-03 -0.02 -1. 70E-Ol
248 20 0.527 ·3.04E-03 0.02 1. 37E-Ol
278 22 0.516 2.50E-03 0.04 6.42E-02
308 22 0.518 2.07E-03 -0.02 -9.33E-02
338 23 0.513 1.77E-03 0.06 3.18E-02
400 25 0.506 1.52E-03 0.02 6.84E-02
966 37 0.465 1.15E-03 0.00 1.38E-03

1621 50 0.422 4.90E-04 0.06 8.02E-03
2651 62 0.408 1.75E-04 o. 18 9.84E-04
2856 64 0.406 1.80E-04 O. 12 1.47E-03
4054 74 0.394 1.84[-04 0.28 6.49E-04
5496 84 0.383 1.51E-04 0.32 4.73E-04
8526 100 0.365 -6.75E-07 0.42 -1. 60E-06

30 70 1 0.567 2. 56E-02· 0.09 2.79E-Ol
85 2 0.566 1. 60E-02 0.10 1. 60E-01
98 3 0.565 1.02E-02 0.04 2.45E-Ol

127 5 0.563 5.49E-03 0.04 1. 32E-0 1
157 6 0.562 6.06E-03 0.05 1.21E-Ol
188 8 0.560 5.85E-03 -0.01 -7.02E-Ol
215 8 0.559 5.01E-03 ·0.08 -6.68E-02
248 10 0.558 3.76E-03 0.05 7.52E-02
278 12 0.555 2.85E-03 -0.01 -3.42E-Ol
308 12 0.556 2.16E-03 0.06 3.71E-02
338 14 0.554 1.70E-03 0.05 3.40E-02
400 15 0.553 1. 44E-03 0.05 2.88E-02
966 27 0.538 1. 83E-03 0.03 5.50E-02

1621 40 0.506 8.30E-04 0.08 9.97E-03
2651 54 0.478 3.24E-04 0.26 1.25E-03
2856 55 0.476 3.18E-04 O. 12 2.54E-03
4054 67 0.460 2.86E-04 0.32 9.03E-04
5496 77 0.445 2.38E-04 0.41 5.78[-04
8526 94 4.421 5.99E-05 0.49 1.22E-04



105

APPENDIX TABLE C.12--Continued

Measure- Water Hydraul iement Time Suction Flux Gradient
Depth Content Conductivity

(em) (min) (em water) (cm3lcm3) (em/min) (em/em) (em/min)

50 70 -11 0.494 2.39E-02 0.89 2.68E-02
85 -9 0.494 1.54E-02 0.97 1.59E-02
98 -8 0.494 1.02E-02 1.04 9.80E-03

127 -6 0.494 6.13E-03 1.04 5.89E-03
157 -5 0.494 6.76E-03 1. 01 6.72E-03
188 -5 0.494 6.54E-03 0.95 6.91E-03
215 -4 0.494 5.63E-03 1. 17 4.81E-03
248 -1 0.494 4.24E-03 1. 01 4.22E-03
278 -1 0.494 3.25E-03 0.95 3.43E-03
308 1 0.493 2.50E-03 0.97 2. 48E... 03
338 2 0.492 2.00E-03 0.94 . 2.12E-03
400 4 0.490 1.74E-03 1.01 1.73E-03
966 18 0.478 2.31E-03 1.30 1.78E-03

1621 32 0.467 1. 15E-03 1. 33 8.69E-04
2651 47 0.456 4.89E-04 1. 17 4.18E-04
2856 48 0.455 4.59E-04 1.48 3.10E-04
4054 59 0.451 3.63E-04 0.98 3.69E-04
5496 69 0.447 3.12E-04 0.82 3 79E-04
8526 87 0.440 9.31E-05 0.78 1.19E-04
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APPENDIX TABLE C.13. HYDRAULIC CONDUCTIVITY AND ASSOCIATED SUCTION~ WATER
CONTENT, FLUX, AND HYDRAULIC GRADIENT DURING POSTINFIL-
TRATtON DRAINAGE FOR SITE W3-2 (SET 1), OIAHU, HAWAIII

Measure- Water Hydraul iement Time Suction Flux Gradient
Depth Content Conductivity
(em) (mi n) (em water) (em3/cm3

) (em/mi n) (em/em) (em/min)

