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, The design of column CYoss sect1ons for known axlal loads and

h
moments has reached the stage where practical ‘methods give results which

agree very closely Hlth tests and with accurate analyses. Howevar con-

siderable uncertainty exists with régard to methods employed to take into
1 . .

account the effects of the additional moments chkusgd by deflection of

columns. Theoretical calculations can be used to accurately predict the
af . I

-’
r

loads at which material failure or column instability will occur. How-

ever designers require simpler techniques which are sufficiently general
[}

in nature to he equally app11cable to the large varlety of de51gn cases.

° .

The effect of column slenderness whlch is further compllcated by

.
S -

::"OC

consideration of creep under sustained load is the main toplc of this

study. It is suggested that a.realistic appraisal of desigﬁ methods

must be based on the idea of COnsistent_safety factors, Thus slender -

colums subjected to S%Ftaiped load must retain sufficient reserve

cﬁp&cit? so that failure loads when compared to design leads prévide

v



« L. ‘

eqﬁﬁi Safbty factors. Tﬁe-National huilding Code of:éqnadn’is being
revised to include the rela&ant pr;visions of the ACI Standard 318~71(2). )
jhe‘columns‘analysed iﬁ this study wore designed in ncbofdhnce with ACI
Standard 318—71.. Comprehensive eva;uation of thé design parameters {ﬂj
the ACI method is‘givpnlin this thesis along with cénclusions and comments.

It was observed that the ACI method does not yield consistent safety
i .

LI

factors for the different values of the ESEIgn parameters. The analyses

and conclusions. of this study are given in details in chapters {6) 7?3

7. -

e

e it Grteatipat e gt 22
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_ LIST OF SYmBoLs  °’

;Any symbols usgd are generdxly:defihed when introduced. The

‘standard symbols are listed below: 7

N ki

A
g

A
8

g/r

M

»

. M

. Total area of longitudingl tensile steel

‘

rt{Vidth of cross section -

"

" Stress of_steel

s

Concrete gross .section area
Aréa of longitudinal compression steel '

Effective depth or distance of tensile reinfprcemeﬁ

from the compression face ‘ 4

Concreté’céver méasured to the centroid of each bar
Modulus‘of;elasticity.of~concre£e T
Mddulus of elasti:ity of steel

Eq&iValent axial stiffness per wnit length »
Equivalent flexural stiffngss per unit lé;gth

Concrete stress

.

Concrete cylindar strength at age 28 days

r

4

Yield étrgngth qf steel

Moment of’inertia of gfoss.séction of ‘concrete
Coefficient of length effe;tiveness

Léngth éf the free unﬁupported colum.
Bffective.column length

Slenderness ratio

Bending moment acting on a cross section




P ¢ Axial force écting on a cross soction

r " Porcentage of steel reinforcement
r Radius of gyration
t Thickness-of concrete cross section
w,e o Strain
: ml' ’ ‘ Strain at extreme compressive fibre of concrete section

W, ial Axial Strain of concrete
v, Strain of concrete

e’o
wcreép Creep strain |
Yelastic ’ Elastic strain of concrete ‘ -
ws’es *  Strain of steel .
wshrinkage Shrinkage strain of concrete
w ? Total strain of concrete

tota

L

w ,E Yield strain of steel

¥y oy _

Bd ' " Dead load moment/total moment

“ Curvature

Capacity reduction factor
| /

xi




CHAPTER I

INTRODUCTION

. .-

1.1 GENERAL~

| Reinforced concrete is widely used as building matorigl._ Until

recently the analysis and desigﬁ of reinforced ccncrete systems have

geﬁprally been based on concepts developed frﬁm consideration of the

linear elastic response of materials and structures to applied lqads(13'15).
Research has indicated that both plain and reinforced concrete

elements do not behave as predicted by such analyscél Non-~linear rela-

tionships between load and deformation have been observed for members

(3)

loaded to failure in periods of less than 1 day Time dependent

deformations have been noted in plain concrete specimens,'axiaily loaded
columns; and simply supported beams held under constant load for a pqriod
of several years. ‘Generélly these deformations tend to a»limiting value
for sustained loading conditions. A combination of shriﬁkage'and creep
of cohcrefe result in thi; timevdépendent phencmenon.

