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Knowledge-Based System for Automatic Design of Glued Laminated Structures

Système expert pour le calcul automatique des structures en bois lamellé-collé

Wissensbasiertes System für den automatisierten Entwurf von Glulamstrukturen
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SUMMARY
We have developed a knowledge system for cost optimisation design of two and three hinged
glued laminated framed 3D structures. The system Incorporates all the necessary standards
and codes of practice. On the basis of input building's clear-area-height dimensions, the
geographical location and current prices of material used and the past «learned» experience, it

designs the optimally priced 3D structure with all the details included.

RESUME
Nous avons développé un système pour l'optimisation des coûts des structures en bois lamellé
collé du type ferme à deux ou trois articulations avec la possibilité de minimisation du côut global

du bâtiment. A partir des données de base, représentées par la portée, la longueur du
bâtiment, la position géographique ainsi que le prix du bois et de l'acier, les résultats fournissent
le coût optimal du système à trois dimensions. Les résultats sont conservés dans la base de
données pour une utilisation ultérieure.

ZUSAMMENFASSUNG
Ein Expertensystem zur Kostenoptimierung von 2- und 3-gelenkigen räumlichen Brettschicht-

tragwerken ist entwickelt worden. Die entsprechenden Normen und Vorschriften sind dabei
berücksichtigt. Aufgrund der Innenmasse der Gebäude, der geographischen Lage, der aktuellen

Baupreise sowie der früheren «Erfahrungen», entwirft das System eine wirtschaftliche Tragstruk-
tur in allen Details.
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i. Introduction
We qr adual J y embarked upon the development ot the rnuwiedqe
system iKbi, until lnvoivment at the present staqe. first, some
team members lundtr late Pi ol Or. babiic> had developed programs
tor automatic qiuiam beam table qeneration for the timber in
Uustry hi Yugoslavia. Piq. 1. Lbbl 'Llbl. In the mean ti me the bib
tthe blartdard Sceci11 cation Utticei updated the JUb wuqusiav
standards for wood structures: JUS Uc v.JDU, and JUS UL "1. -.ÜLfi

valid from i sub. I. J bJ h! so we were involved in writing those
standards, we recoqrtise the sfior tcommi nqs of these standai ds:
they have tne 'old form' and the oddly arbitrary naming nt the
v a r tables, and some in accordance with mtenistioiiaily at cept eu
s taiidar ds. borne or us had the idea about writing the st andar ds in
modular form suitaole for direct compuI atlonai use: in rUhlhnN,
t'Hbi.siL bfibH. etc. ilus could be then dietr lbuted with the usual
standard written t or m Lu various legal usei s L I ..4 L .'qJ.
Hut tin s idea, t'dsed on worl of prof tenves afin uther -> l-''J,
tlciJ, I I 1-I LJ -J. was reit'cted at tnat Lime.
1 made an attemt io write sums? par Is or cue standards in mudii I ar
forms suitable lot direct computer use. but this wd= nul dune

/h lema 11 c al l y I he îuea or optimisation was actually old rind
dated to the time= when we did some considerably compte, opting
cation or very i ar qe and complex sli uriurdl use in I ne realm or
ai thiiei irai planning, oased on uerj i al i sea linem model toi
opt imi/ation ot planning based on the worts of nquiJar deheut
ville i' ntrit lorri and itar I o hi chois L «. 1 „ Loi, Lib J, L -ki 1. We did
j I Ol I (he then lnlei disc. Intel taoil I. traffic and 1 r aiispcn Let ion
bl.udy of Lne l agr eb uniyersic. where l lectureu on strut Lui ai
design 'O/l lvôkli In t hose wer i a we inn assumed Litat cue i oil.
conciete structure wa already i dtiuiidi y desiqued, and Lne model
developed luoI into dciuiril mulliused facilities ana eel >•=-1 uer ed
realistic design consLraint sucn as .uuning and pai \ inq régula
fions aiiu I equir emeut space use, reiuais ot floor areas ulepen
cling on I he use and at ihitecurai qiiaii t ana mar red pretei encesi
ci 'lis I r I u. t i on costs, budget and the ma- i mi sax i on ot pi t ul i t i, J.

I here wa= a loi isi uer am e di sapui i n menc because nobody ti om the
auLficn i 11 es responsible tor planning and investments was inferos
ted in cue use of the model. this was done in i •»/': anu wel I

üt'sc I ibed L.lJi m lVc. the computers were rare arid the r now
ledge Lo use it mostly limited rust inside uni ver si lîes. Latei at
I lie faculty of Livil fcnqineer inq i f uE. > l made iwitii the neJ p ot
some students! some op c i itu z at l un pr ogi a m s tor planai wooden
çlr m Lut fc aesiqn basea on t ne JUb standards. We developed some
simple programs for ratiumal design of two and tin ee ninged
qluiam arcnes, qiuiani i var lously shaped! beams, some sloe!
structural parts, foundations etc., some .written in Pull I Unit anu
some in tiiiDIo L l / J L _> 1 J 1 / i I .bl, I .1.

