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Abstract

The reasoning process adoﬁted by an expert engineef in

v

-structural de51gn comprlses two components, namely- '

%

A the formal mathbmatlcal reasonlng wheye every dep151on

step,follows,d1rectly from the previous computed

N . . . *

‘Tnformation, and ° . - .

2. the intuitive reasonlng ‘where a number of assumptions

o~

based on the.acqu1red knowledge 4;e made in arriving at
. R - ) LI \
a pi.usible design solution. ‘ :

.Knowledge-based'expert\systems_jor the proportioning and
‘deta?ﬁing of indiwidual structural members must incorporate

. both of these components. -

A knowledge- based system developed for the analy51s'

,and de51gn of relnforced c?ncrete columns eAther for use in

an automated CAD, or & stand alone env1ronment is presented

The engineering design knowledge requ1red as)represented by
~a network of product1on rules is described. The é iut1on
»strategies and techgtques used in coupllng heur1st1c and

numerical’ algorlthms are. dlscussed Column de51gns produced .

by the system ares shown to be comparable to those

proportioned by experlenced structura@ engineers-
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Notation
depth of equivalent rectangular streds block
area of the reinforciﬁb bars
area of concrete in compression
gross area of the section
initial trial gross area of section
total area of reinforcing bars
width of compression face of member

column dimension requtred to accomodate
reinforcement with bearing splices

column dimension required to &ccomodate
reinforcement with normal lap splices

column dimension required to accomodate
reinforcement with tangential lap splices

distance from extreme compression f1bre to neu

. axis

column-dimension in the x-direction - —~
column dimension in the'y—directiom

a factor relating actual moment dlagram to an.

~equivalent uniform moment diagram

the nominal bar diameter of longitudinal
reinforcing bars

clear thickness of concrete cover

bﬁf‘%iamé&er of lateral reinforcement
.

\

diameter of concrete core -

eccentricity of the applied axial load measure

from the centroid

.

equivalent eccentricity of the applied load
modulus of elasticity of concrete

-
modulus of elasticity of reinforcement

X1



flexural st%ffness of compression member

spec1f1ed compre551ve strength of concrete

spec1f1ed yleld strength of/sp1ra1 rexnforcement

= spec1f1ed yield strength of’ longltudrnal
- Vrelnforcement

= overall thlckness of member o -
To= moment of inertia of gross concrete sect1on about
: centr01dal ax1s, neglect1ng re1nforcement

='moment of 1nx>t1a of relnforcement about
centroidal aXis of member cross sectlon

effectlve length factor for compress1on members

-1

unsupported'length of compre551on member
. % ¢

magnified factored moment to. be ‘used for deé1gn of
_compre551on membénr o S C
: Q : ' ' - R T~ ‘- ’ )
factored. end moment on a compression membei due to”
.loads that result in no apprec1able latera -
deflection, calculated by conventlonal elastic'  _

frame analy51s R R , : '
; - . _ l /)

factored'moment resistance

.

factored end moment on a compre551on member due to o
loads which result in appreciable lateral ‘
deflection, calculated by convent1onal ela;tlc
analys1s * :

]

value of smaller factored end moment on o -
compression member and associated with the same
loading case as ‘M,, positive if member is bent in -

_-single curvature, negatlve if bent in dquble

» curvature -
‘M,, = yalue of larger factored ¢nd moment on compre551on
S U ;<member, always p051t1ve ~ :

;number_

“number

corner

number

corner

of columns in'the'storey

‘total number of bars

of bars on the x- face only,'qncludlng
vbars. _

of bars’ on the y- face only, ‘not - 1nclud1ng
bars.‘. . .

xii



7

T8 M

§° s

I

n

]

iy .

nominal axial load ‘strength at balanced strain v
conditions 7 /
critical load '
fattored axial load o | . /
axial load res1stance ) . ‘ : '//
= radius of- gyration of cross section of a /i;w o
compress;on_member . L -
o : ' . / :
column aspect ratio (c,/c,) £ 4
: : S
pitch of splral ( B AN 4
L4 ’ f»
clear bar spacing /
'4’ % “

distance of bar form centr01dal a;ns -

<

" e )
the dlstance from centroid of area of concrete in
compression to the centr01d of’the section

factor used 1n determ1n1ng equ1valent eccentr1c1ty

[

ratio of depth sof rectangular compression block to

depth to the neutral axig .

/ .
absolute value £ ratlo/of m3x i mum factored dead .
load moment to maximum 4factored total load momcnt
always positive '

the ratio of centre fo centre distance between
outermost re1nforc1ng bars (measured perpendlcular
to the axis of bending) to the overall ﬂepth of
the column h ‘ ‘ .

moment: magnlflcatlon factor for columns’

moment magn1fyéat1on factor to .reflect the effects

~of member curvature between ends of compre551on

members |, / {

due to loads causing appreciable lateral

displacement calculated by a conventional el
frame analysis and increased. for second-order
effects of vertical load acting on a. structure in

the factored end moment at the end of the colzmn

stic

a dlsplaced lateral configuration

max1mum ratlo of relnforcement
SR M

ratio of spiral reinforcement K : .
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1. JINTRODUCTION

’
1.1 Gemeral .. | . o
To date, most computer programs used for the analy51s
and de51gn of relnforced con&xete Structural elements
compr;se of akset of llnked trao}able algorlthms.based.on
_well defined mathematical sequential¥steps;‘Thesetsteps
repdesent hard rules of a well established design procedure:

one that is deterministic in“nature and is often open to

“only one’speCEfic interpretation. While such programs have

proved useful to facilitate and speed up the\tedlous

~

matﬁematlcal computations 1nvolved 1n des1gn bhey lack the
most- hmportant aspect of the de51gn procedure"the 1ntu1t1ve

l

procéss of decision making. This restricts thelr use 1n.a

"structuralaenglneer;ng CAD (computer-alded des1gn)
enyironment./ | |

| The eng Weering logic and éeoieionSvinherent in the
design procedunes are subjective and.impiicit in‘nétute and
are depenéent on the acquired tnowledge and-experience ofe
the strUctpral engineer. The translatlon of the eng1neer s

‘ judgement and design' concepts . 1nto computer programm1ng is

an essential component forobu1ld1ng-KBES (knowledge-based
. : : ‘ \

£y

‘expert systems).

’ . A V4 L"J



1.2 Scope : S ' . t “ 17‘ '
‘ This thesis discusses the problems that must be solved.
in the‘dewelopment of a knowledge-based bAD system for the
analysis, proportioning and detailing of structural ;
elements, and in particular.reinforced concrete elements.
‘The principal objectite is to examine the technlques and
tools used in building CAD programs containing both' ©
numerical algorithmic and knowledge-based subprograms that
are capable of being‘used independently or in the fdé¥rm of an
integrated CAD system .This task is the first step in
attaining the finaI goal of produc1ng a comprehen51ve

ey
1ntegrated_GAD environment for multistarey reinforced

o . w7 Sy
A3 -, "

concreté. frame structures,” |

To illustrate this;concept;:COLUMN, a program'for°the .
design of reinforcediconcrete columns is presented. COLUMN
constitutes only a_part‘ot a global structural-engineeringQ
CAD system, howevér, most of the techniques and tools used
in building knowledge based expert systems are demonstrated
Empha51s is given to the de51§n philosophy and the

methodologiengf knowledge en 1neer1ng applled

¢

Since the field of expert ‘systems and the corresponding
field of knowledge engineering‘are relatively new in concept
and still . in the experimental stage, a special introduction
to the subject is necessary. Hence, a general'oyerviéw of
the definitions,_concepts, techniqhes and tools pertaining_"
"to the field of knowledge-based progranningpis'examined in

.

Chapter, 2.



1.3 The Global Design Problem .

" The structural engineerinq design of buildings, from

the conceptual stage to the constructlon phase, is a cbmplex

process wh19h enta1ls a number of distinct but 1nterre1aé€d'

/ | - N
tasks: .,” o o ’ ‘

1, Conceptlon of the project. | ' S

-

2; Synthes1s of the prellmlnary des1gn wh1ch 1nvolves
generap{ng or creating alternatlve builtform layouts.
3. Structural analy51s of- the frame cons1der1ng various
~loading patterns and asSumlng prellmlnary sectkonh
dimensions angd materlal propertles.
4, 'Proportlonlng and detalllng of the structural members
.plncludlng foundations, columns, beams and slabs for B
safety and serv1ceab111t¥ requ1rements. |
5. Rev1ew and rev151on of the,ée51cn."
6. Constructlon‘of the bu1ld1ng. o e
This deS1gn process also summarlgbd in Flg. 1.1, can be'
viewed as a constralnt satlsfactldn problem. In such ]
éycllc and iterative process, adjustments and mgd%flcaflois‘T‘;
areJkade until ‘a feasible. de51gn ‘that is con51stent w1th phe“"u
‘”prOJect s requ1remg§25 is found T ';,M‘aijlgf?‘v

The structural engineer 1is 1nvolved throughOUt ‘the
complete de51§nvprocess, however, it is his task alone to
select and proport1on in-detail an approprlate type or form4
of structuré These design’ phases correspond to tasks (2) to

(5) above.

\
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Figure 1.1 The Design Process



. The design proqgss is becoming increasingly more complex.
The conputerized approach to design, known as computer-aided?.

,desi n (CAD), has proven to be.a valuable tool in autOmat1ng

]

N
these de51gn procedures._

‘. | : . »
>

1.4 Integrated CAD Environment for Structural Engineeriné

’ 1 -

. npplications,

-

A system that is capaple of‘aSSisting the engineer in

design work ideally should contain a network of -modules that
, . . 8

.are coordinated and integrated into a global structural
engineering CAD env1ronment (Fig. 1.2) _Essentially, a

prototype of such a system comprlses four basic components,

.
4

namely « - . ' : : \*‘:

‘f1. A structural ana1y51s algorithmic module. N %.fjj? o
2., A ;zt of knowledge-based and algorithmiC»modules for the B
'proportlonlng and. deta111ng of the individual structural

elements 9 |
3. A main degign controllknowledge—besed systeJﬂthat links
modules in (#)—and (2) evalulites all information and
results, ;nd dec1des on an approprlate d951gn route \
'-based on—the bu1lt in knowledge base and 1nference
meohanlsm. e
4. A database which integrates #ll the other modules and is

considered to be the core of \the system. Information and
data is interfaced between th& modules via this database
~or workfile. The database could be separate from or part

of the design. control module (Rehak et al., 1984) .
(oo L | |
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This gloBal aesién framework also fofms the basis for

the development of an% ph;t,of the system. Consequently, the.

. W
TH;%csmplexity inherent in the ’

desigW'probess, CAD systems that incorporate all aspects of
design are still in/s conceptual stage. Rehak et al. (1984)
proposed a conceptual architecture for a knowledge-based"
environment for structursl engineering applications. Various
system structures repfesent1ng different phases of the
design process and their 11nkage into a network environment
s}e presented. | |

knswledge-based CAD systems related to structdral
design which are Still,in'the~devélopment stage, including
_SACON, SPERIL, SICAD and HI-RISE (Maher and Fenves, 1984),
are discussed by Adeli (1985) and Rehak et al. (1984)
_ HI-RISE for ezsmple, is an expert system that assists
englneers in dec1dlng upon ‘a prel1m1nary de51gn of a
structural system for rectangular hlgh-rlsey%u1ldings. The
system~perfbrms'an approximate aﬁalysis 4nd sizing of -
members,bevaluages varioys design possibilities, ;nd selects

>

‘the Best structural framing system,



L1ttle work has been doneyk nowledge based systems
for the dengn and detailing of the individual relnfopced
concrete members that compose the structural system,
Exigting cbmputer programs, thatxciaim to design pembers
such as those by Halvorsen (1983), Ehsani }1986), Davister
(1986), Ross and Yen (1986), and Balaguru (1987) essentially
'check' to confirm whether a section is satisfactory fof a
spec1f1ed loading condltlon or determine the load capacity
of the eétered section. Consequently, for each of these
‘programs, " the section_dimensiods and data ;egarding
reinforqement have to be entered by’tﬁe user.

) In~c§nttas£, COLUMN incocporat;s knowledge-based and }
-design—logical.guﬁroutinés that simulate’the engineerigg
rules of thumb and logic of an expart structural engineer.

. g
The inclusion oébsuch expertise enébles_the pfbgram to ’
“selecﬁ feasible coluhn Eections‘that-are consistent with the
particular. -loading configuration and construﬁtibility
constraints. The manner in which this is accomplishéd is

described in. the following chapters.
3



2. PROGRAMMING ENVIRONMENT

2.1 Expert Syetems i i . ‘
Recent research and developments in the fleld of
artificial 1nte111gence (AI) has led to the evolutxon of ne;
computer\systems known as knowle@ge~ba§ed expert systems o
(KBES). Interactive computer programs that play the role of
a human intelligent consultant are also referred to as
1ntelllgent knowledge based systems (IKBS). ‘
Expert systems are computer programs that simulate and
" embody dom;in specific-kndyledge which is applied skillfuliy
in solving problems that are complex in nature and often
req@ire expert decision makiné. A definition of an expert

system 1 »Feigenbaum (1981):

. . °
"An e&xpert system is an intelligent program that

..'L

useﬁ‘knowledge and inference procedures to solve
problems that are difficult enoughy-to require
significant human expertise for'their solutionr The
—Jinowledge necessary to perform at s?ch a level, plus
the inferenee procedure used can be’' thought of as a.
model of the expertise of the best practitioners in N
the field." |
The. fundamental aséect 15 expert systems is the
representation of a body of knowledge and th& ablllty to use
"it intelligently. Hayes-Roth et al. (1983). d1§tfégu1sh :

- between two types of knowledge: public and experiential.
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a

Public inowledge,in struEtural-ehgineering includes -
well-éefined theories and facts that are usually well

documented. For‘examplelxthe fundamental principles of

\

structural mechanics such as equilibrium fall in this area.

Code specifications are frequehtly based on experimental

I .

research and are therefore empirical in nature. However, for .
N

design purposes, when 'these quasi-empiriéal methods are

X

codified into standards, they become estéblished‘information

-

and henceforth constitute a part of the public design

A

knowledge to the engineer. This erudition ¢an be translated

easily into computer programming in the form of conventional

algorithms incorporating a set of procedures based on a
number'of domain dependent rules, "
Experiential knowledge comprises ruleé of thumb,
intuiti?e design concépts, and sound engineering judgemeht
attained through experience in the'spe;ific field; it éf the\
. knowledge thét the expert engineers possess that is not
commonly available in pﬁblisﬁed‘literature or codes. For
example, n the .design of reinforced concrete structu;es,
irules or recommehdations regarding the selection of the
dimensions of a~stfuctJral element or reinforcement pattern
are not speéified by codes, although certain limiﬁatiéhs

might be stipulated. Such a deci;ion is designer controlled

and depends on his acquired expertise.

] ‘1

.

.For the pufposes of buildihg KBES, knowledge is .
subdivided into chunks of knowledge which can be repreéehtéd

by separate rules called heuristics. Heuristics provide the

-

o
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" 3. A blackboard in which intermediate results and

¢
direction in solving problems that lack a formal

mathematical reasoning or relationship. They enableq"expcl

systems to make educated guesses, recognize promising
approaches ésd execute an’ordered search"” (Hayes-Roth, 198
thus aiding to establish a design solution strategy.
Another form of knowledge that enhances thes yersatilf
and efféctiveness of the KBES is kngwn as metaknowledge.

Metaknowledge can be thought of as a higher strategic

‘knowledge about the type of knowledge that is applicable t

o

the particular circumstances.

2.2 Structure of an Expert System

-
Y

Pn’its simplest idealized form, an expert system

consists of three main components (Fig. 2.1):

1. A knowledge base, which includes expert knowledge abot

the domain.,
2. An inference mechanism or engine (also referred to as
1
: §
“control system, reasoning mechanism or rule interprete

- .
7~ which selects, interprets and applies the appropriate
N . - , L ¢

knowledge, ‘ 4

4
. ‘;"
obgervations are stored temporarily. Thig is a working
memory in which a situation model is set’up and update
In addition, an expert system includes a user's interface
thpp incorporates a language processor that interprets

uUser's input and generates output information,
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INFERENCE MECHANISM »

(1) Evaluation of productlon ruleg,——-
" (2) Interpretation of rules
(3) Application of rules

BLACKBOARD. ) KNOWLEDGE BASE
.Temporary | (1) Heuristics
storage and | o ‘
updating of (2) Facts
| situation = (domairr rules)
. model - :
Gt (3) Meta-rules-
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'USER'S INTERFACE

- Language Processor

s
i . . - -
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s  USER ‘ s
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_Figure 2.1 Structure of an Expert System
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" 2.2.1 The Knowledge Base - T>“<

Data bases or data structures, provide a convenient

sysgem for storlng information in the form of p1eces of datja
that are more or -less self contalned The . sortlng of the

data is normally done in a, struct‘ d fashlon for eff1c1enc

in storlng and&retr1ev1ng the data r user access or for

process1ng by other programs. The LE] he respectlve bits of

data‘relatéfto onepanother and how well these fit other data
is unimportant in data structures._- L
By contrast, a knowledge base contalns knowledge da
-anc relat1onsh1ps that connect such data together thh//pa
processes that operate on-: ese relationships in order that
‘inferences might be dr.-n .io, 1986). ‘.
| ’Various approaches used in structuring knowledge
include: llSt proce551ng, semantic relatlonsh1ps, frame
systems, productlon rule based systems, etc.‘Amongst the -
mentloned avallable technlques used in knowledgekq
representatlon it seems that the productlon rule systems.
' are the most approprlate for the purposes of bu1ld1Wg
) structural eng1neer1ng CAD programs. Productlon sys{ems
comprlse a series of modular rules that represent )
1ndependently chunks of knowledge._These rules entail - =
control structures or loglcal condltlonal statements of the f
form IFjTHEN~or antecedentfconseguent or s1tuat1on—act1on
(Adeli, 1985). e
The production rule system,constitUting thehknowledge’uy

base is .composed of domain rules and heuristics which



_;7(provide the System with the knowledée required in - |
identifying the'prohlem solving techniques, and«possibly
metarules. H - |

Heuristics represent the knowiedge ofithe expert
engineer and supply the necessary 1nformat1oh 1n settlng up

a solution strategy Unlike conventlonal algor1thm1c rules,

'ow1ng to thevuncertalnty.1nvolved slnce there is no closed
form solution torthe design problem, heuristics proviae a
pragmatic approach to the .problem. B

Metarules or rules:about.rules,'c5nstitute a subset of 

“the knowledge.structure khewn as meta—level knewledgé base.
Atke given stege of the reasbqﬁng process there may exist a

_ situation where a humber‘of rules are applicable,te;the same
speci%%c problem. Those‘rules that determine the manner ‘and
,order in ‘'which the product1on rules are to be invoked are
referred to as metarules Por example, one cr1ter10n used in
formulat1hg metarules can be based on'weightings,assigned to
thgydpmain dependent rules. Such weightings giJe an
indicatioh of the level of usefulness of/the particular
production rule. In thls case( the metarul§ evaluates the
weightings and decides on the most apprebrlgtk order in

T

-which the rules ere to be;iuvoked.,, ) \

2.2.2 The Ihference Mechanism = . .
Earlier it was mentiened thetlin eipertisystems the
‘knowledge is applied skillfully in arriving at a solution.
Lenat et al\V&4979)‘define skill as the capability of haVing



. : o
knéﬁlédée and using it effectively. The role of the
inference enggne is preCisely to simulate such domain skiil,
This ﬁzbhanism which is thé main édmponent of KBES ‘
determines a control reasoning sﬁrategy*by idéntifying a

potential chain of actiong in arriving at a plausible
Lt ’ - . . th
solution to the particular problem. This is normally
achieved‘by: — ' - ’
B B ° . — : . . .

