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Development of knowledge-based system for the preliminary design of cantilever 
retaining walls

Développement d’un système expert pour la réalisation du croquis préliminaire d’un ‘cantilever’ mur 
de soutènement

N. Abeer - Military College of Engineering, University of Sciences and Technology, Pakistan 
T. F. Wolff - Department of Civil Engineering, Michigan State University, Mich., USA

ABSTRACT: This paper describes an application of knowledge-based expert systems (KBES) in the domain of geotechnical engineering 

design The KBES, named TWALL, performs the preliminary design of cantilever retaining walls, including the proportioning of wall dimen

sions to ensure external stability (i.e., wall stability against overturning, sliding and bearing failures) and provision of sufficient steel to ensure 

internal stability of the wall. TWALL is structured to design for either external stability only or both external stability and internal stability.

In TWALL, a hierarchical decomposition of the task of wall design is used as a basis for system organization. The knowledge base of 

TWALL is developed in Production Rule Language (PRL) provided by the LEVEL5 expert system shell. There are a total of 297 rules used in 

the knowledge base. The developed system is semi-automated with a user-friendly interface and contains proportioning algorithms developed 

to obtain a design with only few trials. An external graphic program coded in Microsoft FORTRAN draws the final design sketch of the wall.

RESUME: Cet article décrit l’application d’un nouveau logiciel, soutenu par une base de données performante (KBES), destiné au domaine 

de dessin d’ingénierie géotechnique. Cette application, appelée “TWALL”, est dotée d’une technique de réalisation de croquis préliminaire 

d’un “Cantilever Retaining Walls", Y compris la prise de proportions des murs, afin d’assurer la stabilité axteme ( c-à-d,la stabilité de mur 

contre l’écrouement, l’eboulement, et des défauts de palier) et la disposition d’armature suffisante à assurer la stabilité interne du mur TWALL 

est concu à dessiner soit la stabilite extemé seulement, soit les deux, la stabilité externe et interne.

Dans le logiciel TWALL, ona utilisé comme base de l’organisation du système, une analysis hiérarchique de la tâche du dessin. La base 

de données de “TWALL” est développée en PRL (Production Rule Language), issue du niveau 5 d’un système expert. Un total de 297 règles 

sont utilisées dans la base de données Le système développé est sémi-automatique, possédant une interface à accès facile, et contient toutes les 

instructions du dessin en proportion, pour obténir un dessin à partir de quelques môdeles. Un programme graphique externe, créé a l’aide du 

Microsoft Fortran, dessine l’épure finale du mur.

1. INTRODUCTION

A cantilever retaining wall is a structure that provides lateral 

resistance necessary to prevent horizontal movement of a retained 

soil mass. Cantilever retaining walls are designed by trial and error. 

Trial section dimensions are assumed and earth pressures acting on 

that section are computed based on some earth pressure theory. The 

stability of the wall is checked against overturning, sliding and 

bearing capacity failures and against excessive settlements. The 

section dimensions are revised until the wall is externally stable 

against these failure modes with a reasonable safety margin and rea

sonable economy. Then computations for bending moments, shears 

and required reinforcement are performed to ensure internal stability 

of the wall.

Researchers in the area of artificial intelligence, (a branch of 

computer science) have recently invented techniques to create 

programs that are more interactive, knowledge intensive, user-friend

ly and easily modifiable than earlier FORTRAN (or BASIC) 

computer programs (e.g., CBEAR and TWDA). These programs 

are called knowledge-based expert systems (KBES) or expert sys

tems (ES). KBES are essentially attempts to model the performance 

of human experts within their respective domains (Fenves et al., 

1984). Knowledge in KBES is more explicit, accessible and expand

able than the knowledge embedded in the codes of a conventional 

program. KBES uses a systematic approach for finding the answer 

to the problem and explaining its behavior through an explanation 

facility (Rychener 1988).

For the safe and economical design of a cantilever retaining 

wall, a geotechnical engineer is required to make use of his experi

ence and judgment besides using theoretical and empirical methods. 

The design process also involves certain heuristic (rules of thumb) 

that can only be applied efficiently by an engineer experienced in wall 

design Manual computational methods available for the design of 

cantilever retaining walls are tedious and time consuming. 

Conventional computer programs such as TWDA (Price et al., 1980) 

and B-24 (Bowles 1988) are being used for the design of retaining 

structures. But it is difficult for a novice user to understand their 

workings and there are problems associated with altering such 

programs to suit new requirements. Thus, there is a need of 

developing design tools that can handle rules and experience than 

that provided by the algorithmic solutions

2 DEVELOPMENT OF TWALL

The knowledge base expert system, TWALL was developed for 

IBM-compatible personal computers in production rule language 

provided by the LEVEL5 expert system shell. The sequence of 

TWALL development was as follows (Abeer 1992):

2.1 Preliminary Design Tasks

Preliminary design tasks were performed after reviewing the 

literature on the design of cantilever walls and expert systems. These 

include, problem identification, problem conceptualization, selection
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of expert system building tool, method of knowledge representation 

and inference mechanism.

