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ABSTRACT: This paper describes two geotechnical parameter estimation systems. These systems can assist in the estimation of
soil parameters for slope stability analysis when adequate data are not available because of time or equipment limitations. The sys-
tems also provide an opportunity for crosschecking for consistency between the results obtained from different field or laboratory
tests. The two correlation programs described in the paper are based on the same concepts. However, one has been developed using an
object-oriented approach as part of a larger knowledge-based system for interpretation of geotechnical data developed at Durham
University; the other has been developed in a spreadsheet environment as a module of an "Intelligent and Integrated Design Environ-
ment for Slopes (SlopelDE)" developed at Istanbul Technical University. It is suggested that correlation systems show their real
value when they are used with or within a knowledge-based system for geotechnical engineering applications such as slope stability,
foundations or tunnelling.

RESUME : Cet article décrit deux sytémes pour l‘estimation des paramétres géotechniques. Ces systémes peuvent assister dans
I’estimation des paramétres du sol pour I’analyse de la stabilité de talus quand les données adéquates ne sont pas disponibles en raison
des limitations du tciips et de I’équipement. Les systémes donnent aussi une opportunité de la contre-vérification pour la consistance
entre les résultats obtenus des lieux différents ou des essais de laboratoire. Les deux programmes de corrélation décrits dans [’article
sont basés sur les mémes concepts. Cependant, un a été développé en utilisant une approche de programmation par objets comme une
partie d'un plus grand systéme a base de connaissance pour I'interprétation des données géotechniques développées a I'Université de
Durham; l'autre a été développé dans un environnement de tableur comme une module d’un environnement de conception intelligent
et intégré pour les talus (SlopelDE), développé & I'Université Technique d'Istanbul. On le suggére que les systémes de corrélation
montrent leur valeur réelle quand ils sont utilisés avec ou dans un systtme a base de connaissances pour les applications de

I’ingénierie géotechnique telles la stabilité de talus, les fondations ou I’exécution des tunnels.

1 INTRODUCTION

Correlation systems can assist in the estimation of soil parame-
ters when adequate data are not available because of time or
equipment limitations. Such systems also provide an opportu-
nity for crosschecking for consistency between the results ob-
tained from different field or laboratory tests. They can also be
used for estimating values for different problems or conditions
(e.g. use of ¢, (residual) instead of ¢ (peak) angle of shearing
strength for some slope stability problems). Although empirical
correlations and parameter estimation systems which use these
empirical correlations are valuable, they have to be used with
caution. The user has to have an awareness of the applicability
and reliability of the correlations being employed.

Computer systems have been developed previously for the
estimation of ground properties. Examples are: CONE (Mul-
larkey, 1986; Mullarkey and Fenves, 1986). This was a knowl-
edge-based system for the interpretation of raw cone penetration
test data and provided inference of the effective angle of friction
of sands and undrained shear strength of clays. Cone was im-
plemented using rules combined with LISP functions. CASS
(Computerised Adviser on Soil Strength) (Gillette, 1991) was a
knowledge-based system to provide advice on the selection of
soil shear strength parameters for use in slope stability analysis.
It was implemented as a rule-based system. Davey-Wilson
(1991) presented a knowledge-based system for the estimation of
peak effective angle of friction of non-cohesive soils. The sys-
tem was implemented using the object oriented software Hyper-
Card. GeoPredictor (Davey-Wilson and Mistry, 1995) was an
intelligent database to predict geotechnical parameters. This
system had two methods to predict parameters. The first method
utilized a case-based reasoning technique to consult the database.
Descriptive parameters of the problem were compared with ex-

isting records in the data base and the system then retrieved
similar records from the data base. A nearest neighbour algo-
rithm was used to compare the data. The system amended the
unknown parameter based on similar data and proposed a solu-
tion. The second method used geotechnical correlations to pre-
dict the value of the parameter. The user could select a correla-
tion from a drop-down list in a dialog box to predict the value of
the arguments of the correlation. A window containing input
data and the result of specific correlation was displayed. Geo-
Predictor was implemented in an spreadsheet environment and
had the capability of showing graphics from the correlations.

The systems described in this paper are intended to be generic
systems that can store a large number of correlations for many
purposes. In order to store such a range of correlations within a
computer system it has been necessary to identify a standard
form of representation that can be used for any type of correla-
tion. Giolas (1994) collected and subsequently analysed a sub-
stantial number of correlations and identified the distinct entities
that form a correlation. These can be categorised as:
The correlation's variables
The estimation procedure
The correlation's applicability
The correlation's reliability
Comments on the correlation

The two correlation programs described in the paper are
based on the same concepts. However, one has been developed
using an object-oriented knowledge-based system development
environment; the other has been developed in a spreadsheet envi-
ronment. The object-oriented system has been developed at
Durham University as part of a larger knowledge-based system
called SIGMA, a generic interpretation system for geotechnical
data. The spreadsheet system has been developed at Istanbul
Technical University as a module of an ‘Intelligent and Inte-
grated Slope Design Environment (SlopelDE)’.
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Correlations list

Select correlations:

Correlate Dismiss

PHI_peak from Number of blows from SPT, N_SPT, wtp, Peck, R.B. et al, 1974 (8).
PHI_peak from Plasticity index, P, Bjerrum and Simons, 1960 (11).