1. interpreting the production rules from the knowledge -

~

- base,
2. selecting the rules to use or actions to follow, and

3. invoking the selected rules or actions. )
L . _ .
o An intelligent control system achieves thq‘abﬁbe-1n an
cr s : ' cel ¥
efficient manner if:
1. the correct-knowledge rules are applied,
. . A
2. controel is induced at various intermediate levels of the

solution process so that frequent checks and revisions
. [ ]

are made, and

1
§

3. _a,blind search is avoided, thus eliminating redundant

approaches and reducing computer exécution time.

Various types of inference mechanisms are described by

.

: Hayes-Roth.ét al. (1983) and Frost (1986). An ‘examination of
thésﬁﬁ?echanisims‘indicates\that the most approprfate
control strategies for structural design problems are the
forward chaining, backward chaining, and a combination of °
‘the two.

In forward chaining, also known as antecedent réaséning

. or data-driven 'control strategy, the production rules are
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3

scanned sequentlally until a su1tab1e rule or set of rules
whose antecedent or IF part meets the current conditions of
the problem ‘This reasonlng scheme is used in program COLUMN'
to select the shape and dimensions of a column “section. |
oProductlon rules baséd on the ratlos of the eccentr1c1t1es
which in turn depend on the loadlng condltlons, are scanned

®

until the logical cond1tlonal statements that are con51stent

with the_current’design informafqon of the problem, are’
found. ﬂ - ’
In the backward cha1n1ng scheme, also referred to as
.consequent reasonrng or goal drlven strategy, 1t is the
consequent part of the rules that are 1nvest1gated and
“invoked first. A solutlon is justified if the THEN—part of
theArule or .a combihation of the goals in the consequent
part of-the rules, match the specifjed conditions of the
kgprobiemsj This mechanism .. 2fficient for problem@ that are
of a diagnostic nature. Yehia and Bechara (19855-apply a
1form of this backward scheme in th?1r program for check1ng |
de51gns of columns. A colUmn ‘adequacy check is made: by
mgtchlng the goals first, which in this case are the 1oad1ng
conditions of the 1nput section, w1th prede51gned/;eE{;ons
stored in a databank. If the entered loading condltlons\
xalready ex1st in the records of the databank the other
design parameters which 1nclude section and mater1a1

L properties are then checked. if a complete match 1s\found,

the design is complete.
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2.2.3 The Blackboard
In expert systems, intermediate results or decisions‘
are recorded in % temporary working'database or bladkboard
" The blackboard for the knowledge based program developed 1n7‘
‘thls research’ 4;~noth1ng more than the current values of the
varlafles in the working memory,'wh1ch are updated in
accordance with the state of the design problem generated;to
;that point. Design decisions are also changed or'upd@ted
every time new additional design data and information is
generated. |
1 .
2.3;Rnowledge Engineering. . B . #
| A new disciplin no as knowledge englneerlng has
emerged as a result C;E:;:::Lch work 1n)KBES.»hnowledge
eng1neer1ng is concerned with the problem of:
‘:1. »Abstracting the knowledge from the experts.
2. Identifying the appropriate’ Al technigues and formalisms
R_for;representing the k dwledge and the reason;hg
.process.g ' : o s |
3. De51gn1ng the system. .
Ideally this is ach1eved through various se551ons held
between twd dlfferent groups; the people-prov1d1ng the
knowledge whioh in thisfcontext are‘the expert structural
engineers, and the knowledge engineers who extract the
-knowledge and implement it into-a suitable expert 5ystem

framework. Fenves (1986) comments on the above, statzng that

’thls approach mlght not be the most feasible, ow1ng to the
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iack’of‘knowledgé engineers ahd the difficulty of providiné
‘the specialized knowledge té someone with no bgckground in
_the QOmain. It méy be easier for the domain engineer té.

) apply airectly his or her knowledge via é&gilable expert
system f{ameworks which comprise'user interface and
knowl;dge acquisition faéilties.QThis‘situation,is analogous
with the probiem of convenkional progrémmidg, where the
éivil engineer had to initially rely on an intermediary
pefson, knokﬂ'as Ehe programmer, in order t§ translate fbr
the computer the mgthod of representing the analysis or
solution to a désign problem. | " _ |

In developing én'ex?ert system for the selection of

. constriction plant, Wijegundera and Hapris‘(1985) pose‘the

foilowin ‘questioné ?n their.approach for obtaining and

representiﬁg‘the regufred domain knowledge:%

1. How fo gpproachwthe experts

. How to acguire the knowl;dée - ‘ . , : ' "

.++How to encode the knowledge o o

The knowledge of construction experts which included site .
engineers and experienced machine operating personnel was
.’ektrgctgd using the follbwihg methodéz

1, Informal coﬁveq;ations-

- 2. . Questionnaires t S ' ; .
‘3, Exampigs‘

This approach was adopted in aéquiriné the addifioqal
expert knowledge to develop COLUMN. Discussions were held

" with the staff and studénté in structural engineering at the

a,
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“

Un1ver51ty of A%herta, Department of C1v1l Engxneer1ng and

pract1c1ng englneers, on possible’ approaches to the

I

- engineering log1c used in reinforced concrete design

process. In 3dditibn knowledge was also extracted from a
comparative study of a nymber of manually worked design

’

examples.

Contrar to]popular belief, the design process is not

V&?

merely a trlal and errpr one, but rather involves a logi&al
procedure which entalls intuitive decision—making based on
the engineering requirements and the acquired expertise of
the engineer. Identifying tHe rules of thumb and good
Judgement 1nherent in the englneerlng logic used in arr1v1ng

at good designs is not always a straightforward task.

\

Decisions taken during the course of design, which are of a

second nature to the designer, are often SO’ 1nconsp1cuous
' - ¥

that they are difficult to identlfy and are hard to

translate into separate but interrelated chunks of

knowledge. ’

2.4 Programmiﬁg Languages and Shells

Prior to. the development of an expert system, the

-~

various available ‘programming t<.-!= must be investigated and

- evaluated with respect .to the ,.. - .:r problem in order to
select an appropriate progra==:. e« ''um. There are
essentlally two p0551ble apprz#<’ =s or -ools used in

bu1ld1ng expert programsé x
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" For gertain types of engineefing problems it might be
feésible to'make use of open sygkgms which includg‘the use
of declarative languages suc? as EIS?B(L;St Processing) or
PROLOG, or otherwyfe.the use of high-level lgnguages such as

“FORTRAN, PASCAL', or BASIC. * | '~ \
The_alternative approach in devqlopingtexpertlprograms
is to yse‘availablé packaées Known as 'shellS'Awhich have
already built-in the essential data strﬁctures ana.
mechanisms of exéert systems. Incorporating knowledge and
’reésoning techniques in these she;ls is constrained by the
typé_of logic reasoning inherent in the inference mechanisﬁ
of the particular sﬁell._Typical sheil programs of this
sort, available for' both mainframe and microcomputer
systéms, which employ various logic reaspniné mechanisms
include 1st CLASS (1986), SAVIOR, and KES amongst others
(Allwood et al.,-j985).'
‘Shell systems are quite efficient in handling logic
1“reasqn§ng that is qualitative or non-numeric Jin nature, but
they require other serviént algorithmic programs to carry
out the émount of computational work that is characteristic

.in Stru;tural'design‘p}obléms. Therefore, for structural -

engineering phvposes,ashell programs as tﬁey'are“aVailabie,_

at présént, cannog be used -as a sﬁand-alone"system, but have
- _to be'used in conjunction with other numerical algorifhmié

;ﬂ’}<;>ograms (Fenves,'}9862._ s | - ;_

Since one of épe main tasks of this research was to .

A ]

study the various components of'CADaexpert programs and how’

%



®
they are integrated, the use of empty shells was not
 considered. ' '\

Thé pfqgrahming laﬁbuage used in developing, COLUMN is
FORTRAN 77..This highwlevelilandhage was selected becaﬁse it
represents well the “tule based propositional: logic which
invplves_ngmeric matching of the IF—fHEN—ELSE format. In
.addition, FORTRAN 77 is most appropriate for'the numerical
computationél analysis required in design brocess. The usge
of such a language providés an open system which as the name
implies has the ad;;ntagés of allowing for addition,
mbdifiCation, and alterations to the p;gérams.

As already indicated, thé developmént of an expert
program is primarilvaased on recognizing and abcumulatzng
the épecific knowledge and the task of representing it. The
.programming,meQium adopted, be it a shell, ‘or a language,
although impértant, is a secondary 'issue. Changing the
hedism by which tO‘reprEsent the knowledge for the purposes
of improving ihe éystem, takes much less timeland effort

than that used in aéEumulating the knowledge.

9
~

\

2.5 User-Machine Interface

A preferre@ feature in CAD brograms is a,user'frieﬁdly
communication link to the éémpUter. Various softs of user
intgrfaceé include: the conversatiochal type, interactive

i

graphics, or menu-driven type\
.y v
The conversational type can be of two forms, na

1, A batch or direct insertion type, in which an 4 file
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including basic data is set and then read in batch: by

éhe program. The recoros in-the ﬁil% can be one of the
following types:
a. Formatted - In this typeﬁof input}‘;he rectords
comprising a seduénce of characters are terminated
by a system dependént end-of-linp marker. Thé data -

<
- is 1ntérpreted in a manner con51stent w1th a preset

1nput format.

b. ‘Unformatted - The data.or information, although
‘entered in a speoifiod sequential form, does not
have to conform to any spec1f1c formab

c. Key word type - A set of sequences of characégrs
represent1ng partlcular parameters followed by an
equal sign and the respective vaiues of the
parameters are entered. The sequ;Hce in which the
yariable n(mes‘are inpht is unimportant. |

2. An-interacti%e input type in which the program prompts a

~  series of questiohs requesting data and information from

£

the user. ,

The batch unfermatted type and the interactive type-
constitute‘the two optional operationél input modes used in
the system developed in this research. Theuintenactive mode

offers a user friendly interféce, since it provides the user

'w1th guidance in entering data in a step- by step fash1on. On

the other hand, the batch mode. proves to be eff1c1ent to té
frequent user, since once an input file is set up, de51gns

Eyth slightly varying constraints or conditions can be

fe +
ERR. N
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easily produced with a minimum amount of effort by modifying
the existing input file. Input data is entered.via a o
‘term{nal keyboard in both operational modes. |

The use of formatted type df*fﬁﬁﬁfwfgfﬁﬁch lesstﬁser
friendly 51?ce setting up a file w1th records- that must

Qadhere strictly to a prespecxfled format is a tedious and a

time consuming task,

¢

The key word input is consiffered to be a good" ‘ '
user-machine intgrface but seems to Be more appropfiate w;;:\
uséa {dr pufposes of revfsing or aite:ing any ﬁarémeters of

an already executed design. In order to read this form of

input, the program requires a special module that is capable.'
of interpreting the names of the variables and their
respectiye values. ‘

A derivative of the key word type of input is the

menu-driven input. Such input is used by the progrém

(ADOSS, 198§)Aforbthe analysis and design of slab systems

which p}ompts thd uéer with®a éeries of screen input p{ges

omposed of a number of data locations. The menu items are
located using cursor keys and the relevant 1nput.1s entered /2
in the data items provided. The user is directed in

ipputtin; his déza sihce_he can only enter data ‘'which is
consisten; with constraints prespecified by the program. An‘
aqpitional de§irablé feature that is incorporated in the
menu~-driven inbut‘USed by ADOSS, is that once the menu item’

is selected, all data associated with the selection is

updated to conform with the particulars of the selection.
. ~ —y T .
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/ , _
For example, if in the first iqut screen page a particular
. . ) . . M
code is selected, the following data item$ prompted are all

\
consistent with the building code selected. ‘

The use of interactive ggaphiés for purposes of input
isﬁmogtly appropriate for CAD programs for large syétems
such as multigtorey framed structu}es, where large amounts
of information and input datévregarding;the ;onfiguration of
the structure is n&rmally required{fThis type of user \
interface has been made use of in the programs for the

static and dynévicfanalysis of fra&?ﬁ developed at the

Departhent of Structural Engineeri at Cornell University
. t : ’

(Gattass ‘et al., 1983) and programs/for the design of

-

reinforced concrete buildingg developed at the Départment of

Civil Engineering at the University of Colorado (Saouma et

~

al., 1984). . A

The other part of user-machine interface is concerned
with the output of the design results. Typical gutput of
fisplts of CAD programs, besides being printed on the screen
terminal are also printed on a hardvcopy in a written or
graphical-form;‘via output devices which includeta line 2
printer or a plotter. Although the graphical output has not
been considered in this stUd;, it is a desirable feature for
CAD‘S¥\tems. A separat; module ‘that interprets the final
- design results and links to avallaale drafting and draw1ng
,software such as AUTOCAD, can be incorporated to p?bduge

-~

detailed drawings of designs.



2.6 Host Hardware .

\
Until recently, sophisticated CAD programs for

Spructural engineering had to be written exclusively for
on a mainframe computer (such as the Amdhal computer whic

operates under MTS that is available at the UniQersity of

A

Alberta), since these programs required an appreciable
~amount of memory. The majbr and ;ignifétant drawback to @
i prégrams is that they are system, dependent and thg;efote
cannot be usea on bther compugir environments that may be
available to practicing engineers. .l
In the recent past, microcpmpufeqs and other cdmpati
peripheral devices with sufficie;t capacity andispeed hav
been developed that aré a%fordable to most engiﬁeering
voffices. This feature renders microcomputers a perfect
environment for developing software, sincé, any program

written for such systems are portable. .

~



3. E.XPERT‘ PROGM-ING FOR: STRUCTﬁRAL" DESIGN :
| 'o»{”‘ |
3.1 Introduct1on . a ki
The concepts otfexpert systemg and the1r general
éppl1cat10n to varzous frelds were d1scussed 1n Chapter 2.

In the context of KBES for the de51gn of structurai members

“1n general and relnforced concrete members in partlcular

addltlonal:features are)requlred..These feat:;;h\iie,

discussed in this chapter:

e
Y-

F

342 Design Criteria = = P
_ o 4y

The goal of -CAD in structural de51gn 1§ that the f1nal
de51gn be deemed satlsfactory, that is the de51gn is:
‘1. Safe and serviceable

2. Constructable: %;X = |

3. Economical

4. Inmaccordancetmithiprescrihed limitations imposed by the

designer

-

' These de51gn cr1ter1a form the basls for the development of

‘-all product1on rules and 1nference mechanlsms used in KBES

for structural de51gn.' f‘

N

In: relnforced conctete de51gn and. the de51gn of certain

m"fsteel sectlons‘sugh as plate glrders, the'member cross

sectlons are not preformed stock 1tems but are 1nd1v1dually-
selectedato meet spec1f1c 1oad1ng requ1rements using

standardized sizes of components ahd construction
' X r ’ ‘ Co

requirements., This requires production.rules and design

26
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strategies that are uniqﬁe to a given problem.
For example, in proportioning a reinforced concrete
column sectlon, decisions con51stent‘w1th the above de51gn
cr1ter1a must be made to such items as: |
1. ,The choice of the shape of'cross'section: when would a
rectangular shipe with a certain aspect ratio be-
advantageous to use over a circularvshape'of thecgame
area. N o _f' ,

2. Limitations on the n.umb‘er of rein*rcing bars &nd ba_ff
‘diameters. - - -

3. Selection Of the appropriate reinforcement ratios
con51der1ng deta111ng aspects such as, development and
spllce lengths and spac1ng of reinforcement.

4. Choice of reinforcement pattern; whether to place bars

on two faces or on‘all,faces of the column.:

f
|

5. Criteria to use in incrementing or decrementing the size
of bars, number of "bars or dimensions of section.,a
- The means by which such dec151ons are made in COLUMN are

presented in Chapter 4,

3.3'Control by the Designer ‘ _ |
‘ ‘n practice, the engineer must ultima&elyktake
responsibility for the design. Moreover, adjustment‘nay be
reqnired to theﬂdesign<to accommodate last minute changes

requ1red by the arch1tectural or mechanlcal aspects that are
: #» N Y
unigue to a partlcular structure. Therefore, the program

'must have prov151on ‘for the de51gner to impose a pPioﬁl any



L 28

restrictions on ddmension tolerances, bar size, number and
arrangement of reinforcing bars. %his means that at each
decisi%n step there is the opportunity for the designer to
impose a different heuristic or strategy that will be. .
recognized by the program and w1ll override the resident
heuristich The same procedure can be used to alter
:heuristics in'the program so that the designerrcan createia
L N . _ _

tailor made system'fbr a particular projec

oy

3. 4 De51gn Philosophy , | ' ‘f\\\> ) ?