Reinforced concrete column design is based on ultimate strcngth,
to a large'extént~because of the concrete's inélastic characteriséics.
Even ''so called“ work1ng stress design (W.S.D.) for columns has been

. adapted from tests for ultimate stre}gth It is difficult and‘unrealls-

tic to design so that workzng stresses are nQt exceeded at any time under

working load, because of the shift in stress from the concrete to the

Parenthesized numbers refer to the bibliography. -
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reinforcement. This shift in stross is illustrated in Figure (1.1).

E I
- Columns are required to resist bending moments as well as

transmit axial forces. The deflection which results from the bending

moment can be suffiﬁiently large that the additional moments due to the

. : : . (
axial -load (P*A effect) can reduce the capacity of the column. The

column capacity is normally controlled by material failure. However vgry

long columns may buckle before the full sfrength of the column section
. - 4 . ‘ } \ -
is developed. Therefore the effect of column length must be included in ‘

+-. column design considerations.

.
o
]

1.2 NEW DESIGN METHODS

-

' One of the major, chaﬁges in the ACI 318 "Building'Coae Require-

N .

ments for Reinforced Concrete" is the revision in the reqﬁiréments_fbr
dékign of colymnsl The slenderness provisions have been entirely re~
"written. These recommendations_call‘for the use of improved structural
analysis procedures wherever possib}a or practicél. If such an anglysis

is not practical, an approximate analysis based on the moment magnifica-<"-

tion principle is suggested. . T : . f

This moment magnifier methéd is simildr to the one used for

(24)

structural steel design It is a function of the ratio - of the
moments at the end of the colurm and the deflected'shape of the column.

The selection of a cross section with reinforcemént for specified

i T T b e R A YT, TTTT e ST T

2w e

combination of ultimate design load "Pu" and moment "M;" is the objec-

aem B

S

—

" tive of colum design. In this thesis éhe term "SHORT COLUMN™ is used

tb;denote a column which has a strength equal to or greater than that

*AIRTE

computed for the cross section. The ability to carry the axial

b1 .

A



force and moment is taken as the cross ;ection capd&ity analysed using \\
" the normal assumptions for combined bending and axial load. A "SLENDER

COLUMN; is defined as a column whose.strength is reduced by se;on& order
; deformatibns. " By these definitions a colum with a given slenderness

ratio may be a short €olumn under one.set of resfraints and.ioading; and

a slender célumn under another combination of restraing;.

Theneffeét of slenderﬂéss on a slender colﬁﬁm'is illustraied in
Fig. (1.2). The nafimm moment in the.dolumn occurs at section A.A,
due té*;he comblnatlon of the initial eccentricity ™e" in the column and
.

the deflectlon A at this point. Two tj;es of fallqre can occur. Flrst,

the column may be stable at the‘deflectioﬂpﬁl,.but the axial load P and

~the moment M at section A.A may'exceed the‘étrength of that cross section.

' This type of failure, known as a "material“failure", is illustrated by
colum liin Fig. (1.2)(c)}and is the fype which will generally occur in

) buildings which are braced against side sway;' The second type is shown
for column 2 in Fig. (1.2)(c). if the colummiis very slender it may

reach a deflection Az due to axial force P and the end woment P.e, such

that the value of 8B/6M is zero or negative. _This type of failure is

T TR

‘known as a "Stab111ty Failure" and generally may OCeur only in slender

columns in sway frames,

:
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1.3 PRIMARY FACTORS AFFECTING THE STRENGTH OF SLENDER COLUMNS

It was suggested by J.G. MachegorEzo) in the structural Concrete

§ymposium in Toronto, May 1971, that the principal variables affecting

the strength of slender columns are:

1.

