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I Introduction

In this report we describe an applIcation of artificial intelligence (Al) methods to
structural analysis. We describe the development and (partial) implementation of an
“automated consultant” to advise non-expert engineers in the use of a general-purpose
structural analysis program. The analysis program numerically simulates the behavior of a
physical structure subjected to various mechanical loading conditions. The automated
consultant, called SACON (Structural Analysis CONsultant), Is based on a version of the
MYC1N program (ShortlItf.743, originally developed to advise physicians In the diagnosis and
treatment of infectious diseases. The domaIn-specIfic knowledge in MYCIN Is represented as
situation-action rules, and Is kept Independent of the “Inference engine” that uses the rules.
By substituting structural engineering knowledge for the medical knowledge, the program was
converted easily from the domain of infectious diseases to the domain of structural analysis.

1.1 Motivation

The purpose of the consultation Is to provide advice to a structural engineer
regarding the use of a structural analysis program called MARC [MARC7O]. The MARC
program uses finite-element analysis techniques to simulate the mechanical behavior of
objects. The engineer typically knows what s/he wants the MARC program to do, e.g.
examine the behavior of a specific structure under expected loading conditions, but does not
know how the simulation program should be set up to do it. The MARC program offers a large
(and, to the novice, bewildering) choice of analysis methods, material properties, and
geometries that may be used to model the structure of Interest. The user must learn to

• select from these options an appropriate subset that will simulate the correct physical
behavior, preserve the desired accuracy, and minimize the (typically large) computational
cost. A year of experience with the program is the typical time required to learn how to use
all of MARC’s options proficiently. The goal of the automated consultant Is to bridge this
“~~~at to~How” gap, by recommending an analysis strategy. This advice can then be used to
direct the MARC user In the choice of specIfIc Input data,- e.g. numerical methods and material

-

~ 

- properties.

The development of this knowledge-based consultant has been a collaborative
enterprise between the Heuristic Programming Project at Stanford University and the MARC
Analysis Research Corporation. The primary participants have been Dr. Robert Engelmor.,
Dr. Lewis Creary and James Bennett of the Heuristic Programming Project, and Dr. Robert
Melosh of MARC ~~. Dr. Melosh, an expert user of the MARC program, provided the knowledge
base that was Incorporated In the automated consultant. Bennett, Creary and Engelmore
helped elicit the knowledge from Dr. Meiosh and Implemented and tested the rules in the
EMYCIN system (which Is essentially the MYCIN program, with the medical knowledge

- - 
removed).

The collaboration has been mutually beneficial. On the one hand the effort has
helped meet a need by the MARC user community for a readily available assistant In

~ 
Present address: Dept. of CM Engineering, Duke University, Durham, N. C.
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2 BACON HPP-78-23

simulating and analyzing mechanIcal structures. Moreover, the process of eliciting the
knowledge of the domain, in a rule-based form, has sharpened and made more explicit the
pertinent Information, conceptual elements, fra mework, and chain of inferences that the
human expert actually employs during the structural analysis consulting task. On the other
hand, the project has provided an opportunity to apply recent developments in knowledge-
based system design to a new field.

1.2 Knowledge-based systems

in recent years there has been a major effort to apply Al techniques In building
expert consultation systems. These are programs that contain a large body of specialized
knowledge, for the purpose of assistIng a user, typically through an Interactive exchange.
Although these programs may represent their knowledge In many ways --rules, procedures,
semantic nets, lists of facts, etc. -- and apply that knowledge to the specific data in many
ways, all these programs achieve high levels of performance by virtue of their extensive
knowledge bases. We call such programs knowledge-based systems to distinguish them from
programs which attempt to achieve their goals mainly by applying general analytical —

techniques, without reference to detailed, task-specific knowledge.

1.3 Some examples of knowledge-based systems -
•

In addition to MYCIN, which is discussed In more detail In the next section, a few
examples of knowledge-based systems are briefly described below (see aI~o
[Waterman l8) for an overview as well as en excellent collection of recent research In this
area):

1) The NUDGE program bears a striking similarity with the consultation program described
here, In Its relationship with another program as a target of expertise. The NUDGE
program accepts Informal and possibly Incomplete specifications for scheduling a meeting,
and transforms them Into a formal request to a domain independent scheduling algorithm

— (Goldsteln77).

2) The RITA system, a ciose relative of MYCIPI, uses English-like rules for building an
“Intelligent agent” that assists a terminal user in accomplishing some routine but arcane
tasks (e.g., obtaining files over the ARPA network) (Anderson70].

3) The PROSPECTOR system is a computer-based consultant for mineral exploration
(Ouda77]. PROSPECTOR Is also closely related to the MYCIN program.

4) The CASNET glaucoma consultation program uses a knowledge base organized as a causal
association network, to advise clinicians In the diagnosis and treatment of glaucoma
(Welsa77].

5) The INTERNIST program Is a diagnostic consultative program which assists skilled
internists In complicated medical problems (Popl.77]. 
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8) The Heuristic DENDRAL program uses an extensive body of procedural and rule-based
• knowledge of chemistry and mass spectrometry to Infer chemical structures from mass

spectrometry data [Buchanan7l].

7) The Meta-DENDRAL program examines examples of known chemical structures and their
associated mass spectra, and formulates the rules of mass spectrometry that the
Heuristic DENDRAL program can use (Buchanan78].

8) The Exemplary Programming (EP) system “looks over the shoulder” of the user and
transforms the sample Interaction between the user and the computer into a general
procedure capable of performing that class of tasks In the future (Wat.rman78a].

1.4 Scope of this report

The SACON program, as men tioned above, is an application of Al techniques that
were originally Implemented in the MYCIN system. MYCIN’s approach to the organization of
the consultation task Is discussed In Section 2. The scope of the structural mechanics
consultation, the types of rules which capture the domain knowledge, the context tree, and
other features of the system as it Is applied to our specific task are described In Section 3.
Two applications of the consultation program, one an analysis of a 747 wIng, the other an
analysis of a building, are presented In Section 4, wIth actual terminal output from the
program (annotated for additional clarity). Finally, in Section 5, we draw some conclusions
about the use of automatic consultation In the structural design process and a discussion of
possible extensions to this work. Appendix I contains the parameters defintlons used by the
model discussed in Section 3, and Appendix 2 contaIns a representative subset of the rules

- 

• 

used In this prototype version of SACON.

:1 
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2 Computer consultants and the EMYCIN system

The recent growth of Interest in the class of programs known as computer
consultants can be seen ~- -s a logical consequence of two trends: an emphasis on large
stores of domain-specific knowledge and the concentration on problems taken from real world
settings. These programs are Intended to provide expert-level advice on difficult cognitive
problems, particularly ones for which human expertise is in short supply. - -

One such system, MYCIN (Shortiiff .74), was originally designed to provide
consultative advice on diagnosis and therapy for infectious diseases. Such advice Is often
required in the hospital because the attending physician is not an expert on infectious
disease--as, for example, when a cardiology patient develops an Infection after heart
surgery. Time considerations compound the problem. A specimen (blood, urine, etc.) from a
patient can show some early evidence of bacterial growth within 12 hours, but 24 to 48
hours (or more) are usually required for positive Identification. The physician must therefore
often decide in the absence of complete information whether or not to start treatment and
what drugs to use if treatment is required. Both of these may be difficult questions.

In accordance with one of Its primary design criteria, MYCIN was written in such a
way as to maintain a clear distinction between the knowiedge base and the inference
engine. This makes it possible to remove the medical knowledge base , leavIng only the
general facilities for Interviewing, inference, explanation, etc. This “empty” version of the
consulkation program, called EMYCIN, has been used not only for this project but other
domains as well, Including the repair of car horns (vanMeiie74], recommendations for
pulmonary function therapy (Felgenbaum7l], and psychiatric diagnosis and chemotherapy
(HeIser7$] . In each of these systems the general consultation facilities worked without
modIficatIon.

The following typescript shows the InItIal and final parts of a sample Interaction
between a user end the SACON program as adapted for the structural analysis domaIn.
SACON In effect “interviews” the user about his structure, collecting information that will
allow it to Infer the an appropriate analysis strategy for the numerIcal sImulatIon. More
detailed examples are given in Section 4.

L ~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~
•.
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2.1 A short example

July 26, 1978 18,54*11 in SACON>I1*RC.SAV ;88709 by SACON

Hello Or. Ilelosh,

THIS CONSULTATION CONCERNS THE 747 WING. THE PURPOSE OF THE
CONSULTATION IS TO DEPIONSTRATE THE GENERAL FEATURES OF A STRUCTURAL ANALYSIS
CONSULTATION ON A SIMPLE Pf1OBWI. TI~PJS THE CONSULTATION INVOLVES ONLY ONE
SUBSTRUCTURE: THE TOTAL WING .

26—Jul -78 i8~54:44
(consultation of 13-Jul -78 1*55P113 

STRUCTURE-28 
1) What is the name of STRUCTURE-28?
*a~ BOEING 747 WING
2) Assuming that your characteri zation of the boeing 747 wing In terms of

its geometry, material characteristics, and boundary conditions are
accurate, how much error (In percent) Is tolerable for the analysis?

5* 10
3) Do you want to examine the responses of the boeing 747 wIng , to

evaluate its instability, or both?
~* EXAFIINE-RESPONSES
4) Does the boeing 747 wIng have any time dependent terse In Its equations

of equilibr i um?
** NO
5) Is heating or cooling of interest in determining structur e responses?
** NO
6) Have you decomposed the boeing 747 wing into a nuMber of potential sub-

structures which are rel evant to thle analysis?
** YES 

SUB-STRUCTURE-i 
- 7) What is the name of SUB-STRUCTURE-i?

5* TOTAL WING
8) What is the material composing most of the tota l wing (SUB-

STRUCTURE—i)?
• 

- ** HIGH-STRENGTH-ALUPIINILJII
9) Enter the aver age l ongest dimension of the total wing (SUB-

STRUCTURE-i) In Inches (or <number> CIIS):
** 1428
10) Enter the weight of the total wing (SUB—STRUCTURE—i ) in pounds (or

<number> KGS):
** 46888
11) Is the total wing (SUB—STRUCTURE—i ) thin—walled or solid?

** THIN-WALLED12) What is the configuration of support for the tota l wing (SUB-
STRUCTURE—i)?

** ONE-SIDE •

i3) Is the total wing (9.~—STRUCTtJiE-1) to be model led as a 1, 2, or 3
dimensional system?

