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An engineering expert system to function at the level of a human expert should integrate artilicial intelligence 
techniques wlth computer-based engineering tools. In the context of structural engineering applications, anexpert 
system should integrate the design, analysls or database tools with the expertise m the knowledge base of the 
system. Based on this requirement, an expert system has been developed for optimal deslgn of composite sandwich 
panels from strength and buckllng considerations. Two analysis programs, LAMRANK and BUCLAM for 
strength and.buckling, respectively, are interlaced w~th an expert system framework written in Turbo Pralog. 
The expertise has been represented as rules in the knowledge base. The resuliingexpert system, LAMDA (Laminate 
Deslgn Assistant), serves as a useful design tool to the engineer in the design of composite sandwich panels. 
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1. Introduction 

Application of artificial intelligence (AI) techniques to engineering problems is a relatively 
recent developmentL. Traditional computing is unable to represent and interpret knowledge 
in an explicit form. On the other hand, design is concerned with concepts, ideas, judgements 
and experience, all of which are outside the realm of traditional computing. The aim of 
the present research is to develop an expert system where both numerical computation 
and knowledge-based problem-solving capability are together applied to perform optimum 
composite panel design from both buckling and strength points of view. In order to function 
at the level of an expert structural engineer, an A1 system must be able to predict structural 
behaviour on the basis of both heuristic knowledge and the results of using the same 
computer programs as the engineer. In particular, programs for structural analysis and 
synthesis are necessary to design a structure. When the results of an analysis of the structure 
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-re needed to enable a rule to be applied, the expert syslem must be able to access and 
execute a compute: code to extract the required results. This capability of using already 
available or newly deveioped computer prog:.ams implies broader range of expertise than 
is commocly associated with current expert systems. Some ol the benefits that accrue by 
using snch an expert system are': 

. permanent availability of expertise, 

. wider accessibiiity of expertise, 
increase in productivi!~, 
training of new designers/analysis, 
a second opinion to that of a practicing expert. and 
more rapid response !han a human expert. 

While the A1 techniques havz been fairly successfully applied in civil engineenng design 
problems',3 like that of mullistorey buildings, multispan bridges, etc, their application to 
aerospace structures has been very limited1.4.5. Fibre-reinforced composites, because of 
their high-specific stiffness and strength, are extensively used now-a-days in aerospacc 
industry. Deveiopment and application of expert systems to design problems of fibre- 
reinforced composites are very meagre. First attempt, it appears, to develop an expert 
system for design and analysis of composite structures is by Zumsteg and  coworker^^,^. 
Here, an engineering expert system framework has been integrated with existing analysis 
and database programs to result in a 'composite design assislanl'. Interaction between the 
expert system and the analysis program is established by means of limited, special-purpose 
interface routines. 

In this paper, we present the work done towards developing an engineering expert system 
lor the design of sandwich panels with composite facings. The design is based on either 
strength or buckling or both the criteria. The rules that govern the optimum design based 
on either criterion are identified and are built into the rule database. We present in detail 
the development of highly interactive computer program BUCLAM by Rao6 and also the 
details 01 a program called LAMRANK developed by Tsai7. These two programs form 
major part of the computational element of the envisaged expert system, a long-term 
objcctive of the present exercise, using which one will be able to design a composite laminate 
from both buckling and strength points 01 view. 

2. Engineering expert systems 

Research efforts by computer scientists in the application of A1 methods to intelligent 
problem solving have led to the development of expert systems. An expert system is a 
computer program that produces the same solution to a problem, in a limited problem 
domain, as would a human expert. In other words, an expert system aims to emulate the 
ability of human expcrts to ask pertinent questions, to explain why they are asking them 
and to justify their conclusions in providing a solution to the problem. The knowledge and 
experience of an expert in a problem domain is built into the knowledge base of an expert 
system in the form of rules and facts in symbolic form (in non-numeric as well as numbers). 
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The expert system manipulates these rules in making decisions about a problem in a given 
situation and arrives at the solution. Expert systems are different from that of algo~ithmic 
programs' in that they: 

. are capable of making complex decisions within their knowledge domain, 

. man~pulate both symbols and numbers, 

. use heuristic techniques in addition to algorithmic methods, 
are able to explain their results, 
can perform a variety of functions like diagnosis, interpretation, prediction, planning, 
design, monitoring and instruction, 

. are abie to work with probablistic knowledge, and 
are able to intelligently interact with the user. 