An 1mportant and essential aspect to be dea}é w1th in

—

the initial’ phase of burlding structural engineering CAD
programs is -the choice of an overail de51gn_philosophy. This
includes‘the selection of appropriate mathematical design.
models. While retaining the.important‘basic characteristics
of the structural behav1our, a number of idealizations and
‘assumptions are made in order to reduce a complex problem of
fdes;gn to one that can be approached by a relatively simple-
;,mathematical treatment This‘appiies espec1ally with
ﬁreinforced‘concrete,design.rSuch'Simplifications normally ii
;_fcdncégn gQOmetric andpmaterial properties'of the actual
‘structurer" oo : | {
a!,Achiev1n; overall con51stency is an 1p¢ortant issue in-
bu1ld1ng aﬁcomprehens1ve CAD env1ronment "The de51gn |
philosophy and assumptions used in’formulating the >
gathematical models should prov1de a coherent level of'

: " & ) R,
--vsophistication in all the programs const1tut1nc the system, .

hﬁgp
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if .the results are to be meaningful. Abiding ro this ?
approach ensures compat1b1l1ty and consonance between the -
modules' so when 1ntegrated they yield an overall
con51stent structural englneerlng CAD system,“_ A
For‘examole,‘theiuse of a compléte second-order
¢ nonlinear structural enalysis in conjuuction wirh the moment

magnlfler design procedure stipulated in the bu1ld1ng codes

does not provide a consistent approach. The moment magn1f1er"

—

des1gn model is 1ntroduced to co&%ensatk for ‘known .. ™
\incon51stenc1es when the stress resultants have. been
obtained using a linear elastic analysis. Such a design
procedure is not requ1red nor will it give econom1cal
results if i€ 1s used 1ﬁuconjuﬁct10n with a second order
analysis. Therefore, to ensure overall consistency-is
acheived at no stage of the design process sh0u1d a level
of sophlstlcat'be used that is 1nconsz.stent with that
applied up to th t stage. o
“ﬁ‘ai . N

3.5 Incorporat1on of Codes

The de51gn phllosophy 1mplemented in the program
‘deve}oped for this study are those adopted by North Amerieaq‘
- Codes which include: o |

1. CSA CAN3-Ah3.3-M77 | B

2. csa cAN3—Ag3;3—Ms4
3. ACI 318-83 ~ | | -

The decision to opt for approaches and models,ﬁhat ere

*in accordance with building code specifications was made for
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three reasons:

. 1 .

' Building Code is stipulated in the contract of works.

.In most practical design cases, adherence to a specific

‘These codes, in turn, require thatidesign is performed

in accordance with other -codes sd%h as those ‘indicated

above, e
) [ , . ’ c
Specifications in standards provide a source of

‘accumhlated'design knowledge which is readily available.

Codes summatize alvast amount of émpirical research into
a set of.workable design rules. Tney give uidance in
the selection of models'and_provide’infotm:Xion about
constructibility, safety and serviceability‘requirements
and other’ de51gn aspects. Lack of conformance with codes
would requ1re settlng up criteria to cater for, such

a

design aspects. for CAD programs, this is not a

73ust1f1ed approach- unless the system to be developed

concerns de51gn of spec1allzed structures that are not
treated in a thorough manner in the codes. |
Codes,.ln general, focu&,on one coherent design
phiIOSOphy. Factotsvused}in stanéards,~forvloadings and
material properties,.together‘with'assumptions made in
idealizing actual.structures,nconstitute a global

consistent design procedure which forms a potential

° framework for CAD purposes. In aédition, specifications ' -

"stipulate poss1b1e alternative methods of analysis that

are in compllance with the level of" sophlst1cat10n

‘inherent in.the detailing and proportlonlng'prov151ons.
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There are, however, some shortfalls in the codes with
respéct.to‘them_being implgmehted in CAD programs. |
Specificat{ons which are becoming more complex are still
‘writtén with_the intent thgb thgy will be uéed'with manual
 design procedures. Little p;ovisioﬁ, if aﬁy;¢is given to the
_possibility that design specificatibns can pe autométed with

-

fthe aid.of a computer. Consquently[ incorporating c§rtain
" ciauses givén‘in the c;des,'in the progtam presented‘herein,
Adid not always prove to be a straightforward and‘eésy task.
Interpretakions of certain‘code“provisions; whichaﬁr% not

-

clear, alsa created difficulty in the‘writing of programs.

3.6 Modular1ty of CAD Systems

¢ . Prodgram organization is aﬁother 1mportant aspect that

'tequ1res several considerations. A good aﬁproach ﬁor )

N structurlng a CAD system 15 to subd1v1de it into d1st1nct
modules_tﬁat,perform 51ngle partlcqlar tasks only
(ézalwinsk} et al., 1977; Augusti and Borri,~1984);
Modulafity ensures fleiibility.in the system since it allows
easy updating énd 6ver1ay structu;ing of the program and
facilitates the design}check%ng and debugging of syntax and
logic errors. Also, a gooa 'top-doyn'lstyle of programming
is achieved‘thnough the subdivisioq ot proérams into
modules.

One reason for updating programs is to cater for
’

changes and improvements in the.code requirements. Uga—___/))é/
Whilst minor chahges such as those'in the values of I :

-
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factorsg can be easily fﬁglemented, fundamental changes that

concern the basic design philosophy such as the subStitution
of worklng stress de51gn cr1ter1a by limit states des1gn

approach require dr!hilc changes in the framewg;{?efk;hél

"

‘Srogram.,Th1s normally entalls rewr1t1ng whole program

~ . 1
modules. The same situation occurs when’ provision is made to

incorporate in the program design in'accordanceﬁwith“other
' ]
1nternat10nal standardsp
Other 1mportant changes that need to be accounted for

in the development stage of CAD programs .are those'

3

concerning the expansion of the design knowledge. Refinement

-and add}tion 6f the knowledge in the programs entails

incorporating new production rulés to the knowledge base and

adjusting accordingly the inference mechanism. Alterations

)‘ '\ ) . ) [
and additions of this sort can easily be done when the

pnogfams are wriften in modular form.
| Tne:modulesﬂkfed'in program.structuring can be
desorlbed or class?h{;d using two szstems;
1.. Modules that deoo‘ibeuthe nature of the<pafticular
design task, nanely} , | -
a. Numerical‘algorithmlo modules that do the 'number
crunching' work in accordance with well defined
mathematical relationships,
b. Knowledge based modules that 1nclude deS1gn
- knowledge in the form of a serles of production

rules. _ B ' -

~c. Decision-making modules that se‘ct "and apply a
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*design control strategy. - A ’{

»

d. Database modules that permanently store de51ga

parameters 1nc1ud1ng those stlpulated in codes?
2. Modules that represent a principal phasg of ‘the de51gn
procedure, namely: |
a. Input ﬁodule‘that reads general information on the
design problem, mater1al oad geometrlcgl properties,
loading and stabrllty 1nformat10n.
b.  Output modules that give results to‘the design

ha

problem,

c. Analysis modules that compute the values for design
'parameters in accordance with codes or well
established'design criteria.

d. Detailing and proportioning modules that decide on

f. Modules that increment or decrement section
dimensions and reinforcement.
A partictllar module can usually be classifie@ under

either system (Fig: 3.1).

3.7 Solution Strategies \d

Ofttimes, the solution algorithms applied in manual .

de51gn do not prove to be t most‘efficient for computer
appllcatlons. In dec1d1ng uon a solution algorithm,

advantage should be taken of the a ility of thezcemputer to
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.execute quickly a sequence of operations.

An intelligent control module that reduses redundant
operational steps by selecting a design strategy.that
optlmlzes executlon eff1c1ency; is used,td link ‘all modules.
The structure of the control module depends on the type of

,Solution route to the design proplem. Basically there are
two E;nes of design routes (Clarke, 1978).

In-the first type, known as automatic CAD or the
complete cycle approach, the required input pérameters;
including any designer/ﬂimitations or requirements are
-entered. The program is then run without any further §

external directives or user intervention, until a sonllete

’design.is e}equted. Hence, the solution strategy must be

decideé entireiy by the brogram itself 'and therefore
/

requires”an appropriate design knowledge base.. -

Y

. In comparisbn, in the second ltypé -known as decision

dssign, the progsam requests information and decisions at
vappropriate staées of the design process, therefore the
éesignerbintefmistently interacts with the computer to
.control the course of the solution procedure. The program,
follow1ng an evaluation of 1ntermed1ate phases of th; deslgn
process, stops running and requests inférmation from the
‘designer in ordes for it to proceed_zhithef wign the design
solution. ﬁhile such an approach is frequently appropriate
for nse in expeft systems where the problem is diagnostic in

nature, it is not appropriate for proportioning and

detailing "in structural design. YN

/
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*

The automatic design approach is.morg complex to
implement and the execution time in‘this approach is greater
when compared to the decisfon design method. Notwithstanding
-this, thevincrea§e in execution time is small and overpll
the automatic design approach is more cost effective.
lMoreovér,‘any‘mdaificg;ions required after a complete run of
a .design can be made with the minimum amdunt of the
engineer's time. ’

| Consistent with the requirement of an automatic expert

environment, the complete design approach was opted for in

the development of COLUMN.
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4. ENGINEERINE LOGIC USED IN COLUMN P
_ °
4.1 Program Scope and Capabilities
Program COLUMN was written to demonstrate the
requ1rements of a computer program that given the same
1n£ormat1on, will proportfon a relnforced concrete column
section that is gomparable to that produced by an
experienced structural engineer. COLUMN is therefore, a
Y

knowledge-based expert system 1n the domaln of proport1on1ng

and deta111ng relnforced concrete columns.

When writing iz:y , emphasis was placed on.developing

the heuristics and Anference mechanisms that are reguired to
selectva column section with. only the migpimum 1nformat1on to.
define the boundarles of the problem. These ar; d1scussed in
detail., It 1s reallzed that different heurlstlcs and
reasoning strategies are required when limitations are
imposed on the problem by the user. while prorisions'have

been made for many combinations.of user restrictions, it

should "’ be noted that all possible comblnatlons have not7

-~ -

necessarlly been con51dered There may be some cases When —

the program returns a message that a satisfactory design
cannot be'completed with the restraints imposed when, in

fact, such a design is.possible. However, this occurs omly

in exceptional cases. It haé'peeniobserved that the
' /

heurlstlcs become 51mpler when more restrlctlons ‘are imposed
!

"
" . since the number of 1ndependent solutlons is reduced. These

< %

can be easily incorporated to expand the knowledgéﬁpf the
o T j

37



38

program..}

Since COLUMN was conceived to be part of a

comprehensive integratgd CAD system, the modules concerned
with data ihput have been isolqted. In a CAD environment,
data wéuld be obtained from a globai database into which the
requi£ed information would have been,piaced by other- expert
programs. In the absence of such a database, COLUMN as
written, is a stand-alone program and input must be uger
entered. j?
/

As knowledge of the Eemaining structure is unaﬁéilable
certain minimum input and assumptions are requiréd. The
design strategy used in‘COLUMN assumes that all input axial
loads and moments are obtained from an elastic first-order
analysis, hence slenderness effects are considered‘héing the
moment magnifier method. As a result,_stability,ihforﬁatioh
. in the form of the %fiecti&e length iﬁ eéch principal
. direation and, ‘;n aﬁ unbraced dlrectlon vfhe proportlon of
the loading parameters that Geuse appreciable sidesways are
réquired. - /

For ease of fabrication and placing?urin"g
construction, most columns used in practice are

symmetricallyweinforced and are rectangular oPf circular in

shape.‘CULUMN‘Ts capable of proportioning and detailing the

Iq
4

types of column sections_illustrated in Fig. 4.1.
Reinforcement pattefns are~symmetrical about the principal’

axes and therefore consist of an even numbers of bars. In
i _

the case of both tied and .spiral columns the reinforcement
. « p——

5
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is placed in one layer or c1rcle, and w1th1n a. column cross
‘section, all bars are of the ‘same size. The exlst1ng
knowledge base could be amended to render the program
capable of selectlng mlxed bar sizes and/or bundled bars,
r;.when approprlate. The columns de51gned by the program can be
long or short braced or unbraced against 51desway, t1ed or
sp1ra1 and un1ax1ally or b1ax1a11y loaded However, agaln"'
.'due to lack of data available regardlng the overall
‘structure'for dec1s1on maklng, the program defaults to ’
rectangular tied columns. Cifcular or, spiral columns will
only be. con51dered ‘when user spec1f1ed. ‘ |
COLUMN can be used in a 'design’ or"checkf mode. In
‘design mode, for a particular'éet‘of loadings, material
’aproperties and.a,set'of constraints imposed by the deslgner,

a colUmn'section including selection of reinforceme};duS<

determ1ned by the program. In check mode, in addition to thev/

loadlng and mater1al propertles, the user enters complet

1nformatlon regardlng column dimensions and relnforcement.g“

~

The program then merely determlnes whether the entd&ed

sect1on 1s adequate for the spec1f1ed loadlng ﬁ,

-

The general design log1c and phllosophy 1mplemented in

¥ ‘ \ ‘
analy51s is descrlbed in Append1x A, and the procedure for . e

u51ng the. Program is explalned in the USER'S ?‘%'

s T

./ SRR I

Appendlx*B._
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'4.2 General Design'Strategy~used_in‘Developing.COLUMN

~

The task of designing a reinforced concrete coluﬁn
consists of select1ng an economical cross sect1on that 1s
;capable of safely supportlng the - applled loads. Thls de51gn
should also ‘Satisfy the serv1ceab111ty requmrements and
other constraints that are dependent on the particular
pro;ect ﬁ | . |
‘ The englneer, through h<iuor her acqu1red knowledge and
expertlse has the ab111ty of recognlzlng the alternatlve‘
potential column designs, and isolates the one_deemed to be
the most appropriater Then, a detailed analysis of the
tentative design is performed to evaluate whether'the

strength capacity ié adequate. If the section is foUndj‘

inadequate, the engineer‘modifies theé de§ﬁgn by incrementing

or decrementing the concrete cross section dimensions, or

the amount of reinforcement, or otherwise coneidersﬁgn

alternative shape of cross sectlon.

The des1gn strategy and knowledge base implemented in™—

the program COLUMN utilizes the same design logic w1th one

Pfexceptlon;‘the program ‘selects|an 1n1t1a1 tr1al sectlon

e .-

known to have the mlnlmum.conc_ete dlmen51on5mand minimum
v° o :

amount of reinforcement consistent with the loading

conditions and constructibility requirements. The strength

capac1ty of the trial section is evaldated/and compared ‘with

the requ1red capacity. If the sectlon is not suff1c1ent 7thek

‘concrete sectlon or relnforcement 1s 1ncrqmented S1nce ehe

‘modlfICatlon of the section entalls 1ncreﬁent1ng eltﬂgr the

1 .
Ty -
EENEARS oY .




- area of rgi nt or the column dimensions with one

‘increment s ep at a‘time, COLUMN, ensures that the final
”'design~is the most economical'inwterms of the volume of

@oncrete and amount of re1nforcement |

‘The various steps that ‘simulate the above design '

'procedure_const;tute the general reasonlng strategy

incotpotated in the program COLUMN. These steps can be

summarized as follows:

1. 'Seiection'of initial section

. S a. ‘Compute minimum area of concrete sectlon con51stent

A
.

W1th loadlng condltlons.
b. .Select an approprlate column aspect ratio and
.,  concrete &imensgions - modq&e DIMEN

c.b'Select'a reinforcement pattern - module REPAT

d. Select a minimum area of steel reinforcement and a.
: . Fmer ,

minimum bar combjnation - module REINF;

2. -Evaluation 5f section ' e

a. Account for slenderness effects by magnifying’the

”momeﬁts if ﬁecessary - modules SLENDX and SLENDY.

b. Compute axial load and moment capacity of trial”

- de51gn - module CAPAC.

‘3. Mod1f1cat1on of section - module INCRE

Wh%g in de51gn mode, all of the steps are invoked, however
| ?g% o Ngt

when in check mode, only Step 2-of the process is-used
S1nce the program has no a pPIOFI knowledge of the
p0551ble solut1 n, the reasonlng mechanism employed is the

data—drlven'type :A'fosward chaining reasoning scheme is
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o . . _ .

invoked,on the production rules incorporated in the ‘QW '

< knowledge-based modules indicated in Stages la to 1d. The
" decision trees of possible section dimensions and bar

combinations are evaluated and scgnned_until a potential‘

solution. is achieved.

. ’ -~ 2 o . . -~

" The numerical algorithmic subroutines indicated in

Stages 2a and 2b determine whether the selected section is

\" r*"'
'

,Qgtlsfactory If the trial design is inadequate, the section

fs incremented (Stage 3) and the system backtracks to the
1n1t1a1 design stage in order to select a ‘more approprlate ,
de51gn. This 1terat1ve process i's 1nvoked until a |
satlsfactory solutlon that meets all the rejuirements is
achleved; This process;end the'mannep@;n‘whlch the various
‘moci?ul_es are coupled is illustrete;i ng 42 The“des’ign
- knowledge and_analftital solution strafegies employed in
this diaiecticalvprocess are described in oetail in. the
following sections. .
._ . , -

. . . A o
4.3 Column Section Proportioning and Detailing -

N

4, 3 1 Selection of In1t1al Concrete Sect1on :

When nelther or at. most one of the column dlmen51ons is
N

user specified, a minimum gross area of section Ag*1s
computed using a modified form of the code égquhtions for the
| design axial load strength of compression'members:

s

- P - ¢ : e ‘
Ao = - : : - & u ' o . [4 . ..1 ]
9 $a,[0.85f, + p (f - 0.85f,)] :
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~ Figure 4.2 General Design Strategy Used in COLUMN

'NUMERICAL ALGORITHMIC MQDULES



for CAN3-A23.3-M77 and ACI 318-83, .and

L P, - |
AY = : 4.2
9" a_[0.85¢_f" *{/p]«psfy - 0.85¢.£)] [4.2]

for CAN3-A23.3-M84, where P .and P, are the values of the
‘axlal loads computed from entered ‘dead and 11ve loads actrng
on the column and a. defaults to a value ¢f 0.85 for sp1ral
.columns'and 0.80 for tied columns.

In order to ensure that the smallest poss1ble concrete
sectlon is selected the value of pg used in the above A
equations is the maximum reinforcement ratio which is either
specified by'the user or assigned a value of 0.03 by,the .
program. If user specifi the value of maximum -
reinforcement ratic must mo be less than 0.01 or greater
than 0.08 to conform w1th code 11m1ts. Values of pg4
‘approach1ng 0.04‘outs1de the region og lap splices can -
create some practical difficulties in fitting the
reinforcinglbars, plaoing and dompacting_concretéTanus, for -
economio\and.constructibility purposes, the default value
for the maximum reinforcement ratio was limited to the value
~of 0.03. .

Orice a'mlnimum gross area of section is computed, the

. corresponding theoretical dimensions can be obtained easily‘
if the specified;shape bf the column is.square or circular-
or, if;rectangular,'one of the column dimensions or oolumn
aspect ratio is specified, Since in eachvcase only one

unknown' parameter is involved. The actual dimensions for the

-



46

trial section are obtained from these theo;etiéal dimensions
by increasing them to a multiple of a length increment. This
length increment, if n;i user eQ}ered, defaults to 2 in,‘
when using Impefial units and 50 mm when using SI units. In
adéition, all section dimensions are checked to ensure that_‘
they Sre not less than ﬁhe minimum dimensioh which is 8 in.
or 200 mm. This minimum dimension’ is considered'tq be the
smallest dimenéion that can' be physically built with the.
type of materials envisioned by the‘godes. Therefore,.an
error messaée results»if a dimens}onlless‘fhan the min}mdm
is user en;ered.v o .