14) Wou l d you descr ibe the construction of the total wing (SUB-
STRUCTURE-i) to be truss and/or frame elements (NETWURK) , sheete

___ - - - - -

- _ _

—•—~.-~---- .~~- -- ._S~~ _ • •  
~~~~~~~~~~~~~~~~~~~~~~~~~~ _~~~~~~• _ _ S ~~__~~~ _.S- S~~ •~~ 
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and/or blocks of material (CONTINUUM), or a comb instion of both?
** CONTINUUM
iS) Is the overall geometry of the total wing (SUB-STRUCTURE-i) curved

or pl anar ?
**PLANAR
The first loading applied to the total wing (SUB-STRUCTURE—i ) will be
called: 

LOADING-i 
16) What is the name of LOADING-i?
** FL I GHT —

17) Enter the number of l oading cycles to be applied:
**28000
The first l oad component associated with LOADING-i will be called: 

LOAD-COIIPOtIENT-i 
18) Would you descr ibe LOAD-COMPONENT-i as being DISTRIBUTED over

- most of the sub-structure or as acting at a POINT of the sub-
structure?

** DISTRIBUTED
19) Which surface of the sub-structure doss LOAD-COMPONENT—i act

NORMAL to? (If more than one surface, you should consider the
l oading as two or more component l oadings)

** WIDTH-LENGTH20) Enter the average wall thickness of the total wing (SUB-
STRUCTURE-i) In inches (or <number> CtIS): S

21) Enter the average depth of the total wing (SUB-STRUCTURE-i)
In Inches (or <number> DIS):

**22) Enter the magnitude of the distributed load (in psi):

23) Are there any other load components associated with LOADING—i?
** NO

24) Are there any other loading condItIons associated with the total
wing (SUB-STRUCTURE-i)?

**NO
25) Are there any other sub-structures of the boeIng 747 wing re l evant

to this analysis?
**NO

26) Do the supports of the boeing 747 wing Involve Coulomb friction ,
nonlinear springs, and/or gapping?

The following analysis classes are relevant to the analysis of your structure:
1) general-Ine l astic -

(The follow ing recommendations apply to this case:)

Act ivate incremental stress — Incremental strain anal ysis.

Model nonlinear stress-strain relation of the material.

Solution will be based on a aix of gradient and Newton methods.

—~~~~ —— - — ---- 



- V - - 

~~~

---—- -S—

~~~

- ~~~~~~~~~~~~~~~~~~~ -~~~~~~-.---~~~~~~~~~~ S —--SS— -.--- -~~~- --S- ---SS----—- _ •_ -
~~

__
~
--_ -

~~
--1’

HPP-78-23 BACON 7

Logic to scan peak stress at each step and eva l uate fatigue integr ity -
should be used.

Logic to scan stresses, smooth, and compare with allowable stresses
(w ith appropriate safety factors) should be used. -

Logic to scan deflsctlona, calculate r e l a t ive  values, and compare with
code l i m i ts, should be called upon.

Cumulative strain damage should be calculated,

Analysis should Include two or sore load cycles (if cyclic) with
extrapolation for strain accumulation.

Shakedown extrapolation logic should be used.

A single cycle of loading Is sufficient for the analysis. S —

Do ou wish advice on another structure? :

1 :

5—.. —5---
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2.2 knowledge base organIzation

2.2.1 ProductIon rules

The performance program operates with knowledge which is encoded as Inference
ru les In the form shown by the following example:

Ifs 1) The material composing the sub—structure is
one of: the metals , and

2) The anal ysis error (In percent) that is tolerable is
between 5 and 38, and

3) The non-dimensiona l stress of the sub—structure is
greater than .9, and

4) The number of cycles the loading is to be applied I.
between 1888 and 19088

• Then: It is definite (1.0) that fati gue is one of the
stress behavior phenomena in the sub—structure

PREMISE: ($AND (SAME CNTXT MATERIAL (LISTOF METALS))
(BETWEENs CNTXT ERROR 5 30)
(GREATERP* CNTXT NO-STRESS .9)
(BETWEENs CN1XT CYCLES 1008 18988))

ACTION: (CONCLUDE CNTXT SS-STRESS FATIQUE TALLY i.8)

The rules are stored Internally In the INTERLISP (Teltelman75] form shown, from
whIch the EnglIsh version is generated. Each rule is a single “chunk” of domain-specIfic
knowledge indicatIng an ACTION (in this case a conclusion) to be performed if the conditions
specified by the PREMISE are fulfilled. Note that the rules are Judgmental, that Is, they may
make Inexact Inferences. In the case of the example rule the evidence cited in the premise
Is strong enough to assert the conclusion shown with a high degree of confidence: 1.0 out of
1.0. This number is called a “certainty factor,” or. CF, and embodies a model of confirmation
described In (Shortliffe76). The details of this model need not concern us here; we need
only note that rules In this case are typIcally Inexact inferences. (In our prototype system,
however, all rules have a certaInty factor of 1.)

The premise of each rule Is a Booleen combInation of one or more clausea, each of
- 

- whIch is constructed from a predicate function with an associative triple (attribute, object,
value) as Its argument. Thus each clause of a typical premise has the following four
components:

S 
<predicate function) <object> <attribute) <value)

For the first clause in the premise of the example rule, the predicate functIon Is
SAME, and the triple is “material of sub-structure is one of: the metals.” CNTXT is a free
variable which I~ bound to the specific object (also called a “context”) for which the rule Is
Invoked. There is a standardized set of some 24 domaIn-independent predicate functions
(e.g., SAME, KNOWN, DEFINITE) and a range of domain-specific attributes (e.g., MATERIAl.,

- 

-

~ ~~~~~~
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GEOMETRY), objects (e.g., STRUCTURE, LOADING), and associated values (e.g., ALUMINUM,
CURVED). These form a “vocabulary” of conceptual primitives available for use in
constructing rules.

A rule premise Is always a conjunction of clauses, but may contain arbItrarily
complex conjunctions or disjunctions nested within each clause. (instead of writing rules
whose premise would be a disjunction of clauses, a separate rule is written for each clause.)
The action part indicates one or more conclusions that can be drawn If the premises are
satisfied, making the rules purely inferential.

Each rule is Intended to embody a single, Independent chunk of knowledge and
states all necessary Information explicitly in the premIse. Since the rule uses a vocabulary
of concepts common to the domain, It forms, by itself, a comprehensible statement of some
pIece of domain knowledge. This characteristic facilitates rapid modification of the
knowledge base, and allows explanations of the program’s line of reasoning (Scott7 T3.
Moreover, since each rule has a highly stylized, if/then format, and uses a specified set of
available primitives, the rule itself (In its LISP form) is a piece of executable code.

2.2.2 AssocIative tr iples and confidence factors

Facts about the world are represented as 4-tupies made up of an associative trIple
and Its current certainty factor. Positive CFs indicate a predominance of evidence
confirming a hypothesis; negative CFs Indicate predominance of dlsconflrmlng evidence.

• (SS-STRESS SUB-STRUCTURE-i FATIGUE 1.0)
(SS-STRESS SUB-STRUCTURE-i YIELDiNG-COLLAPSE 1.0)
(ANALYSIS-CLASSS STRUCTURE-i GENERAL-INELASTIC 1.0)

Note that It Is possible for some attributes to be multi-valued. For example, after
attempting to deduce the stress behavior (SS-STRESS) of a sub-structure, SACON may
conclude (correctly) that there is evidence both for fatIgue and for yieldIng-collapse.

2.2.3 Context tree

The final aspect of the knowledge structure Is the tree of objects (or contexts)
that Is constructed dynamIcally from a fixed hierarchy as the consultation proceeds. This
tree serves several purposes. First, bindings of free variables in a rule are established by
the context in which the rule is invoked, with the standard access to contexts that are Its
ancestors. Second, since this tree Is used to represent the relationshIps of objects In the
domain, it helps structure the consultation in ways already familiar to the ‘jser.

For example, In the structural analysis domain, a structure has one or more sub-
structures, each of which may have one or more associated loadings, each of which In turn
may have one or more load-components composing It, as shown In Figure 2.1.

There are thus three major forms of knowledge representation used in the
performance program:

- • - - 
- 

- - - - -
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1) rules of inference are represented as production rules; 
-

2) facts are represented as associated triples (attribute object, value);

3) the hierarchy of objects I. represented as a context tree.

The
Structure

Subs tru ctur e [ Subs truc ture ] Substructure

1

, /\
Loading 1 Loading 2 -

, ,
• I I
. , a

Load Load
Component Component - -

FIgure 2.1 - Context Tree

~~~~~~~~ T-~~~~~~~ 
-

____ _________  ~~~~~~~~~~~~~~~~~~~ ~~~~~

—