Among the several expert systems that are developed for different classes of problems, the 
most popular ones are those for medical diagnosis. These systems, in general, rely on rules 
of experience of the experts and need very little capability to use any of the existing 
algorithmic programs. On the other hand, in structural engineering applications, design or 
analysis cannot be based purely on experience of the designer; hence mathematical modelling 
becomes mandatory. These mathematical models are efficiently implemented in algorithmic 
computer programs. A number of computer codes which perform the structural analysis 
and design are developed with several man-years of effort. An engineering expert system 
should be capable of integrating the relevant structural analysis and design programs to 
provide information needed by rule. Some of the engineering expert systems that are 
developed can be found el sew her^'^"^^. 

An engineering expert system shown in fig. 1 consists of the following components5: 

User interface 
Knowledge base 
Inference engine 
Attribute or context database 
Computational element consisting application programs and their databases. 
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Fro. 1. Components of an engineering expert system. 



an uacr in:-rhce should prolide an ciT~cient communicnlion betwecn the user and 
the expert system b) employing English-like natural language? by nicans of a highly 
inter:ict!ce screen-orienied display (menus and graphics) to convey use1 requests to the 
systcm and to report rcsulis back to the user. The logic element of an expert system consists 
of. i) a hnowledge base consisiin_e of general facts and heur~stic (rulcs of thumb) knowledge 
pro\jded by experts, ii, an inference engine (or mechanism), and iii) an attr~bute database 
that contains fac:s about a particular problem domain. The knowledge may be deep 
or surface. In the context of structural desigr,, knowledge based on principles of mechanics 
is considered 'deep', whereas the heuristic knowicdgc developed from experience is 
termed 'surface knowledge'. A number of formalisms such as production rules, frames or 
concepts and scrnan:ic nets are available for representing knowledge. In the cxtensively 
used production rule rcprcscntatlon. knowledge is represented as IF-THEN rulcs or 
'p;cmise~-action' pairs: the 'action' is taken if the 'premise' evaluates to be true. Obtaining 
knowledge from a human expert and representing it as rules lor the expert system to use 
is known as 'knoaledge cnginccring'. 

Thc facts about the problem being solved are stored in the attribute or fact database. 
The data in the attribute database reflect the current state of the problem at hand, and 
they are erased at the end of the session. The inference engine monitors the execution of 
the program by usins rules in the knowledge base to  manipulate the data in the attribute 
database. It may query the user or cause an application program to be run to acquire 
additional information. The mechanism used in the inference engine for manipulating the 
knowledge base is of two types: (1) forward, and (2) backward-chaining systcms. In the 
forward-chaining or data-driven system, rules are searched to determine what conclusions 
couid be made from the information givcn by thc uscr, facts stored in thc knowledge base 
(KRI and the previous conclusions. As conclusions are reached, premises of other rules are 
sat~sfred, such process continues until no more searches can bemade. In the backward-chaining 
or goal-dirccted system, a hypothesis is accepted from the user, and satisfy it on the basis 
of information provided by the user, facts in the KB and other rulcs. 

The last part of a generic expert system is the computational elemcnt which contains 
numcric-intensive and proven application programs together with their databases. These 
codcs are generally wrltten in an algorithmic programming language like FORTRAN, and 
are required to carry out design or analysis calculations. These codes are used by the 
knowledge-based system (KBS) in the same manner as a human expert to get the response 
of the structure being designed. 

Thus, the following software is needed to build a KRS that integrates an  expert system 
with an application program': 

a domain-independent expert system including an  user interface, reasoning explanation 
facility and the capability to include user subroutines. 

- software incorporating domain-specific rules which represent the experiencc of expcrts, 
including the knowledge of when and how to use computational programs. 
interface program to provide link between logic and computational elements, to execute 
application programs, and to transfer the selected data from an application database to 
the attribute database or to the user. 
application software and their associated database (s). 
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The expert system for optimum design of composite laminates developed here is given the 
acronym LAMDA (Laminate Design Assistant), the details of which are presented in the 
next section. 

