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for example, in terms of a hydraulic headrelationship for understanding unsaturated

Introduction gradient and a coefficient of permeabilitysoil behavior. The soil-water characteristic
function appears to be generally acceptecturve defines the degree of saturation
hall | ted with Fredlund, 1995). Figure 1 illustrates thecorresponding to a particular suction in the
challenges 1 was presented with was elationship  between  the  soil-water soil and becomes a measure of the pore size
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(SWCC), and a hydraulic conductivity curve € sop n . _

were required as input into the finite element £ 40 Soil-water where:8, = volumetric water contenfls =

seepage program. Two soil types were s 30l characteristic curve volumetric water content at saturation, e =
involved in the problem and | approached my & 2°I 2.718......., (W~ Uy) = soil suction, @= soil
employer for the four required soil property = 101 > parameter relateq to the air entry of the soil
functions. | naturally expected these functions 0 10t 15% 15_3 10° 10° 10° an(i equal to the inflection point on the curve,
would be provided as they consistently were Soil $uction (kPa) n; = soil parameter related to the rate of

desaturation, m= soil parameter related to

n university. residual water content conditions, G(u,) =

10° correction factor to ensure that the function
goes through 1,000,000 kPa of suction at zero
water content.

| then learned what most graduates learn
when attempting to do seepage modeling. At
$3000 to $5000 per test, there was little or no
money in the budget to experimentally
determine these soil functions. A search for

The soil-water characteristic curve can be

) X . . used to compute approximate soil property

gﬁ:ﬁzlrlwiﬁn? ljestldrrat?nﬂ:ﬁzeei(gl ngrlgEorrzs 107 e L functions for unsaturated soils. Examples are
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functions. was used  and the. analysisFigure 1. Visualization of the coefficient of water volume change function
Y g : and the shear strength function (Fredlund,

proceeded. Several thousand dollars of stateelationship between the coefficient of 1995). While it is relatively easy to measure
of-the-art seepage analysis software wapermeability function and the soil-water he soil-water characteristic curve in the
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limited by the lack of information. characteristic curve. laboratory, it is still quite costly and the test

. ) ) has not found its way into most conventional
Role of th? $0|I-Water Properties of the Soil-Water soils laboratories. For this reason, estimation
Characteristic Curve Characteristic Curve of the soil-water characteristic using grain

The soil-water characteristic curve (i.e., ) ) . size distribution and volume-mass properties
relationship between water content and' e behavior of unsaturated soils (i.e.js peneficial.

suction) has become of great value inutnsattirateldt (Sjot" trﬁ)roperty.functlons)t ared
estimating  unsaturated  soil propertyshrongyrea.e 3. gbpqre S|zehgeomf ry an
functions. The characterization of seepaget e pore size distribution. The soil-water
tharacteristic curve becomes a dominant
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theoretical methods of estimating therelationship between shear strength and

Approaches to Obtain Unsaturated behavior of unsaturated soil_s. The system Wilrnatri_c suctiorj. Some accuracy will likely be

Soil Property Functions then allow unsaturated soil analysis wherdost in reverting to this approach; however,
. data is limited. The software allows thethe trade-off between accuracy and cost may

Al the start of my graduate studies | set 0Uq)igying methods to be implemented. be acceptable for many engineering projects.

