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Decision Support System for Evaluation 
and Treatment of Earth Slope Instability 

DIMITRI A. GRIVAS AND JOHN c. REAGAN 

Movements of earth slopes are common and often costly occur
rences. The development of a decision aid to provide appropriate 
remedial actions and to restore slopes to acceptable degrees of 
safety is of considerable practical importance. Achievements to 
date in developing a decision support system for the evaluation 
and treatment of slope instability are presented. The conceptual 
design, applicability and functions of the system are established 
through a combination of techniques, including the use of an 
expert panel. The three main components for the system are 
knowledge base, supporting data bases, and analytical program 
support. Initial implementation has produced a personal com
puter-based prototype system, which is described and illustrated 
with an example. Conclusions drawn from this study include the 
following: (a) the domain of landslide analysis and treatment is 
well suited to the expert-system approach because it involves 
reasoning processes and data interpretations that are based on 
experience; (b) knowledge acquisition is a critical and involved 
activity in the system development effort, and simple techniques 
(interviews and questionnaires) appear to be inadequate for the 
creation of a robust knowledge base; (c) a fully implemented 
system requires a powerful computer environment with multi
tasking capabilities. 

The selection of appropriate actions to control the movement 
of earth slopes and secure their safety represents an important 
activity in geotechnical engineering. Available expertise is 
typically scattered among the many facets of the problem , 
making it difficult to achieve decisions, especially under press
ing or urgent conditions. 

Delays or poor decisions in effectively controlling slope 
instability can have devastating effects. The damage is more 
acute for slopes located in urban settings. In such cases a 
potential slope instability may result in a major slide , which 
can cause economic and life losses. Estimates of direct and 
indirect damage to buildings and other structures due to slope 
failure in the United States alone are on the order of hundreds 
of millions of dollars a year. FHWA has estimated that an 
amount in excess of $50 million is spent annually for the repair 
of slope-related damage on the federally financed component 
of the U.S. highway network (1). The total number of fatal
ities due to all types of slope instability exceeds 25 a year 
nationwide (2) . These figures can explain the continued in
terest in the study of the factors that trigger the movements 
of slope-forming materials and help justify the practical need 
for the development of aids for better and faster decisions in 
controlling such movements . 
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Recent developments in the use of expert systems in civil 
engineering have demonstrated the ability of such systems to 
aid in decision making and solution of complex problems. 
Expert systems are basically computer programs that imitate 
the performance of human experts. They embody factual, 
empirical, and procedural knowledge to address specific as
pects of particular problems and to manipulate relevant 
knowledge expressed in symbolic description. Their success 
is due mainly to their ability to solve difficult problems in 
specific areas at least as well as human experts. 

The paper presents the initial research effort on a project 
aiming at the development of a decision methodology for the 
evaluation and treatment of earth slope instability. The proj
ect is conducted jointly by personnel of Rensselaer Polytech
nic Institute (RPI) and the Soil Mechanics Bureau of the New 
York State Department of Transportation (NYSDOT). The 
latter is the state agency responsible for the safety of all man
made or natural slopes in the transportation infrastructure of 
New York. The overall goal of the project is to collect, syn
thesize, and validate the knowledge available on the subject 
and encode it in a decision support system (DSS) (3) to pro
vide uniform, consistent, and cost-effective decisions in se
lecting and implementing rehabilitative solutions to problems 
caused by slope instability. At the core of the DSS is an expert 
system which stores the knowledge base. Analytical and data 
base components supplement the knowledge base to form the 
complete system. 

CONTROL OF MOVEMENT AND INSTABILITY 
OF EARTH SLOPES 

The task of determining feasible alternative options to control 
movement and instability of earth slopes represents an in
volved process. Each slope, whether natural or man-made, is 
a unique structure, the performance of which is influenced 
by local conditions (e.g. , geology, materials, loads , etc.). To 
make an informed decision, one must be knowledgeable about 
these conditions, be familiar with available options, and have 
experience about their effectiveness in achieving a desirable 
objective (e.g., reduction in driving forces, increase in shear 
strength , etc.). Cost and other constraints (e.g. unavailability 
of materials, inappropriate field conditions, etc.) often elim
inate some options, but the basic objective of making a final 
recommendation for the solution of a diagnosed problem re
mains valid. 