‘ e g . .
. When the shape ofi&he column cross section is not

’
stipuléted'by the usgrf COLUMN'selects a fectahgular section
with an aspect'rétio, R, (where R = Cx7Cy) so as to resist‘
the applied loading in an effiéient_manher. Essentially the
- paradigm usedvin.the inference rules evaluates fhe loéding
'.condition by computing. the eécentri;ity‘bf the axial load.
This parameter determined by e, = MY/P or‘ey\= MX/P.giveé an
indication.of the predominate loading action. A value of e
that is large compared. to the-column dimension‘obviOUSIy
inferS‘tﬁat the moment prevails over the axial load and vice

@ ' '
versa._The ratio of t

his eccentricity to the_cdlumn
dimer.sion (computed frdm the area of concrete bf asSuming
the se~tion is square), dénoted by e,/c, or e /c, forms the
-main attr:bute of the rules. A typicai network of rules are

summariged in Fig. 4.3. Unless otherwise specified by the

'user, COLUMN limits the value of R bétween‘0.5 and 2.0.
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»

The vélues of the parameters implemented in the
préduction rules were éelécted on the basis of a number of
trial designs performed as follows; For various values off R,
the range of the ratios e/c,tﬁéf result in steel ratips; pé, )
between 0.01 and 0.03 aré determined by entering a given
coiumn interactioﬁ diagram with an assumed value ;f A, and
P,. This process is repeated with different values of A, and
P,. It was observed that when this procedure was apﬁlied to
different éolumn interaction diagram§ there was a |
correlation betwegn R and e/c. At this stage of the design,
although a trial value of A, is known,*the value of R (and ™~
hence ¢) is unknown. Coﬁsequently} for the purposes of ,

_ [
formulating the production rules, the ratio of e/c is
determined by computing ¢ from A, assuming a sguare section.
.AlthoughAthe values of R ‘were modified to account for this
method of computation, these values are approximate since
they are selécted in a manner such fhat they are appliCable
to different éombinationS'of‘section geometries and load
intengaties: It should also be noted that R is only used as
a guide in determining £he trial dimens{ohs; the actual"
dimensions are obtained by modifying the tfial dimensions to

be a muitiple of the length increment.

4.3.2 Selection of Longitudinal Reinforcement
In the context of an’ automated CAD system, the
selection of longitudinal reinforcement turns out to be a -

complex problem, since for the same loading conditions, a
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number of bar combinations Fan‘be used. The choice of
reinfo;cemqnt eptails’selecting the number, size, and
p;acement patte;n of the bars.

In the absence'of user direction, COLUMN uses a ~ :
criteria to determins the reinforcing pattern that is SC/
sim¥lar to that used in detefmining the column asﬁecp ratio.
When either the axial iOad or the maments about both
principal axes result in similar e§Centriéity ratios, bars
are placed on all four faces of the column. However, should
one ‘moment dominate, not only will thé column.bé elongated
'to assist in resisting the moment, but reinforcement willbbe
placed only on the two short faces for greater eff1c1en;y

‘ The network of 1nference rules for determlnlng whether
~to reinforce the column in two or four faces i's shown in

Fig. 4.4. These rules take the form:

IF < antecedent (a) > AND < antecedent (b) >

THEN < consequent >

L

i

wvhere < antecedent (a) > represents the loading condition,

and < antecedent (b) > represents the range of magnitude of

. » R v , o ‘

. 'the ratio e,/c,, ey/cy or ex/ey. One such typical rule is

given by: ‘ - | | t
IF < BIAXIAL BENDING > THEN

IF < 1.0 < e,/e, < 1,25 > THEN,

< BARS ON BOTH FACES (N, = N;) > /\
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{1n practice, unless the splice 1eﬁgth ﬂ% the governing
factor, it is” usually more. econoumical tovﬁe the smallest
number of bars that will give the requi}éﬁ area and meet

minimum spacing requirementd since the.required number of

RAY;
ties and labour is a minimuQ: a“'"éffis dgg;gn‘approach forms the
basis of the reasoning strategy impleﬁ;nled'in the
~knowledge-based subrouéine REINF in selecting the bar
combination, :',

Unie§siﬁpecified otherwfse, the minimum and maximum bar
sizes considered by the program éfe m5:and #11 in Imperial
units and #15 and #35 in SI units. Lavger barstiie only

consideréd when spec ‘ically requested by the user.

The procedure 1mplemehted in CO for selecting the
X [
reimforcement and modification of t lal design is as
follows: - - ' - . \
_\ ‘

1. Select an_appropriate reinforcement pattern; bars are
placed in two or in all four faces._v
2, Determine the.value of the minimum area of

. i . .
reinforcement, A, ...

This is computed as 0.01 times the

gross area of of the initial trial séction or the

‘\_

reviged~concrete section, v

3. Compute a raﬁge of nﬁmber of bars consistent with the
seétion dimgnsions. The_minimﬁm and maximum number of
bars per face, as given in Table 4.1, afe computed using

the following expressions:

min. no. of bars per face = % + 1 (4.3)



“
'I‘abl:e 4.1 Numbe; of Bars in Eac;h Column F‘ace
| ¥
¥
column dimension nu;nber ‘of t;ars
‘ ' «. in face
in, mm
8 - 14 209-35‘0 2 -3
16 - 22 400; 550 3 - 4
24 - 30 600 - 750 4-5
32 - 38 . 800 =_950
0 - 46 [ 1000 - 7180 |
48 - 54 1200 - 1350 i,
‘ ' PO i
etc. i

52



max. no. of bars per facg = % + 2 - [e.4)

where k = 8 in. in Imperial .units and 200 mm in SI units.

s, )

wheﬁ bars are placed in two fates only,‘the total number of
bars s twice the number in;oné féce. In the case where the
bars are placed on all four faces, the total number of bars
is two times the number of bars on.two adjacent faces minus
four. For example for a 300 mm x 6005mm'column section
’réinforced‘on all faces, the total minimum ‘and maximum
number’of°bars considered by COLUMN is_given by:

;

min. no. of bars

(2 + 4) x 2 - 4 =&

A

(3 +5) x 2 - &2\‘

N S " | vi | |

4, Sté&ting with the minimum bar size and the minimum
T 2 )

e

max. no. of pars
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/ (1]

number of bars in the selected ranée‘of bars for the
/ ~ . .

secgién: the corresponding_drea of reinforcement A, is '
 computed. If A, 2 A_ . then Ehe:sgction is checked for

strength adequacy. However, if A ,.< A the number of

s min,
bars are incremented first. If the maximum nufber of

-bars in the selected range is reached, the bar size is
©
increased. ‘

5. This is repeated until'either:
el -
a. the maximum bar size i§ tried,

4 .
b. the section is found to be adequatg, or -

c. reiﬁ}h{cement ratio p exceeds p,,,,

% P I
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. in which case“thelcolumn dimensions are incremented, If
the“specified“column'shape"is square, hoth dimensions
.are.incremented by'oneplength’increment, When the user.

.specifies one of‘the dimenslohs}'only the unspecified
ud1men51on LS 1nc emented Invthe'case~where the column

~ section is rectangular, the initial A or the current
ﬁarea of sectlon, 1s 1ncremented by an area ggpal to the
vlength 1ncrement times’ the smaller column’ d1men51on and
" the system backtracks to determxne a new value of R. The

whole de51gn process is sthen 1nvoked untll a column~

section that meets all the serv1ceab11ty and safety

requ1rements, is found.

~
~ !

If thelprogram is used in check mode theégumber‘of bars
. on the faces and bar size has to be entered.. {ﬁ'this mode,
the bar'is’specifiedkhylass*gning equal.valuesitq the
m1n1mum and maximum bar 51ze. If these values are not equal

_the program uses only the minimum Ebr 51ze.

[

“Whether entered or selected by - the program, the number
Bf‘bars are checked with the.perm1tted m1n1mum4number of

. . Lot \/ L v E »
bars for the particular shape of cross section in accordance
. . B . ) . .y N .

~ with building codebreduirements. o : o : SQ\N/A

4.4 Evaluation of Strength Capacity

4.4.1 Second Order Effects in Columns
In determining the maximum end design moment ~of a
cdlumn,_the program utilizeS‘the moment.magnifier method.
B W\A
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Consequently, COLUMN requires information regarding the

stabllrty condxtlons.

-

_If the program were a part of a comprehensxve CAD

: \ o
‘system, thlS ! ation would be made avallable via the

glpbai databhj 30 owever, since at present COLUMN is used

as a stand- alone system, the values for the effectlve length

z
factors (k) ana the 1nformat10n on the end brac1ng

conditions need to be specified. An alternative apphoach
would be for the program to select a value of k from a set

of productlon rules that are capable of selectlng the

effective length factors on the ba51s of user specified

information on the end framing conditions. The heurlstlc

knowledge required for this approach can be based‘on

. . . B i
“information provided in Figure C1 of Appendix C of
CAN3-A23.3-MB4 or in Section 3.8.1.6.2 and Tables 3.21 ¥nd

3.22 of the British Standard for Strnctural Use of Concrete

.
—

KBS 8110:Part1:1985), This'approaeh would, of: course, result

in more input than the approach implemented.

- The moment magnifier method as implementéd in the
. . r. [ ) ) . . ‘
program ‘including comments on the interpretation of the
: - pertinent code specifications, is explained- in detail ‘in °

“Appendix A. | P

4.4.2 Strength Capacity of Section o
At this stage of the design procedure an initial column

~ section including concrete dimensions, amount and

et - . ' s .
agrangement. of .reinforcement has been selected. This-column

¢
RV

PES
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section hage been checked for thevslenderness effects and the

moments sge‘magnified if necessary,;Essentialiy then, the

design problemhhas been reduced to an analysis problem where

" the strength capac1ty needs to be checked aga1nst the

applled factored ax1al loads and moments.

s
k-

‘The nom1na1 strength capac1ty of the sectlon wh1ch is

‘uniaxlally‘loaded is computed u51ng de51gn assumptions

stipulstedfin thewéodes which are summarized-below.snd

G

“illustrated in Fig. 4.5,

Conditions of strain compatibility and,eQUiiibrium_of,

' et et ‘ ' g
forces must be satisfied. . _ R : U“@R

|/ ’
N

A linear. strain relatxonshlp is used, hence the stralns
in steel and anrete are proportlonal to, the dlstance

from-the neutral axis.

Max1mum compre551ve strain in concrete is Q 003

~

Stress in steel is equal to the steel straln t1mes the
modulus of elast1c1ty of steel E whlch has to be equaltu‘.

-

to or‘less than £,

Concrete takes no ten51on,
An. equ1walent reotangular concrete stress block (Wh1tney
stress block). as showp in F1g 4.5 is used to -
approx1mate the paﬁabollc stress block a~~v

The solution algorlthm used in COLUMN first checks

whether the capac1ty of the section- for the pure axlal BE

compresslon case 1is larger than the applled ax1al load.‘If

this capacity is greaterlthen the appliedzload, then the
. J ' . % o .

Do

 neutral axis for the case when‘the'resisting axial load is
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.

.equal to or just greater than the applied_factoted{axial -
’ load is located, otherwise the section is,incremented. |
The position of the neutral ax1s located at depth c, as
indicated in Fig. 4.6, is 1n1t1a11y assumed to fall between
the two possibie iimits c, and c,. The upper limit c,
corresponds to the case where the depth of the compre551on
stress block 1s equal,to the depth of.the\column, and the
: lower limit c, corresponds to the pure axial'tension case.
The axial load capacity is then computed and compared to the
applled factored axial load As shown in Fig. 4.6;.depending
on whether the applied’ factored load is greater.than the
computed axial load capacity, a new position of the neutrai
akis‘is located-halfway between”the'previous locationrand
the'appropriate limit ¢, and ¢, Note;that at this«time,
again depending on the relative values of the applied and
- ¢omputed axiai load‘capacity, thetposition of either ¢, or
is altered to correspond to the preV1ous location of the
‘neutral aX1s In. thlS way the locétloﬁ of the neutral axls
vconverges to the locatlon where the computed and %Fe applled_
axial load capac1t1es are within .a prescrlbed 11m1t {which
in COLUMN is set to + 0.0025 x égY. If convergence'is not
possible the computed capacity is always less than the
" applied aﬁlal load and the sectlon must be incremented.

For any pos1tlon of the neutral axis, the ax1al load is

,cOmputed~as follows. a

r

S =‘¢CO.85f}:AC.:_‘¢S£V £.A, [4.5]
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in the case of CAN3-A23.3-M84 and

n si'si .[4'6]

P, = ¢(0.85fA, +
. i

w ™Mo
AU
>

for the case of CAN3-A23.3-M77 and ACI 318-83.'P, and P, are
the factored axial load resistanceé and A, is the area of

concrete in compression defined by: o

in the case of a rectangular or square section and;.

6 - sinecosel \

A, = h :
where . : L
0 = cos ' [RA22] , .

<

in the case of circular when'a < h/2 (Fig. 4.7) and,

Y 9 =180 - ¥ - ‘r
. . 24 :
where .. : -
o -1fa - h/2
¥, = cos { h/2 ]

in the case of a circuiér~§ection with a > h/2. (Fig» 4.8).

. $. and ¢ are the re51stance factors for concrete and steel-

“

vgb;espectlvely,and 3 15 the strength reductlon factor.tThe

. s S ’N'-, o SR
capac1ty reduct1on factor ¢ 1s mod1w \ bscribedin




® | .

8 = cos! [h/Z-a] ' :
' h/2 €cy=0.003 0.85f'¢
= fs1
-— e
NA

>t —

o

— fsn

»(c) Stresses

(a) Section | (b) Strains’

1

~ Figure 4.7 Compression Zgne for Circular Section (a < h/2)

$ = cost|oh2] 3 -
12 €cy=0.003  0.85f
o e
K :: fs1
T
—
h - fsi
- fon
. > :
- (a) Section (b) Strains (c) Stresses

Figure 4.8 Compression Zone for Circular Section (a > h/2)
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) .
steel iévnegative, then the steel is in tensionyp ot?erwis%,
in compression. If steel is in compression, the fofce due to
the area-of concrete displaced by the steel in compression’

is subtragted, aslthis has already been accounted for in the

computgfio%’of the force due to the total area of concrete
in cégﬁression. |
If a resisting axial load equal to the factored axial
load is not‘possible, the tgiql section is modified as
described in Section 4.3.2. When the neutral axis is located
so that the axial load resistance is equal to the applied

load the correéponding resisting moment of the section 1is

computed using:

.
M, = 9.0.85fla.F * #,L A, (h/2 - d,) f4.7]
in the case O0f CAN3-A23.3-M84 and
2 ‘
M, = ¢[0.85fa§ + L £,A,(h/2 - 4,)] [4.8]

| dor
in the case of CAN3-A23.3-M77 and ACI 318-83, where
a;y = ab(h/2 - a)-

'J"‘
) e

for a;fectangular or a sé%%?g section (Fig; 4.5), and
h '3
- 3lsin’ 6 :
acy ”h[ 12 - B

4s

. > . e



in the case of a qircular section (Fig.f4 7 and 4.8).

‘ If the resisting moment M, is greater or edual to the
applled magnified factored moment .M., then the section is
adeqUate° otherwise, the section has to be modified as
described in Section 4.3.2. and the program backtracks so
thag the process from the computation of slenderness effects
‘deseribed in Section 4.4.1, to the evaluation of strength
capacity is repeated until an adequate section is found. If
the pfegram ie being used in check mode a inessage indicating “

£

whether the column is adequate or inadequate in strength is

&
1

printed. -

The abovetprocedure'ensures that the point on the
load-moment interaction diagram represented by the
coordlnates M, and P;, the factored loads, always 11es
within and therefore to the right of the failure curve
(Fig. 4.9). |

The reader is referred to Appendix A for a cemplete
discussionlon the interpretation and implementatien of code

heuristics.

4.4.3 Biaxial Beﬁding
In a‘biaxialiy loaded column,;determining the location

- of the neutral axisfthat_sétisfies equilibrium is not as

simple and straightforiard'as in the uniaxially loaded case.

The neutral axis 'is not usually normal to either of the

principal axis or to the resultant eccentricity and

-therefore is dependent on two unknown variables; the Engle
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- Figure 4.9 Evaluation of Strength Capacity
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of inclination with either reference axis and the depth A
trial and error procedure whﬁch success1vely corrects the
_position of the neutral axis until the section capac1ty
;bproaches the required value, involves a nu;ztous amount qf
iterations and therefore is tiﬁe consuming even for use on a

o 2

computer.. .
To simplify the ape;oach, thére'ére,availablg various
~approximate design methods that deal with biaxial bending,
that for practical design purpbses have pfoved to be
reasonably‘adequate. Three methods that are commonly used
~include: |

. 1, Bresler's Reciproéal Method .
2. Load Contour Methodb
3, Equivalenﬁ Eccentricity Method .

The procédure implemented in COLUMN taqyerify whether the.

v Selected design is adequate_fof strength, is the Equivalent
Eccéntrdcity,approach. In this method, a biaxial bending———
situatiion is'reduced to oné with bending about one of the
major axes. This ig ac-omplished by replacing the
eccentricities of the load P (e, and e) by an equ{Qalent
uniaxial eccentricity e, as fOllowé. |

N
In the case where::

a0

nl‘m
> >

e
>
CY - «

EX ' ‘ - S
the inclined bending is simulated by uniaxial bending about

the y-axis with the axial load P acting at an equivalent
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\ \ ' X L: Yore R ’rw@:
itrici : R , 9 it
eccentricity e, computed by: . f;h‘;aimwn~ PR :
‘ s H W AT
J W . . -
C ® Y %‘" .
. x
e, = e, + ae, — % ' [4.9]
y LY
On.the other hand, if:
e e
b A T
c, c, .
4 ]
@ Y

the loading is replaced by the axial load P acting at an

.equivalent eccentricity about the x-axis eo, described by: .

c S
e,y = €, * ae, gt [4.10]
For the case when,
<. p
< 0.4
A £ 4
£+ 30Q
- P y .
a = 10.5 +.Agf ][ 755 > 0.6 [4,11]
and for,
P
2 0.4
A £
1.3 - 2 ][fy * 300 ] > 0.5 [4 1;]
LA S W | N = 0. :

Having reduced the biaxially loaded situation into a
uniaxially loaded one, the strength adequacy of the column
section is evaluated using the same solution strategy that

utilizes the interval halving procedure as described in
i ) | .

ey
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& .. @

+

"Sections 4.4.2. | o T

This method although siﬁplelin its approach produces
feasible designs that are fepresentative of thosgbused'in
practice. Table 4.2 givés an ihdication of the a:cu;aéy of
the method when compared to the Bresler's Reciprocal
apprqach. These values were computed on the basis of 131
column te§%s; r "

It is important to note that the type of procedure USgd
in tackling biaxial bending problems is not a ma;n issue |
within the context of this research. The prime objectivecist
to study the manneryin ‘which knowledge required in selectingf
feasiblé designs could be incorporated in a CAD environment,

#

"It is evident that the accuracy of the designs depends on
the sophistication of the design method adopted. However, as
@lreadiimentioned, refining the.method for the strength

i ‘ ‘ SN
analysis does not always mean that the resulting overall &

' ,design process is a consistent one. In spipe of this, any
B "~ A

., type of design solution strategy can be incorporated, since

the built-in knowledge for the design process is independent

of the level of sophistication of the analysis method used.