20 620 6 0.570 -2.34E-02 0.44 5.30E-02
623 7 0.568 1. 93E-02 0.40 4.82E-02
625 9 0.567 2.74E-02 0.39 7.09E-02
627 10 0.565 2.67E-02 0.36 7.47E-02
630 13 0.563 2.33E-02 0.32 7.25E-02
635 15 0.560 1.63E-02 0.30 5.42E-02
650 21 0.554 7.29E-03 0.24 2.99E-02
665 25 0.550 7.07E-03 0.19 3.63E-02
690 30 0.540 5.99E-03 0.22 2. 77E-02
735 38 0.527 3.72E-03 0.30 1.26E-02
795 42 0.520 2.18E-03 0.27 7.97E-03
870 46 0.512 1.46E-03 0.28 5.25E-03
990 52 0.502 9.69E-04 0.29 3.34E-03

1170 59 0.494 8.35E-04 0.35 2.41E-03
1460 69 0.484 6.73E-04 0.38 1.79E-03
1760 78 0.472 5.47E-04 0.40 1. 36E-03
2165 86 0.464 3.96E-04 0. 1.5 8. 88E-04
2980 99 0.449 1.85E-04 0.49 3.77E-04
3625 106 0.444 1.22E-04 0.51 2.39E-04
4395 116 0.438 1.66E-04 0.57 2.93E-04

30 620 1 0.574 -1.50E-02 0.64 -2.35E-02
623 2 0.573 2.49E-02 0.63 5.93E-02
625 4 0.572 3.25E-02 0.59 5.49E-02
627 5 0.571 3.18E-02 0.57 5.63E-02
630 7 0.569 2.81E:-02 0.49 5.79E-02.
635 9 0.566 2.05E-02 0.45 11.53E,-02
650 14 0.561 1.07E-02 0.40 2. 66E--02
665 18 0.558 1.04E-02 0.35 2.97E-·02
690 23 0.552 8.88E-03 0.32 2.77E-02
735 30 0.540 5.64E-03 0.20 2.82E-02
795 34 0.533 3.44E-03 0.30 1. 14E-02
870 39 0.524 2.44E-03 0.36 6.81E-03
990 46 0.513 1. 65E-03 0.40 4.13E-03

1170 53 0.501 1. 30E-03 0.46 2.84E-03
1460 63 0.490 9.98E-04 0.48 2.09E-03
1760 73 0.479 8.53E-04 0.52 1. 64E-03
2165 80 0.470 6.41E-04 0.52 1. 23E-03
2980 94 0.454 3.07E-04 0.59 5.17E-Olf
3625 101 0.44'6 2.03E-04 0.63 3.22E-04
4395 112 0.440 2.64E-04 0.61 4.31E-04
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APPENDIX TABLE C.l3-Continued

Measure- Water Hydraulicment Time Suction Flux Gradient
Depth Content Conductivity
(cm) (min) Ccm water} CCm 3/Cm3

) Ccm/mi n} (cm/em) (cm/min)
60 620 -4 0.492 -2.73E-02 0.90 -3.03E-02

623 -3 0.492 3.08E-02 0.90 3.40E-02
625 -3 0.492 4.15E-02 0.88 4.74E-02
627 -3 0.492 4.08E-02 0.86 4.76E-02
630 -3 0.492 3.56£-02 0.82 4.33E-02
635 -2 0.492 2.60E-02 0.78 3.32E-02
650 2 0.491 2.32E-02 0.75 1.76E-02
665 4 0.488 1.28E-02 0.70 1. 82E-02
690 8 0.483 1. 15E-02 0.66 1.74E-02
735 9 0.482 8.88E-03 0.54 1. 66E-02
795 18 0.472 6.72E-03 0.64 1. 05E-02
870 25 0.464 5.60E-03 0.70 7.38E-03
990 33 0)~57 3.66E-03 0.77 4.77E-03

1170 42 0.450 2.56E-03 0.76 3.37E-03
1460 52 0.442 1. 82E-03 0.77 2.34E-03
1760 62 0.436 1.66E-03 0.75 2.20E-03
2165 69 0.432 1.30E-03 0.75 1.73E-03
2980 85 0.423 6.31E-04 0.76 8.26E-04
3625 94 0.418 4.39E-04 0.80 5.48E-04
4395 102 0.413 6.00E-04 0.78 7.69E-04

90 620 -5 0.492 -2.73E-02 1. 10 -2.49E-02
623 -5 0.492 3.22E-02 1.06 3.03E-02
625 -5 0.492 4.30E-02 1.08 3.97E:-02
627 -5 0.492 4.25E-02 1.07 3.96E-02
630 -4 0.492 3.70E-02 1. 13 3.27E-02
635 -4 0.492 2.76E-02 1. 10 2.50E-02
650 -1 0.492 1.43E-02 1.07 1.34E-02
665 0 0.492, 1.'34E-02 1.03 1.30E-02
690 3 0.489 1.31E-02 1.02 1.28E-02
735 5 0.486 1.33E-02 1. 15 1.16E-02
795 14 0.477 1. 14E-02 1.06 1.08E-02
870 21 0.468 7.99E-03 1.03 7.74E-03
990 31 0.459 5.09E-03 1.04 4.89E-03