with the intent of solving the problem of

coupled seepage and volume change f0geyeral approaches can be taken towards tifégure 3 also shows the possibility of using a
unsaturated soils. | soon discovered that thetermination of unsaturated soil property classification test for the prediction of the
most difficult part of solving coupled fnctions (Fig. 3). The termunsaturated —desired unsaturated soil property function. A
problems in unsaturated soils was not SOVingqi| property functions, refers to such classification test such as a grain size analysis
the coupled equations but rather obtainingejationships as: 1) coefficient ofis used to estimate the soil-water
input that is reasonable and physically,ameability versus soil suction, 2.) watercharacteristic curve which in turn is used to
realistic. | noticed that most of the problemsg;,rage variable versus soil suction, and 3letermine the unsaturated soil property
with non-convergence and instability in finit€ spear strengtiversus soil suctionLaboratory  function. A theoretical curve could be fitted
element software were due to unreasonablfysts can be used as a direct measure of thierough the data from a grain size analysis
input. required unsaturated soil property. For(Fig. 4). The theoretical grain size curve is
) . example, a (modified) direct shear test can bthen used for predicting the soil-water
This realization led to the development of a,564 to measure the relationship betweeoharacteristic curve. A comparison of the
theoretical ~ framework  which — outlines mayric suction and shear strength. These tesestimated soil-water characteristic curve with
proposed methods for working With can pe costly and the necessary equipmemxperimental data is shown in Fig. 5. While
unsaturated soil properties and functions. Theyay not be available. Therefore, it may bethere may be a further reduction in the
framework was later developed into agfiicient to revert to an indirect laboratory accuracy of the estimated unsaturated soil
software knowledge-based database systefast jnvolving the measurement of the soil-property function, the engineer must assess
called SoilVision]. The primary purpose of \ater characteristic curve for the soil. Thewhether or not the approximated soil function
the software is to provide the scientific sojl-water characteristic curve can then bés satisfactory for the analyses which must be
community with a large database ofysed in conjunction with the saturated sheaperformed.
unsaturated soils information as well @Sstrength properties of the soil, to predict the
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Figure 2 Definition of variables associated with the soil-water characteristic curve

[LaBoRATORY TESTS |

Direct Measurement Soil-W ater Classification Tests
Experiments Characteristic Curve (Grain-Size Distribution)
Measurements

Present the Compute the Estimation of
Unsaturated Unsaturated Soil-W ater
Soil Functions Soil Functions Characteristic

Curve
Compute the
Unsaturated
Soil Functions

Figure 3 Approaches that can be used in the laboratory to determine the unsaturated soil
properties.
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functions. Plausible procedures can best
be viewed within the context of a
database of soil-water characteristic curve
information and a knowledge-based
system. Ongoing use is made of data
accumulated from other laboratory
studies. The first suggested procedure
involves matching measured soil-water
characteristic curves with soil-water
characteristic curves already in the
database. The measured soil-water
characteristic curves can be either used to
compute unsaturated soil property
functions or can be used to select
unsaturated soil property functions
already in the database.

The second suggested procedure involves
matching measured classification

properties (i.e., grain size curves) with

classification properties already in the

database. Once one or more similar soils
have been found, corresponding soil-
water characteristic curves can be
retrieved from the database. These soil-
water characteristic curves data can be
used to compute suitable unsaturated soil
property functions or existing unsaturated

soil property functions can be retrieved

from the database.

The third suggested procedure involves
working directly with the measured

grain-size distribution curve. There may
also be some value in comparing the
grain size curve to grain size curves in the
database. Soil-water characteristic curves
can then be computed and compared to
soil-water characteristic curves in the
database. A decision must be made
regarding a reasonable soil-water
characteristic curve and then the
unsaturated soil property functions can be
computed. Each of the above suggested
procedures becomes increasingly less
precise.

Figure 6 illustrates how one of several approaches can be used to determine the unsaturated
soil property functions when using the classification and/or soil-water characteristic curve in The advantages to this approaetre
conjunction with a knowledge-based system, to compute the unsaturated soil property numerous.
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conductivity curve for both the clay and
the mining tailings in order to perform an
Figure 6 Approaches that can be used to determine the unsaturated soil property functions  adequate seepage analysis.
when using classification tests and a data base.
Soil Properties
BiREIRIBIRR RIS R A R Volume-mass properties of void ratio =
S A 0.80, saturation = 98%, and specific
10 | gravity = 2.66 were given for the mine
\ tailings. A grain-size distribution as
! i ik shown in Figure 8 was also given for the
v/ AAAATA i mine tailings. The clay underlying the
HHHH \ mine tailings had given volume-mass
10 \ \ \ \ \ \ \ \ \ \ | | | | | | properties dry density = 1430 kgim
0 10 20 30 40 5 60 70 80 90 100 110 120 130 140 150 160 170  Saturation = 100%, ansbecific gravity =
. — . . 2.65. A grain-size distribution was also
Figure 7 Problem definition for site in Papua New Guinea. given for the underlying clay and can be
seen in Figure 9. The mentioned

Firstly, an estimate of the unsaturated behavior of a certain soil is quickly available. information formed the basis for the
Unsaturated soil mechanics has often been avoided due to complexity. The SoilVision systemrequired analysis.

alleviates this complexity. Secondly, the cost of estimation of soil behavior is greatly reduced.