¢

/
b +
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5. DESIGN“?AMPLES | o e

3

_ . _ - :
,zﬂ{p 1 Introduct1on o ‘ - - - H
“In‘this chapter the use and application of COLUMN are
1llustrated Three design examples are presented to
demonstrate the general features and to evaluate the desagns
e produced by the system.vThe user spec1f1ed 1nput data and “
the system s orlnbed output are also presented For clar;ty[~
\) ‘the examples are exeputed in baﬂﬂ% mede. The pficedure for
‘enter1ng data and the. contfgi cgdhanﬂs are’desgrlbed in
- deta1l in the USER' S MANUAL in Append1x>A The - ouput .
produced by COLUMN is composed of two parts. |
1. An echo check of the 1nput des:gn parameters lncludlng
default values ass1gned to the unspec1f1ed data by tne‘f
program. 'v |

2. De51gn 1nformat1on on the selected sect1on d1men51ons

iﬁné relnforcement together w1§# add;tlonal de51qn

5.2 Example 1 - Tied Column Design | .

e

- The data of thls’example is.. taken from Example 7 T.in

"Concrete De51gn Handbook"(CPCA 1985) De51gn a t1ed
A- ¢ -

dolzmn to support a factgred ax1al load d?’2630 kN and
fa

c ored moment about the x-axis of 100 kNm. The column is
. "-'a& : I .
T braced agalnst,51desway and has an unsdpported 1eng$h N

S

uébo ., Assume condltlomee%astlc ﬁfﬁy.wgh the t0p and

bottom of the column s0 that-frbm Flg ‘ﬂFvApﬁ%ﬁdlx c of

g e

d\ o . R . - ® &,

om. i
O A
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'czms ~A23.3-M84 the value of k = 0.9. The material properties
foﬂ this des1gn are f. = 40 MPa and. f = 400 MPa. Typers
contrete ‘'is used aqd‘the.concretevcover‘to NQ;10 ties is.
40 mm., , | | _ |

The_shape of cross section selected bkaULUMN i;‘squéte .
_and“thefbars-are‘aist:ibuted on all faces sincé the |
predominaté loading action is due to the comﬁﬁessiVe load.
The de51gn suggested by COLUMN is 1dent1cal to that g1ven in
the Handbook

» | TIED COLUMN DESIGN
- L A2 at &th FLOOR :
| D,C84,T T -
. ?‘gclm.,‘;?o.‘!;‘o‘.,_ o .

90 3400.,3

- ’; ~ Input, fof Example .1 - © e

e
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, #. .
..t.‘.“.‘,"...:“t.}.!‘i.l‘.‘“Oti.‘.l‘..““‘l“‘00‘0‘..“0“.0..““.
h

] oo . ) *
. v COLUMN .
. - A .
s ; . . .
* Column version 1.0 (Jul/1987) - knowledge-based computer. .
. program for the design and analysis of reinforced .
' concrete columns ! : .
. . . : . .
: : Developed at‘Thx Départment of Civil Engineering ’
. The University of Alberta Edmonton, Aioerta, Canada .
. by: Alexander Bezzina . .
. . »
LA L AL L T Y L P P T PRY YY)
PROJECT: .  TIED COLUMN DESIGN . © COLUMN ID: A2 at 4th FLOOR v
. - ' . R - &2
- MODE: - DESIGN MODE [ "CODE: CSA CAN3-A23.3-M84 M
v ' . ’ ‘ B
MATERIAL PROPERTIES:_
LI » ' concrete: R ’ ' steel:
s . £ c = 40,0 N/sq.nm ?,__ fy (long.) = 400.0 N/sg.mm
- = . Wt. = 2400.9 kg/cu.m - ty (lat.) = .0 N/8q.mm
- ‘B¢ = 31975.4 N/sq.mm ‘Es: 'y = 200000.0 N/sq.mm
: S type = SEMI ~LOW *DENSITY
i - ! .
’ SECTION DATA:
' concrete seétion: ’ reinforcement:
shape - = RECTANGULAR - type = TIED A
ex = .0 mm reinf.fpattern = UNSPECIFIED
. , cy ) = .0 mm splice type = TANGENTIAL
" ' R = .0 ’ . max. reinf. ratjo = .030
’ ' cover = 0 mm max. no. of bars =
‘ cx incr. = .0 mm §no. bars x-face =
P ¢y iner. =* .0 mm : ®o. ‘bars y-tace = )
4 : s max. bar :size = #35
: o min. bar size = 418
COLUMN DATA}
, *  type = BRACED ABOUT X-~AXIS _ theW. BRAPXD ABOUT Y-AXIS !
'T‘ S 1y = °3400.0 . mm ly = 34PON\0 mm
. kx =l .90 ky = 90 .
INPUT LOADING:
. type-= SACTORED’_ - Jk' B . :
axial loads: : koments: s . : . )
pd = +2630.0 kN top end: X bottom end: : .
Pl = .0 kN . Mxd = 100.0 kN.m Mxd = . : .0 .kN.m
o Myd = -0 kN.m  Myd = 0" kN.m-
, i - Mxl = - .0 kKN7Rm. Mxl = 0 kN.m
> ‘ 1 © oMyl = 0.kN.m Myl = .0 kN.m
' L ‘ . o T
. -

.

w




’ -
P B . t )
.W}h‘ ‘
o .‘
- "DESIGN - COLUMN 1D: ‘A2 at 4th FLOOR
I EEIRSENETRSRUTITES ot .
DESIGN FACTORED LOADS: , SLENDERNESS RATIOS:
.+ p = 2630.0 kN, C(KM/r) - x s 30.3
Mx .=  100.0 kN.m ) (k}/r) ~y= . JO
. My = .0 XN.m .
R .
© COLUMN ‘DESIGNx:
AL
: ““concrete section: ' u. reinforcement: ‘
cx = 350.0 mm : no. bars x-face = 2 -'¥30
29 oey = 350.0 mm no. bars y-face =
cover = 40.0 mm C total no. of bars = 4 - 430
- ' reinf. ratio,, = .023 -
tie sets - 410 @ 350.0 mm
ADDITLIONAL 'DESIGN COMMENTS: "
COLUMN DELFLECTS IN SINGLE CURVATURE ABOUT X-AXIS
. . g . bl
j : | sﬁnenuzss EFFECTS ABOUT X~AXIS DUE TO ’ N
}t' C *©  STABILTY MAY BE NEGLECTED .
" SO : 8 3
A TANGENTIAL SPLICES CAN BE USED '@ _ .
¥ . : . & : .
wh . ¢ \
S e CLEAR SPACENG OF BARS ON THE X-FACE =  187.6 mm .
- Y . . ) . .,-‘ N . ~ o ) B ﬁ' -
~ - . 'CLEA‘GGPACING OF BARS ON THE Y-FACE =  187.6 mm' - 3, .
a0 B J . : ' ] P ‘ e T .
‘ . - -. ‘“‘m, . ‘;‘ \ ;\;’\\\J ' “ .‘ .
o ‘b«»‘, Y .u - . ' 5&"& N :@?
- v . L S LR
. r by . o
f * . ot
SN ~ ) - -
S S e 4 .
. > Output¥ for Example 1 (contd),. % ‘
] o ) ‘ "
~ ' ¢ -
N . ¢
‘ ‘ ¢
) . R / ’ 3
. P ' T
» » :
» p“l! . ‘
* /’ H
-, -



5. 3 Example 2‘? Circular Sp1ra1 Column .
 This is example 7. 2(b) in 'Concrete De51gn Handbook'
(Ceca, 1985) De51gh a c1xcular sp1ral column for a

P, = 4560 kN and M, = 20 kNm in accordance with
' ¢

CAN3?A23.3—M84. The material properples fo; thlS projectiare
3 s : .

W

» f. = 40 MPa, £, =.400 MPa,.and fJ;‘\QQZ MPa. The unsupported

, length of the’coIUmﬁ 1, = 3600 mm and s in the previous .

..+ €example k = ‘
umn section selected by';ﬁg&g

s identical to that used in“"ti‘ue.

S e = (15 mm + 0;3h)'f'30.mm h

SRR Mg = Py x e = 136.8:kNm-- . '

_ rather than the'equred»moment of 20 kNm. This‘minimumh’
» }
'neccentr1c1ty requ1rememt is overlooked in the example given
. . s
in the Handbook . . )



‘.»;,K,-\,CIRCULAR SPIRAL COLUMN ‘ | »
B2 at 3rd ELOOR.( | , o
D,C84,5 - -° ‘ vl e

40..400., 00., " op o

0., B

. N . ’ ﬁ
. .
Input fdp Example 2 - =~ ‘ .

- . rY
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‘3

““‘....“‘O0.0..‘0.““‘..".0.“‘.0‘.“.“‘.“‘...0““..“‘.‘.Q...
.

. . ",‘ ! ”:‘\‘1
.\‘\~:¥Qﬁ"f,. | COLUMN it

[

.

[}

¢

Column vérsxon . "0 (Ju1/1987) - knowledge-based computer .
program for the design and analysis of rexn:orced ]
concrete columns . .
’ * .

Developed at The Department of Civil Engineering .
The University of Alberta Edmonton, Albenin. Canada - .
by: Alexander Bezzina .
L]
.

»

...“.“"l“.'..“.‘t.‘.““‘...“t.‘...“‘t“‘l".‘.;.‘.“..“t‘...

[4
PROJECT: CIRCULAR SPIRAL COLUMN COLUMN ID: B2 at 3rd FLOOR

MODE"‘ DESIGN MODE TN, CODE: CSA CAN3-A23.3-MB4
L L .
. MATERIAL PROPERTIB ' . . o f . .
e - - : % B &1@' "j’ N";"?V’&f"e,v;i;}"?‘ O Ly 3 39‘:;& g
'fdoncrece:’g" Lo ' T steel: : i
fc = 40.0 N/sqg.mm " fy .(long.) =  400. 0 ﬁVsq mm
Wt. = 2400.0'?g/cu.m o fy (lat.) = 400.0 N/sq.mm
Ec = 31975.4 N/sq.mm - Es 7 =200000.0 N/sq.mm
type = NORMAL DENSITY _ -
SECTION DATA:
concrete section: . . reinforcement:
shape = CIRCULAR " type . = SPIRAL
cx o= .0 mm reinf. pattern = CIRCULAR
ey = .0 mm splice type = RADIAL
R .0 C max. reinf. ratio = .030
cover = .0 mm max. no. of bars =
cx iner. .0 mm : no. bars ix-tface =
ey incr. .0 mm . no. bars‘y-tgpﬁ =
. Co max. bar size =" 435 ¥
‘o . . min. bar size = 415
COLUMN DAYVA: -~ (@]
BRACED ABOUT X- AXIS , *  type = BRACED ABOUT Y-AXIS
1x 3600.0 mm ly = 3600.0 mm
kx 4= .90 . ky = " .80 .
- . ‘. B © .
type = FACTORED . : _ ‘ :
axial loads: moments: . ' >
pd = 4560.0 kN top end: : bottom end:’
Pl = .0 kN Mxd =  20.0 kN.m Mxd = D kN.m
’ ' Myd = L0 kNim  Myd. & . .0 kN.m
Mxl = | .0 kN.m  Mxl = .0-kN.m

- Myl =: 0 kNem Myl = .0 kN.m

5

14

Output for Example 2.

f?5

s



DESIGN - COLUMN 1ID:

DESIGN FACTORED LOADS:

P = 4560.0 XN
Mx = 136.8 kN.m .
My = .0 kN.m

* COLUMN DESIGN:

-
concrete section:

cx - 500.0 mm
cy ] .0 mm
cover = 40.0 mm

ADDITIONAL DESIGN COMMENTS:

Y

B2 at 3rd FLOOR

SLENDERNESS RATI1O0S:

(kl/t) - x =
(kl/r) =y =
reinforcement:

no. bars x-face
bars y-tface

tdtal no. of bar

. reinf. ratio

'+ spirals - #10 ¢ pitch - §

no. of spacers

“

COLUMN DELFLECTS IN SINGLE CURVATURE ABOUT X'AXIS

. t MINIMUM ECCENTRICTY ABOUT X~AXIS GOVERNS

MINIMUM MOMENT ABOUT X~-AXIS = - 136.8 kN.m

SLENDERNESS EFFECTS ABGUT X-AXIS DUE TO
STABILTY MAY BE NEGLECTED ‘

RADIAL SPLICIS«qu BE USED

Output for Examplé 2 (contd)

.

25.

3

(=]

10

10\

2
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.
5.4 Example 3 - Biaxial Bending

' The‘data,ef this example is obtained from Example 2.7
in the text by Thadani (1956) De51gn a tied column in
accordance w1th CAN3- A23 3-M84 subjected to the follow1ng~f~

,factored loads:

L . -
. Tl . .
o

P = 1400.0 kN

.

, = 252.0 kNm L .

M
M

, = 560.0 kNm g
B -

T wE
The material properties for this design are ft. = 30 MP4 and
. ¥ . o &
fY =.400 MPa. The concrete cover .to No. 10 ties is 40 mm.

¥

As illustrated in the output for th1s d951gn the

. program selects a rectangular sectlon w1th an aspegt rat1o
R = 1.4, relnforced on only the two short facqgg Thls*column
&.

désign was opted for, sYnce the. predomlnate loadlng actlon
is due to the bending moment ab the.y—ax1$.*The column
sectiou as designed by COLUMN<;Z§§£out to be more
.economi;ai in terms of area of eonére¢e>(13% less) and
reingurcemeﬁt (30% less) than that analyzed in the source

i

text. .



&)

BIAXIAL BENDING :
A1 at 2nd FLOOR
D,C84,T
'30.,400,,0.,

.0.,

o

L]
-

OO
oo

.
-

- - e

-»'*Joootjb‘o:_uz
U~ ~

o

75,4000.,
0.75,4000., ¢
£y ES 40
&
~ e 5 Boed 8 T
’ \
A I -~

Input for Example. 3
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ey

/ .

\ 3
R T T L Ty Y TP T T YT IYITTITY
. o N
* COLUMN o .
* ) ';\}"%;5 A.
* ) . .
* Column version 1.0 (Jul/1987) - knowledge-based computer *
. program for the design and analysis ot reinforced ) .
. concrete columns : ¢
. ’ ! ) e 3, .
. Developed at._The Deparfment of Civil Erigineering .
: The University of Alberta Edmonton, Alberta, Canada .
. ' by: Alexander Bezzina - ' U
* : . ¢
.“[.““‘..“.‘.““.“‘..‘...““‘..‘..“.‘....‘...‘..‘...“‘.““..

: -

PROJECT: BIAXIAL BENDING COLUMN ID: Al at 2nd FLOO% 
MODE: DESIGN MODE : . CODE:. CSA CAN3-A23.3-M84

MATERIAL PROPERTIES:

-
concrete: : steel:”
fc = 30.0 N/sg.mm . fy (long.) = 400.0 N/sq.mm
Wt. = 2400.0 kg/cu.m -ty (lat.) = -0 N/sq.pm
Ec - = 27691.5 N/sq.mm ! Es = 200000.0 N/sq.mm
type = NORMAL DENSITY S
SECTION DATA: B
concCrete section: . reinforcement:
shape = RECTANGULAR type . = TIED _
cx 7 =" .0 mm . "" - reinf. pattern = UNSPECIFIED
cy = .0 mm . splice type = RADIAL
)14 ‘ = .0 max. reinf. ratio = . .030
cover = .0 mm ) max. no. of bars =
¢x incr. = .0 mm no. bars x-face = A
cy incr. a .%mv no. bars y-face =
g ) -~ :
/\ w max. bar size = 435
. . min. bar size « 415 .
N R
COLUMN DATA: ' R
e A1
type = BRACED ABOUT X-AXIS type = BRACED ABOUT Y-AXIS
1x = 4000.0 mm - ly = 4000.0 mm o
L= .78 ky = - 15 ‘ "\&
t +
INPUT LOADING: A *
type = FACTORED ‘ . ‘
axial loads: ~  'moments:. . . .
Pd = - 1400.0 kN - top end: _-botrom end: " -
Pr = - .0 kN Mxd = Mxd, = P
- . ' Myd: = 56Q. '
| Pl Ml
LR v . - Myl =
B -t
TN .
. ‘ Qutput for

I ) * ‘

79




SIGN - COLUMN 1D Al at 2nd FLOOR

snssmunwnskanenas

DESIGN FACTORED LOADS:

P = 1400.0 kN
Mx, = 252.0 kN.m

My = 560.0 kN.m oy
COLUMN DESIGN:

concrete section: réinforcement: . —
cx =  650.0 mm no. bars x-face = 4 - #30 °
cy = 450.0 mm ) no. bars y-face =
cover =°  40.0“mm_ total no. of bars = g8 - #30

N ' reinf. ratio = .019

’ tie sets - #10 o

450.0 mm

ADDITIONAL DESIGN COMMENTS: 5 '

COLUMN DEFLECTS IN SINGLE CURVATURE ABOUT Y-AXIS
COLUMN DEFLECTS IN SINGLE CURVATURE ABOUT x‘¢k15 s .