If an intelligent aid were available to achieve the above 
task, it would embody available factual and empirical knowl
edge and would imitate the thinking process of human experts. 
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The user of such an aid would then be able to arrive at a 
decision on the appropriate treatment, which would be sup
ported by available data and experience. 

Figure 1 shows the stages typically involved in arriving at 
a recommended solution. Each block in the figure represents 
a main activity, and the numbers show the order in which 
activities are typically pursued. A description of each main 
activity is given next. 

Problem Identification 

Problem detection and identification is typically based on ob
servations of slope movement. The type of incurred move
ment is characterized according to specific attributes. One 
such attribute is the depth of the slope mass involved (i.e., 
whether the slope movement is deep seated or shallow). Ad
ditional attributes include type of material, rate of movement, 
geometry of the area affected, possible causes, degree of dis
ruption of displaced mass, relation to geologic structure, and 
state of movement activity. There are several ways to classify 
slope movement, each having its own distinct advantages in 
the manner in which it utilizes pertinent features. In a syn
thesis on the subject ( 4) the type of movement and type of 
material were used to represent the primary and secondary 
criterion, respectively, for classification purposes. This is the 
classification system that is also followed in the present study. 

Of practical importance during early stages of problem 
identification is the decision whether immediate action is nec
essary (e.g., closing a roadway, establishing a detour, initi
ating monitoring of the movement, etc.). This and other early 
decisions typically set the course of action to be followed 
during subsequent investigation. 

Data Collection 

This stage represents a fact-gathering activity. Several types 
of data are generally available to the person investigating a 
slope movement. Although the amount of data varies from 
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FIGURE 1 Schematic illustration of the activities 
involved in arriving at a final recommendation. 
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one case to another, some typical data types include the 
following: 

• Geology of the region surrounding the slope site, avail
able usually through maps, surveys, air photos, and field 
investigations; 

• Boring log data; 
•Test data on boring samples or in situ tests; 
•Well data depicting groundwater fluctuation; 
• Rainfall records; and 
• Instrumentation data from slope indicators and the like. 

The amount of data that is available at a given site is con
stantly changing. Thus, an important activity in investigating 
slope movements is the continuous updating and expanding 
of data files . 

Problem Diagnosis 

Problem diagnosis involves assessing the probable causes of 
slope movement. It is based on local experience and move
ment characteristics exhibited by certain types of materials. 

Some primary causes are typically established during the 
data collection process (e.g., water-related problems, possible 
weak shear strength, etc.). They represent hypotheses that 
must be thoroughly examined during the problem diagnosis 
stage. In order to accept or reject a hypothesis, it may be 
necessary to conduct field tests, obtain drill holes, perform 
laboratory tests, review construction histories and other rec
ords in the area, and so forth. Although the task to precisely 
determine causes of instability is a challenging one, dominant 
factors can be identified reliably. 

Evaluation of Slope Stability 

This stage involves the use of analytical techniques to evaluate 
the safety of a slope. In the case of soil slopes, such methods 
are typically formulated on the assumption of limit equilib
rium. If the analysis is based on a deterministic approach, the 
safety of a slope in terms of the commonly used "factor of 
safety" is assessed. If the analysis is based on a probabilistic 
approach that accommodates relevant uncertainties, the safety 
of a slope in terms of a "probability of failure" is assessed 
(5). 

The finite element method (FEM) can also be used to pro
vide stresses and deformations within soil masses. It requires, 
however, input data that is not always readily available or 
easy to obtain. Furthermore, a quantitative interpretation of 
results from finite element analysis requires some form of 
limit equilibrium calculation (6,7). These limitations are the 
primary reasons for the continued popularity of limit equilib
rium methods for stability analysis of embankments and slopes 
(8). 

Shown in Figure 2 is a classification of material conditions 
for the purpose of slope stability analysis. For natural slopes, 
the material may be broadly characterized as either coarse 
grained or fine grained. In the case of coarse-grained soils, a 
major distinction is given by density (i.e., loose or dense 
state); in the case of fine-grained soils, the distinction is be-
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FIGURE 2 Classification of soil material conditions for 
stability analysis purposes. 

tween saturated or partially saturated state. Further distinc
tions may also be made as shown in the Figure 2. 