3. The composite laminate design assistant-LAMDA 

In this section, we describe the procedure for the design of composite panels (with sandwich 
or solid core), the method of knowledge acquisition and its representation in a rule database, 
and the components that constitute LAMDA along with their functional specifications. 
Described in detail are two application programs, LAMRANK and BUCLAM, which 
are used for optimum design of composite panels based on 'ranking technique'? with 
different design constraints. The design procedure adopted in LAMDA differs from the 
conventional design procedureS in that the laminate design is based on the concept of 
'repeated sublaminate construction'. The general steps9 involved in the design of sandwich 
panels are: 

1. Define panel geometry and boundary conditions 
2. Define external loads 
3. Select safety factor 
4. Select skin material 
5. Select core material and type. 

1 I 
LOGIC ELEMENT COMPUTATIONAL ELEMENT 

FIG. 2. Laminate Design Assistant (LAMDA). 
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6. Specify design criteria: 
I )  Strength criterion 
ii) Buckling criterion 
iii) Combined strength and buckling criteria 

7. Merit list the sublaminates from cithcr strength or buckling or both the considerations 
8. Choose the best laminate sequence which meets the factor of safety requirement, while 

satislying the specified design criteria 
9. Check the design for: 

i) face wrinkling and intracell dimplmg 
ii) compatibility of core with skin 
iii) plate effecls 
iv) environmental effects. 

The designer provides the information required in steps 1 through 6, and the program 
opcrares in an iterat~ve iashion to arrive at an optimum laminate construction in terms of 
repeated sublaminates to satisfy the specified design criteria and the factor of safety. 

The cornponen:s of LAMDA arc shown in fig. 2. The direction of information flow 1s 
indicated by arrows. Before we describe the special programming features of LAMDA 
in section 5,  it is pertinent to describe the details of two design programs which lorm the 
computational element of LAMDA. 

4. BUCLAM and LAMRANK software 

The BUCLAM and LAMRANK codes arc based on the concept of repeated sublaminate 
construction of composite laminates and the philosophy of laminate ranking as a design 
optimization tool. A brief description of these concepts is presented. 

4.1. Repeated suhlaminate conslruction 

Repeated sublaminate construction of compositc laminates is employed in industry to 
reduce manufacturing errors and also to produce more damage-tolerant laminates. In this 
type of construction, basic sublaminate has a smaller number of plies, for example, 8,6, and 
4 and the full laminate is obtained by repeating the basic sublaminate. Figure 3 shows the 
symmetric and unsymmctric types of repeated sublaminate construction commonly used. 

The location of a ply of a particular orientation in a sublaminate has great influence on 
the stiffness of the sublaminate and the load-carrying capacity of the laminate. So, in order 
to optimize the number of plies and the orientations of plies in a sublaminate, a coding 
has been developed7 which is described below. 

The number of plies in a sublaminate are taken to be 8 ,6 ,4  or 2. The number of different 
orientations of plies permitted is assumed to be 4 and 3 for 8- and 6-ply sublaminates, 
respectively, and two orientations for 4- and 2-ply sublaminates. Thus, the following 1128 
possible lamination schemes of 8-, 6-, 4- and 2-ply laminates are examined. 
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FIG. 3a. Repeated sublaminate cons!ruction (symmetric). 
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FIG. 3b. Repeated sublaminate construction (unsymmetric). 

(i) 840,s-ply, quadri-directional lamination schemes starting with [I 11 112341, [I 111 12431, 
[lllll423], ...,[ 444443211, 
(ii) 240, 6-ply, tri-directional lamination schemes starting with [I 1 1  1231, [I 1 1  1321,. . . , . . 

I:4444321, 
(iii) 36, 4-ply, bi-directional lamination schemes starting with C11121, [2111],. . . ,[4443], 
(iv) 12, 2-ply, bi-directional lamination schemes starting with [12],. . ., [43], 
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where thc numbers 1, 2, 3 or 4 jn the laminate code designate one Payer of 0, 90, 45 or 
- 45 a-gees ply. For examp!e, [I 11 112341 designates [0/0/0/0/0/90/45/- 451 and 14444321 
designates [ -- 451- 45/- 45;- 45;45/90] ply sequence in a sublaminate, respectively. 