SLENDERNESS EFFECTS ABOUT X-AXIS DUE TO
STABILTY MAY BE NEGLECTED :

SLENDERNESS EFFECTS ABOUT Y-AXIS DUE TO AR
STABILTY MAY BE NEGLECTED -
RADIAL"SPLICES CAN BE USED ° PN : .
CLEAR SPACING OF BARS ON THE X-FACE = ° 75.9 mm

CLEAR SPACIMG OF BARS ON THE ‘Y-FACE = 487.6 mm

Output for Example 3 (contd)

]
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5.5 COHJW§sions‘ C - !
The<examples,presented cover only ;omé of the features
and capab111t1§s of COLUMN However, thes: exgmples are
sufficient to indicate that COLUMN is capable of producing
designé that are comparable and, in certain instances, mo%e

ecoromical than those suggested in the textbooks.



g e PR L T R S AT RA R ‘IJ‘,,' 2o

6. SUMMARY AND CONCLUSIONS . .~
R | L s

6 1 Summary : o 1-‘ A L ';-. - s
Th1s ;esearch was undertaken for a twofold purpose, 'fii

. namely,. R ‘*“»,“_ ) ‘J' .

e

‘v_l; to stud%\the 1ssues that need to be\addressed 1n
SN T
b s deVeloplng programs bhat automate the structural

;engineerlng deszgn process, and RN o j[yf K
7f2. to 1nvestlg\te how these 1ssues areﬁcon51dered in- the..
deuglopment of .s sﬁems for the design and analy51s of -
reinforced” concrike memb%r;." ‘ o o B 'ét;ij
.The techniques and toogs:used in- bu1ld1n$ knbwledge basedy
deipert systems were dlscussed and the1r part1cu1ar~
.“application to the deSIgn of\relnforced concrete structures
was emphas1zed 3 T - S : _" ' ,%“

A. knowledge based system for the analyils and

fon1ng of. relnforced concrete columns has been . s
.deveETIoped and presented The reason1}§ strategy 51mulated byp
‘the system follows that used. by an expert system in |
deslgnlng relnforced'concrete columns, namely. ‘

1,‘ Select a potentlal de51gn
2. Evaluate fhe de51gn d 4_,_ R ;;?’
3.‘ Modlfy the dps1gn ‘;_' |
The~knowledge requ1red for-proportlon1ng column sect1ons is-

structured u51ng a productlon rule’based approach A forward




pE

‘ s TN S . .

6 2. Conclusions s) o ‘>ﬁ-~k

E
= . v

This research has demonstrated that knowledge based :
'expert systems for the proportlonlng and detalllﬁg

- structural elements can be wr1tteh Sueh systems should be

»_kcapable of produc1ng desxgns that.are. : L S
-0 Safe and. servggeable ' 4,‘" s

N

_é;,gCon tructlble g\\‘ ,
/ 2 : V *
4, In accordance w1th pféscrlbed 11m1tat10ns 1mposed by the

3y Econom1cal’ g

deswner. T R

. s

"\
//3QLUMN fulf1lls these requ1rement’ and although Stlll in. v
its development stage, the/CDiugn sectlods produced by the
system have shown toqbe\comparable w1th thosetdes1gned rn

. o 2
practice by experienced structunel engineers.
. Wy v ) B . £ .
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o * APPENDIX A - DETAILED .CALCULATIONS
* { . \' W _' ) - . . . . . ]

A.1 Sign Conventzon and ‘Nomenclature

o = S

[y

‘The.sign convent1on of the moments entered gy the user.

Y% is ‘as shown in Flg. A.1l. Posxtlve moments at elther top or

N

* "
- bottom of'the~column ai‘ moments.wh1ch act in a clockw1se

directxon and vice. versa. Therefore, when entered end

1

the program COLUMN_: N

determines which of the end moments is larger and sets the
.

value of this mement to be’ p051t1ve. The smaller end moment

is set to a- positive value if the column is bent in 51ngle

curyature and negat;ve_if bent in double‘curvature. v’fﬁ\\\J4 .

—— »

. 4 The nomenclature’used in escr1b1ng the column cross
sectlon 1s as 1nd1cated in FAq. qu When bars are placed on
all faces, the number 0f bars on each x-face N, 1ncludes the

" two bars at the corners as illustrated in Frg; A 2. The

e

d1rect1on of "the d1men51ons which is parallel to e1ther of

the pr1nc1pal axes is 1nd1cated,py the subscrlpt._
’ /‘ 'w ' ! . * « T e _ " s * '
. .

by

A.? Slenderness Effects in Braced Members : .‘ .
,’;or members breced against efdesway; uhenvthe .
elenderneSS'ratio k}u/rbis,less than (34 - 12M1/M2), the
member‘ie'consideredvto be~ short and thus slendernéss
effeots are-neg}eggsgr k is the effective length factor}“iu

" is the unsupported length of column, and r.is the radius of

] - . o v

89
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(a) Input Moments from Analysis (b) Deflected Shape and Design
Clockwuse Positive Moments used by Program -
: ¢ = ‘ . - .

Figure A.1 Moment Sign Convention _

-
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Tx

‘Figure A.2 Sign Convention and Nomenclature




gyration bf the créss section of the column about the axil
~under_ consideration. Values of k and 1 are entered by-the

user gnd the value of r is computed by:

- L s .
r V/f;; . (A1)

where Iy is the mbment of 1ner:1a of the groas sect1on about .

. 7

centroidal axis under consideratxon, neglectxng

-——

re1n£orcement. A
L3 ¢

Thé&ylarger factored end moment, M, is always positive

£

and its value should ncf be less than ‘the -axial load actdng
."ét a cinimum eccentr&city equal to: _
1.‘ The greater of (0. 1h) mm énd 25 mm'for tied columns and
g the greater of (0. 05h) mm and 25 mm for spiral columns
in accordance w1th Section B.4. 6 CAN3-A23,3-M77. f
2. (15 +.0.03h) mm as stipulated 1n,$cct10n’10.'11.6.4
( .

, “ 0/ . .
3. (0.60 + 0.03h) in. in.accordance with ACI 318—83 Section

CAN3-A23.3-M84, o _ *

10.11.5.4 fot a braced frame or Sectlon 10 11.5.5 in the

case of am unbraced frame. ' A\ T
Therefore, if the eccentr1c1ty computea from the entercd
moments and loads is 1ess than the minimum st1pulated by the
codes, the design moment is based on the value of the code
minimum eccentr1c1ty.ﬂlf kl;,/r is ‘less than (34 - 12M,/M2 ,
the miniﬁum-ébcentricity does not apﬁly and thc equation for‘

the maximum axial load governs..
_ C . L



1 . - ’
' vt ) -
—— N

Ih the case where the column is axially loeded and

L]

“hence there are essentiaély no moments actzng at e1then end _

of the: colum{‘ the codes recommend values of M /M2 for the

K]

.

purposes of calculatlng Cpi the equ1va1ent mqment £actor.
' Howewpr, for the same load1ng s1tuat10n, the COGes de not .
: §ive any 1nd1catioh as to what value of Mvﬂg to use for
ehecking“whetheﬁ slenderness effects are to be accounted for
or not.lIn this-cese there are two poss{ble approaches of
'selgcting a valué of M,/M, for consideration of slenderness
effects: | |

The first . is to assume conservatively that the ¢oluhn
'behds in symmétrical single curvature,mthus the value M,/M,
is taken to be equal to 1;0; Design examples in'texthooks by
Wang and Salmqn (1985), ang by Pillai and K[lrk (1983) use
this value. HoweYer, the more rat1onal approach- seems to be‘
that, although a. minitum moment.as required by the codes is

applied, the'value of the moment at the other

member as eemputed from a frame analysis'is
'Consequently; the value of M,/M, is zero and the ‘
(34 - 12M1/M2)Jis‘equal to 34. Therefore, the un1ax1ally
loaded member is- treated 51m11arly to the case where a
member is subjected to a uniaxial bending moment at one end

only. This epproech is considered to be more appropriate

~

since it prevents the use of spurioussmoments.

. NN - . . » . ) . , N .
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- where P

~and C,

o Q,' PR EAA .‘ SIPTIAEaR M AR S G ~ P b ST ", f;a\a:,':' : W NLEE :‘ LT T:M_;:&W
. * v ‘ Y

"A.3 Moment Magnifier for Slender Braced Columnsa

| Slendetness effects in long braced columns are

accounted for bz,xncreasang the applied largpr end moment by'

a magnification factor §,. The design mément is thus/given

" £ M(:-'= 6sz [A.Z]

Where M. is the magnified factored'design moment and §, the

magn1f1cat10n factor ‘computed from entered loading and
r
geometry:

[A.3]

®

. is the critigal load of the member described by:

7 El )
) = 2 ' Ae4
N - € (klu) ' : ]

O
.

is the eguivalent momentkfactor given ‘by:

M, | :
C, = 0.6 + 0. 4ﬁ: 2 0.4 [A:Sl,

»

-

The ratio of the column end moments M,/M, is taken as 1. if

both moments M, and &2 acting on the compression member are

'

" zero. .



" ' When CAN3 ~A23.3-M77 and ACIL 318- 83 are used o
£, ¢ is the strengtﬁ reduct1on factor, wh1lst for

f'CAN3 A23 3 M84 ¢ 1s replaced by ¢m, the member re51stance
: - _ )
_factor. el T e T e

-

The flexural stlffness, EI,'used 1n calculat1ng the

_value of P is Computed us:ng the more "accurate" of the two"

S

'.equatlons st1pu1ated 1n the: codes (MacGregor et al., 1970)
: 3

El
~ .
-t

’)QEI +EI R :
EI‘»=/_ T Bd — ! S R [A.6]

‘v‘h
| PO ) R ,
‘In the eQuation»for El, the 1nfluence of the longltudlnal
relnforcement 1s con51dered by 1nc1ud1ng the flexural
stlffnggs of‘the steel R - where E, is the modul of o
eIast1c1ty of the steel and Fa the moment of 1nert1a of the
*. steel relnforcement about the centroxda} axls under '
:con51derat1on. Thls 1s computed as descrlbed in Sectlod}A ;\\\V
:'The use of Equatlon [A 6] for evaluat1ng EI -is poss1b1e
}51nce the requ1red 1nformat10n on the content of
irelnforcement is already avallable at th;s stage of the
Ide51gn process. ‘ V

z;- The factor Bd, wh1ch is the absolute value of the ratio’
of the max1mum factored dead load moment to ‘the maxlmum'

S

'factored;total load moment'Mz, is used to approxlmately

gacdount for the reductlon of the value of EI because of

Y

,

'\,

If the value of P, the factored ax1al load is larger.:‘
S

V’creep due to sustalned loads.

n‘than the vblue of P multlplled by ¢, then the column 15 fhf
. Lo .



; B AR o
unstable and theqefore a larger column crosslaection 13‘ ,

C o SRR S
l
H
I

| Y F
'

necessarx If‘the program ‘is in check mode, a message 'ﬁf

1nd1cat1ng that ‘the column is unstable is pr1nted othe’wlse

A\

the column sect1on is. 1ncreme®ted .and the process of/

e

‘selecting relnforcement and checklng of slenderness effects

.

"1s repeated. Increment1ng the relnforcement conte t is not
T N ‘

) practical ,as thlS does not aﬁfect 51gn1f1cantl¥(the value’ of

the flexural stlffness EI of the member. If tpe\value of the _
han 1, it is s?{ to 1

/
/
!

,moment magnafler éb is less

“abs

- A. 4 Slendern:ss Effects in quraced'Colymns’

For frames\that are ndt braced.agalnst 51desway, the . -
column is con51dered fo be long;;f the value of slenderness
ratio kl J/r is greater than;22 Aﬁhén des{;: is carried out"
using CAN3 A23 3- Mﬂ? and ACI 318 83 ThlS prov1s1on is not
stlpulated in CAN3 A23 3 M84 and therefore in an unbraced

frame allvthe columns are consldered to be slender.

/AS computed'd1fferently in all

The magn1f1ed mome
Z N CAN3-A23.3-M77 the magnified

~three cpdes considered.

moment M, is defhped'by..'

- ;. C—

where as 1n the braced case, M2 is the larg\r factored end‘

i
:moment and é is the moment magn1f1er for the sway case

PR

computed as“descr1bed in Section A.5.



\. . ‘l In CAN3-A23,3-M84 the magnified molint_mc is defined/
bf: : ‘_ . . -

e

. : N ,
‘_ .o - v
. . \
- .
v

fMt = §;M, ' e K ~« " [A.8]

, -

where 6b_1s,the magn1f1cat1on factor for the braced case as

“determ1ned in Section A.3 and M2 is the greater of the
“\

M) computed for both ‘ends of: the column. The ,

\ : .

magnlfler s, takes into account lateral dr1ft effects

~(M

ns

computed as degcrlbed 1n Sectlon A.5, M, are the moments

"due to grav1ty loads/and M are the moments assoc1ated with

&
5 N . “ .
. {’ [P E U « ~.

0 S

G e S ' : \Q:\.\
3 the magnified factored moment M, is

sway.

defined by:

Cael

- vh~where‘8Qland d&fare identical to those used in

RNl Lo

CAN3*A23}3-M84.and.Mn,andsM“ aremsimilar to M, and M, used

. N
¢ FY

in CAN3- A23 3- M84 respectlvely._ o ,
Yor CAN3-A23.3- M84 a%‘ACI 318-83, it is evident from
the above that, for the purposes of . computlng the magn1f1ed
. moment for members that are not braced agalnst s1desway, it
'd1s not enough to dlst1ngu15h between those moments that
re ult from dead loads, 11ve loads and w1nd loads. A further
br akdown that d15t1ngu1shes moments due to gravzty loads

"jfrom moments that result from lateral drlft effects 1s

~—



necessary. Consequently, at the ana}y51s stage, 1t is

‘important to dlfferentxate between those loads that 1nduce

e e

an. apprec1ab1e sway deflect1on (the codes consider a lateraI‘
‘ deflectlon to be apprecxable when it 1s greater than ~

: l ./ 1500) from the grav1ty loads. Moments M, and M,

Y ¢
correspond1ng to these two load1ng cond1t10ns respectlvely,

.F——~~'—
‘should therefore ‘be tomputed from a separate structural

¢

‘amalysis, ofuthe frame. Consequently, for an unbraced frame
llh the .case of CAN3 A23 3-M84 or when the column is ;- ’
cla551f1ed as slender 1n accordance with CAN?LAZB 3-M77 and
ACI 318-83, the program prlnts a message 1nd1cat1ng that

\\\addltlonal 1nformat10n is requ1red to compute the magnlfled

~%’
. moment. At this stage, For the program to-determlne the

largest possible.magnif ed moment, ‘the values'oftm; and M,

7 ~at both ends of the member need to be entered

L d

If the unbraced compress1on member is axially loaded

[

rand therefore there i's no moment at elther end of the
7
member, a minimum moment computed 1dent1ca11y ‘to that used

for the braced cond1t1on, usmng a,m1n1mum eccentricity and
the factored des1gn load is con51dered 1n the case of
CAN3- A23.3-M77. When ACI 31883 1s used a m1n1mum moment
‘assoc1ated with sway Mu is computed us1ng a factored

5’

grav1ty axial load act1ng at an eccentr1c1ty of

(0 6 +- O\OQh) in. In the case of CAN3- A23. 3- M84 the use of
)

_'m1n1mum.eccentr1c1ty«1s not spec1f1gg.

N
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A5 Moment Magnifxer tor Slender Unbraced Columns

The moment magn1f1er assocxated w1th sway denoted by 6

© in CAN3-A23.3-M77 and 8, in |CAN3-A23.3-MB4 and ACI 318-83 is

. ¢
defined by: )
T
';.5 ‘Z Py ,
. - TP, , .

.»"[A.'10]

- Q

oN

where Z P, is the sum of the factored axial loads, I P is

the sum of critical loads of all the columns in the storey,
[

and the value of ¢ is identicdl to the ¢ used in determ1n1ng
the value of 8. The value - of 5, 1s‘qommon_to all the
columns in the storej’

‘The value of P foh the 1nd1v1dua1 columns depends on

the geometrlcal pnope:t1es of the particular cross section

- of the member . Since this information is not known a~pPioﬁi,

\the normal approach in des1gn practlce is to assume a. value

<all compre551on members in the storey the value of 5, is
| ver1f1ed ThlS value is adjustedvaccordlngly anigthe whole ,:

| process is re eated until the computed value of

o CUT ] N o
"~ applicable to CAD programs for the design of isolated -

_oolUmns since additional information on: the design of the

of &, and followlng the determ1natlon of trlal de51gns of

o

. converges

¢

to the ass med value.

“can be
it is not -

s -

remaining columns in the storey is required.



£

where P 1s the c41t1cal load of the column under

[ TR
.

M;“ ,\
N i N s » [
For the case ‘of a slender unbraced column, in additidh

to the information regarding,moments, the program requests
s .

the value of Z P, and the number of columns in the storey. E'

The value of ZPp, is then computed by B ‘f.f i
L SN
: LB = Ny, x B _ ‘ S (A1)

N . o . -

’

. . . K -
. . .

‘con51de;et1on based on the current dlmen51ons and N.,; is the

number of columfis in the storey. This 1mp11es that all the .
columns* in the storey are assumed‘to be 1dent1cal; Slnce the -
phllosophy adqpted in determ1n1ng a column sect1on id based
on only incrementing the d1mens1ons, the value of Z P can,

be cons1dered to be the p0551ble minimum cons1stent w1tﬁbthe

cond1t1on that all columns in the storey have s1m1lar shape,

k values, and dimensions. lf thls 1s not the case,,then,

.when the column has been 1ncremented con51derably there is

the possibility that any of the other columns 1n the storey

. have sma ler d1mens1ons than the one be1ng con51dered

fﬁotw1ths anding thlS shortfall in the absenfe of data on‘

- ‘?-« K] -w'.‘g

the. rem 1n1ng part of the structure such an approdchtgeeﬂa

to be the more appropr1ate for comp:%%ﬁg a fea51bl‘ vqluw

the value of P and

% \./




(Ferguson, 1981)," .g//% ‘ o o ‘

N Tf. the value of 6, 1s'1arger'1han 2, the column section

iy

A}

is‘incremented.and,the process?of éelecting the ) o

L]

'feinforcement contint and checkinb'slenderneés effects is
'“vtepeated. Altnoughfthe latter andition of a maximum limit
of 2 on the value of §, is not soecified in the codes, .in
design Q{ictlce 1t/45 adv1sable to use thlS 11m1t in order‘
to account fqr serv1ceabl11ty requ1rements and.to avoid any
posslble 1nstab111ty of the unbraced frame (Commentary to
CAN3-A23 3—M84) The column cross sectional. q;men51ons are

‘also incremented if the value of z Pt is greate; thar the

_dalue of the term,gi P..

'

" When CAN3-A23.3-M7% is used, the value of 6, obtained

R

for theientire storey,using Equation &A.1Q] is checked with
the value of 3 computed'for the individual columnfusiné /
. N 4
.. EQquation [A.3] for,the braced column case, and the larger of

the two values is the value used as 5 in Equat1on [A 71.