1'. the first steps

the appempt to write an Lo or t b as a r ather elementary or
pt mu I i ve version was a cemptinq foundation base fur moi e olaoo
rale Systems. I tie idea to start La wr ite an rudimerilai y I :> il Bbi
was born at the time of the caqreb UnivUr si aae qames 'in I i

when we got the conti act Lo desiqn three lovei _.w m spaned)
q lui am r oofs over spur ts nails. bo I made a pr ogr am loi spiatiai
vip L l mi Ceti on ot planar qiuiam root sti ucLures ana Ihen star ced to
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develope it into a rudimentary KBS C39J. This immediately
highlights the fundamental problems of ES: that they are usually
quite knowledgeable about a limited (in that case a very narrow)
domain, but have no knowledge of wider world. It should be noted
that we always checked the obtained results, with parallel
computations on the mainframe computer using FEM and the ICES
S I RUDL. 2 system Lib!. We latter even checked some assumptions
and theories of giuiam beam behaviour (Hohler, Hei meshof-f ; and
the theory ot spring back effects-initial stresses due to
manufacturing processes ot streiqht and curved qlulam members and the
"size effect'1, etc.
In that then written system the various embodied theories, the
standards and the codes of practice could be revelled by the use
ot various HELF- routines in qraphical or printed/written forms on
the l_R I devise. I he system for one desiqn of spatially braced
qlulam planar structures could do the optimization quite independently

form the structural engineer, the "man in the link" was
accepted to give some explanations, details ot codes and the
theories used, just to qive him the feeling of a master over the
program Lb J, 1/.J, 132 J, L3v.l,
We have recognised the? shor tcommi nqs ot separate unlinked (or
linked.' optimisation proqrams as well as the 2b towards the 3D
comprehensive approach in desiqn, and the role of the partialisa-
I.1ÜH of different architectural forms m the design ot timber
s truc:cur es.
h small program whicn was able to find the 2D optimal solution
among several predeterm.inat.ed 2D forms had shown that an opt l mi
calnon should include comparission ot architectural forms and as
well as materials on the price basis. This program was able to
compare the structures shown in fiq. 2. L/'.1 L3/J.lhe efforts of
research woi k and some ol the student diploma works were criciai
for the development ot such system.
It was enlightening t.o run this proqr am tor different spans,
building heights, bearing capacities ot soil ana different prices
ot mai priais involved. In running it 1 learned much or trie design
decision makinq arid was able toobserve the generation ot the
tnumb-rules. to my suprise the, with the program gained so
J tuions, were the same as the stated in books arid known as "thumb
rules', qaineo in practice by healty workmanship and past economical

dalli s „

3. Develop men t
We were seeking to develope a model tor writing a real hfctts which
could be gradually expanded to more complex one. in tne case ot
timber- desiqn we were aquanted with the basic wood design tor
mi m computer s Liai. We developed on the past experience a KBb tor
wood desiqn on the 3D (spatial> design basis which we are tryinq
to tfilarqe to other structurai forms. One part ot the system is
operational and tins is represented here

4. The KBS for design of framed glulam structures
buch systems embody the accumulated technical arid technoloqycal
knowledge, the contemporary state ot standards and codes ot
practice, the past "thumb-rule" experience, and the new knowledge
obtained by the use ot the system. in this way the knowledge is
gradually increased, but. because ot the limited scope of the
narrow active area ithe one bay space system; there is a limit
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liq. J.. Ihe early- approach to opt iminstiun of qjuiain beams.

tor the growth ot the hiowleoqe gase. Ilus limit is obtained
quj<_t.lv. I hfe accumulated I nowiedqe saved in Ine data bain luuld be
applied by practical design o+ qlulam i j mhet structures.
Ihe we I J Inown iL,Et> b I huuL system is vei y close I o ttiis detinj
tiori buv_ Lhe searclunq cd the neu data base tile iwher e ihe past
experience could be saveo» is unpractical uunoui an intelligent
interlace tor revival ot the, ui > l y to trial. speci+ic problem
related, data.

