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Prediction Model for Unsaturated 
Hydraulic Conductivity of Highway 
Soils 
Atef Elzeftawy and Barry J. Dempsey, Department of Civil Engineering, University 

of Illinois at Urbana-Champaign 

A method of predicting the hydraulic conductivities of subgrades and 
highway soil materials is discussed . In this method, the relation of soil 
moisture content and suction head is used to calculate the unsatu 
rated hydraulic conductivity of soil. The value of the hydraulic con
ductivity at saturation (the soil permeability) is used as a matching lac· 
tor during the calculations. The soil moisture content and suction head 
relation end the saturated conductivities of subgrades were determined 
in the laboratory by using the commercially available Tempe cell. Dis· 
turbed and undisturbed samples of Drummer and Fayette-C subgrades, 
Ottawa sand, and class X concrete sand were used in this study. The 
comparison between the experimental and the calculated values shows 
that the mothod successfully predicts the hydraulic conduct1vitie~ of 
highway soil materials. 

The engineering p1·oblems associated with the behavior 
of highway subgrade soils and pave.ment systems in re
sponse to moistu1·e changes have been widely studied. 
The seasonal change in moistu1·e content of subgrade 
soils and its effects on structural pavement performance 
are of particular interest to many highway engineers. 
That the shearing strength of a subgrade soil can be 
greatly reduced by the influx of moisture during spring 
thaw or long periods of heavy rainfall is well documented 
(1). This reduction in strength is generally attributed 
to an increase in moisture content of the subgrade soil 
and results in low soil suction (negative pore pressure) 
between the soil particles and sometimes an associated 
decrease in soil density. Consequently, the bearing 
capacity of the subgrade will be significantly reduced, 
and extensive deflection of the highway pavement may 
1·esult (2). 

It is gene1·ally accepted that the shearing strength and 
the bearing capacity of a fine-grained subgrade soil 
reach their lowest values at the beginning of the thawing 
period in the spring when soil suction reaches minimum. 
During th.is time frost boils, pumping, and pavement 
u1·eakup ma.y occur \lncler a moving lond (:!..). After the 
thawing period low soil suction will g1·ad.ually increase 
with time, and as a result the subgrade will gradually 
gain in stre11gth (4). 

Dempsey and Elzeftawy (5) found that numerical mod
els can be used to accurately predict moisture content 
and its movement in subgrade soils and pavement sys
tems in conditions of constant or variable water-table 
depths. The mathematics in the numerical method are 
simple, flexible and well suited for programming on a 
digital computer. Seve1·al methods of calculating un
saturated hydraulic conductivity by using data on pore
size distribution have been p1·op0sed for agriculh1rnl 
soils (6 7). The calculated values have subsequently 
been coffii>ared with experimentally determined conduc
tivities by many researchers (7). Elzeftawy and Mansell 
(8) recently concluded that a slightly modified Green and 
Corey method (7) can be successfully used to predict the 
hydraulic conductivity and soil moisture diffusivity of a 
fine sandy soil. 

OBJECTIVES 

Highway engineers have often questioned whether the 
moisture properties (parameters) of highway soils can be 
p1·edicted or calculated for unsaturated or saturated 
wate1· flow from a simple laborato1·y test. The purjlOSes 
of this paper are (a) to show that t11e moisture properties 
of highway soils and subgrade can be predicted by using 
relations between soil moisture content and suction and 
(b) to propose a simplified laboratory procedui·e to de
termine the moisture content-suction relations for high
way soils. 

BACKGROUND 

The transmission of water by soils has widespread rele
vance to engineering, geologic, and agricultural prob
lems. It is customary to treat flow problems as essays 
in the solution of Laplace's equation, assuming that the 
soil-water body obeys Darcy's law, which may be 
written 

v = -K grad 1i (!) 

where 

v =flow velocity commonly expressed as cm3/ s/ unit 
area normal to v, 

¢ = hydraulic potential, and · 
K = constant characteristic of the soil, called the 

permeability of soil to water or hydraulic con
ductivity. 

This law seems to be valid for Reynold numbers less 
than unity (9). 

The one physical property of the soil that enters into 
a flow p1•oblcm is the permeability· it rous t be known if 
a complete solution is to be obtained. In pl"inciple, a 
measurement of K is a simple matter of measui·ing the 
rate of flow of water in a column of the soil between 
planes of measured separation and hydraulic potential. 
Permeability has been held to decrease with time be
cause of the percolating water releasing diss olved air 
into the soil pores, the swelling of colloidal materials, 
the growth of organisms in the pore spaces, the mechan
ical blocking by movement of the finest pa1·ticles of non
cemented material, and the chemical effect of the flow
ing water on the soil. 

