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ABSTRACT

The Soil-Water Characteristic Curve (SWCC) is an imporsailt function
relatingthe water content of soil to soil suction.Many unsaturatedoil properties
(or soil property functions) can be related to theater content versusuction
relationship of a soil. Hydraulic conductivity, shestrength, chemicatliffusivity,
water storage, urozen volumetric water content,specific heat, andthermal
conductivity areall functions ofthe Soil-Water Characteristic Curv€onsiderable
judgment is required to develop tredationship betweesoil property functions. The
judgment rules can be enforced using a knowledge-based system based on
observations andempirical relationshipsamongst soil property functions. A
knowledge-based system was developed using a relational database management
system (RDBMS) known as Microsoft's Accessdatabase programAccess
provided a suitable environmefur combiningthe user interface, knowledge base,
database, and query systeifhis system provides an estimate tbé Soil-Water
Characteristic Curve asell asthe other unsaturated propeftnctions usingoasic
soil classificatiordatasuch as thgrain-size distribution, density and specific gravity.
The system allowshe estimation ofmany complex soilpropertieswhile reducing
both time and cost requirements.
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1.0 INTRODUCTION

Theory governing théehavior ofunsaturatedsoils has been available for
several years and has shown tthe Soil-Water Characteristic Curve is the central
relationship describingow asoil behaves as desaturates. Researicas showrthat
empirical relationships can lised to describe unsaturaggwpertyfunctions related
to the Soil-Water Characteristic Curve. These empirical relationships can then be used
to predict the permeability, shearstrength, thermal properties, anddiffusion
properties as aoil desaturates. Thprinciplesrelated to thébehavior of a soil are
encoded into the knowledge-basygtem. The process for predictiting behavior of
an unsaturatedoil is then greatlysimplified. General soilproperties are stored in a
primary knowledge form. Subsidiaproperties are stored forms whichare linked
to the mairsoil form. Knowledgevas acquired by interviewingxperts in thdield as
well asresearching currergublications. Soils informatiofor the soils database was
acquired from several differerstources with aotal of approximately5500 soils
represented in the database.

2.0 PROBLEM DEFINITION

Classical soil mechanics has emphasized spégifes of soil{e.g., saturated
sands, silts, andlaysand dry sands)lextbooks cover the theories related to these
types of soils in a completely dry or a complesyurated conditiorRecently, it has
been shown thattention must bgiven to soilsthat do noffall into thesecommon
categoriesMany of thesesoils can beclassified asunsaturatedsoils. Engineering
related to unsaturatembils hagypically remained empiricalue to thecomplexity of
their behavior. An unsaturated soil consists of more than two phases and therefore the
natural laws governing its behaviare changed. Central to theehavior of an
unsaturatedoil isthe relationship betweewaterand air aghe soil desaturatesThis
relationship is described lige Soil-Water Characteristic Curve (SWCC). Laboratory
studies have shown that there is a relationship between the Soil-Water Characteristic
Curve and unsaturated soil properties (Fredlund and Rahardjo, 1993b).

Properties such as hydraulic conductivity, shear strength, water storage, unfrozen
water content, specific heat, thermal conductivity, and diffusion can all be related to the
soil-water characteristic curve. Until recently, a method of combining unsaturated soil
property functions into a single system has not existed. The knowledge system provides a
way to link complex property functions together to describe the behaviour of an
unsaturated soil.

2.1 The Soil-Water Characteristic Curve (SWCC)

The soil-water characteristic curve, often referred to as the moisture retention
curve, is a continuousigmoidal functiorrepresenting the water storagggpacity of a
soil as it is subjected to an increasing saiction. It is the relation between
volumetric water content®, and soilsuction stresstate, (4uy,). The soil-water
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characteristic curve can be used as a means of derividmking soil behaviors such
as permeability, sheatrength andsolume change. It is central tbe engineering
behavior of arunsaturatedoil. The soil-water characteristic curve provideaeans
of relatingthe fundamental soiproperties to eachtherand controlling thestate at
which each engineering behavior is calculatetihe stress state is important for
modelingmore than one aspect sbil behavior in a single analysiShe soil-water
characteristic curve contains three important piecasfafmation; that ispore size
distribution, amount of water contained in the pores at any suction and thestttess
of the soil and soil-water.