~~~~~~~~

-

~~~~
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~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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as The inference engine

The rules are invoked in a simple backward-chaining fashion that produces a depth-
fIrst search of a goal tree. To illustrate, assume that the program is attempting to determIne
the stress behavior of a substructure. It retrieves all the rules that make a conclusion about
that topic (I.e., they mention $8-STRESS In their action), and Invokes each one in turn,
evaluating each premise to see it the conditions specIfied have been met. For the example

S rule, this process would begin with determining the type of material composing ths
substructure. This, In turn, Is set up as a subgoal and the process recurs.

The search is thus depth-first (because each premise condition is thoroughly
explored in turn), and the search Is exhaustive (because the rules may be inexact, 50 that
even If one succeeds, the conservative strategy is to continue to collect all evidence about
the subgoal.)

Note that the subgoal that is set up is a generalized form of the original goal. Thus,
for the first clause In the example (“the material composing the sub-structure Is one of the
metais9, the subgoal set up Is “determine the material.” The subgoal Is therefore always of
the form “determine the value of (attribute>” rather than “determine whether the
(attribute> Is equal to <value>.” By setting up the generalized goat of collecting all evidence
about an attribute, the performance program treats each subject as It Is encountered, and
thus tends to group together all questions about a given topic. This results in a system that
displays a much more focused, methodical approach to the task, which Is a distinct
advantage where human engineering considerations are important.

If, after trying all relevant rules (referred to as “tracing” the subgoal), the system
Is unable to deduce the value of an attribute, the answer Is regarded as still unknown. This

- 
may happen It no rules are applicable, It the applicable rules are too weak, if the effects of
several rules offset each other, or If there are no rules for this subgoai at all. In any of
these cases, when the system Is unable to deduce the answer, it asks the user for the value
of the subgoal (usIng a phrase that is stored along with the attribute Itself).

The strategy of always attempting to deduce the value of a subgoal, asking the
user only when deduction fells, Insures a minimum number of questions. However, that
strategy might also lead to unnecessary work searching for a subgoal, arriving perhaps at a
less than definite answer, when the user already knows the answer with certainty. To
prevent this Inefficiency, some of the attrIbutes have been labeled “laboratory data,” to
Indicate that they represent information available to the engineer at the start of the
consultation. In these cases the deduce-then-ask procedure Is reversed and the system
wIll attempt to deduce the answer only if the user cannot supply It. Given the desire to
minimize both tree search and the number of questions asked, there Is no guaranteed optimal
solution to the problem of deciding when to ask for Information and when to try to deduce It.
Allowing both types of strategies has been found to be a practical and effective solution.

Two other additIons to straightforward tree search Increase the Inference engine ’s
efficiency. First, before the entire list of rules for a subgoal Is retrieved, th. program
attempts to find a sequence of rules that would establish the goal with certainty, based only
on what is currently known. Since this Is a search for a sequence of rules with CF. 1, the

- - - - —. - -_—-—_--. 
- — 

-
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result Is termed a “unity path”. Besides efficiency consIderations, this process offers the
advantage of allowing the program to make “common sense” deductions with a minimum of
effort.

Second, the inference engine performs a partial evaluation of rule premises. Since
many attributes are found in several rules, the value of one clause (perhaps the last) In a
premise may already have been established whIle the rest are still unknown. If this clause
alone would make the premise false, there Is clearly no reason to do all the search
necessary to establish the others. Each premise Is thus “previewed” by evaluating it on the
basis of currently available information. This produces a Boolean combination of TRUES,
FALSES, and UNKNOWNs; straightforward simplification (e.g., F & U • F) Indicates whether the
rule is guaranteed to faIl.

To summarize, the rule-based formalism adopted here for representing the
consultant’s knowledge has several advantages over more traditional techniques, e.g.,
decision trees. These advantages derive mainly from the inherent modularIty of the rules.
Each rule is a relatively Independent module or “chunk” of knowledge. The knowledge base
is thus easy to understand and modIfy.

Usually, one can make a desired change In the decision logic by adding, changing,
and/or deleting just a few rules. In contrast, a -relatively small change In the decision-tree
formalism can require the rewriting of an entire decision tree, since the features changed
may be embedded deeply in the structure of a particular tree. Furthermore, provided that 

- 

-

the size of the “knowledge chunks” Is properly chosen, the production rule representation
permits intelligible explanations of partIcular conclusions. Lines of reasoning can be
displayed on demand, using traces of the rule Interpretation process (an example of the
explanation facility is given In Section 4).

Other schemes for Implementing an automated consultant are, of course, possible. A
decision tree, for example, could be constructed that is equivalent to any particular set of
production rules (i.e. the same questions would be asked and the same conclusions would be
reached), and the object program would run more efficiently. The decision to use a rule-
based representation as described above Is analogous to the decision to write a program In a
high-level language like FORTRAN rather than in machine language; the advantages (ease of
modification, IntellIgibIlity, etc.) and disadvantages (slower to execute, uses more space,
etc.) are much the same. A method for compiling a rule base Into an equivalent decIsion tree
is currently under development, thereby combining the best features of both techniques.

In the following two sections of thIs report we present the details of the structural
analysis knowledge base and discuss two cases that were treated by the consultant.

_ _ _  :~~i~~ -~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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3 The Structural MechanIcs Knowledge Base

ThIs section presents the details of the knowledge base used In BACON. The
objective of a consultation is to Identify an analysis strategy for a partIcular structural
analysis problem. The engineer can then Implement this strategy, using the MARC program , to
evaluate the material behaviors of his structure. This section defines the mathematIcal and
physi cal models used for characterizing the structure and recommending an analysis
strateg y. .

3.1 AnalysIs StrategIes

An analysis strategy consists of an analysis class and a number of associated analysts
recommendations. An analysis class is an Indication of the complexity of modelling and the
ability to analyze the material behaviors of the structure. Table 3.1 lIsts the 38 analysis
classes currently considered. The analysis recommendations advise the engineer on specifIc
features of the MARC program that should be activated when performing the actual structural
analysis. The example consultation of the previous section concludes with ten such
recommendations.

Table 3.1 AnalysIs Classes

Nonlinear-geometry-crack-growth
NonlInear-geometry-stress-margIn
Nonlinear-geometry-fatIgue
Buckling
Bifurcation
Nonline ar-geometry-excessIve-deflectIon
Stiffness-degradation
Nonlinear-geometry-strength
Nonlinear-geometry-deflectIon
InelastIc-crack-growth
Inelastic-stress-failure —

Material-instability
ineiastlc-collapse
Inelastic-fatigue
InelastIc-strain-accumulation-f allure
ElastIc-plastic-collapse
inelastic-excessive-deflectlon
lnelastlc-stlffness-degradation
Inelastic-strength
Inelastic-deflection
Nonlinear-crack-growth
Nonlinear-stress-margln
NonlInear-material-InstabIlity
Nonlinear-yIeldIng-collapse
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Table 3.1 (continued)

Nonlinear-fatIgue
Nonllnear-strain-accumulation
Nonlinear-buckling
Nonlinear-bifurcation
Nonllnear-excesslve-deflection
NonlInear-stiffness-degradatIon
Nonlinear-strength
Nonlinear-deflection
Nonhin.ar-boundary-conditlan
General-large-dlsplacemsnt
General-inelastic
General-nonlInear
Linear-analysis

• No-analysis

3.2 Material Behaviors

To determine the appropriate analysis strategy, SACON estimates the critical
material behaviors, I.e. stresses and deflections, of a structure under a number of loading
condItIons. The material behaviors currently known to BACON are listed In Table 3.2. Typical
structures that can be analyzed by both SACON and MARC Include aircraft wings, reactor
pressure vessels, rocket motor casings, brIdges, buildings, etc.

Table 3.2 Types of stress and deflection behaviors

Stress BehavIors Deflection Behaviors

Stress-compared-wlth-allowablee Excessive-deflection 
- 

-

YIeldIng-collapse - Flexibility-changes
Cracking-potential Incremental-strain-failure
Fatigue Buckling -

MaterIal-instabilItIes Load-path-bifurcation
Stress-exce~dence KInematic-collapse-load

——--a ------ 
_ _ _ _ _ _ _ _ _
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3.3 Substructures
S Using SACON, the engineer decomposes the structure Into one or more substructure,

to determine the most aggravated stress and displacement conditions. He provIdes the
syst em data describin g the materials , general geometries, and boundary conditions for each
of th•ss substructures. A substructure is a geometrically contiguous region of the structure,
composed of a single material such as high-strength aluminum or structural steel, and having
a specified set of kinematic boundary conditions. A structure may be subdivided In a number
of different ways. Figure 3.1 Illustrates some of these possibilities. A particular cho ice of
decomposItion Is made which best reveals the worst case behaviors of the structure.

- 

S

I 
____________  _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  ___—- — - ~~~~~~~‘-M~~~~~~ J ~ — — 
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- condition

~~~~~~~~ ure 

s t ~~~t~~~~2

FIg . 3.1 Methods of Substruclur irig . (a) depicts the conventional
substructure concept of fin ite element analysis. The
str ucture is div ided into non-overlapping reg ions, where
every d ist inct part of the structure falls into a
substructure or onto a boundary shared by substructures.
(b) shows substructur in; using overlapp ing substructures
and the exclusion of a part (c) illustrates decompos it ion
into two substructures to permit a select ion of peak
responses from two d ifferent models of the substructure’s
k inemat ic boundary con 3 it ions. 

_ _ _ _ _ _ _ _ _  — —
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3.4 LoadIngs

For each substructure BACON estimates a total loading from one or more loadings.
Each loading applied to a substructure represents one of the typical mechanical forces on
the substructure during its workIng life. ~ These might include loadings experIenced during 

S

various maneuvers such as braking, banking, etc. or caused by natural phenomena such as
earthquakes or wind-sto rms. Each loading is In turn composed of a number of point or
distributed load components. - 

- 
-

3.6 MaJor Reasonin g Steps

Given the descriptions of the component substructures and descriptions of the
loadings applied to each substructure, the consultant estImates stresses and deflections for
each substructure using a number of simple mathematical models. The behaviors of the
complete structure are found by determining the sum of the peak relative stress and
deflection behaviors of all the substructures. Based on these peak responses (essentially
the worst-case behaviors exhibited by the structure), knowledge of available analysis types,
and the tolerable analysis error, SACON recommends an analysis strategy. Figure 3.2
Illustrates the information flow during a consultation. - 

S

~ The prototype SACON program contains no rules for time-dependent or thermal
loading conditions. The currently Implemented strategies apply only to structures whose
equilibrium equations are time Independent and assume that the structure Is fabricated and
loaded at room temperature (21 deg. C).

I 
_ _ _ _  ___  _ _ _ _ _ _ _ _ _ _ _ _ _  

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  

-
~~ 
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LOADINGs — SUBSTRUCTURE—I

I WORST- CASE S

L... .p STRESS and
LOADINGs — SUBSTRUCTURE—2 ‘ DEFLECTION : ANALYSIS

r— BEHAVIORS of STRATEGY
STRUCTURE

LOADINGs —‘ SUBSTRUCTURE—3

FIg. 3.2 Information flow during the consultation . The user
specifies loading and substructure descriptions that
SACON uses to Infer material behaviors and, finally.
an analysis strategy.

3.6 The Mathematical Model

The loading data and knowledge about the overall geometry of each of the
substructures ena ble the consultant to model each substructure as either a network of
trusses and beams or as a continuum of material. Network models imply beam-like behavior;
continuum models imply plate-like behavior. The cross-section of a substructure may be
treated as solid or thin-walled. In a solid section, all the material in the section resIsts
loading. In a thin-wafled section, that part of the material resisting loading Is centered near
the section boundarIes. A solid bar or a hollow tube illustrate a solid or thin-walled section,
respectively.

- - Example rules using formulas for the plate and beam models are given In Appendix -
2. These formulas estimate peak stresses and relative deflection given the number of edges
supported, the geometry of the panel, the material stiffness, the form of the cross section,
and the location and magnitude of loadings.

The stresses and deflections due to each loading component are summed to
determine stress and defIectlot~ bounds for a partIcular loading. The root-mean-square of
these loading bounds is computed to arrive at non-dimensional limiting-response estimates for
each substructure. These estimates are used to determine what stress, deflection, and
nonlinear behaviors will be displayed by each substructure. Finally, an appropriate analysis
strategy is determined by considering the most severe stress state and the greatest
deflection change for any of the substructures of the structure.

~~~~ -— ~~~~~~~~ — - ~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~
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3.7 Summary

Thus there are three major types of knowledge Implemented and used by the
system:

1) The mathematical models that estimate non-dimensional stress and deflection bounds for
each substructure, given its boundary conditions and its loading..

2) Methods for Inferring stress1 deflection, and nonlinear behaviors of substructures given
— 

the non-dimensional response bounds, the number of loading cycles are to be applied, the -
S

material composition of the substructure, and the tolerable analysis error.

3) Rules for Inferring analysis strategies (both analysis class and recommendations)
depending on the worst-case stress, deflection, and nonlinear behaviors of th. structure.

The existing knowledge base Is able to select from among 36 nonlInear analysis
strategies. If nonlinear analysis is not Indicated by the response estimates, the consultation
recommends linear analysis. In addition, If relative stress and displacement estimates are low
(less than five percent of critical values), the consultation indicates no analysis Is required.
The knowledge base consists of 170 rules and about 140 consultation parameters. A typical
consultation (2 substructures, 3 loadIngs, 3 load components) requires about 26 mInutes at
an interactive terminal.

To reiterate a point made in Section 2, all of SACON’s knowledge Is reprse.ntsd as
a set of production rules. This representation permits the knowledge to be up rated from
the “inference engine” which uses it. The knowledge base is thus a data sbvctiw•, as
distinct from the program as the input data. Consequently the domain of expertise ~~consultation system may be expanded by adding new rules, without changIng the rsgr.. .

Si 

________ ________ _ _ _ _ _ _  

I
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4 Example Consultations

This section Illustrates the features of the structural analysis consultation In more
detail. It exhibits consultations for an airplane wing and a reinforced concrete building,
thereby showing the scope of the knowledge base and MYCIN code features In structural
analysis consultations.

4.1 AnalysIs of an Airplane Wing

Figure 4.1 provIdes a schematic of the wing of a Boeing 747 and a tabulation of
some wing loadings. The problem is to determine what analysis strategy to use to evaluate
the structural Integrity of the wing for the loadings given.

The swept wing is tapered In pianform and in depth. Skin gauges vary from .500
inches at the 770-Inch root chord to .120 Inches at the 220-inch tip chord. The wing Is
fabricated of high-strength aluminum. Wing loadings of Interest Include normal flight and
landing in a fully fueled configuration.

Figure 4.2 summarizes the engineer’s decomposition of the structure. The wing is
partitioned into three substructures--the outer wing, the inner wing, and the total wing.
Three substructures are used to deal more accurately with the wing geometry. All three are
assumed to be supported at their inboard edge and subjected to the two independent
loadings.

The dIalogue of the consultation is reproduced below. The user’s responses to -

SACON’s questions, or his requests for information, are preceded by a double asterisk.
Annotations which are not part of the actual dialogue are in italics and prefaced by NOTE:.

.— --5 5- —-—~~ ——--—5-- —.

— -5
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AIRPLANE WING ANALYSIS (747)

Analysis Model

~~~~~~~
- 1 4

220”

I—

~~

- 520”

460”

770”

54 1420’ 5”

12”

S 

~~~~
“ 1 4

J.*~ 141” 4 outhoard landing wheels

CONFIGURATION WING WI. LIFTING LOAD CYCLES

Fuily .fusled 6.4 psi 7.4 psi 20000
flight

Fully fueled, 3.0 psi 17,6000 out. wheels 20000
land ing 55.900 at body

Fig. 4.1.
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CONSULTATION MODEL (747 Wing)

A. Substructure 1—Outer Wing