. - ’ - .
“a3~A'6 Moment Magnification for Different'Loading Conditions'

»

For membérs subjected to b1ax1al bending, the moment
—about each pr1nc1pa1 axls 1s magn1f1ed us1ng 6's computed
from the correspondlng cond1t10ns of restra1nt about each
axis separately. -When members are subJected to unjaxial -
bending,'the momént is magnified using:G computed'aHBut_the
. axis under cons1derat10n. . . - "
If the member is ax1ally loaded with no moments at
) eitner end, the slenderness rat1o,klu/r is computed aboutf

r,

—— x

i}

. -



N e e

= ’ v N ) N
-each principal axis. The magnified moment i8 computed using

the specified minimum'moment and § calculated about éhe‘
’ l

'pr1hc1pal ax1s that produces the largest slenderness ratio,
The slenderness factors and the magnified mSmepts about
the x and y principal axes are cSﬁputed in subrop;xnes' ‘

SLENDX and SLENDY -teégiec‘thive_l'y. - -
. | B ’ N . J A N \ . N . . '

A.;}Evaluatxon of Moment o£ Inertla of Steel Rexnforcoment
. The ‘moment of 1nert1a of steel re1nforcement I,, about

7
each prlnc1pa1 axis of the\member cross sect1on used in

comput1ng the flexural stiffness EI in Equatlon [, 6] is.
computed for the various p0551ble re1nforcement patterns

using the general formula from dlrect ‘application of statics

-

~ defined by: | ' o

. . . ;'3‘ s
- - . - . N .yt e’ . )yg -
: r o

4

- Tee = E,ﬁbii(f,i o ~ aazd

L .\:.

'where A@ is :the area of‘the individual bar ;hose centroid
is situatdd a dlstance xbl from the centroidal axis of the
sect1on, and n is ‘the total number of bars 1n the Bectzon.
I, and- r;q” the ﬁoment of 1nert1a of steel re1nforcement
about the x and y axis respect1vely are computed by the

subrout;ne ISTEEL, u51ng gpe following expressiofs.

A7 Bars in a Rectangular Array K

For ‘bars on only the x-faces: . ,
) . o . . T ~ . v

(S
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>
Iny .

\ PR -
= 0.254,,(y,c;)? - . IAa3])

‘where v, is the ratio of thd centre toycentre distance

'between the. outermost reinforcing bars (measured
D

perpendicular to the axis of bendihg) to the overall depth

" of the column c, defined by: oo

é

" . ¢ -2, ,-2d4,-4d " &
o= | [A,34]

:

where d, islthé’clear thickness of concfete cover, d, is the
nominal diameter of the longltudlnal bars and d, is fhe™
diameter of the lateral re1nforcement . : .

.The moment of inertia about x-axis is defined by:,

5 ‘
: 4A_Z y(i)?

N [A,15]

° u r

‘ where A,, is the total area of the longitUdinall
irexnforcement Ny the total number of bars, and y(i) is the
d1stance from the centr01d,of the (1)th bar to the x-axis

defined by: ;;

’

y(i) = 0.5y,c, = (i=1)(g, *+ S,,) [A.16]
where - ‘
i = 1,K

© K= (N, 1.0)/4.




RPN 25 E A

N‘v«l&. '\ .

. o . R . kY

tuat ion when feinforcinq bars are placed on the centroidal

2y |

-

o
[ 2

#
-

3

axts, in which case these bars do -not contrxbute to the

total value of the moment of 1nert;a of reinforcement. - Yy is

‘similar to Yy excep;

x—ax1s and is defing

1t 1s measured perpend1cu1ar to the

L}

[A.17] ’
, ' )
and S,, is e
x;faces.‘h  A
’ For bars only on fhe Y- faces: ‘«
' sy 2
Ly = il (A.18]

where x(i) is the distance from the centroid of the (i)th
— bar to the wy-axis defined by:

A

«x(i) = 0.5y,c, -"(i-1)(4, + S,,) (A.19]
- L. ‘
" i o= 1,K
K = (N, - 1.0)/4.0 + 0.51 '

where again K is truncated to an integer,-

The moment of inertia of the reinforcement about x-axis

o

is given by:

. . . ® . ) )
C . Leex = 0;25A3t(7ycy)2 | 7o [a.20]



\- ,‘u”_Awh o

\

[A 17] respect1vely. .

For bars-on all faces: = = - -

Loy =.0.258,(1,c,)% - ~ [A.21]

*

4 . .
- for the case when there are no bars on the y-faces. This

situation pccurs‘when tﬁére are only four bars in the column
section in which case, the corner bars are considered as

bars on the x-face.“Otherwise, the momqpt-éf inertia I gey is
given.by: . ‘ o |

e, = 0.254,,(y,c,)° + (2a, )2: x(i)* ([a.22)

ey jmt

)

where - T ’ ‘ - ’ .

x(1) = 0.5v,c, - d, - S, - (i=1)(S,,%d,)  [A.23]

where ’ "

)
i= 1,K -

=
L}

(2.0N,, - 1.0)/4.0 + 0.51

A

- ?" . .
and as in previous cases K is truncated to 'an. integer. A,

and A,, are the total area of steel oqitﬁe y and x faces
respectively, Nby is the number of bars in a single y-face
' and all other var1ables are similar to those descrlbep in
th;.above sectlons (Fig. A.3). ~ -
51m1lar1y the moment of 1nert1a of stdel about the

 x-axis is deflned by: : f : \

) y
,( ) \
. " \\
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T = 0.25A,(yv.c)® + (2A“7Nb,)‘}§"y(i)z [A.24)
where | - .
y(i) = 0.5y,c, - (i-1)(5,,+d,) . [A.25]
wﬁez_‘e * .
i= 1K )
. . K = (2.0N,, - 1.0)/4.0 + 0.51

1 4 +
; ,
where the definition of the variables is as described above.

1\-

¥

A.7.3 Bars’in a Circular Array f
In order to compute the moment of inertia of
reinforcement in a circular pattern, a reference line
including two bars is made éo,coincide with thé 6entroidal

x-axis (Fig. A.4) The angles (16) subtended by theé lines

drawn from the centre of the section to the centroid of the
bars and this reference axis are computed in order to

- calculate the ‘distances of/ the ‘bars from the axes denoted by

x(i) and y(i),
The moment of inertia of reinforcement about the y-axis

is given bysn
]

o |
A [0.5(y,c)® + a2 x(i)]
Ly = — N - , [A.26]

where ; : ' « , ‘
~ x(i) = 0.5y,c,cos(if) . R [a.27]

where
\ . ‘

\»}  iT=1,r ' .
- o (N, - 3.0)/4.0 + 0.51

=
L}




’

N | .
"\ A, [0.5My,c, + 43':_“ y(1)?)
N ‘ (a.28}
where
y(i) = 0.5y,c,8in(i6) . [A.29]) ,
vhere , ~ ‘ )

i = 1,K
K = (Ny ~ 4.0)/4.0 + 0.51

T : ‘ ‘ . [
and ﬁ is an integer variéble that is defauited to 1 whenh
bars are located on the centroidal y-axis of the member
cross section, otherwise M defaults to 0. <

A.8 Médifiqation of Capacity Reduction/tactor _
! In the cdse of CAN3-A23.3-M77 an' ADY 318283 the

capacity reduction factor ¢ is modified by comparing the
valge>of the axial logd capacity computed fof the particular
trii% locéﬁion of fhs/neuéral axis P,, and P whichﬁ}s;the
smaller of 0.1(f )A;, or P, the axial loag strength at <
balaqféd'strain conditions. When f, does not exceed

60,000 psi or 400 MPa and the value of y.computed using |
Equation;[A.141 or [A.17] is not less than 0.70, then P' ig ~ 7

taken as 0.1(f.)A;. The modified value of the reduction

factor when P, is less P' is given by (Fig. A.5):

9
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L (0.9 < g,
'\ -¢|ﬂ = 0.9 - : - :

o - T BRENE-T Y
' “ ‘ P C I . ’ i J
where : e : - e

¢ < ¢, 0.9

=}

whexe . 'is the modified valué of ¢.

A, 9 Evaluag’on of Long1tud1nal Splxces T

!

g o ‘. N ' .
o ane a¢f1nal Cross sectlon is selected, the progra ].

proéeed% to examine nhether the specified type of splice is

o constructlble and then selects the lateral re1nforcement.

For t1ed columns a check 1s made to determlne whether the

~

selected relnforcement pattern can. be~accomodated with
) ,

elther one of. the fcllcu g user spec1f1ed sp11ces
(Fig. A.6): .

1. Bearing = : | S R .]; = : f 
vzé., Normal lap Of.Réaiel'

3. Tangentlal lap ‘

This is accompltsheﬂ’by the follcw1n§ expre551ons :

(ACI Des1gn Handbook Volumn 2 - Columns, 1985) For bar

"t‘dlameters (dy) less than or. equal to #25 in CAN3- A23 3- M77

¢ -

and’ ‘CAN3-A23.3-M84 or #8 in ACI, 318-83,
thearlng spllces. ; o

. . . S e
. B °

. . pe
N T A . . . &
§ . . . .

b, = 2(4, +d,) + N xd, + (N-1)S,,

£
£

Normal splices: . vf f ' - o .‘.' SR



N

#

N

s

(¢) Tangenfial Lap S,,plice B -

_ Figure A.GLéng'{Ey&inal Splices

i

SR
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. b, = b, + [(28,, + 24,)xcosé - 0.5864, - 25,77 [A.32]

. ‘where

) L . . S
6‘_, . (1 e VO.S})db
= arcsin
, Spr * Gy '
- ) » T '
Tangential ssplices: - et K
T ) 1 4]
by = 2(d; + d,) + (2N-1)d, + (N-1)8,, [A.33)
L ° o b 'm ) —~— “
For bar diameters greater than #25 in CAN3-A23,3-M77 and
© CAN3-A23.3-M84 or #8 in ACI 318-83, |
Bearing splices: - ' S oo o
E b, = 2(d, + d,) +'N x d, + (N-1)1.54, [A.34]
) N .
Normal jplices:
’ , "V. . :
S § | . 3
' b, = b, + 1.38d, = R [A.35]
Tangéntial splices: . ’
‘ ‘ .
b, = 2(d, + d,) + Y2N-1)d, + (N-1)1.5d,  ‘[A.36)
. ; . 5
wgﬁgé N is the number‘.of bars on the face with the minimum
clear bar,épacing, Sg, is the minimum clear Béf spacing and,
b, b,, and b, are thé minimum column dimensions required for -

_accomodating bearing, normal, and tangential splices

respéctively.
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In the case of spiral columns, the max1mum number of
bars that can be accomodated using the spec1f1ed spl1ces is

detetm1nedsand checked against the number of bars seLected

.in-design. This maximum number of barg is determined using

the following expreséions. Whenathe bar diameter is less
Man or equal to #25 in CAN3-A23.3-M77 and CAN3 A23.3- M84 or

#8 in ACI 318-83,

Bearing splidés:v ‘ .
arc51n[(S' n db)/(H =4, - 2(4, + 471 "

. . o ) 4
Normal splices: S . . T
N &\ . ‘ P
- [

_ 180 _
N = Zrcsinl(s, * &,)/(H - 34, - 2(d, + 4,07 .. [7-38]

Tangential splices:

. 4
N = RTS BT | - - {a.391
where o L . ' 1
. ) kKl ’ (Sm + db)
Al = arcsin H-q, 2(dc T d;)
and ‘ | ’
o - _ da - .
B1 = arcsin g =4, - 203, * 4)

When the bar d1ameter 1s greater than #25 1n CAN3 A23,3- M77

~and CAN3-A23, 3 M84 or #8 An ACI 318 83,

Bearing spl1ces.

-




s ‘v“{l‘_.y B s

R

_ g 180 L .
N = arcsin[(fﬂ'Eb)/(H -dg - 2(4, +d,)]

N . P

Normal splices: o ' : , - .
75 ‘ - o : ‘ : -
* - : : . ,
= _ 180 T e
N = arcsin[(2.54,)/(H —'iEf =72(a, + 4,)] ';A'41]
- . \ N -
Tangen 1 splices:. | .- o
. __180 - . ‘ |
. NEETeE o SR a2l
where ) . ) . \ B . E y
(2.54,) . ,
Al =

M atcs-in H -4, - zmc + ds)
and

-

arcsin g =4,

,
w
-_

n

A message 1nd1cat1ng whether the selected re1,forcement c;n

“be accomodated with the spec1f1ed spllce is pr1nted

3

- A.1QiLaterallnéinforcementx _ ,. S

e

For tied columns, in accordance with cgde requirements,

LY 4

the program determlnes the wrequired vertlcal spac1ng between,

the tie sets by computlng the least Value of-

1. 16 x d, (reinforcing bar diameter) - | o

2. 48 x 4, (lateral tie diameter)

3. the least column dimension (c, or c,)

'~ To aid the engineer”seleCt a ‘feasible tie arrangement, the

program pr1nts out the value for the ‘vertical t1e spac1ng

N

computed as. shown above together with the values for. the

\
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-

clear longitudinal bar spacing on both faces (S" and S, ),
The minimum ratio .of spiral reinforcement required for
. a member to qualify as a spifal'coluhn has'beén determined

“from tests and is specified in the building codes as: .

"., ’ / ¥
A A ’ f' ) 3
' = - I ¢ y
p3 min - 4QSJAC 1] fsy [A.43]
* .
‘wheré f,, is the specified yield strength of the spiral e
*reinforcement and p,vngthe ratio of spiral reinforceméd;
defined ‘as.follows: , |
: ] », - Volume of spiral in one loop [A.44]

Volume of core -entered by one loop
] ) . . - . ‘

. ) RN
roe . ’ ' ?l;‘~‘7rdsz(Dc ey ds) T ; : 3

.DCZS ) o | .

where D, is the diameter of concrete eore, d, is the lateral

s
spiral diameter, and S is the’maximumhspacinqmbetwéen
spirals. Equatiqhs [A.43],ahdl[A.§4] for p; are used to ;
solve for S. Thé minimuﬁ"number 6f'ver;iéa1 spacers fér
spiral radnfd:bemeng.is also determined in accordance wiéh

- *the code requirements. Ly . :
- ‘1 R ’ . : .
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'~ standard FORTRAN 77 togetber with additional MS-FORTRAN

/

' APPENDIX B - USER'S MANUAL -
N ’ '
B.1 Introduction : | 0 |
COLUMﬁ?ih a knowledge:based orogram for .the analySis )
and des1gn of re1nforced concrete columns. The program has
been deve{oped for use on an IBM PC XT/AT m1crocomputer or a

compatible system that operates on MS-DOS’ (Microsoft Digk

Operating System) version 3.x. The Eystegz:eiuires a_ minimum
i

o312 KB RAM, a 36Q,KB flexible disk ar preferably

10 MB hard drive and a pr1nter dev1ce COLUMN is- wrltten in:
MS FORTRAN (ver51on 4, Ol, this ut1l1zes the full language
metaéommands. These metacommands represented by a "$" (e

character in column oné of the source code, are not part of -

the standard FORTRAN language.

N
[
—~—

R.Z«General Comments
1.:.the‘program can be operated in either a Batch Mode or an
Interactive Mode. 1In Batch Mode, a data fife must.be ~
created (us1ng an editor sucn\as PE2), whilst in
Interactlve Mode the program displays prompt$s for 1nput..
.The 1nput data is the same for both batch and
1nteract1ve mode. . . >
2. 'Ther1nputv1s a free form . -~e  however, real.ands

- integer data should be diﬁfgngxiahed by the use of t?e

dec1ma1 poznt In lnteraczzve Hode,it the,entered dataf'

1s not in agreement with ihe . squired specification, the
N S ;

. ,.v : - 116

e
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prompt is displayed again until the right specification
. is enteFed. Each individpal entry is separated by a "

comma, however the comma may be omitted for,thg\}ast

‘entry of each input. - , o~

Q .
3. All entries in the 1nput line are requ1red therefore a
N 0 should be entered for all p&rameters for which the’

default value is to be used or the program is to select.
. , i
For Interactive Mode processing, the return key must be
: o . ’ ‘ ‘ '
pbressed after a line of data is entered on the terminal

keyboard.

Except for the heéding identifier and the column

identification mark, all input character strings should #

be typed in upper case. __

5. The units used in the input are: \
a. SI units when using CAN3-A23.3-M77 or CAN3-A23.3-MB4
b, Imperial or U.S. Customary units when using '
~+° ACI 318-83

6.'.In bosp Batch and Interact1ve modes the 1nput data 1s'
checked by the program and if errors are detected, the
system prompts the error message followed by the

recommended action, A llst of error messages wh1ch arlse

from 1nput errors is outlined in Section A.

~
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8.3.0perationa1 Modes

At the start.of each run, the program prompts for-the

type of operational ‘mode. “

, o : - , . ‘
MODE o , . (1)
MODE . .= 0 - Batch Mode |
, | = t - Interactive Mode
B.4 Data Input
The input datafile'for\Batch Mode'préceséing\combrises

N

19 .lines of input data. Each line is @ntered in the seQuence

indicated by the line numbers, as follows: _ ’

8
(a) Heading Recorded:

(1) HED ° | : T \ (A25)
HED = project heéding descriptive identifier
(b) Column Identjficatibn Record: oo
(2) coLlp - | . (A25)
» COLID = column identification mark

-«

~N

(c) Input Control Design Record: ) | : ‘
(3) DESG, CODE, TYPE o ] (A)

»

DESG

D - Design Mode (user may. specify
partial information on column secgion)
=r C.- Check Mode. (user hés to ﬁpecﬁfy all

information on column settion)



’:{19~’

C77 - CAN3-A23.3-M77 ~

CODE =
| « CB4 - CANI-A23.3-MB4
= A83 - Aé} 318-83 ‘ '  '
TYPE = T - Tied Columns p '
= S - Spiral Columns : N
‘
W e | “
(a) Material Properties: o :
(4) FPC, FY, FSY . n{ (P
. FPC = concreté strength (N/mm’ or’ksi)
‘ FY - yield stress of longitudinal
h reinforcement (N/mm? og»ksi)-
FSY = yield StreQS'of spirai or lateral steel
L ‘ “(N/mm® or ksi) ) ke A
Unit-Weight of Concrete: . '.f B
(5) woaMmMA' | (P,
MGAMMA = unit welght of c:?creté (kg)m3 or pcf)

If 0 iS entered the default value-is
. 2400 kg/m’ or 150 pcf
Tyﬁe of Concrete:
- AN
(6) LAM _— " - (A)
LAM = N - Normal density

= § - Structural semi-low density

"
o

- Structural low density
. -~ ~ .
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(&) Section Geometry Data: ‘
(7) 'SHAPE | . Y

SHAPE s - Square

\ ~ R -, Rectangular

'C - Circular

(8) cx, €Y, R - ' (F)

, CX = dimension of cross section in the .
. | Vo
x-direction (mm or in.) .
) o
\\ cy = dimension of cross section in the
yrdirection (mm or in.); if shape = S,
value of c, is not used.