2.2 Methods of obtaining the soil-water characteristic curve

There areseveral methodsavailable inthe knowledge-basedystem for
obtaining a soil-water characteristic curfgg a particular soil. The method used is
strongly influenced byhe application forwhich the soil-water characteristic curve
will be used and the desired accuracy. The most accwafeto determine a soil-
water characteristic curve is through laboratxperimentation. Because of thigh
cost oflaboratory equipment arttie time required taun thistest,alternate methods
are desirable. The knowledge-based system providese alternative methods of
determining a soil-water characteristic curve as shown below:

1. The database of 550€bils can be searchefdr a soil with similar

properties.

2. The knowledge-based system canrbgquested to suggest reasonable

fitting parameters based on the current soil properties.

3. A theoretical method was developed andlemented intdhe system to

predict the soil-water characteristic curve fremiume-massproperties
and a grain-size distribution.

2.3 Prediction of unsaturated soil properties based on the soil-water

characteristic curve

Laboratory studies have shown that there is a relationship between the Soil-Water
Characteristic Curve and unsaturated soil properties (Fredlund and Rahardjo, 1993b). A
literature review was performed to determine the best prediction methods currently
available. These prediction methods were then implemented into the knowledge-based
system.

3.0 KNOWLEDGE ACQUISITION

The most important process in a knowledge-basgstem is knowledge
acquisition.How theknowledge is obtained and where it is obtained determines the
usefulness ofthe system. The knowledge-based system described in ptgier
compiles information fronthreeprimary sources. Experts in tHeeld of unsaturated
soils were interviewed to obtain methods and heuristics commothedield of
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unsaturatedoils. A search ofurrent and past research was performedetermine

the framework of thesystem. Experimental sailatacontaining, at theninimum, a
Soil-Water Characteristic Curve was required for the datadystem. Lastly, current
computer moeling software in thefield of unsaturatedsoils was reviewed to
determine what input properties were moshificant. The information was then
compiled to create a system to describe the property functions for unsaturated soils.

3.1 Interviewing Experts

Much knowledge in the field of unsaturated soils can only be found by probing
the minds of people currentlyinvolved in research. Documentation of the newer
techniques is1ot extensive making it necessary to rely the experience of current
experts. D.G. Fredlund and G.Wilgén provided insight and guidance into the
design ofthe system andhe way soil information should beepresented. Research
done in thephysicaltheory of thebahavior ofunsaturatedoils, by D.G. Fredlund,
laid the foundation for development of thgstem. Sincéhe soil-water characteristic
curve is central to theystem, advice was also received from D.G. Fredlund on its
mathematical representation and implementation. Knowledge regarding the
implementation of thermglroperties ofsoils was contributed by G.W. Wgon with
colleagueS.L. Barbourproviding insightinto how unsaturatedoils behave in the
area of contaminantansportMention must also be given to Walter Rawls from the
USDA who provided input irdeterminingthe methods to use in the prediction of
saturatechydraulic conductivity. Advice fronthe aforementioned experts provided
the foundation for thelesign ofthe system as well athe heuristic rules used in the
field of unsaturated soils.

3.2 Search of current literature

An extensive literature review was performed to determine the best prediction
methods to use in the knowledge system. The source for the prediction methods used by
the knowledge system are summarised in Table 1.

Table 1 Summary of prediction methods used in Knowledge-Based System

Description Reference
Prediction of SWCC from Fredlund, Murray D., Fredlund, D.G., Wilson, G.W., (1996),
grain-size curve Prediction of the Soil-Water Characteristic Curve from Grain-Size

Distribution and Volume-Mass Properties, 3rd Brazilian
Symposium on Unsaturated Soils, Rio de Janeiro, Brazil.

Prediction of coefficient of Lim P.C. S.L. Barbour and D.G. Fredlund, (1996), Diffusion and

diffusion from the SWCC Adsorption Processes in Unsaturated Soils 1l: Effect of The Degree
of Saturation on the Coefficient of Diffusion, Canadian
Geotechnical Journal

Prediction of unfrozen Black, P.B. and Tice, A.R., (1989), Comparison of soil freezing
volumetric water content curve and soil water curve data for Windsor Sandy Loam., Water
from the SWCC Resources Research, Vol. 25, No. 10., pp. 2205-2210.