PHI_peak from Plasticity index, Pl, Mitcell, 1976 (12).

PHI_peak from Relative density, Dr, Giuliani, F. and Giuliani, F.L., 1982 (1).
PHI_peak from Relative density, Dr, Schmertmann, J.H., 1978 (2).

ak friction angle (¢,)

2 SIGMA

SIGMA is a knowledge-based system that has been devel-
oped for interpreting geotechnical information (Toll et al, 1992,
Toll, 1995). A ‘Correlations’ knowledge base has been incorpo-
rated into SIGMA as a hierarchically structured object base
(Giolas and Toll, 1999). Each correlation is represented as an
object in the object base. A user interface allows the user to
search for appropriate correlations and then use them to estimate
values for parameters. The system has been implemented using
the ProKappa development system (Intellicorp, 1991). Full de-
tails of the implementation are given by Giolas (1994) and Gio-
las and Toll (1999).

The system provides a ‘Search’ dialog box that provides vari-
ous options for performing restricted searches in the correlation
knowledge base. These restrictions can be based on:

the specification of the correlation's basic parameter
the specification of the correlation's variables

the specification of applicable ground types

the specification of the correlation's reliability

the specification of the reference (author - year)

After defining all the search criteria, the system provides an
overall list of correlations that satisfy all the restrictions im-
posed. An example of a dialog box which contains a list of the
correlations for peak friction angle (¢,) is given in Fig. 1. The
user may choose any number of correlations from this list.
Therefore the user is allowed to simultaneously consult more
than one correlation for the estimation of a parameter and com-
pare the results (if more than one correlations for that parameter
exists). An example of the dialog box for a correlation to esti-
mate relative density from the cone penetration test (Jamiolkow-
ski et al, 1995) is shown in Fig. 2.

It Dr = f{comp, sigma_vo, qc), et al, 1985
penelration rexis rom CF
(
ure, sigma
kno
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lative density,
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Inside the correlation window and following a top to bottom
order, the following features can be identified:

¢ Basic variables, or input values to the correlation. Quanti-
tative basic variables are represented as entry boxes. Fig. 2
shows two of these (qc and sigma_vo). A list of values can be
entered by the user and estimates are made for each value in the

list. Qualitative basic variables are represented by list boxes
from which the user can select permissible values. Fig. 2 shows
a list box for compressibility.

o Intermediate variables. These are variables that are calcu-
lated from the basic variables for which checks are carried out as
part of the correlation procedure. Fig. 2 shows the intermediate
variable Log10[qc/Pow(sigma_vo, 0.5)], i.e.

logy 7‘.’:- )
U\'O

e The basic parameter, or the ouput value from the correla-
tion. If quantitative this is represented by the name of the pa-
rameter, the minimum, maximum, and average estimated values
of the parameter (each set of three corresponds to a single set of
basic variables) and the overall minimum, average (defined as
the arithmetic mean of all the average values) and maximum for
the parameter. Fig. 2 shows values for the relative density pa-
rameter. Qualitative parameters would be represented by their
name and the estimated parameter values in a textual form. If
intermediate parameters are required, these would be represented
in the same way as basic parameters.

The estimation procedure is invoked by clicking the ‘Esti-
mate’ button. The estimation procedure describes the interde-
pendency of variables and parameters in a mathematical and/or
logical form. In its simplest form, it consists of a single formula
linking the basic variables with the parameter of the correlation.
In its most complex form, it becomes a three-staged procedure.
The SIGMA system allows users to define their own correlations
and full facilities are provided for entering all the data required,
including the estimation procedure itself.

Before executing each correlation, the system checks the val-
ues of the basic and intermediate variables to ensure that they
fall within the appropriate range for the correlation. If not, a
‘Warning’ dialog box window appears on the screen. The user
has the option to continue the execution of the correlation by
overriding the warnings. The system allows for easy modifica-
tions of the data contained in the entry boxes and the selected
values in the list boxes. The user can alter any number of the in-
put values and then execute the correlation to get an alternative
set of results. Sensitivity checking of each variable can therefore
be performed easily and quickly. Important pieces of information
that may be valuable to the user when deciding if a correlation
should be used relate to applicability and reliability, as well as
other comments. Examples of the ‘Applicability’, ‘Reliability’
and ‘Comments’ dialog boxes are shown in Figs. 3 and 4 for the
Jamiolkowski et al correlation shown in Fig. 2. This correlation
is highly applicable for uniformly graded, normally consolidated,
clean quartz sands, with horizontal stress ratio at rest (K,) be-
tween 0.4 and 0.5.