~~~~~~~~~~~~~~~~~~~~~~~~ 
Weight = 14,000

r

LOADING WING DEAD WING PRESSURE CYCLES
LOAD

Flight 6.4 psi —7.4 psi 20000

I Landing 3.0 psi ———— — 20000

900

f ~~~~~~~~~~~~~~~~~~ t ren~~~~AIuminum 
S

B. Substructure 2— Inner Wing

~~~~~~~~~~~~~ Weight = 32,000 -

460”

770” ~~~9JNG WING DEAD WING LIFT CYCLES
I 7 LOAD

7 Flight 6.4 psi —7.4 psi 20000
-

~ ( /4/’ Landing 3.0 psi, 17,600 oat 20000
I /‘ - 918,0000 outboard 
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substructure

—5” 141”
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C. Substructure 3-Total Wing
S Weight — 46000 -

~

H

1’

770”

~~~141”~~~ 
— 1420”

.50” thidi High performance aluminum

T
S LOADING WING DEAD WI. WING LIFT CYCLES

- 

Flight 6.4 psI —7.4 psI 20000

Landing 3.0 psi —17,SOOost 20000
141”

Fig. 4.2 (coot .) 
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September 9, 1978 10* 10AM In CSACON,SACON .SAV180908 by SACON
Loading SACON>STRUCTURE.i;1,., 

S

THIS IS THE CONSULTATION FOR THE 747 WING . THE PURPOSE
OF THIS EXAMPLE IS TO ILLUSTRATE A TYP I CAL CONSULTATION . THUS,
IT DEALS WITH PtJLT I PLE SUBSTRUCTURES (3) , LOADINGS (6) . AND
LOADING COMPONENTS, IT ASSUMES THAT THE ANALYSIS OBJECTIVE IS TO
EVALUATE RESPONSE INTEGRI TV UNDER LOADINGS CAUSED BY FLIGHT AND -

S

S LANDING CONDITIONS. 
S

S 

--------STRUCTURE-i 
1) What I. the name of STRUCTURE-i?
** 747 WING
2) AssumIng that your characterization of thi 747 wing In terms of its S

- J geometry, material characteristic., and boundary conditions are
accurate, how much error (in psrcent) Is tolerable for the analysi s?

*56
it 3) Do you want to examIne the responses of the 747 wing, to evaluate Its

instabi lIty , or both?
5* EXAM I NE-RESPONSES
4) Does the 747 wIng have any t ime dependent terms in Its equations of

equilIbr i um?
** NO
5) Is heatin g or cool i ng of Interest In determining struc ture response s?
** NO
6) Have you decomposed the 747 wIng into a number of potential sub-

structures which are relevant to this ana l ysis?
~~~YES

S SUB-STRUCTURE-i 
7) What Is the name of SUB-STRUCTURE-i? S

** OUTER WING
4 8) Wha t is the material composing most of the outer wing (SUB-

S STRUCTURE-i)?
** 14IGH-STRENGTH-ALU1IINIUII
9) Enter the average longest dimens ion of th. outer win g (SUB-

STRUCTURE-i) in inches (or ~number> CMS) t
** 90810) Enter the we ight of the outer wing (SUB-STRUCTURE-i) in pound s

(or <number> KGS):
** 14880
11) I. the outer wing (SUB-STRUCTURE-i) thin-walled or solid?
** THIN-WALLED12) What Ii the configuration of support for the outer wing (SUB-

S STRUCTURE—i)?
~* ONE-SLOE
13) 1. the outer wing (SUB-STRUCTURE-i) to be mod.IIed as a 1, 2, or 3

dimens ional system? -

14) Would you describe the construction of the outer ising (SUB—
STRUCTURE—i) to be truss and/or frame elements (NETWORK) , sheets
and/or blocks of m.tsr iai (CONT INUIJI), or a comb i nation of both?

~~ CONT I NULRI
S 

- 15) 1. the overall geom etry of the outer su ng (SUB-STRUCTURE-i) curved

~~~~~—--~~~~~~~~~~~~ ~~~~~~~~~~~ ~~~~~~~~~~~~ ~~11L ____________ ~~~~~~~~ 
-
~~~~~ - —~~~~~~
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or planar?
** IIHY

(NOTE: The ussr ma, respond to any question with NWHYU. The consultant then attemf’:s to .x~1aInUs current line of reasoning by describing the sub-goal that It Is trying to establish.)
(i.e. WHY is it important to determine the geometry of SUB-STRUCTURE—ifl
(1.83 This wi ll aid in determining the shape of SUB-STRUCTURE-i,

It has already been established that
(1.13 the modelling dlmeneionaiity of the outer wing is 2

Therefore, if
(1.23 it is known un iquely that continuum ie one of the constructions

of the outer wing, and
(1.33 the geometry of the outer wing is planar

then
It Is definite (L0) that the shape of the outer wing is plate

(back to question 15 ...3
** CURVED
The first l oadi ng applied to the outer wing (SUB-STRUCTURE-i) will be
cal Ieds 

LOADING-i 
16) What is the name of LOADING-i?
** FL I GHT

• 17) Enter the number of l oading cycles to be applled*
*5 28880
The first load component associated with LOADING-i will be called s

S 

- 

LOAD-COMPONENT-i 
18) Would you describe LOAD-COMPONENT-i as being DISTRIBUTED over

most of the sub-structure or as acting at a POINT of the sut—
structure?

** UHY

(NOTE: Another user request for an explanation of what the consultant Is trying to accost pu sh 8,asking the question.)

(i.e. WHY is it Important to determine the distribution of LOAD-COMPONENT—i?)

12.8) The distribution of a l oad component is one of the 4 standard
parameters that i dentify a load component.

This may be useful later In the consultation. For example , I t  is  very
important In determining the stress magnitude of LOAD-cOllPOlENT—1 and
Is  very importan t in determining the deflectIon magni tude of
LOAD-COMPtINENT-1. 

S

(back to question 18...)
~~~ DISTRIBUTED
19) Which surface of the sub-structure does LOAD—COMPONENT—i act

NORMAL to? (If more than One sur face, you should consider the S

loading as two or more component load ings)

S~~~~~

5 

_ - - _ 
~_ _ ~S~S ~~~~~~~~~~~~~~ _~~~ _S~S - •• • - — 
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** WIDTH-LENGTH
28) Enter the average wall thickness of the outer wing (SUB-

STRUCTURE-i) in inches b r  <number> CIIS): S

~~ .1621) Enter the average depth of the outer wIng (SUB-STRUCTURE—i )
in inches (or <number> CIIS) s

** 235
22) Enter the magnitude of the distributed load (In psi )s
** WHY

(NOTE: Another example of tale explanation facility.)
Li... WHY Is it important to determine the magnitud. of LOAD-COMPONENT—i (in

psfl?)

(3.8) This will aid in determining the stresa magni tude of LOAD-COMPONENT—i
(in psi).
It has already been established that

(3.13 the surface to which LOAD-COMPONENT-i acts norma l is width —
S l ength, and

13.23 the distr Ibution of LOAD-COMPONENT-i is distr i buted, and
(3.33 the configuration of support for the outer wing is one-sIde, S

and
(3.43 the shape of the outer wing is one oh the surface shapes, and
(3.53 the moment of i nertia of the outer wing is known, and
(3.63 the l ength of the outer wing is known, and
[3.7) the depth of the outer wing is known, and
(3.8) Young ’s modulus of the material Is known

Therefore, If
(3.93 the magnitude of LOAD-COMPONENT-i (in psi) is known

than
I t  Is definite (1.8) that the stress magnitude of LOAD—COMPONENT—I

(in psi) is depth * dlst-mag * length 1 2 / 4 * elnertia(ALSO:
It Is definite (1.0) that the deflection magn i tude of

LOAD-COMPONENT-i
in Inches is dist—mag * length 1 3 / 24 * youngs—modulue * elnertia)

(back to question 22...)

23) Are there any other load components associated with LOADING—i?
**NO

24) Are there any other loadi ng conditions associated with the outer
wing (SUB-STRUCTURE-i)?

** YES 

-LOADING-2 S

25) What is the name of LOAD!NG-2?

** LANDING
26) Enter the number of load ing cycles to be applieds

** 28880
The first load component assocIated with LOAOING-2 w i ll be cal led: 

LOAD..COMPONENT 2 
27) Would you descr ibe LOAC-COI’FOPENT-2 as being DISTRIBUTED over

most of th. sub-structure or as acting at a POINT of the sub—

I 

_ _ _ _ _ _ _  

_______  

_ _  

_ _ _L
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struc ture?
** DISTRIBUTED
28) Which surface of the sub-structure does LOAO—COMPONENT—2 act

NORMAL to? ( I f  more than one surface, you should consider the
l oad i ng as two or more component loadings)

** WIDTH-LENGTH
29) Enter the magn i tude of the distributed load (irs psi) :

30) Are there any other load components assocIated with LOADING—2? S

**NO
31) Are there any other l oading conditions associated with the outer

S wing (SUB—STRUCTURE-i )?
** NO

32) Are there any other sub—structures of the 747 wing relevant to this
analysis?

*5 YES -

• SUB-STRUCTURE-2 
33) What is  the name of SUB—STRUCTURE-2?
5* INNER WING
34) What is the material composing most of the Inner wing (SUB-

STRUCTURE-2)?
*5 HIGH-STRENGTH-ALUMINIUM
35) Enter the average longest dImension of the inner wing (SUB-

STRUCTURE—2) in Inches (or <number> CIIS):
** 520
36) Enter the we i ght of the i nner wing (SUB-STRUCTURE—2) in pounds (or

<number> KGS) s
** 32008
37) Is the i nner wing (S$JB-STRUCTURE-2) thin—wailed or solid?S 

~* THIN-WALLED38) What Is the conf i guration of support for the Inner wing (SUB-
-

S STRUCTURE-2)?
** ONE-SIDE
39) Is the inner wing (SUB-STAIJCTURE-2) to be modelled as a 1, 2, or 3

dimens ional system?
**240) Wou ld you descri be the construction of the inner wing (SUB—

STRUCTURE—2) to be trues and/or frame elements (NETWORK), sheets
- and/or blocks of material (CONTINUUM), or a combination of both?

5* CONTINUUM
— 41) Is the overall geometry of the inner wing (SUB-STRUCTURE-2) curved

or planar?
**CURVED
The f irst loading applied to the Inner wing (SIJB—STRUCTURE-2) will be
called: 

LOAD! NG-3 
42) What Is the name of LOADING-3?

j ** LANOIPIG
43) Enter the number of loading cycles to be applied:
*5 28008

- The first load component associated with LOADING-3 w i l l  be cal lads 

-LOAO-COPIPCINENT-3 
44) Would you descr ibe LOAO-COIIPOPENT-3 as being DISTRIBUTED over

• most of the sub—struc ture or as acting at a POINT of the sub—

SSS ~~
_

__
• :- ~~~~ -~~~~~~~~~~~~~~~~ 

-
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struc ture?
*5 DISTRIBUTED S

46) Which sur face of the sub-struc ture does LOAO-CO(IPONEI’IT-3 act
NORMAL to? (If more than one sur face, you should consider the
loading as two or mars component loadings)

*5 WIDTH-LENGTH46) Enter the average wall thickness of the inner wing (SUB-
STRUCTURE-2) in i nches (or <number> CIIS):

47) Enter the average depth of the Inner wing (SUB-STRUCTURE-2)
in inches (or <number> CIIS):

*ai 52.5
48) Enter the magnitude of the distributed load (In psi):

49) Are there any other load components associated with LOADING—3?
5* YES 

LOAD-COMPONENT-4 
58) Would you descri be LOAD-COtIPONENT-4 as being DISTRIBUTED over

most of the sub-structure or as acting at a POINT of the sub—
structure?