R. . = ratio of c,/c,; if both ¢, and c, are

x y
éntered, R is.not the used;. when shape

) is not rectangular R defaults to 1.0
. [

(9) CXINCR, CYINCR, COVER ' . (F)

CXINCR length increment for dimension ¢, (mm or

»

in.);.if 0 is ?ntered, deEault*value is

50 mm or 2 in.

~ 6

CYINC§/ = *length increment for dimension ¢, (mm or
.in.); if 0 is entered, default value is
50 mm or 2 in.§
"COVER = 'concrete cover to ;einfofcement (mm or

in.)} if 0 entered, default value is 40

.mm or 1.5 in.
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. ' }«
y GeneQQi Reiﬂloggiffnt,nata: o )
o - -
0)/ RFACE, SPLICE - | . (A)

i

RFACE = 'D - reinfoncement pattern to be selected’
| by program

| X - reipforcement ‘arranged in x-faces-

?"J o (eny flaces) only (Fig A.2)

.reinforcement arranged in y-faces

ateral faces) only (Fig A.2)

¢

= B -/reinforcementsplaced on both the %

8 .
=7“”' and vy faces {
- . [

‘= C - reinforcement placed in a circular

t arrangement \ o N
SPLICE = B - bearing spli | \\T>

’
——=--—R-- radial splice

T ~ tangential splice ’
. » - . ) \
Reinforcement Ratio

(11) PG - IR — (F)

PG

)\maximum percentage of reinforcement

(0.1 < PG < 0,08). If entered PG = 0.0

then default is 0,03



&(z:

Reinforcing Bars (a):

.

(12) BMAX, NX, NY- (1)
k] » '

BMAX = allowable maximum numﬁeﬁ of bars, if 0

is entered this is selected by progran
Nk - = number of bars in each x-face, inoluding

corner bérs
A ~
NY = ‘number of bars in each y-face, if bars :

on all faces NY does not incPude corner

" bars ' o
o " .
-Reinforcing Bars (b): @% : ’
(13) BSMI, BSMA, LR | o : (1)
Béﬁl =  minimum bar sizé, number 15 to 55 for
CAN3-A23.3-M77 and CAN3-A23.3-MB4 or 5
' toéqB for ACI 318-83; if 0 is entered
the defauit is 15 or 5 '
BSMA - = méximum bar size, number 15 to 55 for
. CAN3—A£3.3-M84 or 5 to 18 for f
I ACI 318-83; if 0 is entered the d;fault
i§ 35 or 11
LR = minimum lateral reinforcing bar size

number; if 0 is entered the default is

4

10 for CAN3-A23.3-M77 and s

CAN3-A23.3-M84, or 3 for ACI 3ié:§?ww
. .
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| '(f)iioadfag;ggometnx;;inﬁ' o ;‘:;‘ B '\f‘ff'
' Load1ng Type:’ -“»j-i ' ) | :: v | ‘
(14) FACT IR ; ’_-~‘ )
| PacT = U- J%factored | o o

(4 S

. ,’ F —\factored

Axlal Loadlng '

ae

1 N
. . \

f(15) PD, PL R IR N § 0]
PD

: f,t‘ o f@'EaXial dead load —,mustT;éLgofitiven(kN '
B - - . . : -

or kips)

e
. rQ -
[}

ax1al 11ve lg%d - must be p051t1ve (kN

or . klps)? coe S iy
e, v ’» "‘ . ) . ’f,;‘i‘ ~
. . HERTC T '

'MomentswActingl;t Top of;Columnv(seeisign convention

_ Section A, 1) &

Y

(16) MDXT, MLT, MDYT, MLYT L
"‘ //““ ‘ s - .
MDXT _ =,' dead load moment about‘x—axis acting at

"the top of column (kNm‘orekips;ft)u
.”“Af ffiﬁﬁas_ = live load_moment”about-Xfaxis°aCting at

 the. top, of'columnv(kNm;ot:kips.ft),

'MD&T. 'dead load moment about y—axls acting at

| An'the top of column (kNm or kipﬁ.ft)l?'
"'ﬁLng-‘ = .ll1ve load moment abouthéa*is acging;at

EE " the top of column (kNm or'klps}ftll |

L B ‘§ . i - . Y
% = - L L . - -
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T, ' R ‘ T /

Moments Actlng at Bottom of Column'

vt

(17) MDXB, MLXB, MDYB, MLYS - - ' - (p)
MDxB = 'dead load momfnt about=x axis actlng at

. | - | . "the bottom of column (kNm or klps ft)
MLXB é\ live load moment about x-axis act1ng at

i

the bottom of column (kNm or kips ft)
MDYB .= -dead. load moment‘about y*ax1s_actxngvat;
B the’bottom of column lkNm or kips f?)
'ML?B = live load moment about y axis actlng at

o T the bottom --of’lumn (kNm or k1ps ft)

(9) Stability Data:

About the x- axls- . _ o
,(18) XBRAC, Kx Lux.; , o L (I, FF)
| XBRAC = 0. - column unbraced ‘about m-axis '

= 1= column braced about’ x—bxls
KX = effectlve length factor about the x-axis
LUX =_..unsupported length'about'the,x—axls‘(mm.,

or in.)

iAbout'the‘y—axis: - | -3
(19). YBRAC, KY, LUY - ‘ o o (I F, F)

W

. YBRAC 0 - column unbrace&?about y- axls ;

]

1 - column braced about y-axis

-~ 'KY

effectlve length factor about the y axis

LUY uns,Fportednlength about the y ax1s (mm

or in.) R R b ?.
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" B. 5 Runnlng the Program B
. ; Once the program is mounted to run CDLUMW enter the
command COL at the d1sk dr1ve prompt. The program then

prompts for the type of operat1onal mode (see Section B. 3)

CIE 0 is entered (Batch Mode) the user is requested(to.enter /

/

B the\namefoffa'file that contains the input data. This file /
- . . “ . 4 . ' o ° . . . .

'must be created by.the user'prior to”running the program and-

must ex1st in the current dlrectory! The user 1s also A

prompted for the’ name of the output flle 1nto wh1ch the

results are to be stored The spec1f1ed name for the output
file must not_exest.qn the'currenq d1rectory. This file rs_

created automatically by the programthf 1 is entered ’

(Interactlve Mode) only the f1lename for output of .results
. is requlred ) E N ' | . ;/”

The output f11e whlch 1ncludes the results can be

v1ewed on the screen by enterlng ed1t mode. The output can',_

be scrolled by u51ng the pg up and pg dn keys. To get a hard

5

copy of the output results on the pr1nter, type the command

- LPR <output-£11ename.

]

The above .steps are descrlbed in the follow1ng sample"»

run, In thxs example COLEX INP 1s the name of the 1nput data
”,f1le 1n “the current dlrectory and COLEx OUT 1s the name

ass1gned wo the output flle. It 1s assumed that the
f

rfggsecutable f11e (COL EXE) and the 1npuf‘f§le are .in dr1ve A,

°‘The 1nput commands are 1nd1cated in bold characters.n

-—



. .

'B.6 Sample- Run . 5 | | R e

(1) user

<A:/>COL | » o S

'program

R LY

b

MODE TYPE 0 FOR BATCH OR 1 FOR INTERACTIVE

THEN PRESS RETURN KEY

(2) user

program w L%

ENTER INPUT DATA FILE NAME - -

‘(3)puser

" COLEX. INP :": <
progtam '_' ' ~ ‘
ENTER OUTPUT DATA FILE NAME
(4) user -

COLEX.OUT

: ) . . R . . . . N
, program ' . o o - '
~-’,’ ‘ Sto : , ‘

P - Program term1nated
(§$ ‘user - to~ v1e: the output results‘on the screen usxug
for example PE2 (personal editor 2) |
<A'<:PE COLEX.OUT"
(6) user - to get a hardcopy of the output
<A />LPR <COLEX.OUT
LPR (Line PR1nter) is a prognam written in C that 1nterprets

the output for COLUMN and 1ays.out the format of the output.
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B.7 Diagonostic Messages

ERROR  #CO0O1...INVALID MODE. ENTERED .
‘ACTION: SPECIFY MODE AGAIN
TYPE 0 FOR BATCH OR 1 FOR INTERACTIVE

N , - ,
ERROR #COOZ...INVALID TYPB OF PROBLEM ENTERED =
ACTION: SPECIFY TYPE OF PROBLEM AGAIN
' - TYPE D FOR DESIGN MODE .
TYPE C FOR CHECK 'MODE
ERROR = #C003...INVALID CODE ENTERED
© * ACTION: ENTER CODE AGAIN
‘ . TYPE C77 FOR CAN3-A23.3- M77
v . - TYPE CB84 FOR CAN3-A23.3-M84-
- TYPE A83 FOR ACI 318-83

ERROR  #C004...INVALID COLUMN TYPE ENTERED, SN
. " -+ ACTION: ENTER COLUMN TYPE AGAIN - o
. TYPE T FOR TIED -COLUMN.
. TYPE § FOR SPIRAL COLUMN s

'WARNING #C005...Fy ENTERED < ALLOWABLE M;NIMUM;Fy
MINIMUM Fy ="250,0 kN/mm" or 35.0 ksi
ACTION: ENTER Fy OF LONGITUDINAL STEEL AGAIN '

. : o _ X
WARNING #C006...Fy ENTERED > ALLOWABLE MAXIMUM Fy .
. , - MAXIMUM: Fy = 500.0 kN/mm” or 75.0 ksi
ACTION: ENTER Fy OF LONGITUDINAL STEEL AGAIN

'WARNING #COO?...Fy ENTERED < ALLOWABLE M;NIMUM Fy
- MINIMUM Fy = 250.0 kN/mm”° or 35.0 ksi
ACTION' ENTER Fy OF SPIRAL_STEEL AGAIN '

. WARNING #COOB...Fy ENTERED > ALLOWABLE MAXIMUM Fy -
' MAXIMUM Fy = 500.0 kN/mm’° or 75.0 ksi
) ACTION: ENTER Fy OF SPIRAL STEEL AGAIN

S

* WARNING #C009...F'c ENTERED < ALLOWABLE yINIMUM F'c
: . MINIMUM F'c = 15,0 kN/mm° or 2.0 ksi
ACTION: ENTER F'c AGAIN. | L

[]
®

WARNING #C010...F'c ENTERED > ALLOWABLE yAXIMUM Flc -
o MAXIMUM F'c = 60.0 kN/mm or 6.0 ksi
ACTION: ENTER F'c AGAIN



- ERROR  #CO0 110N CONZRETE TYPE ENTERED
_ACTION: I TE TYPE OF CONCRETE AGAIN ’
‘ TYPE- N FOR NORMAL DENSITY CONCRETE
TYPE S' FOR STRUCTURAL SEMI-LOW DENSITY
CONCRETE
TYPE L.FOR STRUCTURAL LOW DENSIT¥ CONCRETE

k]

ERROR  #CO12...INVALID COLUMN TYPE ENTERED
ACTION: ENTER COLUMN TYPE AGAIN
. TYPE S FOR SQUARE
\ ATYPE R\FOR RECTANGULAR
TYPE C FOR CIRCULAR

WARNING #C013. .. RECTANGULAR SHAPE IS NOT PERMITTED
.. SINCE LATERAL REINFORCEMENT SPECIFLED IS
» ~  _SPIRAL _
ACTION: ENTER COLUMN TYPE AGAIN
'TYPE S FOR SQUARE
TYPE C FOR {IRCULAR

WARNING #GO14,, ENTERED COLUMN DIMENSION IN THE T4
o X « DIRECTION - ~
MUST BE. EQUAL TO DIMENSION IN THE
Y - DIRECTION
o SINCE A SQUARE COLUMN SECTION HAS BEEN
5, . . SPECIFIED .
ACTION: THE PROGRAM DEFAULTS VALUE OF Cy = Cx

WARNING #C015. ..ENTERED Cx < ALLOWABLE MINIMUM Cx
' MINIMUM COLUMN DIMENSION = 200 mm or 8 in. _
ACTION 'ENTER NEW COLUMN DIMENSION Cx

WARNING #C016...ENTERED Cy°§‘ALLOWABLE INIMOM Cy B
o ~ .MINIMUM COLUMN,DIMENSION = 200 mm or 8 in.
ACTION: ENTER NEW COLUMN DTNENSIONUCY o

1

[}

-

ERROR  #C017..,INVALID REINFORCEMENT PATTERN ENTERED
ACTION: SPECIFY REINFORCEMENT PATTERN AGAIN
TYPE-D FOR FOR DESIGN BY PROGRAM
TYPE X FOR X - FACES
~ TYPE Y FOR Y- - FACES
TYPE B FOR BOTH FACES
TYPE C FOR CIRCULAR
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WARNING #CO18...REINFORCEMENT PATTERN . CANNOT BE
.CIRCULAR SINCE SPECIFIED, SHAPE- .OF COLUMN IS
RECTANGULAR
ACTION: ‘SRECIFY REINFORCEMENT PATTERN AGAIN
TYPE X FOR X - FACES
~ TYPE Y FOR Y - FACES-
TYPE B FOR BOTH FACES S

'

ERROR . #C019...INVALID TYPE OF SPLICE ENTERED L
L ~ ACTION: ENTER TYPE OF SPLICE AGAIN
5oL ; (TYPE B FOR BEARING SPLICE
\\ = ‘ TYPE R FOR RADIAL (NORMAL) SPLICE
* TYPE T FOR TANGENTIAL SPLICE

WARNING #C020.. ENTERED REINFORCEMENT RATIO IS
NOT WITHIN X. AND MINY LIMITS
MAXIMUM REINFORCEMENT RATIO = 0.08
- MINIMUM REINFORCEMENT RATIO = 0.01
ACTION: ENTER REINFORCEMENT RATIO AGAIN.

L)

WARNING #C021...ENTERED NUMBER OF BARS IS SMALLER
'THAN ALLOWABLE' MINIMUM NUMBER OF BARS
“MIN. NO.” OF BARS = 4 FOR RECTANGULAR
"MIN. NO. OF BARS = 6.FOR CIRCULAR _
ACTION: ENTER MAXIMUM PERMISSABLE No. ‘OF BARS

a

ERROR  #C022...MAXIMUM BAR SIZE CANNOT BE LESS

; _ ~ MINIMUM BAR SIZE .
’\\>JV _ ACTION: ENTER MAXIMUM BAR SIZE AGAIN

ERROR  #C023...INVALID LOADING' TYPE ENTERED'

ACTION: SRECIFY TYPE OF LOADING AGAIN

TYPE U R UNFACTORED
TYPE F R FACTORED .

/ : : ) A : :
ERROR #C024...WRONG SPECIFICATION OF BRACING v
. CONDITION ABOUT THE X-AXIS or Y-AXIS
ACTION‘ 'SPECIFY  BRACING CONDITIONS ABOUT%THE (x AXIS
or Y-AXIS) -

"TYPE 0 FOR UNBRACED . .
TYPE 1 FOR BRACED _ L Y

WARNING #C025.. ENTERED EFFECTIVE LENGTH FACTOR
FOR BRACED COLUMN ABOUT X- AXIS
_ s IS NOT WITHIN PRACTICAL LIMITS -
: 0.5 < Kx < 1.0
\\\— : ACTION' ENTER EFFECTIVE LENGTH FACTOR (Kx)
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WARNING #C026. ..ENTERE‘b EFFECTIVE LENG'I‘H nc'ron
FOR BRACED COLUMN ABOUT ¥-AX1S'.
IS NOT WITHIN PRACTI“C}( LIMITS

’ 0.5 < Ky < 1.0
. ACTION: ENTER EFFECTIVE LENGTH FACTOR ,(;}(y ) A

- - .

. . i \ ! N
WARNING #C027...ENTERED EFFECTIVE,LENGTH FACTOR -
- _ FOR UNBRACED COLUMN ABOUT X-AXIS o W
: Is < 1,0
ACTION: ENTER EFFECTIVE LENGTH FACTOR (Kx 2 1,0>

WARNING #C028. ..EN'I‘ERED EFFECTIVE LENGTH FACTOR
: .° . FOR UNBRACED COLUMN ABOUT Y*AXIS <

. : IS < 1.0
ACTION: ENTER EFFECTIVE LENGTH FACTOR (Ky 2 1. 0>

]

s,
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. ‘/,
n,a Summary of Flags Used in Program
(a) Operat {onal Mode Default Flags

S TMODE = 0 - Batch mode - St

>

. X . '
.= 1 - Interactive mode

£,

(b) Code Default Flags . |
TCODE . = 1 % CSA CAN3-A23.3-M77

™

= 2 - CSA CAN3-A23,3-M84

1

= 3.- ACI 318-83 -

|(c ) Problem Mode
TDESG

1

Design mode -

T

= 2 - Check mode ¢

(d) Type Of Column Default Flags
TYPE . ° = 0 - Spiral column

= 1 - Tied column

(e) Shape Of Column Default Flags

TSHAPE' 1 '~ Square ' » ‘\

2 - Rectangular

= 3 - Circular,

(f) Type Of Spllce Default Flags
‘ TSPLIC ® -

! - Bearing splice

2 - Radiaivsplice
. é 3 - Tangéntial splice
L] . )

(g) Type Of Bending Default Flags

TLFLAG .

L4 ° .
0. -_Axial loading _

1 - Uniaxial bending about y-axis

2 - Uniaxial bending about x-axis

~

o e '= 3 - Biaxial bending



»
B}

. A

‘(h) Type Of Loads
- TFACT =

(i) Reinforcement

Default Flags

1 - Unfactored loads,

2 - Factored loads

TRFACE

\

1

[8)] > W N

Pattern Default Flaggﬁ'v‘

Not ‘specified
On x-faces

On y-faces

-0On both faces

Circular

(j) Dimensions-Default Flags

TDIMFG

0 - Nothing entered

17 -

.2

3
4

¢, only entered

c, only entered

b4

c,./cy --(R) only entgred

c, aef c, known

(k) Type Of Bracing Default Flags

L}

~ TXBRAC

- TYBRAC

0 -

1

0

Unbraced about x-axis
‘Braéed about x-axis
Unbraced about y-axis

Braced about y-axis

Fed