Applicability Reliability

R b Reliability score: medium
claan sand with:
Ko between 0.4 and 0.5
miner: quartz
0OC stata:
grad: uniformly graded

e v———

3 Examples of the Applicability and Reliability dialog bo>

Coefficient of fit: 68.6%

Number of data points: 72

Dismiss
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C

Cone penatration resistance from CPT, qc should be
more than 0 kPa.

Effaciive overburden pressure, sigma vo should be
more than 0 kPa.

Log10jqc/Pow(sigma vo, 0.5)] should be hatweaen
1.477 and 3.301 .

It should be noted thal compressibilily Is greater
where the sand Is uniform, the gralns are angular
and there Is an appreciable mica content. Care
should he taken when the relative density of a thin
sand layer is estimated because the full cone
resistance may not have developed. For OC sands
the same relationship may be used If the initial
horizontal stress sigma_ho is used Instead of
sigma_vo. The possible error in this case Is in

the order of +-20% and thersfore the estimated
value of Dr should be cosidered as an approximation.

Figure 4 An example of the Comments dialog box.

3 SlopelDE

SlopelDE is an intelligent and integrated design environment
for slopes (Hatipoglu, 1997). The system has been developed in
three modules; an intelligent modeller, a slope stability calcula-
tion module and an evaluation module. The modeller has an in-
telligent advisor for selection of types and estimation of values
of ground parameters. The user can invoke this advisor when
s/he enters values for ground parameters. Selection is based on
slope type, soil properties, ground water condition and charac-
teristics of the site. It is implemented in the CLIPS Expert sys-
tem shell. After the correct parameter types are defined, the pa-
rameter estimation module (SlopeIDE-PE) is invoked.

defined by Giolas (1994) was adopted for the correlations. Im-
plementation of correlation functions for both simple formulas
and complex algorithms were performed by using Excel’s built-
in functions so that a mid-level user can modify existing correla-
tions and add new ones. An example of a correlation with all its
elements and graphics is shown in Fig 6.

A summary sheet for correlations was created (Fig 7) so that
all correlations could be evaluated and compared with each
other. The correlation’s parameter name, subtype, value, unit,
reference and arguments were given in a row in this sheet. Cor-
relations can be filtered via their parameter type and subtype
using MsExcel's AutoFilter function. In or to evaluate all details,
the user can navigate to the correlation sheet using a hyperlink
that is created for each correlation.

Carrelation No 6
Explanatian Angle of st
Type of parameter

Sub-type of param.

Name of param. fiEf
Formula

Baslc Variables
= —
-

Applicability
Cas

Reliabllity m
Formula
Intermediate Variable

fo a

LitDr - = medium-dense — l
| = 2 o chip

) ~ Variables Correl List Typical vals
SOIL VARIABLES
Name of Variable «|Symbi»| Value -|Est Val.
Basic Soll Type 3 sandNote : .,

- numeric an
Secondar lype 9 qualtative value can be estimated,
Third So e ST pres ke: !
Size Soil Type enter formu righ
Soil
Dry Denstit keral
R E N
= s
Natur o Wy =ais T v - se
Literal Relative Density e i 3)
Liguid Limi| Select an &em from the list r-'-w-v—!‘["
Plasti Sel if you don't kno: &
| the value

F -Do not leave empty.
Plas -Use formula at nigth

er
Grading | a numeric value for Dr
Roundnes:l —

Figure 5 Basic Soil Variable sheet.

t

When developing SlopeIDE-PE the following alternatives
were evaluated as development tools: mathematical packages;
Mathlab© and Maple©, C/C++ with flex/yacc library, CLIPS
and a spreadsheet environment (MsExcel©). The spreadsheet
environment was chosen because of its fast prototype develop-
ment, graphical user interface (GUI), chart drawing and “What
if” modelling capabilities in addition to its availability and com-
mon use.

The parameter estimation system consists of four main parts;
Soil Variables sheet, Correlations sheet, Typical Values sheet
and sheets for each correlation in the system.

Each variable was represented as a row in the Soil Variables
sheet by its name, symbol, value, estimated value, unit, format
and allowable values or numerical ranges. The built-in Data
Validation function of MsExcel was used to assign allowable
values for qualitative variables and numerical range for quanti-
tative variables. “nil” (unknown) and *“#N/A” (not-applicable)
values were allowed for both formats. An example of the Basic
Soil Variables sheet is shown in Fig 5. Each correlation in the
system were created in a separate sheet. The generic structure

C el

an |
$" - ( Ngpr, Soil Type) Relation
(Peck, Hanson & Thosburn, 1974

Ngpy (Corrected)

Figure 6. Typical correlation sheet.