**POINT
51) Which surface of the sub-structure does LOAO—COfIPONENT—4 act

NORMAL to? ( If more than one surface, you should cons ider the
loadIng as two or more component load ings)

** WIDTH-LENGTH52) Describe where on the sub-structure LOAD-CO(IPONENT—4 is
applied:

** NEAR—SUPPOR T
53) Enter the magni tude of the point l oad (in pounds): - -

~~ -17680 
—

54) Ar. there any other load components associated with LOADINC—3?
* *Y ES 

LOAD-COIIPOI4ENT-S 
55) Would you descri be LOAD-COMPONENT-S as being DISTRIBUTED over

most of the sub-structure or as acting at a POINT of the sub-
structure?

** POINT
56) Which surf ace of the sub-struc ture dose LOAD-COMPONENT-S act

NORMAL to? (If more than one surface, you should consider the
• l oading as two or more component loadings)

** WIDTH-LENGTH57) DescrIbe where on the sub—structure LOAD-COMPONENT—S is
appHed:

S 
*5 NEAR-FREE-EDGE
58) Enter the magn i tude of the point load (in pounds):
*5 918880

59) Are there any other l oad components associated with LOADING—3?
**NO

68) Are there any other loading conditions associated with the i nner
w ing (SUB-STRUCTURE-2)?

**NO

(NOTE: The flight loading on the inner wing was shipped In order to shorten an aluad, quit.
S 

len exui pie.)

- - 

-
~~~~~~~~ - -
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61) Are there any other sub—structures of the 747 wing relevant to this
analysis?

5* YES 

SUB-STRUCTURE-3 
62) What is the name of SUB-STRUCTURE-3?
~~ TOTAL WING
63) What is the material compos ing most of the total wing (SUB—

STRUCTURE-3)?
5* HIGH-STRENGTH-ALUMINIUM
64) Enter the average l ongest dimension of the total wing (SUB-

STRUCTURE-3) in inches (or <number> DIS):
5* 1420 -

65) Enter the weigh t of the total wing (SUB-STRUCTURE-3) In pounds (or
<number> KCS):

** 46888
66) Is the total wing IS&JB-STRUCTURE-3) thin-walled or solid?
** THIN-WALLED67) Wha t i~ the confi guration of support for the total wing (SUB—

STRUCTURE-3)?

** ONE-SlOE
68) Is the total wing (SUB-STRUCTURE-3) to be modelled as a 1, 2, or 3

dimensiona l system?
**2 S

69) Would you describe the construction of the total wing (SUB—
STRUCTURE—3) to be truss and/or frame elements (NETWORK) , sheets

• and/or blocks of material (CONTINUUM) , or a combi nation of both?
** CONTINUUM
70) Is the overall geometry of the total wing (SUB-STRUCTURE—3) curved

or planar?
** CURVED
The first load i ng applied to the total wing (SUB-STRUCTURE—3) will be
called: 

LOAD I NG-4 
71) What ii the name of LOAOING-4?
** FLIGHT
72) Enter the number of loading cycles to be applied:
5*28880
The f i rst  load component associated with LOAO ING-4 will be called: 

LOAD-COIIPONENT-6 
73) Uould you describe LOAD-COMPONENT-S as being DISTRIBUTED over

most of the sub -structure or as acting at a POINT of the sub-structure?
** DISTRIBUTED
7 4 )  Wh ich surface of the sub-structure does LOAD-COMPONENT-S act - S

NORMAL to? (If more than one sur face, you should consider the
loading as two or more component loadings) S

1* WIDTH-LENGTH
75) Enter the average wall thickness of the to tal wi ng (SUB-

STRUCTURE-3) In Inches (or <number> C1IS),
*5 .31
76) Enter the averag, depth of the tota l wing (SUB—STRUCTL~E—3)in inches (or <number> CPIS)s
** 41
77) Enter the magnitude of the distributed load (sn psi):

~

S S •

~ 

~-~- -~ 5iuiiiiiiilliiV~—• ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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S

78) Are there any other load components associated with LOADING—4?
** NO

79) Are there any other loading conditions associated with the total
wing (SUB-S TRLETURE-3)?

1* YES 

-LOADING-S 
80) Wha t i. the name of LOAOING-5?
5* LANDING
81) Enter the number of l oading cycles to be applied:

** 28008
The f i rst  load component associated wi th LOADING—S w i l l  be called: 

-LOAD-COMPONENT-i 
82) Would you descr Ibe LOAD-COMPONENT-7 as being DISTRIBUTED over

most of the sub-structure or as acting at a POINT of the sub-
structure?

** OISTRIBUTEO
83) Which surface of the sub-structure does LOAD-COMPONENT-i act S

NORMAL to? (If more than one sur face, you should consi der the
l oading as two or more componen t loadings)

** WIDTH-LENGTH84) Enter the magnitude of th. distributed load (in psi):
* 53

85) Are there any other load components associated with LOADING—B?
*5 YES - 

- -
S 

LOAD-COIIPONENT.-8 
88) Would you descr ibe LOAD-COMPONENT-8 a. being DISTRIBUTED over

most of the sub-structure or as acting at a POINT of the sub—
structure?

** POINT
87) Which surf ace of the sub-structure does LOAD-CDIIPONENT-8 act

NORMAL to? (If more than one surface, you should consider the
loading as two or more component loadings)

*5 WIDTH-LENGTH
88) Describe where on the sub-structure LOAD-COIIPONENT-8 Is

applied:
*5 NEAR—SUPPORT
89) Enter the magnItude of the point l oad (in pounds):
** —1768890) Are there any other load components aseociated with LOADING-B?

**NO
91) Are there any other loadIng conditions associated with the tota l

wing (SUB-STRUCTURE-3)?
** NO

92) Are there any other sub—structures of the 747 wing re levant to this
• analys is?

5*ND
93) Do the supports of the 747 wing invoive Coulomb friction , nonlInear

epr I ngs, and/or gapping?
**NO

The following analysis classes are relevant to the analysis of your



S ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~

HPP-78-23 SACON 31

structure:
1) general— inelastic
2) general-large-d isplacement
3) general-nonlinear

The fol lowing are specific ana lysis recommendatIons you should
follow when performing the structure analysis:

Use large displacement formulation for stress and strain.

Consider whether forces retain orientation to structure or a fixed
direction in space.

Solution sau l be based on a modified Newton-Rapheon approach.

Activate incremental stress — Incremental strain analysis.
S Mode l nonlinear stress-strain relation of the material. S

Logic to scan peak stress at each step and evaluate fatigue Integr Ity
should be used.

Logic to scan stresses, smooth, and compare with allowable stresses
(with appropriate safety factors) should be used.

Logic to scan deflections, ca l culate relative values, and compare with
- 

• 
code l imi ts , should be called upon.

F lex ib i l i t y  evaluations should be made at each load step for user
se lected cr Iter ion loadings.

Cumulative strain damage should be cal culated. S

Analysis should include two or more l oad cycles (if cyclic) with
extrapolation for strain accumulation.

Shakedown extrapolation logic should be used.

A single cycle of loading Is sufficient for fatigue estimates.

(NOTE: The fo llowing is a post-anai,sis question-answering session between Me user and SACON.) S

S Please ask questions now. When you are finished and want to
begin a new consu ltation or sign off the termina l, enter the word

• STOP.

Type HELP for the list of question options.

** WHAT ARE THE STRESS PHENOMENA OF THE 747 III NC
The stress behavior phenomena in the 747 wing are fatigue (1.8) stress-

exceedence (1.81

I 
S

- ~~~ ~~- 

- ~S~~~~~~~~~~~~U_  S
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** WHAT ARE THE DEFLECT ION PHENOMENA OF THE TOTAL WING
The deflection phenomena in the 747 wIng are flexibilIty-changes (1.0)

excessive—deflection (1.8) in cr em enta l—s t ra in—faii ur . (1.8)

~~ HOW 010 YOU CONCLUDE THE ANALYSIS CLASS OF STRUCTtI~E-1

The follow i ng rules concluded about:
the ana l ysis class of the 747 wIng

cumulative certainty last question asked
Rule va l ue & cumulative certainty before concl usion was made

RULEO3S GENERAL-LARGE-DISPLACEMENT (1.0) 93
RULEO36 GENERAL-INELASTIC (1.0) 93 5

RULEO37 GENERAL-NONLINEAR (1.0) 93

The parameters used in these rules were:
the types of nonlinear ity In the structure
the stress behavior phenomena in the structur e
the deflection phenomena In th. structure

(NOTE: The user ama, ask to see the text of an, nilt, as shown here.) I
** PR 3S
RLJLEB3S
(Thi; rule applies to any structure, and is tried in order to find out about

the ana l ysis class of the structure)

If: 1) Geometric I s  one of the types of nonlinear i ty in the structure, and
2) There are some stress behavior phenomena in the structure, and
3) There are some deflection phenomena in the structure

Then: It is definite (1.8) that gensral-Iargs-dlsplacement Is one of the
analysis class of the structure

** WHA T ARE THE TYPES OF NONLINEARITY OF STRUCTURE-i
The types of nonlinear ity in the 747 wing are geometr ic (1.0) material (1.8)

** WHAT IS THE STRESS MAGNITUDE OF LOAD-COMPONENT-i
The stress magnitude of LOAD-COMPONENT-I (in psi) is 107712.8

1* WHAT IS THE DEFLECTION MAGNITUDE OF LOAD-COMPONENT-i
H The deflection magni tude of LOAD-COMPONENT-i in inches is .0687628 inches

** HOW DID YOU CONCLUDE THE STRESS MACNI TUDE OF LOAD-COMPONENT-i S

RUIE142 was used to conclude that the stress magn i tude of LOAD-COtFONENT—1

— 
— —
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(in psi ) is 107712.8, The last question asked bef ore the conclusion was
made was 22.

** PR 142

RLLE142

(This rule applies to any loading component, and is tried In order to find
out about the stress magnitude of the load component (in psi), or the
deflection magn i tude of the load component in inches)

Ifs 1) The surface to which the load component acts normal is width—length,
and

2) The distribution of the load component is distr i buted, and
3) The confi guration of support for the sub-structure is one—side , and
4) The shape of the sub-structure is one of: the surface shapes, and
5) The moment of inertIa of the sub-structure is known, and• 6) The magn itude of the load component (In ps i) Is known, and7) The length of the sub-structure is known, and
8) The depth of the sub-structure Is known, and
9) Young’s modulus of the material is known

Then: 1) It is defin ite (1.0) that the stress magnitude of the l oad
component (in psi) Is depth * diet-mag * length 1 2 / 4 *einertia , and

2) It is  definite (1.0) that the deflection magnitude of the load
S component in  inches is diet-mag * length f 3 / 24 * young.—modu l us * elnertia

** WHA T IS THE STRESS BOUND OF LOADING-i
The max imum stress bound at a point , due to all components of LOADING-i (In

psI) Is 187712.8 psi

** STOP

Do ou wish adv ice on another structure?

f 
_  _ _  

_  
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4.2 Analysis of a Concrete Building

FIgures 4.3 and 4.4 provIde details of a College Union Building. Figure 4.3 I. a 
S

schematic of the floors and columns and defines design loadings. Figure 4.4 shows some of
the construction details. The building l fanned of high-stren gth (4,000 psi) reinforced
concrete.