The above scheme of laminate coding has been employed in the LAMRANK and 
BUCLAM programs for arriving at laminate rank table leading to an optimum configuration 
from strength and buckling considerations, respectively. The laminate ranking as a dcsign 
tool is briefly presented in the next section. 

4.2. Luminate ranking a s  a design tool 

Laminate ranking is an alternative to the conventional optimization methods and appears 
to be a high-potential emerging tool for optimum design of composite laminates. This 
approach is reliable, consistent with the lamination theory, and above all, easy to implement. 
It offers definitive laminates that are achievable in practice. A detailed account of the 
ranking method of laminate sizing can be found in Tsai7. 

In the laminate-ranking technique, all the lamination schemes possible in a laminate 
with repeated sublaminate construction arc cvaluaked for structural performance like 
laminate strength, stiffness and buckling load, etc. A rank table or merit list is constructed 
by arranging the laminates in the decreasing order of the strength or the buckling load 
along with the laminate code. The laminate with rank one is the optimum choice. The 
corresponding laminate code gives the ply sequence of the sublaminates from which the 
optimum laminate is constructed. A description of LAMRANK and BUCLAM software 
now follows. 

4.3. The LAMRANK program 

The LAMRANK program written in FORTRAN is a laminate design program based on 
laminate-ranking technique7. It is based on lamination theory and uses the quadratic failure 
criterion with a value of -3 for strain interaction term. It accounts for residual stresses 
due to curing of laminates and environmental conditions. Only in-plane loads are considered 
in LAMRANK. The LAMRANK database, created within the program using the input, 
can accommodate up to four different ply-angles and ten totai plies in a sublaminate. For 
each laminate in the database, the program evaluates an 'effective' strain invariant, the 
strengths based on first-ply failure (FPF) and last-ply failure (LPF). The program determines 
the number of sublaminates required and then ranks the family of laminates for any of the 
following criteria: i) minimum strain, ii) maximum strength based on FPF, iii) maximum 
strength based on LPF, and iv) maximum strength based on the safety rule. In addition, 
any other rule may be built into the LAMRANK. 

A factor of safety (FS) value of 1.5 is set within the program. However, user can specify 
his own value of FS. The design can be based on one of the first three criteria, or, alternatively, 
the maximum strength based on safety rule can be adopted in which the design limit is 
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examined according to the following rule: 

If (LPF stress/FPF stress)(FS, 

define a new design limit = LPF stress/FS. 

If (LPF stress/FPF stress))FS, 

set ultimate stress = FS x limit stress. 
The output display from LAMRANK contains the following: 

An optimum sublaminate and the theoretical number of required plies based on the 
strength-ratio analysis. 
Absolute strength and stiffness of each laminate. 
Relative strength and stiffness over the quasi-isotropic laminate. 

4.3.1. Round-off procedure in LAMRANK 
In LAMRANK, a solution is gwen in the form [a b c dl ,  where the number of plies in 
each sublaminate, n, is equal to a+b+c+d. If N is the total number of plies in the 
solution, the repeat index is defined as, r = N/n. If N is not a multiple of n, then the repeat 
index is r = INTEGER (Nin) + 1. This adjustment of the repeat index to the next integer 
value, so as to get an integral number of sublaminates, is a drawback resulting in more 
number of plies in the solution than actually required. A round-off procedure is adopted 
to rectify this drawback. 

The total number of plies required for each configuration usually is not an integer number 
of sublaminates. A simple rounding off of the number of sublaminates to the next integer 
may result in more plies than required, thus sacrificing the gain made in the optimized 
solution. Thus, to achieve optimum laminate sizing, a supplementary sublaminate [ A  B C Dl 
is needed. The number of plies in the supplementary sublaminate is less than the number 
of plies in the main sublaminate. This is achieved such that the following criteria are satisfied: 

[a b c 0 does not meet the design criteria, 
[a b c dl&+1) overshoots the design criteria, 
{[abcd],+[ABCD]j."or 
{[a b c dl,,, - [ A  B C Dl)" just meets the design criteria, 
[A B C Dl has the minimum number of plies, 

where the superscript 's' indicates that the laminate is symmetric. 