1170 38 0.453 3.46E-03 0.96 3.60E-03
1460 48 0.444 2.39E-03 0.96 2.50E-03
1760 57 0.439 2.22E-03 0.87 2.56E-03
2165 64 0.435 1.73E-03 0.89 1.95E-03
2980 79 0.426 8.37E-04 0.81 1.03E-03
3625 88 0.421 6.25E-04 0.81 7. 72E-04
4395 99 0.415 9.48E-04 0.87 1.09E-03
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APPENDIX TABLE C.14. HYDRAULIC CONDUCTIVITY AND ASSOCIATED SUCTION, WATER
CONTENT, FLUX, AND HYDRAULIC GRADIENT DURING POST-
INFILTRATION DRAINAGE FOR SITE W3-3,0'AHU, HAWAIII

Measure- Water Hydraulicment Time Suction Flux Gradient
Depth Content Conductivity
(em) (min) (em water) (cm3/em3

) Cem/mi n) (em/em) (em/mi n)
20 540 3 0.579 - 3. 40E-02 0.71 -4.80E-02

545 7 0.576 8.20 E-03 0.55 1.50E-02
550 10 0.573 1.64E-02 0.43 3. 84E-02
555 13 0.571 2.06E-02 0.38 5.40E-02
560 15 0.568 1.84E-02 0.29 6.43E-02
570 18 0.566 8.82E-03 o. 18 4.88E-02
590 23 0.562 1.58E-03 o. 17 9.34E-03
630 38 0.557 2.24E-03 0.08 2.66E-02
675 33 0.553 2.29E-03 0.09 2.50E-02
825 42 0.544 1. 51 E-03 o. 15 1.00E-02

1095 53 0.533 8.31E-04 O. 19 4.28E-03
1385 64 0.516 6.34E-04 0.26 2.47E-03
2465 73 0.501 3.04E-04 0.35 8.58E-04
2825 80 0.491 2.98E-04 0.34 8.69E-04
3590 91 0.473 2.72E-04 0.37 7.35E-04
4325 99 0.460 2.31E-04 0.43 5.41E-04
5600 110 0.451 1. 55E-04 0.54 2.90E-04
6495 119 0.444 1.16E-04 0.57 2.05~-04

7925 130 0.436 7.70E-05 0.71 1.09E-04
11470 151 0.421 6.55E-05 0.95 6.88E-05
13645 162 0.414 1.07E-04 0.99 1.07E-04

30 540 0 0.582 -6.44E-02 0.73 -8.81E-02
545 3 0.580 8.27E-03 0.63 1.32E-02
550 5 0.578 2.32E-02 0.53 4.37E-02
555 7 0.576 2.98E-02 0.47 6.37E-02
560 9 0.574 2.68E-02 0.40 6.66E-·02
570 11 0.573 1.26E-02 0.35 3.56E-02
590 16 0.568 2.00E-03 0.31 6.40£-03
630 20 0.564 3.03E-03 0.30 1.00E-02
675 25 0.560 3.17E-03 0.30 1.06E-02
825 35 0.551 2.13E-03 0.34 6.22E-03

1095 46 0.541 l;. 22E-03 0.41 2.96E-03
1385 57. 0.526 9.38E-04 o.lt6 2.05E-03
2465 67 0.5JO ~.84E-04 0.52 9.26E-04
2825 74 0.499 4.84E-04 0.54 8.98E-04
3590 85 0.481 4.53E-04 0.56 8.03E-04
4325 94 0.468 3.86E-04 0.61 6.32E-04
5600 106 0.454 2.56E-04 0.72 3.55E-04
6495 116 0.4lfl 1.90E-04 0.74 2.56E-04
7925 128 0.438 1. 25E-04 0.80 1.55E-04

11470 151 0.421 1.02E-04 1.06 9.60E-05
13645 163 0.414 1.61E-04 1. 14 1.41E-04
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APPENDIX TABLE c.14--Continued

Measure- Water Hydraulicment Time Suction Flux Gradient
Depth Content Conductivity
(cm) (m in) (cm water) (cm 3/em3) (em/min) (em/em) (em/min)