Once a failure model is adopted and a method of stability 
analysis is established, parametric studies can be conducted 
to determine the relative importance of the various factors 
and lead the way to the treatment selection. 

Treatment Options 

Selection of appropriate treatments follows a pattern that is 
generally directed from the results of the problem diagnosis, 
failure model development , and stability analysis. The goal 
of each treatment option is to halt slope movement and secure 
the overall safety of the slope. There are several ways of 
achieving this goal (e.g., reducing the driving forces, increas
ing resistance, etc.). Certain treatment options place special 
constraints on the solution of the problem. For example, slope 
flattening or use of berms requires that adequate space is 
available . Ease of construction and overall cost are additional 
considerations. 

Economic Analysis 

Once a set of alternative treatments has been identified, de
signed, and verified, a cost analysis for each treatment is 
conducted. NYSDOT cost estimates are based on earthwork 
items and other required engineering activities (e.g., control 
of traffic, etc.) . Some treatments may necessitate the acqui
sition of additional rights-of-way , the cost of which must be 
incorporated in the economic analysis. Typically no benefit
cost analysis is undertaken on stabilization projects because 
treatments are expected to secure slope stability permanently. 
In cases in which controlled failure concepts are applied, an 
economic analysis includes estimated annual maintenance costs. 
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Final Recommendations 

The final selection from the set of eligible treatment options 
is generally based on the minimum overall cost. Other factors 
include the urgency of the problem, availability of contractors 
to perform the work, the timing of the construction, and the 
ever-present political considerations. 

SLOPE MOVEMENT AND STABILITY 
CONSULTANT 

The DSS under development is expected to serve as an in
telligent slope stability consultant (STABCON). In this ca
pacity, its mission is to offer guidance in pursuing the tasks 
involved in the evaluation and treatment of slope instability 
problems. The initial implementation of ST ABCON is in a 
prototype that incorporates knowledge on significant aspects 
of the problem. Limitations are mainly in reference to types 
of slope failure mechanisms and number of treatments con
sidered. The complete system is expected to expand the do
main of applicability of ST ABCON without altering its 
architecture . 

Problem Solving 

A variety of problem-solving strategies may be followed using 
expert system techniques. Most applications can be formu
lated on the basis of a derivation or formation approach (9). 
In the derivation approach, a list of appropriate solutions for 
a problem is placed in the knowledge base, and the problem 
conditions produce the final recommendation. In contrast, in 
the formation approach only important aspects of the solution 
are placed in the knowledge base, and the final recommen
dation is synthesized from those aspects that are rendered 
valid by the problem conditions. Depending on the nature 
and overall complexity of the problem under investigation, 
the design of an expert system may use either the derivation 
approach, the formation approach, or both. 

The implementation of ST ABCON was done through the 
use of the expert system tool Insight II+ . In addition to 
meeting the requirement for a personal computer-based so
lution, Insight II+ has a number of features that make pro
gramming easy. Examples of such features include the ability 
to provide explanations for the reasoning process and built
in interfaces to external analysis programs and databases . Its 
control structure is based on a backward chaining method
ology that falls in the category of the derivation approach 
described above. Thus, a goal state is selected and the system 
checks to establish whether supporting conditions are met. If 
this is not the case, the system pursues the state under con
sideration as a subgoal. This process is repeated until the 
original goal state is acceptable or disqualified. 

Functions Pursued by ST ABCON 

A functional overview of ST AB CON designed to support the 
landslide investigation and treatment methodology is shown 
in Figure 3. The first function involves the selection by the 
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FIGURE 3 Schematic illustration of 
functions pursued by STABCON. 

user of a goal, or set of goals, to be achieved. This function 
involves the identification of one or several alternative treat
ments for the slope movement or instability problem at hand. 
In using STABCON, it is also possible not to select a specific 
treatment at the goal identification stage. In such a case the 
system pursues its reasoning by considering all feasible goals 
(treatments) in accordance with the specified problem con
ditions. This feature may be desirable in practice for condi
tions under which no obvious treatment alternative is iden
tifiable at the outset. 

Depending on the goal selected, STABCON initiates the 
data collection activity to obtain data required to evaluate the 
selected goal. This represents the second phase in the search 
for the validation of a selected goal (or identification of fea
sible goals, if none was selected). 