The degree of rotational end restraint. An increase in the
degree of end restraint will increase the capacity of a
column. The effect of the restraints in iﬁcreasing the

column capacity could be appreciated by._considering the

effect if they yield under the moments they carry. : ‘.F'

The degree of lateral restraint. A completely unbraced
column is significahtly weaker than a braced column, but a

relatively small amount of bracing is emough to increase the

*strength almost to that of a completely braced frame. The

strength of an unbraced column is strongly dependent on the
rotational capacity of the restrdining bgams;- l

The slenderness fatio kzu/r,.the end eccentricity e/t, and
the ratio of end eccentricities el/bz. These parameters have

a significant and strongly interrelated effects.

The ratio P/fg. An increase in this ratio tends to increase

the stability of a column. (It is believed that this was
intended to mean that incr;aged p/f; would result in smaller
deflecfionsl)

Sustained lqus. These loads incécase’the column deflections

and usually decrease the strength of slender colums.




1.4 AIM AND PROCEDURH

Thq uim/of‘thiS'rqsoarch is mainly to cvaluato tho currently used
dosign procedures for reinforced concreto columns. To roach this goal
it necessary to make an extonsive study of difforoné dosign cases.
This study shoul% covc; most of tho practicﬁl problems that a dosignor

could encounter. The approach decided upon for doing this oxtonsive

study“was to dovelop a computor program to provide theoritical predictions

of behaviour and capacity for columns‘subjoctod to vurious‘loading condi-

tions. . : ’

The ultimate aim of this research is to.not only identify problems

with oxist{ng design mothods but hopefully to provide constFuctive. sug-

gostions for their improvement.

DétdiIS‘of\this study are contained inQChapters (3} through (7).
In Chaﬁter (2) a liteorature roview is given. Chapter (3) contains a
description of tho design pfoceduros chosen for comparison in this study.
The material properties and computor progrﬁm used in this study aro dis-
cussed in Chapters (4} and (55. * Finally tho analysis of results and the

conclusions and recommendations are included in Chapters (6) and (7)

@espectivdiff‘ ' (?

44
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CUAPTER II

LITERATURE REVIEW:
¥

2.1 LITERATURE REVIEW

o - ~ . .
Much has been written about the behaviour and about the desiga

. ’

. :
procedures for slender concrete columms. In this section comments are

"made on some of the literature which is considered pertinent to this -

f

study. _
A

2.2 REVIEW OF SLEﬁS&R COLUMN DESIGN PROCEDURES

The behaviour of slender columnnas a stability problem has been

studied by numerous investigators. Particularly noteworthy is the early

“yqu of Euler, Engesser, and Von Karman, and later Ros and Brunner,

Westergaard, and Shanley. Rehaviour of slender reinforced concrete

T -
o -

columns has been studied by Ermst, Hromédik,-and Riveland and Broms and

Viest among others. T ‘

l Slender columns have been treated traditionally in building codea
for reinforced concrete by means of a reduction factor that discounts the
load-carrying capacity of the short columm. This reduction fgctor is

a function of the slenderness ratio of the colum. The German and A
Russian building codes represent the reduction factor by means ;f a
cﬁrve, tﬁe British building cade (CP 114) by nmeans of two atraight lines
with different slapes, and the ACI 318—63(1) by means of one straight
line,. h J

The design procedures of applying a reduction factor to the load

carrying caﬁaéity of a short colum have been based mainly on experimental
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results from tests of concentrically loaded slender columna. Only the

end cbnq;tibns (pinned or fixed) durlng the test were tukon'into con-

.-

aidenafion. The traditionnl cquationa ulso applicd to eccentricnlly
loaded columha by inforence since these columna were naaumed to represant
a rather unnecessary refinement in design practice @ ').

‘In addition to the slénderness ratic traditionally considered

‘in the long column expreaaions,'thera are soveral other factors that

i -~ ]

affect the Qtrength of a slender reinforced concret3 column which ahquld

(1) The initial eccentricity of the. leads.

(g) The geometry of the coiumn.

(3) The géometry of uli‘the other members of'éhe structura.

(4) The lateral displacement of the ends of the column.