The number of possible supplementary sublaminates increases very quickly with the 
number of plies in the sublaminate. In order to reduce the number of supplementary 
sublaminates to be ranked, a table of supplementary sublaminates that are investigated by 
the round-off procedure is stored in the LAMRANK database. 

4.4. The BUCLAM program 

The aim of designing with composite materials, based on buckling criterion, is to achieve 
maximum buckling load for given laminate thickness by optimizing the orientation and 
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number of piies in each sublaminate. The BUCLAM program written in FORTRAN is 
used for this purpose. The BUCLAM has got access to the same material database as the 
LAMRANK. The BUCLAM database contains the codes corresponding to 1128 possible 
lamination schemes of 8-, 6-, 4- and 2-ply sublaminates (quadri-, tri- and bi-directional). 
These are used to construct ranking table based on buckling strength. 

Using the input consisting of the geometry, design load, factor of safety (FOS) and the 
material of the panel, the optimum laminate scheme satisfying the buckling criterion is 
achieved in the following manner: 

1. Assume an initial number of sublaminates (NSUB) based on Euler's buckiing strength 
of a column with both ends fixed as: 

where 

a being the length of the panel, h the panel thickness, v the Poisson's ratio and Ex the 
longitudinal Young's Modulus of the face sheet. 
Using the above formula, the panel thickness rkquired to obtain the panel-buckling 
strength equal to the limit-buckling load (=design buckling load x FOS) is obtained. 
Thus, by knowing the panel thickness, and the core thickness provided by the user, the 
total number of plies required for the face sheet, and hence an initial estimate of the 
number of sublaminates (NSUB) can be obtained. 

2. For this NSUB, buckling loads are calculated for all the 1128 ply combinations with 
8,6,4 or 2 number of plies per sublaminate. 

3. These lay-up schemes are merit-listed so that the laminate with the highest buckling 
load is arranged at the top of the table. 

4. By using this highest buckling load along with the panel-limit buckling load, the new 
factor of safety (FOSS) can be computed. 

5. Compare the FOSS with FOS. If FOSS is less than FOS, then increase the value of 
NSUB as per cubic power law6. This NSUB is to be used and the procedure repeated 
from step no 2. 

6. If the value of FOSS in step no. 4 is greater than FOS, then decrease the value of NSUB 
by the same power law6. This value of NSUB has to be used and the procedure repeated 
from step no. 2. 

7. The optimum number of sublaminates is reached when the actual factors of safety 
corresponding to two consecutive NSUB values bracket the design factor of safety. 

8. The round-off procedure described in section 4.3 is also used here to adjust the number 
of plies in the supplementary laminate to meet the factor of safety exactly. 

5. Programming aspects in LAMDA 

The computational scheme of LAMDA with different components is shown in fig. 2. The 
user interface plays an important role in the success of an engineering expert system. It 
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should probide user-!riendlp link between the user and the expert system by means of 
menus and gruphic displays, to convey the user requests to the system and to report results 
to the user. 

During the development of LAMDA. the application programs were independently 
debeloped on personal computers as stand-alone software for optimum design of laminates 
based on different design criteria, as discussed earlier. A highly interactive user facility ibr 
problem definition and result presentation was provided through a menu-driven program 
writtsn in FORTRAN using GKS software. The same is ported to LAMDA with minimum 
modification through a suitable interface program. An esample of the user input through 
window dialogue is shown in fig. 4(a-f). 

5.1. K~~owl't.dge engineering in LAMDA 

The perlormance of an expert Eystem depends heavily on 'knowledge engineering', i.e., 
the acquisition and representation of knowledge that are required for solving the problem. 
Different types of knowledge involved in an engineering experl system for design, like 
LAMDA, are: the experience. equations. graphs, use of application programs and tables of 
data, e:c. 