Once data collection is completed, ST ABCON uses an in
ference strategy, in which the viability of the selected treat-
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ments in controlling the movement or instability of the slope 
under investigation is evaluated. This represents the third 
phase in the search process during which , in addition to eval
uating the rules stored in its knowledge base, STABCON may 
need additional data on which to base its judgment. Thus, in 
the functional structure of the system (Figure 3), a branch is 
created to request user input, extract information from the 
data base, or, if necessary, access external programs to pursue 
slope stability calculations and data analysis. 

The last function of ST ABCON involves an evaluation of 
the various treatment alternatives. In cases in which required 
information is not available, no final recommendation is of
fered. Instead, ST ABCON provides a list of data that must 
be obtained in order to complete the evaluation. In all other 
cases STABCON produces viable final recommendations. 

IMPLEMENTATION OF STABCON 

Knowledge Base 

Once the conceptual design was defined and the knowledge 
structure for the system was acquired the next phase of the 
study was focused on the implementation of the prototype. 
Figure 4 shows the three principal functional components of 
the STABCON system: knowledge base, data bases, and an
alytical functions. 

The knowledge acquisition process aimed to identify the 
critical elements of landslide investigation and treatment rec
ommendations. To this end, a panel of experts was formed, 
the membership of which included representatives from the 
Soil Mechanics Bureau of NYSDOT. The initial focus of the 
panel was on the features and architecture of the proposed 
STABCON model (JO). Also addressed were the principal 
methods used for correcting landslide areas. 
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FIGURE 4 STABCON's primary functional components. 
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Once a general consensus was reached concerning the scope 
and domain of the system, a description of the approach to 
knowledge acquisition and of procedures to conduct the de
tailed design of the system was distributed to the panel. Fac
tors important to landslides that were identified by the panel 
are as follows: 

1. Artesian water pressure, 
2. Type of roadway cross section , 
3. Type of slide, 
4. Average inclination of existing slope, 
5. Field observations, 
6. Shear strength parameters, 
7. Old failures, 
8. Recent construction activity, 
9. Streams and creeks, 

10. Rainfall, 
11. Soil stratigraphy, 
12. Creep (deep and shallow), 
13. Leaching, 
14. Surface water infiltration, 
15. Progressive failure, 
16. Strength softening, 
17. Clay mineral, 
18. Anisotropy, 
19. Rate of movement, 
20. Type of clay (fissure, intact , etc), 
21. Number and shape of soil layers, 
22. Number and value of water tables, 
23. Slope of possible failure plane, 
24. Relative permeability of strata, 
25. Surface water, 
26. Subsurface water, 
27. History of area, and 
28. Geology and topography. 

Information on each of the factors was recorded on a knowl
edge acquisition form. A special form was created to collect 
information for the knowledge base as well as to clarify the 
relative importance of each factor in the landslide analysis 
process. It also addressed the manner in which missing or 
incomplete information could be generated. The information 
gathered was vital for developing the knowledge base and 
constructing the consultation paradigm. 

After factors that influence landslides were identified, the 
system development process was focused on describing the 
landslide investigation process from each panelist's perspec
tive. This resulted in the process summary shown in Figure 
5. This process was consistent with NYSDOT's past practices 
and guidelines for slope maintenance and restoration in a 
related FHWA report (11). 

Further interaction with the panel examined how geotech
nical engineers approach a typical landslide investigation. The 
generated information served as background for describing 
the reasoning followed by experts and the manner in which 
they deal with the numerous factors that are associated with 
each landslide site. It was relatively easy for the panel to 
describe in detail an expert's approach to site familiarization, 
field investigation and preliminary analysis. However, it was 
not easy to describe in a rigorous manner the process of de
tailed investigation and the criteria for accepting a final treat-
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investigation process. 

ment recommendation, areas in need of additional studies 
and research. 