I her e have been some sporadic: attempts to solve some optimisai Jon
problems m desiqn i tor e"ample to solve the question ot opdimal
design ot simple structures: qlulam two hinge ar ont-s optimisa
Liori ol pur lines, desiqn ol simple qlulam beams, reinforced
concrete one bay frames.) ll^j, ti/J, Lb-rj, t ll J Lie. J, L-• / J

1 '.bJ L-V-rJ. Ihe descr i bed automated pruqr din tor ..u up 11 m i ,il 1 un
ol one bay qlulam framed building could learn and ilie j ear ned
exper lence l.nowledue js saved in a data base winch could be
expanded uy Interpol at 3 on or /and by lui 1 her lern ninu in ted Lire
r I u is-.
We have in this program esfablished ihe man in the J ml 1 Lu:

cil help in r e-educ a t i on ol users istudenLs, str engineer =>,
ii lI to force "experts to critically review their Iuuwledqs

and thought processes, which than could i eao to new j uoa-= toi
mure ettective solutions to problems,

il ill lo piut a point I u trie role ot col it empor ar y sli uctural
enqineei s.
i Was a policy trum irre beginning thai the role ol the program

users was a supperticjai role only, tu.it chis shouldn t be appa
rent to the user. ihis is t ai from desrjilinq the role ol
sli uctural designer but we are on Lhe way io do rusi ihis.
il could sound unbelievable thai trie lirst steps were dune cm a
bvl Vb and then Lrantered to and developed on ifchi /, I • h 1 ft,
where ihe i fctb is now oper a r. l anal clow it is transferred to i.UNVL*.
Ihe steps described, are the total minimum cost optimisation of
ar I ar chi tectur al y prediscribed one ba¥ r. oi i v en L i una! qlulam tun
ber ..Li war t shop buiidinqs based on two - or three- hinged qlulain
trame sLucLures. lo be able to star t wrth tins we have to rewrite
in diqital forms tiie relevant Design specifications, specification

for loads and code ot practice. therefore we have proposed
lire wrrtinq ot the ''new generation ol desiqn codes and specifications

ill a way of verified subroutines expressed in different
languages:! FascaJ Fur ti an. Forth and why not FlcUasic LfcU, LvJ,
Lib I, I. 1 1 J L 1 1 J Ll-.J, L-'.D J, L J.4 J LLbj. 1 hese subroutines
should lie Lhe mteqr al p>ar I ot the new code repr esenta I j on cd the
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düb codes and standards Lib], closely r elaled to lbU standards.
We have imagined the whole buiidinq standards codes as a svsLem
ot di awers m a cupboard. I he old outdated rules scould be Laien
out and the new rules pushed in without attectinq the whole.
Ihese siaudards should be distributed to the prospective ieqal
users on floppies and suplemented by textual parts. Ihey could be
used m yariüis programs as modules. (he standards should be
constantly upgraded and distributed to legal users. rtn institution

should be m charqe tor testinq, aistributinq and upqra-
dinq the rules.ihis worl is closely related to the selection ot
variable s names, the choice of letters motationi used etc.,
which could be obtained only by mutual aqreement at the level of
the (U btandard specification Office. Un this level there has not
been much interest, nor financial support, bo we were forced to
do the I as! to write some ot the parts ot such a system in hope
that somewhere in the future the b/s (Bureau tor National btari-
dards; will accept the whole idea. tt+ter that we have started to
write the main manaqinq routines for structural calculations,
code manaqinq, stability- checlinq, price optimisation, and opti
misation of mutually interlaced bmldinq parts etc.
Un the basis ot the architectural choice ot the main outside
dimensions ot the buildinq, the qeogratical position inside tuao
siavia (qovermnq the snow and wind loads; the choise ot e-tpo-
sion to wind loads iclosed, open, part, idly closed building ett >
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the type of rooting (and the root's slope;, the choice of timber
(giulam, sawn timber!, the class (1st or 2nd) and species oftimber (soft or hard), the environmental exposure (pH level),the choice of supervisions (and the level of meintenance), the
proposed duration of the structure, the current prices of
materials and some other choices, the optimisation process starts and
after a while the optimal solution will be obtained (fig. 3). The
described data selection (input) is done in a converstion mode
and there is no chance left to omit any question. There areseveral choises to input the data for wood classes and species:Litis could be done by the user or could be left to be decided by
program according to priLe levels of materials used,
starting from the purl 1 ne distance the spacing among the frames,the optimisation o+ the steel bracing system and its form, the
choice of the qluiam framed system (the two- or three- hinged
giulam frames), the system longs for the minimum priced feasibleill building. When the global economy is obtained the details (the
circular dowel! connection between post and beam etc.) are optimised

(fig. 3.), and searched for the most economical solution.
Up to the last bolt, dowel 1 and nail.