Figure 4.6 summar Izes data needed in th. consultation. The building Is repressnted
by two substructures: a representative section of the floor and a model of the columns for
loading In the north-south dIrection. —

Consistent with preliminary design methods, the model described to the consultant
assumes that the function of the reinforcing steel is to make the concrete effectIve far
tensile stress. Thus, the model for consultation doss not include reinforcement details. S

The dialogue of the coneultatlon is reproduced below.
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_NOTES

1. Depth of concrete fill and sich
2.Weight’fconc 32x 32x 8.5x 150— 106.800

12
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Substructure 2—N.S. Frame - 

800,000 cycles of wind

_______ 
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September 9, 1978 18r48AM in cSACON>SACON.SAV;88988 by SA~ON
Loading <SACON>STRUCTURE.24,1...

THIS IS THE CONSULTATION FOR THE COLLEGE UNION BUILDING.
THE PURPOSE CF THIS EXAIIPLE IS TO ILLUSTRATE A TYPICAL CONSULTATION.
THUS, IT DEALS WITH MULTIPLE SUBSTRUCTURES (2), LOADINGS (2) , AND
LOADING COMPONENTS. IT ASSLJIIES THAT THE ANALYSIS OBJECTIVE IS TO
EVALUATE RESPONSE INTEGRITY AND STABILITY UNDER STAT IC LOADINGS
CAUSED BY GRAVITY, WIND, AND EARTHQUAKE.

9-Sep-78 18~48:43
(consu ltation of 7-Jul-78 4s45P113 

S TRUCTURE-24 
1) What is the name of STRUCTURE-26?
** COLLEGE UNION BU ILDING
2) Assuming that your character i zation of the college union buIlding In

terms of i ts geometry, material characteristics , and boundary
conditions are accurate, how much error (in percent) is tolerable for
the analysis?

** 10
3) Do you want to examine the responses of the college union building, to

eva l uate i ts Instability, or both?
** BOTH
4) Does the college union building have any time dependent terms in its

equations of equilibr ium? S

** NO
5) Is heating or cooling of interest in determining structure responses?
** NO
6) Have you decomposed the college union building Into a number of

potential sub-structures wh i ch are relevant to this analysIs?
** YES 

SUB-STRUCTURE-i 
7) What I. the name of SUB-STRUCTURE-i?
** FLOOR SECTION
8) What is the matin al composing most of the floor section (SUB-STRUCTURE—i)?

(NOTE: The user ma, resp ond to a question with a question mark. The system responds with a list of
expected responses.)

What is the material composIng the floor section (SUB-STRUCTURE—i)?
Expected responses arer HI GH-STRENGTH-ALUIII NI UM UPGRAOEO-AL,Ii1I NI (ii
STRUCTURAL-ALUIIIN1IJI HIGH-STRENGTH-STEEL UPGRAOED-STEEL
STRUCTURAL-STEEL CONCRETE HIGH-STRENGTH-CONCRETE
Enter HELP for li st of user options.
** WHY

(NOTE: The user stay respon d to an, p romp ting with WHY , thereby calling in the explanation
facility of SACON. SACON responds by telling the user what its current sub-goal is—in this case

S 
- 

stress the context in which its attention Is focused—sub-structure 1 hero.)

-~ 
- - -5 - - - — 5 - -
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( i . e, WHY I. i t  importan t to determine the material comp osing
SUB—STRUCTURE—i?)

(1.0) The material composing a sub—structur e is one of the 9 standard
parameters that identify a sub-structure.

This may be useful later In the consultation. Far example, it is very
important In determining the stress behavior phenomena in SUB-
STRUCTURE—i and is significan t In determining the stress cr iterion of
SUB-STRUCTURE-i.

(back to question 8...)
** CONCRETE
9) Enter the average longest dimension of the floor section (SUB—

STRUCTURE-i ) in inches (or <number> CIIS):
** 32 FT
10) Enter the wei ght of the floor section (SUB-STRUCTURE-i) in pounds

(or <number> 1CGS):
~ai~ 168800
ii) Is the floor section (SUB—STRUCTURE-i) thin-walled or solid?
** SCLIO
12) What is the configuration of support for the floor section (SUB—

STRUCTURE—i)?
** FOUR-SIDES13) Is the floor section (SUB-STRUCTURE-i) to be modelled as a 1, 2, or

3 dimens i ona l system?

14) Would you descri be the construction of the floor section (SUB-
STRUCTURE—i ) to be truss and/or frame elements (NETWORK) , sheets
and/or blocks of material (CONTINUUM), or a combination of both?

** CONTINUUM
15) Is the overall geometry of the floor section (SUB-STRUCTURE—I)

curved or planar?
8* PLANAR
The first loading applied to the floor section (SUB—STRUCTURE—i) will
be called: 

LOADING-i 
16) What is the name of LOADING-i?
** TOTAL LOADING
17) Enter the number of loading cycles to be applied:
** 1000
The f irst load component associated with LOADING-i w i l l  be ca lleds 

LOAD-COMPONENT-i 
18) Would you descr ibe LOAD-COMPONENT-i as being DISTRIBUTED over

most of the sub-structure or as acting at a POINT of the sub— S

structure?
** DISTRIBUTED
19) Which surface of the sub-structure does LOAD-COMPONENT—i act

NORMAL to? (If more than one surface, you should consider the
loadIng as two or more component loadings)

** 1.110TH-LENGTH
20) Enter the magn i tude of the distributed l oad (in psi)i

• 8*1.2934
21) Enter the average depth of the floor section (SUB—STRUCTURE—i)