) (5) The stress-strain ‘propertics of the concrete and steel in

the column. ' 8

(6) The elasgic and plastic behaviour of the column as part of
a structure. . .

(7) The duration of loading.

. v .
- The effects of some of these variables fware studied by Von Karman

Y

—

* who sblﬁéd the stabllity ﬁroblem of slender ecceﬁtrically loaded columns.-

He considered the eccentricity pf #he load and the stress-strain relation-
ship for the materials and assumed a linear strain hiatribution across the
section. The Von Karman theory has been followed Bj.m;dern authors in
trylng to express'the basic strength of slender columns.

In ACI Stnndard 318-63( ), substnntial modifications were mdde

. .to the design procedure applicable to slender columns but the use of a




=
long cq}umn reductio; factor was retained. The{ieduﬁtion factof\is ex—
pressed aé a linear fpncfion of the alendernesa\ratio ang.applieslequaliy
to load and moment.. The wmain characteristics of the ACI 318-63 design
‘procedure are: |
| 1. The\i?itial eccensrici;y of the loads is taken into account .
ip the expressions for tﬁe cqpacity of a cross section but
is not a pa;t of ghe long culumﬁ reduction factors.
2. The slendermess reduction facfof is referred to the mechani-
cal siender;ess ratio 2[r instead of thé geametricﬂslénder“
ness ratio 2/%. fhis helps to ter %he shape of the cross-

L
section into' account.’

3. The relative rigidity of the colums comparel to the floor

members 1s taken into account to determine the effective

1e;gth of Fhe colwmn. = -

4. The possibility of relative lateral digplacement of the ends

| of the colum is considered in the determination of the

effeétive'length of the column énd'in‘the ;eduction factor
expressicns. -

y 5. The effects of;sustained loads were included in the analysis

{' | used in deriving ACI equations. In addition, the code requires

the use of a reduced modul#s of elasficity in aﬁy alternate

. P
analysis of the columm strength.

L (13)

§ The CEB, in its Reéommended Practice » has.a different approach

“= to the treatment of the slender column prﬁblem. The main characteristicg

of the CEB Recommgﬁdations for designing slender columms are:
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. 1. The effect of slenderness is con:!dered as a hcompleﬁpntnry"
of deflection moment té b? ﬁddéd to the moment: due to. the
initial eccentricity of ;h; loads, |

2. 'The initlal eccentricity of the loads is token into account
in the eqﬁationQ.for the complementary eccentricities which
are then used in thercross sectionﬂdesign equations.

3. The compiementary moment is expressed as a funct%on of tha
geométric slenderness ratio. Tﬁis ﬁdnstagt, p, was derived
assuming a rectaugulﬁr colum; gection.

4. The relative rigi&ity of a colum compared éd that of the
adjoining me@bé}s~and the possibility of relativé‘lateral

displacement of the ends of the column are very roughly

taken into account by the term ¢ in the equation for the

1Y

compleﬁéntarf moment. This term is a functiqn of the effec—'
) tive length for elastice condit%pns.
5. The effects of sustained loading, élastic deformation ;f the
column, and speclal conditions siuch as vibrations may be iﬁ?
cluded in the_expréssion for the compleﬁentary moment.

The CEB(IS) Design Equations ara given in appendix {(B) at the
. ' )

"end of this thesis.

Both ACI(I) and CEB(IB) departed from the traditional design

methods in that the relative rigidity of the slender column compared to

the adjoining members and the possibility of lateral displacement of the
column are considered. However, the approaches to design are different.
ACI‘considgred the effect of slenderness with a reduction factor, while

!

;o



12

CEB considored this offect as ﬁ complementary moment to be added to the
initial eccentricity moment. Thus the ACI procedure reduces thelintcr;
action diagram to gcale;hwhile the CEB procedure increases the effectivo(
eccentricity for the design load. : ‘}
Neither method accuratecly considered the inflﬁg;&e of the stress-,
strain relationship of concrete and steel on the deflection of the columns,
'thg influence of the lateral deflections on the'ulgimateAcapacity of theu
columhs, the restraining effect of the structure on the Bnds of the
column or the plastic behaviour of the column as part of a structure.
Parmetzs) proposed a different approach to the d051gn procedure

of slender columns by applying a magnification factor to the moments as

a function of_the critical buckling®load of the colhmn. The ACI 318-71(2)

E sl

method of design is quite similar to Parme's proposél. The ACI "Moment

Magnification Method" will be presented in the next chapter. -

3 . .