A Typical values sheet (Fig 8) was created which shows
maximum, average and minimum values of geotechnical pa-
rameters. Both index and material behaviour parameters in
quantitative format can be queried based on the descriptive soil
parameters (major and minor soil types, plasticity. consistency,
grain size, uniformity and roundness) when no quantitative data
is available.

Faram Sut Nama of Correiation
o T =l

Vaiue Ut Values of Basic Varables
= 50
Dr=50.0_10=0.1 - Cu=2 - Minsral quartz - Koskangular
Clay Fraction = 16 Liquid LimR = 26 - Vertical Effective St
elative Density=560 Dry Denstity=18
§ Schmertmann 1978 s A
6. Peck. Hanton & Thorbum, 1 srrected Nspt=20 - Basic Soll Type=sand
E 1 Mavarho!, 1963 s _point resistance=20
WY TC 8§ Schmertmann 1976 s orected Nspt=20 - Vertical Effactiva Strass=200

9. Bjerrum & Simsons, 1960 3 >laxticity Indax = 20
hE* 10. Mitchell. 1976 asticRy Index = 20
e 11 _Gibaon, 1963 Plasticty Index = 20

M 12 Skempton & Northey, 1952 24.9 xn/
Ma: 13, Skempton & Northey, 1962 48,7 KN/
v 36.8 xNA

Iquidity Index = 0.25

IquidRy Index = 0.26
Plasticity Index = 20 - Vertical Effective Stress = 200
49.6 kn/m" Plasticly Index = 20 - Preconsclidation Pressure = 200
44.0 xN/m* Pre-consolidation Pressure = 200

» . ‘t, »* Verticul Efective Streas = 200 - Over-consalidation Ratio *
£ et " LA

Figure 7. Correlations sheet.
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4 DISCUSSION

Correlation systems show their real value when they are used
with or within a knowledge-based system for geotechnical engi-
neering applications such as slope stability, foundations or tun-
nelling. A knowledge-based component can advise the user on
the appropriate choice of parameters for each application.

It has not been considered necessary to develop a graphical
user interface (GUI) for the SlopeIlDE system. The easy-to-use
and explicit GUI based architecture of a spreadsheet environ-
ment can be used for data entry and knowledge acquisition (i.e.
adding new correlations). MsExcel’s features like AutoFilter,
Data Validation and Hyperlink were found to be very effective.
However developing a specific GUI for knowledge acquisition
could reduce the possibility of error occurrence and decrease the
time needed to add correlations.

In SlopelDE, Applicability constraints were divided into two
groups; rigid and flexible. Rigid constraints have a major effect
on the correlation and were implemented in the algorithm of the
correlation and were listed under the Applicability title. On the
other hand, flexible constraints have a minor influence on the
correlation and were only listed under the Applicability title of
the correlation and the evaluation is left to the user.

5 CONCLUSIONS

The evaluation of ground properties is one of the most im-
portant problems in geotechnical engineering. A common meth-
odology for addressing this problem is by using correlations.
Correlations are simple, easy to use and they provide a cheap, if
crude, means for the rapid estimation of ground properties. The
main disadvantages of correlations are the use of non rationally-
based relations, the use of relations that have not undergone ex-
tensive validation or extrapolating outside the limits of applica-
tion of the correlation.

Correlations can be represented within computer systems by
the following components:

The correlation's variables
The estimation procedure
The correlation's applicability
The correlation’s reliability
Comments on the correlation

Two different systems have been developed: The first has
been developed using an object-oriented approach as part of a
larger knowledge-based system for interpretation of geotechnical
data developed at Durham University (SIGMAY; the second has
been developed in a spreadsheet environment as a module of an
‘Intelligent and Integrated Slope Design Environment
(SlopelDE)’ system developed at Istanbul Technical University.

The SIGMA system provides the user with the ability to per-
form searches of the correlation knowledge base. Each correla-
tion is then represented as a dialog box window, containing the
input variables and their values and the output parameters. In
addition to a command button for executing the correlation, each
dialog window also features options for displaying the applica-
bility, reliability and comments relating to the correlation.

In SlopelDE, an intelligent advisor system helps the user in
the selection of the appropriate type of geotechnical parameters.
A Variables sheet is used for controlled data entry for all corre-

lations. Each correlation was represented in the structured form
discussed above and with graphics to illustrate the correlation in
separate sheets. All correlations were summarized in a Correla-
tions sheet for comparative evaluation. A Typical values sheet
provides a way to estimate both index and behavioural parame-
ters based on the descriptive soil parameters, if no quantitative
data is available. Although the geotechnical parameter estima-
tion module of SlopeIDE was developed for slope stability
problems, it can also be used for other areas without any de-
pendency on the rest of the system.
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