The availab~lity of an expert's expcricnce is a very essential requirement to devclop an 
expert system. For engincering problems, the experiencc includes knowledge like the 
proccdurc involved in solving the problem. the equations and data needed, relevant 
handbooks and programs (and how to use them), etc. The experience obtained from the 
cxpcrtise is formated to suit the knowledge representation scheme of an  expert framework. 
In LAMDA, using a TURBO PROLOG shell, circumstances are described by IF  
(antecedent)- THEN (consequent) type rules. A fact database is used to I-epresent 
information that does not depend on the situation. The representation of different kinds 
of knowiedge in an expert system for engineering design has been discussed by Pecora 
et a15. Here, we give a typical example of a rule as employed in rule datahase of LAMDA. 

While designing a laminate with LAMRANK, the design limit is redefined based on the 
ratio LPF stress/FPF stress, as discussed in section 4.2. This is represented as two rules 
in LAMDA: 

rule: 
assign (N) if 

design- values ( N , _ ,  Lpfs, Fpfs, Fos, _ ), 

Fscalc = LpfsFpfs, 

Ndl = Lpfs/Fos, 

write ("\n The new- design- liniit is\\n", Ndl) 
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assign ( N )  if 

design- values ( N , - ,  Lpfs, Fpfs, Fos, Ls) 

Fscalc = Lpfs/Fpfs, 

Fscalc) = Fos, 

IJs = Fos* Ls, 

write ("\n The ultimate stress for thc design is\n", Us). 

Here, N is associated with the name of the 'current-design' in progress and is represented 
symbolically in database. Due to the legal nature of PROLOG, each rule must include 
antecedent clauses to retrievc from the fact database all items occurring in calculations 
before they are used. 

5.2. Representalion of equations 

Mathematical expressions are frequently used during the design process to calculate certain 
parameters and they must be evaluated by rules. As an example, we consider the Euler 
beam formula in section 4.4 which is used to calculate approximate ply thickness (h). This 
is achieved by the following rules. 

rule: 
/* calculation of skin- thickness */ 
value (X, Y) if 

ask-value (X, Y); xvalue (X, Y). 

ask _ value (X, Value) if 
write (X." has value \nr'), 
readreal (Value), 
asserta (xvalue (X, Value)). 

clear- facts if 
write ("\\nPlease press the space bar to Exit"), 
readchar (_). 

access _ cal (X) if 
xvalue (pi, Pi), 
x value (euler- critical - load, PC), 
xvalue (poissons- ratio, PR), 
xvaiue (pla te  length, PL), 
xvalue (long- youngs modulus, LY), 
Hnum = 3* PL* PC* (1 - PR* PR), 
Hden = Pi* Pi* LY, 
Hfract = HnumIHden, 
X = exp ((ln(Hfract))/3). 
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answer- is (X) if 
value (name- of- the- current- design,_), 
value (euler- critical - load, - ), 
value (poissons- ratio,- ), 
value (plate - length, - ), 
value (long _ youngs- modulus, - ), 
access- cal (XI. 

In LAMDA, the user can specify the type of design criterion in step 6 of the design 
procedure, or alternatively the rules in the rule database will try to satisfy the relevant 
design criterion by calling either LAMRANK or BUCLAM or both, and keep the user 
informed of the choice made and the reason for the particular choice. The choice of the 
design program and control of information from and to the computational programs are 
managed through the interface program, Computation Information Manager [CIM], 
written in FORTRAN, to act as a link between the logic element and the computatinal 
element (see fig. 2) of LAMDA. 

In addition to providing access to design program@), the CIM also executes an 
algorithmic program LAMSTIF to get effective laminate properties for a composite 
sandwich panel and links the output file from LAMSTIF to LAMRANK and BUCLAM. 
This is not explicitly shown in fig. 2. 

The LAMRANK and BUCLAM have their own databases, apart from a common 
material database which they share through the CIM. The material database presently 
has eight material systems and can be easily extended. Any new material defined by the 
user is inherited by the program and is made a part of the material database for future 
use. Table I shows the details stored for a typical material in the material database. 

Sample output from LAMDA based on strength and buckling criteria are shown in figs 5 
and 6, respectively. A summary of the design of optimum laminate from buckling 
consideration is shown graphically in fig. 7. The figures are self-explanatory. The effect of 
round-off procedure, by addition/dropping of plies, on factor of safety is clearly shown in 
both the cases. 