In Inches (or <number> CMS) s -

_ _ _ _

~~~~ - - — ~~~ ~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ —5
L ________________________ 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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** 8.522) Are there any other load components associated with LOADING—i?
** NO

23) Are there any other loading conditions associated with the floor
section (SUB-STRUCTURE-i)?

** NO
24) Are there any other sub-structures of the college union building —

relevant to this analysis?
** YES 

SUB-STRUCTURE-2 
25) What is the name of SUB-STRUCTURE-2?
** NORTH-SOUTH COLUMNS
26) What is the material composing most of the north-south columns

(SUB-STRUCTURE-2)?
*8 HIGH-STRENGTH-CONCRETE

— 27) Enter the average longest dimension of the north-south columns
(SUB-STRUCTURE-2) in Inches (or <number> CIIS):

S 

** 66.S FT
28) Enter the weight of the north-south columns (SUB-STRUCTURE-2) in

pounds (or <number> KGS)s

** 116008029) Is the north-south columns (SUB-STRUCTURE-2) thin-walled or solid?
*8 THIN-WALLED
30) What is the configuration of suppor t for the north—south columns

ISUB-STRUCTURE-2)?
*8 ONE-SlOE
31) Is the north-south co l umns (SUB-STRUCTLJRE-2) to be modelled as a 1,

2, or 3 dimens i onal system?
*81
32) Would you descri be the construction of the north-south col umns

(SUB-STRUCTURE—2) to be truss and/or frame elements (NETWORK ),
sheets and/or blocks of material (CONTINUUM), or a combination

-- of both?
-t 

*8 NETWORK
The first l oading applied to the north-south columns (SUB—STRUCTURE—2)
will be called: 

LOAOING-2 -

33) What is the name of LOADING-2?
*8 WINO
34) Enter the number of loading cycles to be applied :
*8 888008
The f i rst  load component associated with LOADING-2 will be called: 

LOAD-Ct*IPONENT-2 
36) Would you describe LOAO-COIIPONENT-2 as being DISTRIBUTED over

most of the sub-structure or as acting at a POINT of the sub—
- 

- structure?
** POINT
36) Which surface of the sub-struc ture does LOAO—CCIIPCNENT—2 act

NORMAL to? (If more than one sur face, you should consider the
loading as two or more component l oad i ngs)

*8 WIDTH-LENGTH
37) Descr ibe where on the sub-struc ture LOAD-COMPONENT-? I~applIed:
*8 NEAR-FREE-EDGE

S . - - ~~~~ ~~~~ .:~~—~~~-• -“ ~~~ - —‘S.--.S——-—--,--- --—• S - -

_ _ _ _ _  
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38) Enter the magnitude of the point load (In pounds) :
**8i00539) Enter the average depth of the north-south columns (SUB-

STRUCTURE-2) in inches (or <number> CIIS):

40) Enter the average wall thickness of the north—south col umns
(SUB-STRUCTURE-?) In inches (or <number> CIIS):

8 * 8
41) Are there any other load components assoc iated w ith LOADING-2?
** YES 

LOAD-COtIPONENT-3 
42) Would you describe LOAD-COIIPONENT-3 as being DISTR IBUTED over Smost of the sub-structure or as acting at a POINT of the sub-

structure?
** POINT
43) Which surface of the sub-structure does LOAD-COIIPONENT—3 act

NORMAL to? (If more than one surface, you should consIder the
loading as two or more component loadings)

*8 WIDTH-LENGTH
44) Describe where on the sub-structure LOAO—COIIPONENT-3 is

applied :

** NEAR-~ENTR OlD
45) Enter the magnitude of the point load (in pounds) :
** 8100646) Are there any other load components associated wi th  LOAOING—2?

• ** YES 

LOAO-COIIPONENT-4 
47) Would you describe LOAD-CO?IPONENT-4 as being DISTRIBUTED over S

most of the sub-structure or as acting at a POiNT of the sub-
structure?

POINT
48) Which surface of the sub-structure doss LOAD-COIIPONENT—4 act

NORMAL to? (If more than one surface, you should consider the
loading as two or more component loadings)

*8 WIDTH-LENGTH -

49) Descri be where on the sub-structure LOAD-COMPONENT—4 Is
applied:

8* NEAR—SLFPORT
58) Enter the magnitude of the point load (in pounds):
*8 81085

51) Are there any other load components associated with LOADING—2?
** NO

52) Are there any other loadi ng conditions associated with the north—
south columns (SUB-STRUCTURE-2)?

8* YES 

-L0~øii~ -3 
63) What Is the name of LOADING-3?

-
~ 8* UIPO.GMICE

S 54) Enter the number of loading cycles to be applied:
m e l  

_ _The f irst load component associated with LOADING-3 will be called: 

• -- -LOAD-cOMPONENT-s  

— S~~~~ _5~~~~~_ ~~~~~ -~—-.--.-—— —- S
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55) Would you descr ibe LOAD-COMPONENT-S as being DISTRIBUTED over
most of the sub—struc ture or as acting at a POINT of the sub—
$ truc ture?

**POINT
56) Which surface of the sub-structure does LOAD-COMPONENT-S act

NORMAL to? (If more than one surface, you should cons ider the
loading as two or more component loadings)

*8 WI DTH-LENGTH
57) Descr ibe where on the sub-structure LOAD-COMPONENT—S ie

applied:
*8 NEAR-FREE-EDGE
58) Enter the magnitude of the point load (in pounds):
*8 2762500

59) Are there any other load components associated with LOADING—3?
* *Y ES 

-LOAD-COMPONENT-S 
68) Would you descr ibe LOAO-CO1IPONENT-6 as being DISTRIBUTED over

most of the sub-structure or as acting at a POINT of the sub-
struc ture?

** POINT
61) Wh i ch surface of the sub-structure does LOAD-COMPONENT—S act

NORMAL to? (If more than one surface, you should cons ider the
loading as two or more component loadings)

8* WIDTH-LENGTH62) Descr ib, where on the sub-structur e LOAD-COIIPONENT-6 i s
S applied:

** NEAR-CENTROIO63) Enter the magnitude of the point load (in pounds):
*8 1961500

64) Are there any other load components associated with LOAOING—3?
** YES 

LOAD-COMPONENT -7 
S 

-

65) Would you describe LOAO-COtIPONENT-7 as being DISTRIBUTED over
most of the sub-structure or as acting at a POINT of the sub—
structure?

~~ POINT
66) Wh ich surface of the sub-structur e does LOAD-COMPONENT-i act

NORMAL to? (If more than one surface, you should cons ider the
loading as two or more component load i ngs)

*8 WIDTH-LENGTH
67) Descr i be where on the sub—structure LOAD-COMPONENT—i Is

applied:
8* NEAR—SUPPORT S

68) Enter the magn i tude of the point load (in pounds):
8* 1166500

69) Are there any other load components associated with LOADING—3?
8*NO

70) Are there any other loading conditions associated wit h the north— S

south columns (SUB-STRUCTURE-2)?
meND S

71) Are there any other sub-structures of the college union building
relevant to this analysis?

meND -

72) Do the supports of the college union building i nvo l ve Cou l omb -

friction , nonlinear springs, and/or gapping?

_ _ _ _ _  
--__—- _
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**NO

The follow ing analysis classes are relevant to the analysis of your
structure:

1) general—ine lastic

The follow ing are specific analysis recommendations you should
fallow when perform i ng the structure ana lysis:

Activate incremental str ess - incremental strain analysis.
Model nonlinear stress—strain relation of the material.

Solution w i l l  be based on a mix of gradient and Newton me thods.
S Logic to scan stresses, smooth, and compare w ith allowable stresses (with

appropriate safety factors) should be used.

Kinematic collapse mode eva luation logic should be used when stif fness
degenerates to zero.

Cumulative strain damage should be calculated.
- 
I Ana l ysis should include two or more l oad cycl es (If cyclic) with
I - extrapolation for strain accumulation.

Shakedown extrapolation logic should be used.

- - S ~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~ 
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4.8 Conclusions

These consultatIons Illustrate the abIlity of the consultation system to:

1) treat a structure as a collection of substructures,

2) treat loadings by superimposing load components,

3) model aluminum or concrete plate or beam-like structures, S

4) consIder analysis objectives that include response prediction only, or both response and
instabi lity ,

5) produce a citat ion of .11 conclus ions reached ,

6) respond to questions about the basis for a conclusIon, and

1) define the values of consultation parameters developed.

~~ ~~~~~~~~~~~ 
-

~~
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6 Summary

5,1 What did we accomplish -

We regard the work reported here as a further demonstration that recent Al
research in knowledge-based systems has sufficient generality to serve in a variety of
application domains.

Specific conclusions:

1) The automated structural analysis consultant Is an appropriate task domain for a MYCIN-
like rule-based interactive consultation system. Although several Iterations of the
knowledge base were made before It was honed to the satisfaction of the expert, the
rule-based representat!on of the expert’s knowledge of structural engineering and the
MARC program proved adequate (if not entirely “natural”).

2) A relatively sophisticated and helpful automated consultant can be designed and
Implemented with a modest expenditure of effort, by exploiting the general

-~ S representation and Interactive facilities of the EMYCIN system. To bring the SACON
program to its present level of performance, we estimate that two man-months of the
expert’s time were required to explicate his task as a consultant and formulate the
knowledge base, and about the same amount of time Implementing and testing the rules ~.

3) The performance of- the SACON program matches that of a human consultant for the
limited domain of structural analysis problems that was Initially selected. The choice of
an analysis strategy is only one of the critical decision.s that an engineer must make
before attempting to use the MARC program; there are many other decisions he must also

S make, e.g. choosing the appropriate geometry, for which the present version of SACON
provides no assistance. We have no reason to doubt, however, that the level of
performance and range of applicability of the present consultant can be significant ly
raised by expanding the knowledge base.

5.2 ContrIbutions to Artificial Intelligence

5 2.1 EMYCIN as a Representation Vehicle

A primary goal of this research was to determine if current “knowledge engineering”
techniques could be usefully applied in the development of a computer-based consultant in
structural analysis. Specifically, our research was a test of the generalIty of the rule-based
formalism of the EMYCIN system. As such, we neither explored the use of other available
consultation systems (e.g. PROSPECTOR, RITA) nor examined the pros and cons of using the
different representation schemes they provide. Rather, our decision to utilize the

This estimate does not Include the necessary time devoted to meetings, problem
formulation, demonstrations and report writing.

-.55- - ———-— - 5 - —--. SS • -~
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production-rule formalism of EMYCIN allowed us to focus our attention on the structural
analysis task Itself. At no time did we find this choice of knowledge representation to be a
hindrance to either the explication of the knowledge from the expert or its eventual
implementation in the SACON program. In fact the relative simplicity of using and explaining
the rule-based formalism actually facilitated the rapid development of the knowledge base
during the early stages of the consultant’s design. 

-
S

Moreover, the backward-chaining control structure of EMYCIN did not prove to be a
barrier for eliciting the expert’s knowledge. Indeed, the existence of alternative control
structures was never discussed with the expert; he was ‘required’ to explicate his
knowledge in a backward-chained control environment. The control structure, like the rule-
based formalism, seemed to Impose a salutary discipline on the expert as he formulated the
knowledge base. Similar effects on the knowledge acquisition process have been observed
by other researchers (Winograd , personal communication) even when a choice of control
structures is available; typically a single control method (agenda, backward chaining, etc.) is

S 

selected and, once chosen, this control structure provides a framework for the explication of
knowledge.

One feature of EMYCIN that was not used in this task was the confidence factor
mechanism, i.e. the ability to draw inferences with uncertain knowledge. The consultatIon
strategy, and the associated mathematical model, were designed to determine extreme
loading conditions, from which SACON concludes the appropriate analysis class.
Consequently, by using a “conserva tive” model the rules, though inexact in themselves, are
sufficiently accurate for predicting bounds that they can be stated with certainty.

5.2.2 Validation of Domain-independence

- 
- The development of SACON represents a major test of the domain-independence of

the EMYCIN system. Previous applications using EMYCIN have been primarily mbdicaI with the
consultations focusing on the diagnosis and prescription of therapy for a patient. Structural
analysis, with Its emphasis on structures and loadings, allowed us to detect the small number
of places where this medical bias had unduly influenced the system design, notably text

-
l strings used for prompting and giving advice.

Our expert found that his knowledge was easily cast into the rule-based formalism
and that the existing predicate functions and context-tree mechanism provided sufficient
expressive power to capture the task of recommending an analysis strategy. The existing
interactive facilities for performing explanation, question-answering, and consultation were
found to be well developed and directly usable by our application. As mentioned previously,
none of these features required any significant reprogramming and for the most part,
worked without modification. Examples of these faci lit ies In use during a consultation were
demonstrated in Section 4.

~ The project required the development of three new predicate functions and a
minor modification of the consultation interaction abilities to handle multi-valued parameters
more naturally. Multi-valued parameters had not been used heavily in the medical
appl Icat ions , and the extens ions we prov ided are now included in the EMYCIN system.

I

L ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~ 
S r



S ~~~~~~-- . - -

5.2.3 Observations about the Knowledge Acquisition process

Our experience explicating the structural analysis rule base provided an opportunity
to make some observations about the process of knowledge acquisition. Although these
observations were made with respect to the development of SACON, other knowledge-based
consultation systems have noted similar processes and Interactions.

Our principal observation is that the knowledge acquisition process Is composed of
three major phases. These phases are characterized strongiy by the types of interaction
that occur between expert and knowledge engineer and by the types of knowledge that are
being explicated and transferred between the participants during these interactions. At
present only a small fraction of these interactions can be held directly with the knowledge-
based system itself (DavlslTJ [Davls7O), and research continues to expand the knowledge
acquisition expertise of these systems.

The Beginning Phase :

The beginning phase of the knowledge explication process Is characterized by the
expert’s ignorance of knowledge based systems and his unfamiliarity with the process of
describing explicitly what exactly he knows and does. At the same time, the knowledge
engineers are notably ignorant about the application domain and clumsily seek, by analogy, to
characterize the possible consultation tasks that could be performed (i.e. “Well, in MYCIN we
did this...”).

During the first month or so, the knowledge engineers and the domain expert
become familiar with each other’s fields. The expert learns what tools are available for
representing his knowledge, and the knowledge engineer learns the Important concepts of
the domain. During this time both parties agree on the goal of the consultation, and on the
vehicle that will be used to accomplish it. A taxonomy of the potential consultation areas for
the application domain and the types of advice that could be given Is formulated. . Typically a
small fragment of the complete spectrum of consultation tasks is selected and developed
during the following phases of the knowledge acquisition effort. For example, the MYCIN

- project began by limiting the domain of expertise to bacteremla (blood infections); SACON is
currently restricted to analysis strategies for structures exhibiting nonlinear, non-thermal,
time-independent material behavio rs.

The Middle Phase:

After identifying the sub-domain that will be developed, effort concentrates on the
Identification of the major factors and reasoning chains used by the expert to characterize
the object of the consultation (be It patient or airplane wing) and to recommend any advice.
it is useful to distinguish two phases within the middle phase that we term Early Middle and
Late Middle. Early Middle is characterized by the development of the domain vocabulary and
a email number of reasoning chains (rules) that Indicate how the concepts relate to one
another. For MYCIN-like systems, the context tree and the basic parameter structure is
developed during this period. The Late Middle phase is characterized by the detaili ng of
reasoning chains and development of the major rule sets in the system. During the Middle
phase enough knowledge is explicated to advise a large number of common cases.

- - - - - S  -~~~~ -~~~~~~~-S_ - ---
~~~~~ 
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The End Phase:

When the knowledge base is substantiall y complete , the syste m designers
concentrate on debugging the existing rule base. This debugging process typically involves
the addition of single rules to handi~ ‘bscure cases and might Involve the introduction of new
parameters. However the major structure of the knowledge base remains intact (at least for
this sub-domain) and Interactions with the expert involve relatively small changes.

Any further development of new sub-domains by the expert will involve cycling
between the Middle •nd End phases of activity. The characterization of the domain,
produced in the Beginning phase, remains fixed, and provides a framework In which new sub-
doma ins must be couched.

While developing the SACON system, we profited during the Middle phase by ‘hand-
simulating’ any proposed rules and parameter additions. In particular, major advances In

S building the structural analysis knowledge base came when one of us would “play EMYCIPI”
with the expert. During these sessions the knowledge engineer would prompt the expert for
tasks that needed to be performed. By simulating the back-chaining manner of EMYCIN we
asked, as needed, for rules to Infer the parameter values, ‘fired’ these rules, and thus
defined a large amount of the parameter , object, and rule space used during the present
consultations. This process of simulating the EMYCIN system also helped the expert learn
how the program worked in detail; he was then able to develop more rules and parameters
without our continued Interaction.

6.3 Extensions to SACON

There are at least two ways to extend the current work. One is to raise the level
of performance of the program by extending Its knowledge base. For example, the rules
should be expanded to include time-dependent and thermal loading conditions.

• Another possible development, of more interest than the former, is to integrate
SACON and MARC In a single, closed-loop system. That is, the recommendations of SACON
could be submitted to an Intermediate program which translated these recommendations Into
specific Input data for MARC. Then, after the MARC program performed Its analysis on the
structure, the results could be fed back to SACON for comparison with its Initial predictions
of the structure’s behavior, based on its simplified mathematical model (see Fig. 6.1). The
engineer could then be informed that the results of the MARC run were or were not
reasonable. In cases where the MARC results did not agree with SACON’s expectations, an
alternate analysis strategy could be recommended to the engineer, if the user were an
expert analyst, he may intervene at this point to enter new or more accurate rules into the
knowled ge base.

____ 55-55—- — —
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I SACON ‘ Data I—. NARC • Results
L Preparation J _______

Anal ysis of I’-
Results

- Fig. 5.1 Sche matic of closed— loop structural analysis system
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• Appe ndix Ii Parameter Definition s

This appendix lists the parameters which comprise the SACON system as discussed
in Section 3.