Testing of unsaturated soil property functions can cost thousands of dollars. SoilVision Inputinto SoilVision

provide_s estimates Withqut the high cost of e_xperimental test_ing. Thi_rdly, SoiIVision_ makes The first task at hand is to input the given
the estimation of behavior of unsaturated soils easy so that inexperienced professionals cannformation into SoilVision. Volume-

work in this difficult area. mass, geography, and a description of the
] o soil are entered into the database system.
An Example of an Environmental Application A typical page from the database can be

An example application of this technology is the modeling of water seepage through mine S€€nin o

tailings. A mine site in Papua, New Guinea is presented in this example. A eroded drainage Figure 10. Secondly, the grain-size

ditch through mining tailings over a clay layer forms the problem (Figure 7). Two types of information must be input and fit with an

analysis are required; steady state and transient state. A simulated rainfall of 5.3 meters pei€quation. The final fit can then be seen in

year is simulated in the steady state analysis. A high rainfall is chosen to simulate the wet Figure 8.

climate found in Papua New Guinea. The purpose of the steady state analysis is to determine o o .

the location of the water table. The water content of the shoulders of the drainage ditch underOnce the grain-size distribution is

steady state is unknown. Finite element seepage analysis will be performed to determine theentered, the soil must be classified.

water content throughout the drainage ditch under steady state conditions. Classification IS necessary  for
SoilVision's Rule Base to properly extract

A drought is simulated in the transient analysis to analyze how long it would take to fully Similar —soils from the database.

desaturate the tailings. The results from the steady state analysis will be used as a starting-lassification by the USDA method

point for the transient analysis. An evaporation rate of 1.0 meter per year is placed as a flux classifies the mining tailings asS&AND.

on top of the tailings. The information given is the volume-mass properties and grain-size

distributions for both the mining tailings and the underlying clay layer. From the given

information it is necessary to estimate a soil-water characteristic curve and hydraulic
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Figure 8 Given grain-size distribution for the mine tailings #11505.
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knowledge-based system not only
provides the user with an estimate of the
. . I . soil-water characteristic curve but also
Figure 10 Sample input form for soils information. provides an indication for the possible

variance in a certain situation.

0.45
0.40 . . .
= Estimating the Hydraulic
*GED 035 \ Properties of Soil
8 o0 \ It is now necessary to estimate the
S hydraulic conductivity of the tailings and
o 025 \ the clay. The most variable parameter of
2 \ a soil is its saturated hydraulic
g o \ conductivity. SoilVision provides several
® o1 N\, ways of estimating this parameter
. N . . .
£ ™ because of this variation. Hazen's
% 0.10 ) equation, the Kozeny-Carmen equation,
> NN and experimental values from the
0.05 { database are three ways that have been
0.00 L implemented in SoilVision to determine

the saturated hydraulic conductivity of a

1.0E-2 1.0E-1 1.0E+0 1.0E+1 1.0E+2 1.0E+3 1.0E+4 1.0E+5 1.0E+6 N .
soil. Saturated values of hydraulic

Soil suction (kPa) conductivity for the mine tailings and the

underlying clay were experimentally

Figure 11 Soil-water characteristic curve estimated by the Fredlund and Wilson tested. A saturated hydraulic conductivity
method (1997) for mine tailings #11505. of 1.1 x 10° m/s was used for the mine

tailings and a value of 8 x fom/s was

used for the underlying clay. Once the
saturated hydraulic conductivity is
estimated,. the  entire  hydraulic
conductivity curve can be estimated
based on the soil-water characteristic
curve and the saturated hydraulic
conductivity. A graph of the final

equation can then be viewed in Figure 14.

The soil-water characteristic curve must now be estimated. An accurate way of estimating the
soil-water characteristic curve is by the Fredlund et al. (1997) method provided within
SoilVision. The algorithm estimates the soil-water characteristic curve from volume-mass
properties and the grain-size distribution of a soil. A packing porosity was chosen for the
mine tailings and this produced a soil-water characteristic curve as shown in Figure 11.