2.2 Development o f Prototype

A prototype knowledge-based system was developed based on 

knowledge obtained from the literature for proportioning wall 

dimensions to ensure internal and external wall stability. Some 

heuristic were developed by running the program with different wall 

dimensions and observing their effect on wall stability i.e., simulation 

and experimentation.

2.3 Parametric Sensitivity Analysis

Parametric sensitivity analysis was performed by varying input 

variables that affect wall design within a practical range and comput

ing the safety factor against overturning, sliding and bearing capacity 

failures. The analysis was also performed to see the effect of change 

in heel length on upward soil pressure beneath the base under 

different loading conditions. Some heuristic were deduced from this 

analysis for incorporating in the system during its expansion.

2.4 Knowledge Elicitation from  Experts

A questionnaire was sent to experts associated with the design of 

retaining walls to further refine heuristic knowledge Some of the 

previous heuristic were revised.

2.5 Expansion o f Prototype System

The developed prototype was expanded by incorporating heuristic 

deduced from previous work and was tested and validated

2.6 Development o f  External Graphic Program

An external graphics program called GTWALL was coded in 

Microsoft FORTRAN to draw the final design sketch of the wall.

3 TWALL KNOWLEDGE BASE

The knowledge base of TWALL was developed in Production Rule 

Language (i.e., IF, THEN, ELSE type rules). There are a total of 

297 rules used in the development of TWALL knowledge base. 

These rules are further classified in to 14 building blocks as shown in 

Figure 1. The main idea of using building blocks was to classify all 

the rules according to their intended uses. The division of 

knowledge base into building blocks also helped to understand and 

explain the key concepts and relations used in the development of the 

knowledge base

4 ARCHITECTURE OF TWALL

The architecture of TWALL is similar to the architecture of an 

expert system comprising of User Interface, Help Facility, Session 

Context, Explanation Facility, Inference Mechanism and Knowledge 

Base (Figure 2). The developed system has a user-friendly interface 

and is semi-automated such that it optimizes the design within 3 to 4 

trials Its computational time is less than a minute on AT class 

microcomputers

5 EXAMPLES OF THE DESIGN PROCESS

The design process of the cantilever wall on TWALL is 

summarized in Figures 3 The figure shows changes in base 

length, heel length and overturning and sliding safety factors after

Figure 2. Architucture o f TWALL

each iteration when lower limits o f trial dimensions recommended 

by TWALL were used As can be seen from the figure that 

TWALL reaches the optimal design in 3 iterations. A few sample 

TWALL interactions with the user are shown below. A complete 

example run of TWALL can be seen elsewhere (Abeer 1992) 

The user responses are made italic and bold for clarity
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N u m b e r  o f  I te ra tio n s  

Figure 3. TWALL design process

Note:- The required unit weight is moist. In case of water presence, 

the system will increase this weight according to the heuristics 

incorporated in the system to make it saturated.

120

Unit weight o f foundation soil (y2) ?

Recommended values: y2 = 100 to 130 pcf 

Permissible values: y2 = 80 to 150 pcf

135
Note: The soil weight being asked is moist.

“WELCOME TO TWALL”

Using keyboard arrows, place the arrow ^ = >  beside your area of 

interest and press <Enter> to make selection. After making your 

selection, press <F4> to continue. Press <F5> to know more about 

external and internal stability:

External Stability 

External Stability

Wall height (H) ?

Permissible range: H = 6 to 30 ft 

25

Internal friction angle of backfill soil (4>1)?

Recommended values: cp 1 = 30 to 36 deg

Permissible values: tp 1 =2 0  to 45 deg

35

Internal friction angle o f foundation soil ((p2) ?

Recommended values:

Cohesionless soils (p2= 30 to 36 deg 

Cohesive soils (p2 = 0 to 20 deg

Permissible values: cp2 = 0 to 45 deg

40

Cohesion of foundation soil (c2) ?

Recommended values:

when <p2>20 c2 = 0 to 1500 psf

when (p2<20 c2 = 500 to 4000 psf

Permissible values: c2 = 0 to 4000 psf

Backfill slope angle ((3)?

Permissible values: 0 <P< 35.0 deg 

18.43
Do you want to enter wall friction angle of your choice?

Enter "TRUE"

If "FALSE" the system will assume default wall friction angle

i.e., 5={P+(p)/2=26.7

Press <F5> function key to know more about wall friction. 