KNOWLEDGE REPRESENTATION 

The acquired knowledge was used to formulate the knowledge 
base and process structure of the system. The prototype was 
created in a PC-based environment using Insight II+ as the 
software development tool. Main features of this tool include 
the Production Rule Based language (PRL), interfaces to 
DBII and DBIII databases, an internal database (DBPAS), 
and an explanation facility. A typical rule from the knowledge 
base is as follows: · 

CONF (the water conditions ARE artesian) = -2 
THEN water conditions unknown 
AND DISPLAY unknown water conditions 

Rules similar to the above were derived on the basis of the 
knowledge retrieved from the expert panel. They were then 
formulated in a forward chaining inference mechanism used 
by ST ABCON, and input screens and supporting explanation 
screens were constructed. 
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EXTERNAL DATABASES base. An example of a boring log used at NYSDOT is shown 
in Figure 6. Boring Logs 

Borings taken at failure sites aid in determining possible causes 
for incurred failures and in establishing additional investiga
tive paths. The importance to landslides of the information 
generated through borings requires that ST AB CON be able 
to call on it on an as-needed basis. To achieve this system 
objective, data are maintained in a PC-based ORACLE re
lational data base system. Programmatic interfaces are re
quired to recall the data in conjunction with the knowledge 

An examination of the boring log suggests that the data 
structure of the boring log can be decomposed into a group 
of common categories. This decomposition represents the 
normal form for the relational data base design. The principal 
divisions are as follows : 

1. Boring data: general information on boring location and 
details, 

2. Boring sample: data on each sample in the boring, 
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3. Boring visual: visual description of major subdivisions 
within the boring (interpreted by driller), and 

4. Water readings: data describing water readings during 
boring. 

The boring log data entry application is currently in pro
totype mode on an IBM 4381 system. Plans call for porting 
the application to the PC-based ORACLE products to sup
port the ST AB CON system. 

Earth and Rock Slope Evaluation System 

Information of importance to STABCON is available in the 
existing Earth and Rock Slope Evaluation System (EARSES). 
EARSES is a data base that contains ratings of all critical 
rock and earth slopes in New York State. EARSES currently 
operates on an IBM 4381 and is not directly accessible by the 
ST AB CON prototype system. Future developments will in
clude the creation of an interface between STABCON and 
EARSES that will eliminate the present redundancy in en
tering site data and will contribute toward automation of slope 
evaluation. 

Field Instrumentation 

A field instrumentation data base is also important to the 
STABCON system. At a failure site, measurements of dis
placement and pore water pressure are often essential to eval
uating stability. Rates and magnitudes of movements are of 
extreme importance when critical stability decisions, which 
impact the safety of the traveling public, are made. The im
plementation of a complete field instrumentation data base 
is among future developments of the system. 

Analytical Functions 

Certain functions of ST ABCON require interfaces with an
alytical programs. Two significant analytical programs were 
identified for STABCON. One was the infinite slope analysis , 
which is used by engineers investigating landslides for prelim
inary analysis of failure sites. A goal of the STABCON system 
was to simplify the analytical interface and provide a means 
to use the analytical programs with minimal training. 

Infinite slope analysis , structured as a separate module, has 
been placed in the knowledge base of STABCON in the form 
of rules and checks . Many other programs are available that 
perform stability analysis for geotechnical investigators. Among 
them is the commonly used STABL program , a version of 
which provides graphical screen output (GEOSLOPE). This 
makes it easy for the user to quickly review the cross section 
for obvious input errors . The screen output does not allow 
users to review soil properties associated with soil stratigra
phy. Instead, users must compare data maintained in a data 
input file. 

The use of this program in the ST ABCON environment led 
to creation of an improved input editor that eliminates the 
need for highly specialized skills to utilize the ST ABL pro
gram. The normal data structure of the input data was mod-
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ified to include a soil type attribute. This enabled the knowl
edge base to perform checks and compare values of similar 
soil types. It also facilitated the creation of screen output, 
which reveals soil stratigraphy and properties in a straight
forward manner. 

Application of ST ABCON 

When ST ABCON is initiated, it begins pursuing the process 
shown in Figure 7. To provide consultation, the system mon
itors the assertions in the knowledge base and , when condi
tions necessitate it, an advisory screen is automatically in
voked. Help screens are available to assist users by supplying 
required background information. 