6.1 Structur. parameters

o REGIMEN — the analysis strategy of the •truc ture
updated by 2 rules, used by S rules

o ANALYSIS-CLASS — the analysis class of the struc ture
updated by 36 rules, used by 2 rules

o ANALYSIS-RECS - the analysis recommendations to be considered when
• prepar Ing the struc ture for modelling

updated by 18 rules, used by 2 ru les

o TIME-DEPENDENT - whether the struc ture has any t ime dependen t terms
in its equations of equilibr ium
asked, used by 8 rules

o TEPIP-DEPEPiCENT - whether there are temperature dependent terms in the
equations of equilibr ium of the structure
asked , used by $ rules

S 

o NONLIPEARITY - the types of nonlinearity in the structure
updated by 1 rules , used by 37 rules

o STRESS - the stres. behavior pheno.ena in the structure
S updated by 1 rules, used by 37 rules

o DEFLECTION - the d e f l e c t i o n  phenomena in the structure
updated by 1 rule., used by 48 rules

o ?BCUNDARY-CONOITION - whether the stçport conditions of the struc ture
are nonlinear
asked, used by 3 rules

o ERROR - the analysis error (in percent) that is tolerable
asked, used by 38 rule.

o INTEGRITY—GOAL — the integrity evaluation goals of the ana l ysis
asked , used by 4 rules 

-~~~~~~~~~~ _S  5--- - - 5 - —
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0.2 Substructure parameters

o SS—NONLINEARITY - the types of nonlinearity in the sub-structure
updated by 6 rules , used by 1 rules

o SS—STRESS - the stress behavior phenomena in the sub-structure
updated by iS rules, used by 1 rules

o SS—DEFLECTION - the deflection phenomena in the sub-structure
updated by 14 rules, used by 3 rules

o COMPOSITION — the material composing the sub-struc ture
asked, used by 20 rules

o LENGTH — the length of the sub—struc ture
asked, used by 45 rules

o THICKNESS - the wall thickness of the sub-structure
asked, used by 3 ru les

o WE I GHT — the wei ght of the sub—structure
S asked, used by 4 rules

o CONSTRUCTION - the constructions of the sub-struc ture
asked, used by 5 rules

o GEOMETRY - the geometry of the sub-structure
asked, used by 3 rules

o STRESS—CRITERION - the stress cri ter ion of the sub-structure
updated by 7 rules, used by 1 rules
(See Rules 92 - 96)

1 o SUPPORT - the configuration of suppor t for the sub-structure
asked, used by 45 rules  S

o NO—STRESS — the non-dimens iona l stress of the sub-structure
• updated by 1 rules, used by 21 ruies

o ND—DEFLECTION - the non-dimensi onal deflection of the sub-structure
updated by 1 rules, used by S rules

o DIMENSION — the modelling dimensianality of the sub-structure
asked, used by 4 rules

o SHAPE — the shape of the sub-structure
updated by 4 rules, used by 51 rules

o YOUNGS-IIOOULUS — Young’s modulus of the material
updated by 4 rules, used by 45 rules

o DENSITY - the density of the material
updated by 4 rules, used by 4 rules
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o EWIOTH - the effect ive width of the sub-struc ture
updated by 4 rules, used by 31 rules

o EINERTIA - the moment of inertia of the sub-structure
updated by 4 rules , used by 37 rules -

o TW/SCLIO - wh ther the sub-structure Is thin-wailed or
asked , used by 6 rules S

o DEPTH - the depth of the sub-struc ture -

esked , used by 36 rules

o ALPHA - alp ha
updated by 1 rules , used by 4 rules -

o BETA - beta

updated by 1 rules , used by S rules

o GAMMA - gamma -

updated by 1 rules, used by 4 rules

o DELTA - de lta
updated by 1 rule., used by S rule.

o AREA — the effective area of the sub-struct ure
asked , us.d by S rule. -

- ~~~~~-~~~~~~~~-S
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0.3 LoadIng parameters

o CYCLES — the number of cycles the loading Is to be appli ed
asked, used by 13 rule . S

o STRESS-BOUND - the max i mum stres s bound at a point, due to all
- - components of the loading (in psi)

updated by 1 rules, used by 1 rules

o DEFLECTION-BOUND - the maximum deflection bound it a point, due to all
components of the loading
updated by I rules, used by 1 rules

0.4 LoadIng component parameters

o SITE - the site of the load component
asked, used by 33 rules

o DIRECTION - the surface to which the load component act. normal
asked, used by 46 rul es

o DISTRIBUTION — the dIstr ibution of the load component
• asked, used by 45 rule.

o POINT-MAC - the magnitude of the load component (in pounds)
asked, used by 33 rule.

o 01ST-MAC — the magn i tude of the load component (In psi)
asked, used by 12 rules

o STRESS-MAGNITUDE - the stress magnitude of the load component (in psi)
updated by 46 ru l es, used by 1 rules

o DEFLECTION-MAGNITUDE - the deflection magnitude of the load component
updated by 46 rules, used by 1 rules

7 Appe ndix 2t The Knowledge Base

There are currently 170 rules in the SACON system. These rules are class if i•d in
four groups, corresponding to the levels of the context tree shown In Figure 2.1.
Represe ntative rules from each group are shown below. Readers who wish to obtain a copy
of the complete rule set may writs to: Project Secretary, Heuristic Programming ProJ.at,
Computer Science Department, Stanford Univers Ity, Stanford , CalIfornia 94306.
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7.1 Structure Rules

RULEOOI

[ThIs rule applies to any structure , and Ii tried in order to find out about
the analysIs strate gy of the structure)

If: 1) The analysis class of the structure is known, and
2) An attempt has been made to deduce the analysis recommendat ions to

be considered when preparing the structure for modelling
Then: Using the information collected during the consultation, recommend an

analysis method for this structure

RULEO3S

[This rule applies to any structure, and i tried in order to find out about
the analysis class of the structur.)

II: 1) Materia l is one of the types of nonlinearity in th. structure, and
2) There are some stress behaviour phenom.na In th. structure, and
3) There are some deflection phenomena in the structure - S

Then: It i~ definite (1.0) that general-kislastlc is one of the analysis
class of the structure

__________ —-S 5 5 5 5 -.~~~~
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RULEO39 S

(This rule applies to any structure, and Is tried In order to find out about
the analysis recommendations to be considered when preparing the
structure for modelling)

If: it is known uniquely that material Is one of the types of nonlInearity 
S

In the structure
Then: 1) It is definite (1.0) that the following is one of the analysis

recommendations to be considered when preparing the structure for
modelling: Activate Incre mental stress - incremental strain
analysis., and

2) It i~ definite (1.0) that the following is one of the analysis
recommendations to be considered when preparing the structure for
modelling: Model nonlinear stress-strain relation of the
material., and S

3) it is definite (1.0) that the following is one of the analysis
recommendations to be considered when preparing the structure for
modelling: Solution will be based an a mix of gradient and Newton
methods.

- RULEO43

(This rule applies to any structure, and I. tried In order to find out about
the analysis recommendations to be considered when preparing the
structure for modelling]

If: Fatigue Is one of the stress behaviour phenomena in the str ucture
S Then: 1) It is definite (1.0) that the following is one of the analysis

recommendations to be considered when preparing the structure for
modelling: Logic to scan peak stress at each step and evaluate
fatIgue integrity should be used., and

2) It is definite (1.0) that the following is one of the analysis
recomme ndations to be considered whe n preparing the structure for
modelling: A single cycle of loading is sufficient for fat ique
estimates.

‘I
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7.2 Substructure rules 
S

RULEO84

(This rule applies to any sub-structure, and Is tried in order to find out
about the types of nonlinearity In the sub-structure)

If: 1) The analysis error (in percent) that Is tolerable I~ between 5 and
S 30,and

2) Th, non-dimensional stress of the sub-structure Is greater than .7
Then: It is definite (1.0) that material Is one of the types of

nonlinearity in th. sub-structure

RULEO86

(This rule applies to any sub-structure, and is tried in order to find out
about the deflection phenomena in the sub-structure]

if: 1) The analysis error (in percent) that Is to lerable Is between 6 and
30, and

2) The non-dimensional deflection of the sub-structure Is greater than
.1

Then: It is definite (1.0) that flexibilIty-changes Ii one of the
deflection phenomena In the sub-structure

RULE 100

(This rule applies to any sub -structure , and is tried in order to find out
about the shape of the sub-structure) 

S

If: 1) It Is known uniquely that continuum is one of the constructions of
the sub-structure, and

2) The modelling dlmensionallty of the sub-structure is 2, and
3) The geometry of the sub-structure is planar S

Then: It Is definite (1.0) that the shape of the sub-structure is plate

iS.. S~~~~ - - 55 • 5 5 • 5 5 5 _ _ _ _ _ _ _ _ _ _
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7.3 Loading rules

RULEO71

[This rule applies to any loading, and is tried in order to find out about
the stress behaviour phenomena In the sub-structure ]

S 

if: 1) The material composing the sub-struct ure is one of: the metals, and
2) The analysis error (In percent) that is tolerable Is between 6 and

30, and
3) The non-dimensional stress of the sub-structure is greater than .9,

and
4) The number of cycles the loading Is to be applied ii between 1000

and 10000
Then: it I. definite (1.0) that fatigue Is one of the stress behaviour

phenomena In the sub-structure

RULEO89

(This rule applies to any loading, and is tried in order to find out about
5 

S the deflection phenomena in the sub-st ructure]

if: 1) The analysis error (in percent ) that is tolerable is between 5 and
30, and

2) The non-dimens ional stress of the sub-structure is greater than .7,
and

3) The number of cycles the loading is to be applied is greater than 2.
Then: It is definite (1.0) that Incremental-st rain-f allure Is one of the

deflect ion phenomena in the sub-structure

1• 
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7.4 Loading component rules

RULE 115

(ThIs rule applies to any loading component, and is tried In order to find
out about the stress magnitude of the load component (In psi) or the S

deflection magnitude of the load component in Inches]

If: 1) The distribution of the load component is poInt, and
2) The configuration of support for the sub-structure is one-sIde, and
3) The shape of the sub-structure Is beam, and
4) The sIte of the load component Is near-free-edge , and
5) The surface to which the load component acts normal Is thickness-

wIdth, and
8) The magnitude of the load component (In pounds) is known, and
7) Young’s modulus of the material is known, and

S 8) The effective area of the sub-structure is known
Then: 1) it Is definite (1.0) that the stress magnitude of the load

component (In psi) Is point-meg / area , and
2) It is definite (1.0) that the deflection magnitude of the load

component In Inches Is point-mag / area * youngs-modulus
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RUL E14O

(This rule applies to any loading component, and Is tried In order to find
out about the stress magnitude of the load component (in psi) or the
deflection magnitude of the load component in Inches]

if: 1) The surface to which the load component acts normal I width-length,
and

2) The distribution of the load component is distributed, end -

3) The configuration of support for the sub-structure is two-a djacent-
sides, and

4) The shape of the sub-structure is one of: the surface shapes, and
5) The moment of Inertia of the sub-structure Is known, and
8) The magnitude of the load component (in psi) Is known, and 

S

7) The length of the sub-structure is known, and
8) The depth of the sub-structure is known, and
9) Young’s modulus of the material is known, and
10) Gamma is known, end
11) Alpha Is known

Then: 1) It is definite (1.0) that the stress magnitude of the load
component (In psi) Is 3 * alpha ~ depth * dlst-mag * length s 2 /
2 * einertia, and

2) It Is definite (1.0) that the deflection magnitude of the load
component in inches Is gamma * dlst-mag * length t 3/  2 * youngs-
modulus * einert la

i-i 
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