60 540 -5 0.518 -1. 37E-01 0.94 -1.46E-Ol
545 -5 0.518 7.31E-04 0.91 8.02E-04
550 -4 0.518 3.01E-02 0.88 3.44E:"02
555 -4 0.518 4.19E-02 0.83 5.07[-02
560 -3 0.518 3.86E-02 0.80 4.81E-02
570 -2 0.581 1.85E-02 0.81 2.30E-02
590 1 0.516 3.60E-03 0.74 4.87E-03
630 7 0.508 5.40E-03 0.74 7.24E-03
675 11 0.502 5.75E-03 0.72 7.96E-03
825 22 0.486 4.40E-0} 0.75 5.86E-03

1095 35 0.469 2.88E-03 0.80 3.58E-03
1385 47 0.454 1. 98E-03 0.81 2.46E-03
2465 58 0.445 6.85E-04 0.80 8.61E-04
2825 66 0.439 7.70E-04 0.82 9.41E-04
3950 78 0.431 8.32E-04 0.83 1.00E-03
5600 102 0.415 4.78E-04 0.91 5.26E-04
6495 112 0.412 3.49E-04 0.92 3.77E-04
7925 124 0.408 2.30E-04 0.91 2.52E-04

11470 153 0.399 1. 80E-04 1.00 1.80E-04
13645 168 0.396 2.58E-04 1.05 2.46E-04

90 540 -4 0.518 -1.76E-Ol 1.07 -1.64E-Ol
545 -4 0.518 -6.88E-03 1.07 -6.44E-03
550 -4 0.518 2.67E-02 1.07 2.50E-02
555 -4 0.518 4.35E-02 1.08 4.05E-02
560 -4 0.518 4.20E-02 1.07 3.94E-02
570 -3 0.518 2.16E-02 1.06 2.05E-02
590 -2 0.518 6.94E-03 1.02 6.83E-03
630 3 0.514 9.40E-03 0.95 9.94E-03
675 6 0.509 9.75E-03 0.93 1. 05E-02
825 18 0.492 7.25E-03 0.94 7.68E-03

1095 31 0.474 4.52E-03 0.92 4.90E-03
1385 43 0.459 2.99E-03 0.89 3.36E-03
2465 53 0.448 8.28E-04 0.84 9.83E-04
2825 60 0.443 1.00E-03 0.82 1.22E-03
3590 72 0.435 1. 15E-03 0.81 1. 42E-03
4325 82 0.428 1.03E-03 0.82 1.27E-03
5600 98 0.417 6.60E-04 0.82 8.06E-04
6495 109 0.413 4.74E-04 0.84 5.62E-04
7925 121 0.409 3.07E-04 0.86 3.57E-04

11470 "149 0.400 2.40E-04 0.77 3.11E-04
13645 164 0.396 3.46E-04 0.75 4.62E-04
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APPENDIX TABLE C. 15. HYDRAULIC CONDUCTIVITY AND ASSOCIATED SUCTION, WATER
CONTENT, FLUX, AND HYDRAULIC GRADIENT DURING POSTINFIL-
TRATION DRAINAGE FOR SITE W3-4, (SET 1), OIAHU, HAWAIII

Measure- Water Hydraulicment Time Suet ion Flux Gradient
Depth Content Conduct ivi ty .

(em) (mi n) (em water) (em3/em3
) (em/min) (em/em) (em/mi~)

30 19 ~ 1 0.575 9.44E-02 0.76 1. 24E-01
27 3 0.570 7.37E-02 0.64 1.16E-01
37 6 0.562 5.15E-92 0.56 9.26E-02
57 11 0.551 1.93E-02 0.44 4.37E-02
87 17 0.537 1.52E-03 0.42 3.65E-03

147 24 0.522 2.34E-03 0.35 6.74E-03
267 32 0.509 2.23E-03 0.35 6.45E-03
417 38 0.499 9.96E-04 0.39 2.52E-03
597 45 ·0.490 4.72E-04 0.50 9.50E-04
867 53 0.480 4.64E-04 0.48 9.56E-04

1407 66 0.466 4.06E-04 0.67 6.04E-04
2382 83 0.450 2.73E-04 0.70 3.87E-04
4467 103 0.430 1.36E-04 0.94 1.45E-04
6702 123 0.418 1.03E-04 1.08 9.46[-05
9717 142 0.408 7.33E-95 1. 25 5.85E-05