I he optimal solution is saved in the data bank. 'I hi s data bank issearched first, when a new run is started.
in this way the data base is growing and accumulating knowledge
about such systems. After some number of runs, there is only a
sporadic need for new runs of the whole system. it is clear that
the various dimensions are dependent of the qeometry, the qeogra-ticai position of the building and other parameters, but mostly
from the current prices of the material used. The to day obtained
economical solution, it for some time not realised, might not be
economically erected by another future price relation. Ihis is by
the way the current position with us. At present, the system is"1 ear rn nq "

her e are some shortcommi nqs which we are trying to cot- rect now.
Une is the intelligent search routine and the range of economical
decisionmaking in a stabilised and an inflatory environment, but
the heuristic search should include such realities. At. present we
are trying to develop the heuriustic search and logical save
r outines and to embody in the program the typical truss
structures supported on "I" steei L2DJ, and/ or reif. concrete
columns or surrounding walls (with or without openings). this isbeing done as a FHd and a USc thesis and should be finished in a
year oi two.
fur1 the intelligent heuristic search routine, we did among us
some brainstormings to discover how an experienced structural
engineer should use the past experience.
liiere are some problems in the (by us) hectically inflating
economy: the prices are rising, but the relations of prices ofdifferent materials are changinq too and are not constant. I he
second schortcomminq is threefold: - the interface language
communication, — the JUS standard embodied, and — the various va—
rldbie's names (reflecting our language For the language(for interfacing the program with the outside world) 1 feel thaiit should be written in english as a standard lanquaqe. But
there exists among us a strong feeling to use native Croatian
language. The variables should reflect the ISO (by my opinionoutdated) recommandation and this could be changed easily. I'he
JUS standards are outside the program (as a module) and could be
changed and updated to level needed.
l-'arailei to this work we are developing an epoxi-glued with fourni

B perpendiculary prestressed corner joint for framed structuresinstead of the expensive ana time consuming circular bolted
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Fig.3. a) 1 he outlines of the building, bi, ci the two and three
hinged qlulam -frame, d> the top joint of the three hinged frame,
e> detail of the support hinge, f), q; details of the generated
circular bolted corner joint (one or two rings).
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connection already included in the TBb. This corner joint isbeinq tested in lab and the results compared withe a large ID TEH
simulation includinq the anisotrophy ot the wood and the epoxi
glue layers, done with the IBM version o-f ICES STRUDL ^ system.
I lu s recent development (which could be economically feasible'
should be then included as one of the possible solution ot the
corner joints.
As shown by this development, a number of experts with some
degrees ot understanding and expertise in this technique have
been increased siqni +1 cantly.
We do hope that the qlulam timber industry will be interested infurther development and in the use of the developed system.
hL the present time they are riot very interested in joiniriq such
project and this is quite stranqe knowing the present economical
situation at home.
In I tie described t Bb the structural calculations are done inside
the proqram iri a close form solution modul For the intended
inclusion ot truss structures we are using a outside routine
usinq some common proqrams. Uni y the preliminary dimensions forthe structural cai cui at 1 oris are as ''ttium rules" embodied 311 the
system.

b. Discussion

I Tier e is one question stiel inq out in the discussion: the obvious
destilliriq ot the structural engineers and the changed role ot a
new bred structural enqirieer s génération, also the scope ottheir educ a L 3 on What ot the tuture ihe new qenerat 3 on ot
computers will mariaqe Tnowledqe and therefore be capable of
mal-11im decisions on the qround ol quantity, and maybe qualityLoo. buch systems should qive e„pert assistance rattier than
replace compietly the human thouqth and decission processes,
lis che first runs ot our system started iwith all ot the subroutines

debuqed > we have discovered a system but) so that the
system was qivinq us plausible but strange solutions. We discovered

the bug in the system ori the sole basis ot the only past
design and manutacturer s exper 1ences,the past experience and
engineering logic, at the end the diploma candidate told me "the
bermans have been rîqht".
This poses a question of how to debuq Lb or IBS in the future
when experience will be based ori the past experiences gamed by
Lb alone and not by experienced protessional structural engineer

s.
How far then can we trust the system iwith uncovered buqs 111 the
system', and whose is the responsibility1 How much trust we
should have in future expert systems Should we be cautious inthe use of expert system, or try to verity them when still there
is time left and experts around" As Tnowledqe erodes the el tortshould be made to obtain qood experienced structural engineers,capture their l-nowledge and educate mal ers of such systems as to
avoid undiscovered buqs in systems on the sole basis of their
pas! experience, until it is not too late L_'1J.
It seems that the quality assurace of the Eb should be admim-
slr-ed by appropriate professional and learned societies or byinstitutions wnich can be entrusted with the tasl: exchanqe,validif jcation and updatinq of data barils, proqrams etc. This is
riecessary but it seems to us that it will not be done until an
outcry demands it. We reported the problem throuqh various paper s
and also notified the b/b authorities to take charqe of it on a
higher (even 1 riter nat 1 onal level.
As for the development of the described system (which is operable
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on PC) I am not very optimistic. 1 he progress is by us slow and
mostly not -financed or is financed symbol 1 i cal y.
Confronted with economic crisis lack of hardware, CAD systems,
CAD stations and lack of plotters), an inadequate and virtually
none;-!istant information network, the lack of research funds, the
diminishing standard, that I clearly believe we do not have much
chance to go further from this described first step - the very
bey i mil rtq.
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