Prediction of specific heat Farouki O.T., (1986), Thermal Properties of Soils, Trans Tech
capacity from the SWCC Publications, Clausthal-Zellerfeld, Germany, 112-117

4 Fredlund



Prediction of thermal Johansen, O., (1975), Thermal Conductivity of Soils, Ph.D. Theses,
conductivity from the SWCC (CRREL Draft Translation 637, 1977), Trondheim, Norway

Prediction of quartz content Tarnawski, Vlodek R., and Bernhard Wagner, (1993), Thermal and
hydraulic properties of soils, Saint Mary’s University, Division of
Engineering, Halifax, Nova Scotia

Prediction of shear strength Fredlund D.G., Anging Xing, M.D. Fredlund and S.L. Barbour,

envelope from the SWCC (1996), The Relationship of the Unsaturated Soil Shear Strength
Functions to the Soil-Water Characteristic Curve, Canadian
Geotechnical Journal

Prediction of unsaturated Fredlund, D.G., Xing, A. and Huang, S., (1994), Predicting the

hydraulic conductivity permeability function for unsaturated soil using the Soil-Water

function from the SWCC Characteristic Curve, Canadian Geotechnical Journal, Vol. 31, No.
3., pp. 533-546.

Prediction of saturated Holtz, Robert D., William D. Kovacs, (1981), An introduction to

hydraulic conductivity using geotechnical engineering, Prentice-Hall, Inc., Englewood Cliffs,
D1o New Jersey

Prediction of saturated Ahuja L.R. D.K. Cassel, R.R. Bruce, and B.B. Barnes, (1989),

hydraulic conductivity using Evaluation of Spacial Distribution of Hydraulic Conductivity Using

an effective porosity,n Effective Porosity Data, Soil Science Journal, Vol. 148, No. 6, 404-
411

3.3 Acquisition of existing databases

Existing experimentatlata was needed test thedesign ofthe Knowledge-
based System. Once a sam@étabase ofoil informationwas acquired, statistical
calculationswvere performed to check thvalidity of theoretical predictions asell as
to provide an estimation @he reasonableness ofirrentsoil properties. Thelesign
allows for soil data to becontinuallyadded to thesystembut theoriginal data was
collected fromone nain source. Hundreds of researpbblications containing soil-
water characteristic curves wereviewed and compiled by Silled996) into a
database of soils. The database conténmessoil information needed toest the
functionality of the system design.

3.4 Review of current computer modeling procedures

The knowledge-based system providpsoperty functions to allow for
coupled or uncoupled mdeling inthe areas of seepage, thermal, aodtaminant
transport. Dataan beoutputfrom the program in tables, in equation form, or as a
series of data points along a curve. Siistem adheres to Windows standarddat&
transfer and is therefore compatible wahy modelingpackagewhich conforms to
these standards and makes use of soil functions.
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4.0 KNOWLEDGE REPRESENTATION

The area of knowledge-bassgstems has blossomeder the past decade
from merely an academimterest into a useful technologyarrico describes
knowledge systems as follows.

Knowledge systems are software systems that have structured
knowledge about a field of expertise. They are able to solve some
problems within their domain by using knowledge derived from
experts in the field. (Carrico, 1989)

Development of the methods for knowledge representdbtiowed the
knowledge acquisition phase. Information was represented in forms. f&awch
consisted of a database of experimerdata, a database of theoretical data, a
knowledge base consisting of rules and algorithms applicaltte tourrent form, and
the userinterface which allowedhe information to be viewed in forms, tables, or
charts. Independent of the knowledgems is a query engine which allder access
to pertinent information.

The soil properties are organized into sepaifatens or subcategorieshich
are linked to the main soil information form. The manner iwhich this isdone is

shown in Figure 1.
Grain Size -

Wetting - Yolumetric Drying - Yolumetric:
[ ]
Unfrozen ‘Water Coefficient of
Contant. ‘ Shear Strength... Storage Curve... ‘ ‘ Diffusion.. ‘
“alumetric -
Specific Heat... Permeability..
Thermal
Conductivity...

Figure 1 Knowledge forms included in the system

5.0 KNOWLEDGE SYSTEM SHELL

Once thestructure of theKBS was determined, ahell or programming
environment was needed build the system. The relational databast®ell provided
by Microsoft's Access relational database management system (RDMS) was selected
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as an environment. The database system handled the manipulation of large amounts of
data while allowing time to be focused on the coding of the knowledge system.