It has been more common to describe a granular ma
terial in terms of particle-size distribution (mechanical 
compositior).) t,han to regard it as a porous material with 
a given pore-size distribution. The best known proce
dure to calculate hydraulic conductivity (K) is perhaps 
that of Kozeny (10) but somewhat similar expressions 
have been de1·ivea by Terzaghi (11) Zw'lk.er (12), and 
others . The generalized Kozenyequation canoe written 
as follows: 

K = (gp/kri)(l/A2 )f3 /(l - f) 2 (2) 



where 

g = gravitational constant; 
p and '1) =water density and viscosity respectively; 

k =arbitrarily determined pore-shape factor, 
commonly in the range from 2.0 to 2.5; 

A = specific surface area of soil, namely, the 
total surface of the solid part divided by 
the volume of that solid part; and 

f = soil porosity. 

However, it can be shown on theoretical grounds (13) 
that an expression such as Equation 2 is not applicaole 
to a bundle of capillary tubes if the radii are distributed 
over a wide range of sizes. Surprisingly, the Kozeny 
formula does give approximately correct values of con
ductivity for a variety of industrial powders; in practice, 
however, it is not possible to vary the porosity over a 
sufficient range to provide a searching test of the for
mula in regard to the porosity factor. 

Dependence of Hydraulic Conductivity 
on Moistu1·e Content of Soil 

Engineers know that Darcy's law (Equation 1) is valid 
for a wide texture range of soils saturated with water 
for Reynold numbers less than unity. The validity of 
this law when the soil is unsaturated (the degree of sat
uration is less than 100 percent) has been established 
during the last 10 years. In its wet state a typical soil 
contains pores with an upper size limit of about a milli
meter, and very little water is lost until the suction ex
ceeds something of the order of a few centimeters of 
water. Emptying a pore at such suction leaves the solid 
walls coated with a very thin film of water in which liquid 
flow takes place slowly (compared with liquid flow when 
th~ pore is full). An empty pore thus contributes only 
negligibly to the total hydraulic conductivity of the soil 
body. A reduction of the moisture content is thus equiva
lent to a reduction of effective porosity for the purpose 
of assessing conductivity and results in a reduction of 
that conductivity. Because the moisture content is pro
gressively reduced by a progressive increase of suction, 
the larger pores are emptied in the earlier states of un
saturation and the smaller pores are left full of liquid 
water. It follows that the earlier stages of moisture re
duction are more effective than the later stages in re
ducing conductivity. It should be emphasized that a: pore 
full of air is not merely ineffective as a conductor but 
also becomes an obstacle: Liquid water that originally 
passed through when the pore was full of water is de
flected around it when it is dried, In effect the true flow 
paths become more tortuous and therefore longer; i.e., 
the drier the soil becomes, the more tortuous are the 
flow paths. 

Model to Predict Hydraulic Conductivity 

Childs and Collis-George (13), Millington and Quirk (14), 
Green and Corey (7), and others have explored the poS
sibility of predictiilg the hydraulic conductivity of soils 
and porous materials from data on pore-size distribution. 
Such predictions are of interest because the hydraulic 
conductivity-moisture content function is relatively dif
ficult to measure whereas pore-size distribution is easily 
characterized by the standard measurement of moisture 
content versus suction. 

The conductivities are obtained by dividing the relation 
of moisture content and suction head [h(0)] into n equal 
water -content increments, obtaining the suction (h) at the 
midpoint of each increment, and calculating the conduc
tivity by using the following equation: 
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m 
K(li); = (30'Y2/pg17)(EP/n2) 1: [(2j +I -2i)hj2 ] i= I, 2, .. . , m (3) 

j=i 

where 

K(e)i = calculated conductivity for a specified moisture 
content corresponding to the i th increment 
(cm/min); 

9 = moisture content (cm3/ cm3
); 

y = surface tension of water (N/ cm); 
p =density of water (g/ cm3

) ; 

g =gravitational constant (cm/s2
); 

'1) =kinematic viscosity of water (cm2/s); 
e. = saturated moisture content ( cm3 

/ cm3
); 

f =water-saturated porosity (cm3/ cm3
), i.e., 

( = e,; 
p = constant whose value depends on the method 

of calculation (7), equal to 2 in these calcula-
tions; -

90 = lowest moisture content on the experimental 
h(0) curve; 

n = total number of pore classes between e = 00 
and e, [n = m[ e, / (e, - 9o)J}; 

i = last moisture -content increment on the wet 
end (e.g., i = 1 identifies the pore class cor
responding to e, and i = m identifies the pore 
class corresponding to e o); 

hJ = suction (negative pressure) for a given class 
of moisture-filled pores (centimeters of water 
head); and 

30 = the composite of the constant 1/8 from 
Poiseuille's equation, 4 Irom the square 
of r = 2y/h, where r is the pore radius 
and 60 converts from seconds to minutes. 