14012 166 0.399 4.83E-05 . 1.44 3.34E-05
19782 191 0.393 2.78E-05 1.73 1.61E-05
24057 210 0.389 1.96E-05 1.94 1.01 E-05
29822 230 0.386 1. 24E":05 2.20 5.65E";06
40137 258 0.382 1.12E-05 1.88 5.94E-06

60 19 -6 0.558 1.08E-01 0.77 1.39E-01
27 -5 0.558 8.50E-02 0.82 1.04E-01
37 -4 0.558 6.08E-02 0.74 8.19E-02
57 -3 0.558 2.58E-02 0.67 3.85E-02
87 1 0.556 6.64E-03 0.58 1.15E-02

147 7 0.545 7.65E-03 0.60 1.26E-02
267 15 0.530 6.28E-03 0.61 1.04E-02
417 25 0.513 2.77E-03 0.71 3.88E-03
597 34 0.502 1.29E-03 0.73 1.76E-03
867 42 0.491 1.27E-03 0.76 1.68E-03

1407 56 0.474 1. lOE-03 0.68 1.62E-03
2382 74 0.459 7.07E-04 0.73 9.72E-04
4467 98 0.439 3.13E-04 0.71 4.38E-04
6702 121 0.426 2.34E-04 ' 0.77 3.05E-04
9717 141 0.415 1.65E-04 0.76 2.17E-04

14012 166 0.404 1.11E-04 0.70 1. 59E-04
19782 193 0.394 6.99E-05 0.58 1.20E-04
14057 211 0.388 5.47E-05 0.45 1.21E-04
29822 230 0.382 3.76E-05 0.25 1.53E-04
40137 254 0.376 1.70E-05 o. 18 9.50E-05
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APPENDIX TABLE C.l5--Continued

Measure- Water Hydraulicment Time Suction Flux Gradient
Depth Content Conductivity

(cm) (m in) (cm water) (cm3/cm3
) (cm/mi n) (cm/ cm) (cm/mi n)

90 19 -10 0.524 8.86E-02 1.00 8.68E-02
27 -8 0.524 7.12E-02 0.97 7.35E-02
37 -8 0.524 5.26E-02 1.03 5.10E-02
57 -7 0.524 2.57E-02 1.07 2.39E-02
87 -4 0.524 1.10E-02 1. 12 9.86E-03

147 2 0.522 1.20E-02 1.03 1.16E-92
267 9 0.513 9.42E-03 1.01 9.29E-03
417 21 0.499 4.16E-03 0.98 4.23E-03
597 29 0.491 1. 94E-03 0.93 2.08E-03
867 37 0.484 1.91E-03 0.87 2.20E-03

1407 49 0.473 1. 65E-03 0.82 2.02E-03
2382 65 0.462 1. 06E-03 0.65 1.64E-03
4467 89 0.447 4.69E-04 0.73 6.40E-04
6702 112 0.435 3.46E-04 0.70 4.96E-04
9717 132 0.426 2.43E-04 0.71 3.41E-04

14012 156 0.417 1.62E-04 0.78 2.07E-04
19782 179 0.410 1. 04E-04 0.74 1.39E-04
24057 195 0.405 8.33E-05 0.73 1.14E-04
29822 209 0.401 6.02E-05 0.73 8.27E-05
40137 232 0.395 3.08E-05 0.80 3.86E-05

120 19 -12 0.487 7.37E-02 0.71 1. 04E-01
27 -11 0.487 6.04E-02 0.68 8.93E-02
37 -8 0.487 4.62E-02 0.79 5.82E-02
57 -3 0.487 2.56E-02 0.97 2.65E-02
87 2 0.484 1.46E-02 1.05 1. 39E-02

147 6 0.481 1.54E-02 1.07 1.44E-02
267 13 0.473 1.20E-02 1. 10 1.08E-02
417 22 0.463 5.25E-03 1.06 4.97E-03
597 28 0.457 2.41E-03 1.02 2.35E-03
867 34 0.453 2.38E-03 0.95 2.49E-03

1407 44 0.444 2.06E-03 0.85 2.44E-03
2382 55 0.437 1.32E-03 0.80 1.65E-04
4467 82 0.425 5.93E-04 0.78 7.59E-04
6702 104 0.415 4.55E-04 0.75 6.05E-04
9717 125 0.407 3.19E-04 0.80 4.01E-04

14012 152 0.398 1. 96E-04 0.74 2.64E-04
19782 175 0.394 1.18E-04 0.67 1.77E-04
24057 190 0.392 9.90E-05 0.55 1.81E-04
29822 206 0.390 7.67E-05 0.47 1.64E-04
40137 226 0.385 .470E-05 -0.08 -6.16E-04
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