5.1 Main Soil Information Form

Thefields used forclassification othe soil were adoptedrom current USDA
soil databases for the sake of fhanity. Figure 2 shows the main text descriptors
used in theclassification of soils. &yetwo of the form stores importantolume-mass
and grain-size properties often used dtassification.Other soil properties that are
stored are Atterberdimits, water chemistry, soil originproperties, publication
information, and the geographical location of sod (Country, StateCounty, Site).
Soil origin fieldsstoreinformation such as horizotepth, horizon typefamily, and
soil series.

= SoilVision - Soils ME
Classification Property Graph
IE @l @ Graph Manager... Manager... E-:’

Project D= F1002) Soil_Counter: -

Texture: Isandy Loam H << Classify I | USDA| | UsSCs I

Soil Group: I E Date Entered: SD—Sep—%l

Texture Modifier: | +| Mineralogy:
Mineral: | Percentage of Mineral: |
Structure grade: |M0derate » 0.00%

Structure size: |

Structure type: |

Soil Hame: IElraziIian residual soil I{I 4 |RECDrd:|1

Soil Description: ISDiI compressed at 200 kPa

Notes: |Soil from Jose Periera.

Contact: |Murray Fredlund

M| 4 |Record:]|l of 5291 » M

Figure 2 Page one of the main soil form showing the classification properties

The main soil information form also providasks to the forms describingoil
properties such as soil-water characteristic cuceefficient of permeability, shear
strength, etc. Forméinked to the nain soil form are described in théllowing
sections. For the sake bfevity, not all the forms linked tothe nain soil form are
shown.
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5.2 Other Forms Linked to Main Form

Complimentary todata stored in the masoil form is informationstored in
otherforms whicharelinked to the main form. Information was organized forms
for storageefficiency reasons asvell as toprovide a good conceptusiew of the
different soil properties. The properties dorms linked tothe mainsoil form are
listed below:

Grain-size distribution Soil-water characteristic curve
Water Storage Coefficient of permeability
Compression Shear strength

Diffusion Specific heat

Unfrozen water content Thermal conductivity

The linked design of the system provides an efficient and logical presentation of data.
This form stores pertinent information relating to the soil-water characteristic curve
as well as experimental and fitted points on the curve. A focus of the knowledge-
based system was to allow mathematical representation of soil property functions
wherever possible. This then allows the equations to be entered into popular finite
element modeling packages for modeling of unsaturated soil behavior. To provide a
starting point for mathematical representation, the soil-water characteristic curve,
grain-size distribution, and compression curves must be fit with a mathematical
equation. A single equation was selected to fit each of the grain-size and compression
curves. For the soil-water characteristic curve, however, a number of different
equations have been previously used. To accommodate this variability, six different
equations are available for use in the system. For each equation, a routine allowing
the equation to be fit to experimental data must be provided. Therefore, a number of
curve fitting algorithms were implemented. Once an equation is best-fit to
experimental data, the resulting equation can be used in the predictions of other soil
functions. An example of these predictions can be seen in Figure 3.
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Figure 3 Plot of predicted shear strength envelope for a Sandy Clay Loam

6.0 SUMMARY

Theory governing théehavior ofunsaturatedsoils has been available for
several years and has shown tthe Soil-Water Characteristic Curve is the central
relationship describingow asoil behaves as desaturates. Researicas showrthat
empirical relationships can lused to describpropertyfunctions related tohe Soil-
Water Characteristic Curve. Thesepirical relationships cahen be used to predict
how thecoefficient of permeability, sheatrength thermalproperties, andiffusion
coefficient wll behave as a sotlesaturates. Theomplexity of unsaturatedsolil
physics requires a knowledge-based system to providels for describing
unsaturated soil behavior.

The database system handled manipulation of large amounts déta while
allowing time to bdocused on the coding of the knowledgystem. Information was
stored informs consisting of a ain soilform with links established talternatesoil
property forms. The knowledge-bassgstem can handle eleveeparate property
forms and allows prediction of eight different soil property functions.siiseem then
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allows for the estimation of unsaturatesbil properties wherexperimentaldata is
limited or too wstly to obtain. The unsaturated propefpctions can be used in
finite element modelingmongotherapplications to give an estimate of engineering
design limits.
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