TRU E/FALSE

Wall friction angle (8) ?

Permissible values: 10.0 <5< 35.0 deg 

18.43

Embedment depth (Df) ?

Recommended values: 2 <Df< 6 

Press F5 function key to know more about embedment depth

3

Is the water table at or above the bottom of wall base? If "FALSE", 

the system will assume water table below the base.

TRUE/FALSE

Depth o f water table below wall base, (dw)?

Permissible range: dw>=0

(Water has no effect if water table is below 26.8 ft.from wall base)

30

Base width (B)

Unit weight of backfill soil (vl)? Recommended width: 12.50 <B< 15.00 f
Permissible width: 10.00 <B< 25.00 ft

Recommended values: yl = 100 to 125 pcf

Permissible values: yl = 80 to 150 pcf 12.50
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Heel length ? D E S I G N  S U M M A R Y

Recommended length: 7.12 <heel< 7.50 f  

Permissible length: 6.25 <heel< 8.12 ft

6.90

W A L L  S T A B I L I T Y

After obtaining the required parameters, now we will evaluate the 

stability of the wall assuming trial dimensions. The wall is considered 

safe against overturning, sliding and bearing capacity failures if 

calculated safety factors are larger than the safety factors given 

below:

Safety factor against wall overturning >=2.25 

Safety factor against sliding failures >=1.50 

Safety factor against bearing failures >=3.00

Please press ENTER to continue

O V E R T U R N I N G  F A I L U R E

The wall design is unsafe as the safety factor against overturning 

moments 1.54 is less than 2.00. The system will increase 39.6 % 

heel length and 44.6 % base length, as you press <Enter> and it 

will recalculate the safety factor against overturning. However, 

you have an option to increase base and heel lengths o f your 

choice using "WHY" and "FACTS MENU".

B = 12.68 ft 

Heel = 6.90 ft 

Toe = 3.25 ft

Please press ENTER to continue

S L I D I N G  F A I L R E

The wall design is unsafe against sliding forces as the safety 

factor 1.44 is less than 1.5. The system will increase 11.1 % heel 

and 7.1 % base length as you press <Enter> and it will 

recalculate safety factor. However, you have an option to 

increase heel and base lengths o f your choice using "WHY" and 

"FACTS MENU".

F.S.overturning = 2.81 

B = 18.34 ft

Heel = 9.63 ft

Toe = 3.25 ft

Please press ENTER to continue

I N S U F F I C I E N T  B A S E  T H I C K N E S S

The wall design is unsafe due to insufficient base thickness for 

wide beam shear. The system will increase 17.78 % base 

thickness as you press <Enter> and will again check the base for 

vide beam shear.

tb = 1.80 ft 

FVc =20224 lbs

Vwidebeam = 23771 lbs

Please press ENTER to  continue

Safety factor against wall overturning = 3 21

Safety factor against sliding failures = 1.54

Safety factor against bearing failures = 4.55

Wall height ft = 25.00

Wall height above ground surface ft = 22.00

Stem height ft = 22.88

Top stem thickness ft = 1.00

Bottom stem thickness ft = 2.53

Base width ft = 19 64

Heel length ft = 10.70

Toe length ft = 6.41

Base thickness ft = 2.12

Stem steel sq--in/ft = 1.83

Heel steel sq--in/ft = 1.98

Toe steel sq--in/ft = 0.88

6 CONCLUSIONS

1. The development of TWALL demonstrates the viability of 

knowledge-based techniques as an effective problem solving tool for 

design tasks that combine heuristic knowledge and extensive 

computations such as the design of cantilever retaining walls.

2. In the process o f developing TWALL, the approaches 

used for the collection and formalization o f the knowledge, develop

ment of the prototype and finally the expansion of the developed 

prototype by incorporating heuristic have proven successful. The 

same approach appears fruitful for similar design problems in civil 

engineering.

3. Carefully-selected expert system building tools such as 

LEVEL5 can be used to represent both heuristic knowledge and 

knowledge expressed as extensive mathematical formulas and 

algorithms.

4. Knowledge collection and formalization is the lengthiest 

part of building an expert system. The collection of heuristic 

knowledge from domain experts is even more difficult because 

experts are reluctant to share their hard-earned knowledge with the 

developer of an expert system.

5. TWALL can be used in educational environments to 

check the reasonableness o f cantilever retaining walls proportioned 

by students. Students can also learn about the design process of 

cantilever retaining wall using explanation facility of TWALL.

6. Based on various parametric studies and testing and 

validation results, it can be concluded that TWALL efficiently 

obtains designs consistent with published examples, experienced de

signers and students solutions.
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