A graph of the estimated soil-water characteristic curve can be seen in Figure 11. If some
uncertainty exists regarding the prediction, the estimated results can be compared to
experimental results in the database by querying the database and graphing groups of
experimentally measured soil-water characteristic curves. An example of this is shown in
Figure 12. The database was queried for soils with similar grain-size distributions. The
corresponding experimentally measured soil-water characteristic curves were plotted along
with the estimation in Figure 13. The database contains over 600 soils with matching
experimentally measured grain-size distributions and soil-water characteristic curves. The
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Figure 13 Comparison between the estimated and experimentally measured soil-water
characteristic curves selected in the query

Analysis of the problem can now begin with the functions now provided by SoilVision. The
soil property functions were input into the program SEEP/W and both the steady state, and
the transient state problem were solved. The steady state analysis showed the location of the
water table under the heavy rainfall experienced in Papau, New Guinea and the transient
analysis showed the saturation levels in the tailings in the event of a long drought. The
solution for the steady state analysis can be seen in Figure 15 while the solution for the
transient state analysis candeen in Figure 16.

Potential for Improvement in Engineering Implementation

The soil-water characteristic curve (relationship between water content and suction) has
become of great value in estimating unsaturated soil property functions. The characterization
of seepage, for example, in terms of a hydraulic head gradient and a coefficient of
permeability function appears to be generally accepted (Fredlund, 1995). The use of nonlinear
soil property functions for analyzingnsaturated soils problems appears togaéning
general acceptance. The soil-water characteristic curve then beaaasnantrelationship

Geotechnical News, June 1998 58



References

Campbell, J.D. (1973), Pore Pressures
And Volume Changes In Unsaturated
0.0001 Soils. Ph.D. Thesis, University of
llinois at  Urbana-Champaign,
d (1973)] Urbana-Champaign, Ill.
Fredlund, D. G. (1995), The Scope of
Unsaturated Soils Problems, Proc.
0.00001 First Int. Conf. on Unsaturated Soils,
Paris, September 6 - 8, Vol. 3.
Fredlund, D. G. (1996), Microcomputers
N and Saturated/Unsaturated
\\ Continuum Modelling in
0.000001 Geotechnical Engineering,
Symposium on  Computers in
N Geotechnical Engineering,
Ny INFOGEO ‘96, Sao Paulo, Brazil,
N August 28 - 30, Vol. 2, pp. 29 - 50.
0.0000001 Fredlund, D. G. and Rahardjo, H. (1993),
0.01 0.1 1 10 100 1000 Soil Mechanics for Unsaturated Soils,
John Wiley & Sons, New York, 560p.
Fredlund, D. G. and Xing, A. (1994),
. . . . . . Equations for the Soil-Water
Figure 14 Estimated hydraulic conductivity curve for the mine tailings #11505. Characteristic  Curve,  Canadian
HHHHHHHHHH\‘F \HHHHUH\HH Geotechnica|‘]ourq\/o|_3l’pp_521_
LA A= LT i 532.
101 BEpENBECEa NN O TR, T Fredlund, M. D., (1996), The Design Of
Z o ] A Knowledge-Based System For
h it ¥ 1 Unsaturated Soils, Master's Thesis,
A i University of Saskatchewan,

1%
3
I}
LY
=
1<}

\Campbe '

Coefficient of permeability, k (m/s)

Soil suction (kPa)

c SEERRSSEEN EEEEN Saskatoon, Saskatchewan, Canada
| | | | | | | | Fredlund, M. D., G.W. Wilson and D.G.
Fredlund (1995), A Knowledge-based

B RgAsEE e N g
LR NPT TR T LA T
10 \ \ \ \
0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170

. . System for Unsaturated Soils,
legure 15 Results from SEEP/W of steady state analysis Proceedings of the Canadian Society

\}\HIHHHHHHIH{» +HI\I\HI\I\I\I\I\I\I Of C|V|| Engineering Conferencey

. Prass August Montreal, Quebec

Fredlund, M.D., G.W. Wilson, and D.G.

COAH TR e RS Fredlund, (1997), Prediction of the
Soil-Water Characteristic Curve from
the Grain-Size Distribution Curve,

| Proceedings ofthe 3rd Symposium

| | | | | | | | | on Unsaturated Soil, Rio de Janeiro,

10

SEES

T

0 10 20 30 40 50 60 70 8 90 100 110 120 130 140 150 160 17¢ Brazil, April 20 - 22, pp. 13-23.

For further information you may contact

Figure 16 Results from SEEP/W of transient state analysis showing the location of the water SoilVision Systems Ltd. at:
table over time. http://www.quadrant.net/soilvision

Geotechnical News, June 1998 59