The expert system LAMDA provides the user with an optimum design for the composite 
sandwich panel satisfying the safety factors and the design criteria specified by the user. 
The optimum design is specified in terms of the number of sublaminates required along 
with the number of plies in the supplementary laminate. The number of plies in the 
sublaminate along with the ply sequence within a sublaminate is clearly specified in the 
output. 

6. Conclusions 

The design procedure for the optimal design of composite sandwich panels, built of repeated 
sublaminates, has been incorporated into an expert system framework using TURBO 
PROLOG expert shell. The resulting program LAMDA (Laminate Design Assistant) plays 
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LAMINATE RANKING CONTROLLING LOAD 

I LAMINATE LAYUP 1 
NEXT LARGER REPEAT INTEGER 

Riso/RIBm at iim' ! 
NO 1 Laminate 1 Limit ] j Limit* j / Critical load 

# plies R-Limit R-Limit* R-Ult 

21 2.0 
244.0 

[ i35)X15+ (30)Is 246.0 
[(1034)X15+ (3O)ls 246.0 1 .04 1.57 
i(134)X15+(3O)]s 246.0 1 .OO 1.04 1.57 

T T T 
[(a b c d),,,; (A B C D)Is I R-VALUES 

TOTAL PLi ES 

FIG. 5. Explenation of results of laminate ranking. All laminates are CFRP T300/5208, 8-ply sublaminates, n/4 
layup, degradation factor oi0.3, and safety factor of 1.5. 

the role of an expert in carrying out the design of composite sandwich panels satisfying 
the strength or buckling or both the criteria. The panel optimization is based on ranking 
of laminates with different ply-orientations within a sublaminate. Two analysis programs, 
LAMRANK (for strength) and BUCLAM (for buckling) have been incorporated into 
LAMDA. 

Powerful and user-friendly input-output programs along with the application programs 
written in FORTRAN have been linked to the logic element of LAMDA through 
special-purpose interface programs. The expertise in the form of experience, design 
equations, constraints, etc., are represented in knowledge base of LAMDA by means of 



AN EXPFKT SYSTEM FOR COMPOSITE LPPM~NATES 

Rectangular composite plate 

Material : T300/N5208 
8.C. : Simply supported 
Loading : Nx = N critical = 0.1 x 7 08ti/m 
Plate d~mens~ons  : Length = 0.254 Width = 0.254 

(in or m)  
Layup angles : 0" 90" 45" 4 5 "  

SI no. Laminate w i t h  round-off 

[ ( I  2333444) x 14  + (0) 1, 1.2281 2281 + 08 
[ ( ?  2333444) x 16 + (O)], 1.8292 0.1 8292 + 08 

3 [ (12333444)~14+(1)] ,  1.2721 0.1 2721 + 08 
1.31 61 1 013161 +08 
1.3976 0.1 3976 -t 08 
1.4760 0.1 4760 i- 08 

0.1 5657 + 08 

[ ( a  b c d) repeat1+ (A B C Djls 

FIG. 6. Sample output from EGCLAM for an SS rcctan&ar conlposite plat* with a factor of safety of 1.5 

LOADS AND BOUNDARY CONDiTlONS 
Y 

, U T E  DlMENSl0NS A 
A = 0 254 

B - 0 254 

N X  = Del ta  

Materlal =T300IN5208 
Critical load -0 156570E +08 
Laminate code =- 12333444 
No, of sublaminates = 14 
No. of layers in each sublamtnate=8 
No of additional layers. 
top = 5; bottom = 5 
Code of addmonal layers=12333 
Factor of safety-. 1.50 

FIG. 7. Optimum compasiJe laminate design. 
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rules. The novel feature of LAMDA is that it has the ability to execute the conventionai 
desisn or analysis software, like a human expert, to determine the response of a structure 
in order to apply the various design rules in the knowledge base. This capability of LAMDA 
has the distinct advantage in that the user need not be familiar with the use of the analysis 
codes. 

With the various functional requirements of an expert system having been identified, the 
scope of LAMDA can be extended to include several other features not presently 
implemented. An expert system like LAMDA appears to  be a very promising tool of high 
potential for the optimal design of composlte structures. 
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