Elzeftawy and Mansell (~ and Green and Corey (7) 
conclude that Equation 3 yields reasonable values ofthe 
hydraulic conductivities for a range of soil types if a 
matching factor (usually the ratio of the measured to the 
calculated saturated conductivity) is used. Elzeftawy 
and Mansell (8) state that matching at water saturation 
has a distinct advantage over matching at desaturated 
moisture contents because inaccuracies in calculated 
K( 9) can be more easily tolerated at lower moisture con
tents than at high moisture contents when calculated re
sults are to be used in subsequent prediction of the 
movement of water in field soils. They also mention 
that determinations of water-saturated conductivities are 
much simpler and quicker to evaluate experimentally 
than those of unsaturated conductivities, Equation 3 can 
be written then by using the matching factor (K./K. 0 ) in 
the following form: 

m 

K(li); = (K,/Ksc)(3Q'Y2/pg17)(EP/n2) 1: [(2j +I - 2i)hj 2 ] 

j=i 

(4) 

where Ka is the measured saturated hydraulic conduc
tivity and K.c is the calculated saturated conductivity. 
Equation 4 is being used in calculations of K(e) for high
way and subgrade soils in this study. The only neces -
sary laboratory test is the determination of K, and the 
moisture content versus suction for each highway soil 
[details on the derivation of Equations 3 and 4 are given 
by Childs and Collis-George (13) and Millington and 
Quirk (14)]. -

MATERIALS AND METHODS 

Soils 

Disturbed and undisturbed soil core samples 5.4 cm (2 
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in) in diameter and 3 cm (1.2 in) in height were used to 
determine relations between soil moisture content and 
suction characteristics of several highway soils. The 
undisturbed core samples were collected from three pro
file depths of Drummer subgrade soil at a pavement test 
site in Piatt County, Illinois. The disturbed core sam
ples were prepared in the laboratory by using Illinoian 
till, Fayette-C, two grades of Ottawa sand (2 to 0.84 mm 
and 0.50 to 0.05 mm), and a class X concrete sand. The 
engineering properties of all soil samples used in this 
study are given in Table 1. 

Equipment 

For many years soil physicists removed moisture from 
soil by creating a pressure difference, generally by suc
tion across a porous ceramic material that served as a 
link between soil moisture and outside water. Pressure 
membrane and pressure plate extractors are a modifica
tion of this principle. If pressure is applied inside the 
chamber of the apparatus, a pressure difference is main
tained across a porous plate or membrane, the bottom 
of which is at atmospheric pressure. 

For the low range of pressure, 0 to 101.3 kPa (0 to 1 
atm), the soil cores were placed in Tempe pressure 
cells saturated with water and then allowed to drain fol
lowing sequential subjection to air pressures. Volumet
ric moisture content was determined from the weight of 
the cell corresponding to each static equilibrium pres
sure and the oven-dry weight of the soil core. Before 
di·ying, the same cores were resaturated for determi
nation of water - saturated hydraulic conductivity (K,). 
A 1519.8-kPa (15-bar) ceramic plate extractor was 
used to determine the moisture content for all soil sam
ples for the high range of air pressure {101.3, 506.6, 
and 1519.8 kPa) (1, 5, and 15 atm), as reported by 
Richards (15). 

RE SUL TS AND DISCUSSION 

Data from some agricultural soils were selected from the 
literature on the basis of having K( e) values over a wide 
range of moisture contents and a detailed moisture 
content-suction head relation. Soils selected were the 
Lakeland fine sand of Elzeftawy and Mansell (8), the 1 
to 0.5-mm sand of Childs and Collis-George (f3), the 
Botany sand of Watson (16), the Guelph loam 0rElrick 
and Bowman (17), and the Dana loam of Elzeftawy. 
These data were obtained in the laboratory under con
ditions that allowed the hydraulic conductivity, moisture 
content, and suction head to be measured on the same 
soil sample. 