A user may select as many geotechnical factors as consid
ered applicable to the failure site. The user may also press a 
dedicated function key to bring up a detailed screen that 
explains each of the factors to be displayed. In this case, the 
user is also requested to state his confidence in his answer by 
entering a numerical value between 0 and 100 percent. A 
value of 0 means the answer is not certain, whereas a value 
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FIGURE 7 Sequence of activities in applying STABCON. 
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of 100 declares the answer to be known with certainty. Con
fidence factors are used by the system to evaluate additional 
investigation is required to reach a conclusion. After pro
gressing through the general problem description screens, 
STABCON arrives at the preliminary analysis phase. STAB
CON asks whether a preliminary factor of safety has been 
established at the site. If the factor of safety has already been 
determined, ST ABCON pursues an additional check by in
voking an infinite slope analysis. 

The next assessment made by the system is the influence 
of water at the failure site. If water conditions are not known, 
ST AB CON offers some advice on how to establish them and 
provides guidelines for estimating their influence. In some 
instances, more detailed stability analysis is needed to inter
pret the sensitivity of the site to variable water conditions. 
To facilitate this analysis, an input editor to the GEOSLOPE 
stability program is used. The user invokes the input editor 
from the main menu of Insight II+ and is guided through a 
series of screens to describe the failure site. When completed, 
the input editor creates an input data file in a format that is 
accepted by the GEOSLOPE program. After the analysis is 
completed, the results are passed to the STABCON knowl
edge base, where the system performs a series of checks and 
makes further recommendations concerning the site. Possible 
alternatives at this stage include a request for additional field 
surveys or other investigations to better define the site and 
additional computer runs. 

DISCUSSION OF RESULTS 

The approach to knowledge acquisition followed in this study 
generated a broad background from which to develop rules 
for the knowledge base. Difficulty was experienced in the 
attempt to identify specific requirements for various treatment 
options, and relationships in the domain were not readily 
apparent. The knowledge acquired was focused on procedures 
and supporting data, which are represented in the system by 
analytical programs and data bases. In this respect, the do
main under study was intensive in its requirements. for pro
grammatic and data base interfaces. The interface to the sta
bility program is an essential attribute of ST AB CON because 
it enables an independent verification of the stability analyses 
performed by users. 

The use of Insight II+ as a development tool made the 
creation of input and output screens an easy task. Knowledge 
representation formats provided by the tool were adequate 
for knowledge base development at the prototype level. A 
challenging task in developing the system was consideration 
of the alternatives that exist when information is unknown or 
incomplete. These decision paths made debugging the system 
cumbersome because tracing the process flow can often be 
obscure. The main drawback in the selected tool was in the 
area of programmatic interfaces, namely, the lack of computer 
memory to keep the development tool resident and concur
rently run the STABL computer program. 

SUMMARY AND CONCLUSIONS 

The objective of the study was to create a prototype system 
that could evaluate the application of knowledge based sys-
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terns to the landslide treatment domain. In the initial phase 
of this study, an exhau Live review of factors that influence 
active landslides was conducted. This was followed by the 
conceptual design that defined the processes and performance 
of the system. Emphasis was placed on failures occurring 
through soil masses along circular or wedge-type surface . An 
expert panel from the NYSDOT Soil Mechanics Bureau was 
formed to review the conceptual design and assist in the 
knowledge base development for the prototype. STABCON 
was developed using the Insight II+ tool and was successful 
in implementing the early phases of the conceptual design. 

Future development is expected to include studies and in
terviews with domain experts to expand and better define the 
knowledge base. Furthermore, data base and program inter
facing will be added to upport a more robust system. Moving 
the prototype to a larger development environment will allow 
an integration of the system with data bases and analytical 
programs. 

On the basis of the development effort to date, the follow
ing conclusions may be drawn: 

1. Landslide analysis and treatment is a domain well suited 
to an expert system approach. Reasons for this include (a) the 
reasoning commonly used and the interpretation of available 
data are based on experience; (b) decisions are often made 
on incomplete or missing information; and (c) the expertise 
of the limited number of experts on this subject is scattered 
over a broad field. 

2. Extracting knowledge from experts on specific compo
nents of the domain is a difficult task. An alternative (to 
questionnaires) approach of acquiring knowledge from ex
perts is needed to create a production level (as opposed to 
prototype) knowledge base. 

3. It is essential that the decision methodology be supported 
by a comprehensive data base management system and an
alytical techniques in order to encompass all aspects of the 
landslide domain. 

4. The Insight II+ development tool does not possess suf
ficient memory to enable concurrent use of knowledge base 
and stability analysis programs. A production system requires 
additional computer resources. 
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