T

2.3 HISTORICAL REVIEW dF THE DETERMINATION OF BASIC STRENGTH OF SLENDER

e,

COLUMNS

D ]

By

The strength of a slender colurm in a structure depends on the
. geometry of the column and the members of the structure, the lateral dis-

placement-of the colum, the initial eccentricities, the stress-strain
L3

il relationship of the concrete and steel, the plastic behaviour of the
columi-as part of the structure, and the effect ?//sustalned loadlng.

it | Various procedures have been deve10ped €0 determine the bas1c

“strength of a column following Von Karman's theory for eccentrically

- loaded inelastic columns. To study the effect of complimentary moment

£ it was necessary to choose a deflected shape for the column. Ros and
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Bruner in 1926‘prpposqd a half sine ﬁave deflected shape for the cqlumn.
In 1928 Westergaard and Osgood propoﬁcd a césiﬁé ﬁﬁﬁéideflccted'shape.

In 1958 Broms und Vlest( ). applied ‘the cosine wave proposcd
by Westcrgaard and Osgood to both hlnged and restrained colpmns, by
u51ng Hpgnestad's stress block for con:fete with a 0.0038 strain at
Failure and;an:eiastié-glastic stress-gtrainArelationship for "the stcel.

Broms and Viest considered the restraining moments produced by the ad-

e s L T et

joining members as proportional to the end rotations of the column. Their “»’f

-
. 1/~
o '

- Pfrang and Sless( 7) deveIOped a method of determlnlng the behaviour

recommendations fbrmed the basis of the 1963 ACI Code.

»

SRR e R T W
ERRE R e

A

Bk

of restrained slender columns by using Hognestad's stress block fbr con-

rwcretg, with a 0.004 strain at failure. They also chpse an elastic-plastic¢

N

stresg-strain wrelationship for the steel, restraining moments produced

by the adjoining members proportional to the end rotations of the column.

Y e iy T T e

o e TR
R

A numerical integration procedure.was used to determine the lateral de-’

~

. , -,
flection of the column. This method of analysis was later modified by

(3)

Breen and Ferguson

RS AT AT IR

to analyze tests of columns in frames. . The close

correlation between experlmental and computed behaviour represents a good

check of this method_of analysis(zs].

-
{ 2.4 REVIEW OF STUDIES OF INELASTIC BEHAVIOUR OF CONCRETE STRUCTURES

In 1961, Broms and Viest(u) reported that fbrt;hort columns, the
‘éffecf of slenﬂernéss on deflection and stability'of a coinmn'ﬁas very
small but that this was not so for long columms.

n

In 1963, Furiong(17? tested six rectangular frames restrained

2o

SR

against lateral sway- and having single curvature celums. He found that

2

. . TS g
I
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the capacity of tho restrained column permitted uﬁ to]fiftoen-percent
more axial-load capacity than would:be'ékpcctod.fbr an equivalent isola-
ted colunn. He then dgvéiopcd two methods for analysis of columns. . In
the numerical moment-curvature method, he assumed the deflected shape of
the column was in the form of uiparabola. For £he-£1astic method, he
used an éffective stiffness EI for simplicity of analysis.

In 1963, Chang(y'e) analysed concentrically loaded long hinged
columns employing Von Karman's theory and a numerical integration proce-
dure for predicting the doflected colum shape. Separato methematical
. equations for column moment and load in term of edge strains wuie dérived '
and plotted for a rectangular cross-section. He also proposed a method |
for detefmining the' critical length of long hinged and ;estrained columns
as part of a box frame. A computer program‘ﬁas;uséd to solve the dif-
férential'equation for predicting the critical leﬁgth;of a column. He
concluded thatra long reinforced concrete column may buckleilaterally as-
.the critical section reached material failure, but the material failure
ofua column can not be used as the criteria to‘determine the critical
column length. _Plaétic hinges may be devéloped in a frame, but a long
colum may become unstablérwithout dcﬁaloping plastic hinges.