Figures 1, 2, and 3 show the relations of hydraulic 
conductivity and moisture content for agricultural soils, 
Lakeland fine sand, 1 to 0 .5-mm sand and Botany sand, 
and Guelph and Dana loam respectively. The lines rep
resent calculated values using the saturated hydraulic 
conductivities (K,) (permeability) as matching factors. 
The symbols represent experimental data. The dry den
sities and moisture-saturated hydraulic conductivities 
for the three depths of Lakeland fine sand (AASHO clas -
sification A-3) are given in Table 2 (8). The variation in 
dry density with depth of the field soil profile was almost 
negligible; however, the hydraulic conductivity (K,) of 
the bottom layer is much higher than that of the surface 
layer. From the data shown in Figures 1 to 3 it can be 
concluded that measured and calculated values of hy
draulic conductivities were in good agreement for the 
agricultural soils. However, there is some pronounced 
deviation between calculated and measured conductivities, 
especially for lower values of volumetric moisture con
tent (9). This observation supports the suggestion by 

Elzeftawy and Mansell (8) that multiple matching factors 
are needed somewhat below the bubbling pressure to cal
culate hydraulic conquctivities for dry soils that are 
found particularly in arid and semiarid regions. 

Characteristic curves for soil moisture content versus 
suction, obtained by stepwise drainage, are shown in 
Figure 4 for Drummer subgrade [0 to 30-cm (Oto 12-in) 
depth], Illinoian till, and class X concrete sand highway 
soils. It is obvious that the soil-moisture characteristic 
curve is strongly affected by soil texture. The greater 
the soil-fines content (silt and clay) is, the greater is the 
water content at any particular suction and the more 
gradual is the slope of the curve. In sandy soil most of 
the pores are relatively large; once these large pores 
are emptied at a given suction, only a small amount of 
water remains. In a clayey soil the pore-size distribu
tion is more uniform and more of the water is absorbed 
so that increasing the suction causes a more gradual de
crease in water content. 

The calculated and experimental hydraulic conductiv
ities for the three profile depths of Drummer subgrade 
soil (AASHO A-7-6)-0 to 30, 30 to 75, and 75 to 90 
cm (Oto 12, 12 to 30, and 30 to 36 in)-are shown in Fig
ure 5. The experimental data were obtained by a method 
that uses the steady-state flow concept and is similar to 
that of Elzeftawy and Mansell (8) . 

Figure 6 shows the hydraulic conductivity [K(e)J of 
Illinoian till subgrade as a function of the subgrade soil 
moisture content. The experimental values were obtained 
from a compacted laboratory soil column (18). This 
Illinoian till was compacted at an optimum moisture con
tent of 11 percent and a density value of 1. 72 g/ cm3 

(107.1 lb/ft3
). Notice that an increase in the soil mois

ture content (9) from 0.28 to 0.42 cm3/cm3 (in3/in3
) has 

increased the hydraulic conductivity from 3 .1 nm/h to 
1.9 mm/h (0.12 x 10-0 to 0.07 in/ h) respectively. 

The hydraulic conductivities of Ottawa sand and class 
X concrete sand are shown in Figure 7 and Fayette-C 
subgrade and Beer Farm agricultural soil in Figure 8. 
These soils were compacted air-dry in the Tempe pres
sure cells to determine the soil moisture content versus 
suction relation [h(e)J for each soil. The saturated hy
draulic conductivities [soil permeability (K,)J for these 
highway soils were determined by using the same soil 
core samples. The solid lines in the figures represent 
the calculated values of K(9) and the circles, squares, 
and triangles represent the experimental data. These 
highway soils were selected to cover a wide AASHO 
classification range-from A-3 to A-7. They also repre
sent a wide range of pore-size distributions on which the 
calculations of hydraulic conductivities are based. The 
saturated conductivities (permeability) ranged from 0.22 
cm/ h (0.019 in/ h) forFayette-C to 16.7cm/ h (6.6in/h) for 
the class X concrete sand. It is very clear that the cal
culations of K(9) are in excellent agreement with the ex
perimental data. 

Just as the flow of heat can be expressed in the form 
of a diffusion equation familiar to engineers, in which the 
diffusivity is expressed in terms of thermal conductivity, 
density, and specific heat of the material, so Darcy's 
law (Equation 1) may be put into a diffusionlike form in 
which moisture diffusivity is given by 

D(O) = K(O)/C(O) (5) 

where C(e) = 08/ ah is the specific water capacity of the 
soil. Since the soil moisture content-suction function 
[h(S)J is hysteretic (9 depends on drying or wetting of 
the soil system), it follows that soil moisture diffusivity 
is also a hysteretic function. In calculating D(9) of high
way soils and subgrades from the available K(0) data, 
attention should be paid to the drying or wetting pro-



Table 1. Engineering properties of soils studied. 