Cranston(l?) tested eight single-bay one-storey frames with fixed
end conditions. He concluded that.the mechanism method for plastic
design can be applied to cohcrete structures. However, the frames he
tested Aid not have high axial lpad in the colums. Therefore instability
prior to maferial failure was not a likely possibility. Cranston also

presented a computer method for inelast}c frame analysis.
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) ‘ NPT !
used a time-dependent stress-strain curve modified from Rusch's

15

O

2 ' ' . ‘
Pfrang( 7 in 1964 studicd the effect of creep and shrinkage on

the behaviour and capacity of reinforced concrete columns and made several
observations. For'a restrained column with‘a slenderness ratio below
some critical value, creep will increasse its capacity, but when the

slenderness is high above the critical value, creep will decrease its .

1

capacity significantly. Increasing,the ratio of reinforcement reduced
the extent to which creep influenced the behaviour and capacity of the

colum. Also increasing the degree of end restraint reduced the detri-

mental effects due to creep. He used a varying stress-strain relation

\ :
similar to Hognestad's curve to approximate creep deformations, and em- .

ployed the numerical moment-curvature method to predict the behaviour of

L

his frames. _

. (15) . . a .
Green » in 1966 tested 10 unyestrained eccentrically loaded
colums subjected to custained load and having a wide range of axial

load inteﬁsi;ies applied at varying end eccentricities. A time depen-
dent stress-strain relationship was used in his numerical moment-curvature

approximation. He concluded that for long columns under sustained load-

ing, deformation will increase with increasing duration.of loading, and

will cause the merber to fail in the instability mode. The deformational
charac;eristics:of members under sustained loading are greatiy affécted
by fie}ding of tﬁe compression steel. If ;}elding of the compression
reinforcement had not occurrbd‘afper one month of sustained loéding; the
§ub§eqpegt increase in sectional deformations were small.

| (22)

.In 1967, Manual and Macdfegor proposed a method of sustained

load analysis of the behaviour of concrete columms in frames. They aléo
(22)
¢



. 16-
- M& * "

relationship to account for the effeeﬁ of creep of concrete under variable

stress. - N

(10)

Drysdale investigated the behaviour of slender concrete

columns subjected to sustained biaxial bending. A creop‘;nd shrinkage
function was derived for a gendral concrete mémber. A modified 5upef-
position ﬁcthod fbrrdetermining creep strain of concrete under varying
stress was proposed. fhe numerical moment-curvature developed for the
~ analysis yielded excellent agreement with test results.
B * MacGregor, Breen, and Pfranzi in 1970, published a-highly im-
pbrtant paper(ZI) proposiﬁg the MOMENT MAGNIFIER METHOD for the design
of slender columm;. They found that the most significnntLvﬁriubles
which affect the strenéfﬁ and behg&iour of slender columns were; the s Ju
L. slenderness ratio, end eccentricity, eccentricitf ratio, ratio of the -

e, reinforcement ratio to the congrete cylinder strength, degree of end

Lac

;esfraint\iﬂd_sustnined load. The ACI Standard 318-63(\9‘rec0mmended

a Reduction Factor Method which was investigated and found to be unsafe
¢

il
3

i
T+

5,
M
£
b
Iy
3
i’
5
I
tl
K

for use with slenderness ratio k%/r exceeding 70. In the%e cases theo

Moment Magnifier Method was recommended to be used by the ACI Stan@ard'

318-71(2), instead of the reduction factor method when a rational second

RN

order method of structural analysis is not available, The.method sug-

gested that the moment magnifier is a function of the ratio of end

mor.*.e&ts of the column.

(18)

-

Furlong presented a useful set of graphs for design of slender

colums. This greatly simplified the iteration involved with the calcu-

lation .of moment magnifications which depend upon the cross section size

which is being designed.