Sand Silt Clay 
Soil Material (%) (%) (~) 

Drummer soilb 
Oto 30 cm 6 77.2 16.8 
30 to 75 cm 6.3 80.5 13.2 
75 to 90 cm 6.9 82.6 10.5 

Illinoian till' 62 20 18 
Lakeland fine sand' 98 2 0 
Ottawa sand' 

0.50 to 0.05 mm 100 0 0 
2 to 0.84 mm 100 0 0 

Fayetle-C su~rade' 7 75 18 
Concrete sand 98.8 1.2 0 
Beer Farm soil' 12.3 37.45 50.25 

Notes: 1 cm = 0.4 in; 1 kg = 2.2 lb; 1 cm3 = 0.06 in 3
, 

NP indicates nonplastic. 

d AASHO A·3. 

Liquid 
Limit 
(%) 

42.5 
54.7 
48.9 
22.2 
NP 

NP 
NP 
32 
NP 
54.9 

Plastic 
Limit 
(%) 

26.8 
29.2 
32 
14. 7 
NP 

NP 
NP 
23 
NP 
29.4 

a Gravimetric moisture content. 
b AASHO A-7-6. 
'AASHO A-4. 

0 Air-dry gravimetric moisture content. 
1 AASHO A·7. 

Figure 1. Experimental and calculated hydraulic 
conductivities of Lakeland fine sand. 
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Figure 2. Experimental and calculated hydraulic 
conductivities of Dana and Guelph loam. 
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Optimum Saturated 
Compacted Moisture Hydraulic 
Dry Density Content" Conductivity 
(kg/cm3

) 

1520 
1300 
1430 
1720 
1560 

1700 
1650 
1250 
1640 
1020 

(%) (i;m/s) 

21.2 0.0586 
21.8 0.1 
22.5 0.0694 
11. 7 0.861 
0.65' 41.1 

0.50' 28.6 
0.43" 37.2 

17.2 0.597 
0.61" 46.4 

24.3 2.48 

Figure 3. Experimental and calculated hydraulic 
conductivities of Botany sand. 
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Table 2. Dry density and saturated hydraulic conductivity 
for three depths of Lakeland fine sand. 

Saturated Hydraulic 
Dry Density, p, Conductivity, K, 

Soil Depth (cm) (g/cm3
) (cm/h) 

0 to 15 1.56 0.06 14.8 1.12 
30 to 45 1.57 0.03 13 0.93 
60 to 90 1.57 0.05 17 .1 1.09 

Notes: 1 cm = 0.4 in;. 1 g/cm 3 = 0.036 lb/in 3 • 

t-distribution at 95 percent confidence level . 

cesses of these soils. 
It was felt that choosing an agricultural soil sample 

representative of Illinois soil might give a better idea 
of the validity of the model, especially when it is applied 
to a heavy clay soil. A surface soil sample was collected 
from the Beer Farm in Illinois, and its h(0) function and 
K, were obtained in the laboratory. The engineering 
properties of this sample are given in Table 1, and its 
experimental and calculated K(0) are shown in Figure 8. 
The agreement between the model prediction and ex
perimental values of the hydraulic conductivity is excel-
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Figure 4. Soil moisture 
content-suction 
relations of Drummer 
soil, lllinoian till, and 
class X concrete sand. 
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Figure 5. Experimental and calculated hydraulic 
conductivities of Drummer subgrade. 
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Figure 6. Experimental and 
calculated hydraulic 
conductivity of lllinoian till 
subgrade. 
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Figure 7. Experimental and calculated hydraulic 
conductivities of Ottawa sand and class X concrete 
sand. 
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Figure 8. Experimental and calculated hydraulic 
conductivities of Fayette-C subgrade and Beer's 
Farm agricultural soil. 
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lent regardless of the heavy nature of this soil (50.25 
percent clay and 3 7.45 percent silt). 

SUMMARY AND CONCLUSIONS 

The procedure discussed here for predicting the hy
draulic conductivities of highway soil materials provides 
an economical and accurate method for determining the 
necessary hydraulic parameters for the study of un
saturated and saturated moisture flow in pavement ma
terials and subgrades. The following conclusions can 
be drawn from the results of the study. 

1. The model successfully predicts the hydraulic 



conductivity of a wide range of subgrades and highway 
soils. 

2. The simplified laboratory procedure proposed is 
reliable and can be easily used to determine the soil 
moisture-suction relations of highway soils. 

3. Quicker and more economical evaluation of the 
unsaturated hydraulic conductivities of subgrade and 
highway soils can be done by using the proposed 
method. 
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