17

2.5 WORK IN McMASTER UNIVERSITY |

Drysdale(lo’ll) in 1967 initiated h resecarch program to study the
. PT

*

A

ghaviour nnd'non—liﬁear.response of concrete structures in all fomms: of
jhildings subjected to short term aﬁd sustaihed loads. The program has
aimed mainly at.the.evaihation, of present design methods; with pn&ticu«
lar uttén}ion to the design of §1epder columns, and to the modificaiion
and development of new methods of structural concrete analysis.

(9)

started rasearch in the sustained- load behaviour of

Danielson
single-bay'one-stofey portal frames. He applied the mumerical moment-
curvature method in-the analysis. By assuming-a sef of elaﬁtic,reactions
at the lef€ base of the frame, the'ddflection at éhe ;ight éase of the
frame'wés'computedlﬁy the numerical momenf;curvatﬁre method. By a trial
and errof method and by usihg the sloﬁe-deflection equations, . the com- .
patibility of deflection in the right base wés finally adjusted so that
it was satisfied within allowable limits.’ | _

In 1972 'K.B. Tan 1 tested twd portél frames- and developed a
computer prograﬁ using the moment curvature method and the stiffness
modification to predict the actual behav1our of a relnforced concrete -
structure under long or short tern loadlng The testdresults were in
_,//;ose agreement with the behaviour predicted by the computer ana1y51s

The program 1ncorporated matrix method of analysis of structures but-

¥ , - .
it used so many subroutines and subprograms that it was very time con-

suming even for simple structures.

.
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2.6 SUMMARY

have been brlefn} mentioned 1n this chapter From th1'
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Many excollent paperS'have been written,oﬁ the subject of design.
. oo * .
st relevant

of concrete columns. Those whlcﬁ are con51dered to b

review and a

study of existing and proposed practical ‘design procedures it was pbvibus

.that this problem has-not been reésolved in a satisfactory manner.
. , ) . 4

. The work’undertaken and reporteg in this thesis' is intended to
provido the'basisléof the evaluation of column design and annlysis
methods as dpplied to real st}Jctures The computer program develoﬁed
and used in this research is ﬁa1r1y econOmlc even for fairly compllcated
structures. Part of the reason for‘zhls inprovement over Tan's program
is due to the use of Emery s( 2) efflcient program 'PLANE FRAME" with

its subroutine "BAND". It is hoped that this will contribute especially

to the rationalization -of column design procedures.



CHAPTER III
'DESCRIPTION OF THE ACI STANDARD 318-71

MOMENT MAGNIFIER METHOD.

3.1 INTRODUCTIGN

-

P

To evaluate the désign‘p:ocadures for reinforced concrete colﬁmns;
it was decided to seléct ; single modern design method. It was thought
necéssary that this-méthod'consider fhe interactive effects of'combined.
Bending moments and axial ;ﬁr;es ﬁnd the effect of deflection of columns
in creating ¢ céﬁdary bending moments which in turn would increase the
deflections.ijln this latter respect it was decided that the complexities
resulting from the inelastic behaviour of reinforéed concrete due to the
shrinkage and 'creep should also be dealt with in as rational (as oppogiéﬂ
torempirical) a manner as could be found, Thén the effects of different
parameters could be assessed by comparison with a design ﬁrocedure which
attcmpted to account for these effects.

The ACI Standard 318-71(2) "MOMENT MAGNIFIER METHOD" attempts’ to

cofisider all the above mentioned aspects with only as many_simplifitations

as are riecessary for practlcal d351gn purposes Also this neWIy proposed

) d651gn method is considered to be one of the nost well studied de51gn pro-

cedures as well as being one of the most recent. Therefore ;t was de-
cided to use this method to dectermine.the design loads on which to base
this study and comparative evaluation.

In this chapter a description of the ACI Standﬁrd 318-71(2)

""Moment Magﬁifier Method" is provided. In addition the similar equations

[

19
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.of the CSA Standard S16-1969 for the design of steel columns are included.

S .
3.2 DESIGN PROCEDURE

The selection of a suitable column cross sections is the goal of
colum design. However beforc any sfep of the désign can be taken it
must be assumed that primary values of ﬁltimate axial load and ;1tihate
bending moments (un;orrectea for the effects of colum deformations) are
available from a complete analysis of the structural frame. [For frame
analysis the colum designer i; usually cautioﬁed to use stiffness valueﬁ,
EI,-fg; colums at least as high aﬁ the initial stiffness of the un-
“cfacked gross section of copcfete. ‘If the relative flexual stiffnesses
of colums is undervalued for frame analysis, thg apparent'moménts will
be less than those likely to exist in the colnmns.] It wili be assumed
further-that the material propeities mainly the cylindrical compressive
strength for concrete (f;l hnﬂ the yield stress of steel @einforciﬁg
bars (fg) to be used for design are known, as are'the column shape and
story height: . | _ ;

The two most common design conditions remaining for tge desigfier

involve either;

(a) the selection of the appropriate steei area necessary forx :
a gpecified colﬁﬁn size, or,
)] tﬁe selection of an optimum colum size.
Condition (a) exists when several*colums of the éame size are.subjectcd‘
to different loads. Design Condition (b) occurs when the groés size of

" colums for a particular structure or level is to be established. The

'selection of size is usually made.on the basis of an estimated limit to
o



v/ 21

the croﬁding of longitudindl steel within a s section. If Bars aro
to be spliced the steel area should be rcstrfiﬁ:d o about 5% of "tho
gross colwm area, but higher percentages of the %ross area can be
occupied by unspliced bars.

Interaction charts that display graphs of 1imiting‘cﬁpacities
for combinations of nxigl load and bending moment represent a familiar
and efficient design nid-for colum cross sections. Families of curves
applicable to #il colums of a specified sﬁape and material composition
can be included on one diagram, Each curve represents a specific per-. "
cent of the cross section occupied by longitudinal steel.‘aa typical set

tof interactipn curves are given in Figure (3.1}. This is taken from the

American Conc:ete‘lnstitute publiéation SP-7, "Ultimate Strength Design

of Reinforced Concrete Colums"(25). These aro normally available for -
dlfferent re1nforc1né conditions in rectangular and c1rcu1ar sectlons
The ordinates to the interaction charts are expressed as ratios of gross
axial stress to ngdnder strength f; obtained by dividing the ultimate
load P, by the product of f} and the grdss area of the colum cross -
section. Abscissas are ratéos of nominal flexural stresses to cylinder
compressive strength fg, multiplied by 6.0 .

.

3.3 MGMENT ﬁAGNIFICATION USING THE PROCEDURE SPECIFIED BY CSA STANDARD

5$16-1969. o
To illustrate the application of the moment magnification con-

e LTI 0 e e - e

ccpt, its application to design of steel structures is discussed below.

e R

'Thls approach is srnnég\h:o that which was adopted by the American Con-

SR

crete Institute Standafd 318 71{2) for design of reinforced concrete columns.

Ck pe——
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For an elastic beam-colum bent in single curvature, the maximum
bending moment is given by:
r Moax =M+t P2 ‘ : ‘ (3.3.1.a)
where M, = Pse ) (3.3.1.b)
@ = initial eccentricity
4 = colum deflecti?ns.
" A good gpproximation of the maximum moment in 2 beam-colum can be given
by: |
P60 '
Mmax = MO + i‘:ﬁfz (3.3.2)

where, 60, is the deflection caused by MO if P = 0. This equation can be

conv'en'ein.tly rewritten as:
g HoGmErRy)
- max (1-F/P))

where for a.simply supported”member with uniform cross sect‘ion

. ﬂ260EI | 0 h
P o= _Ezii—rh 1 , ‘ (3.3.4)

-y values can be obtained from reference (19). Equation (3.3.3) is

approximated for design purposes: by: - - N
My ' ) :

!
Eﬁuation (3.3.5) is reasbnably accurate for a colum bent in’ Si;lgle
curvature because in this case the maximum bending moment and maxilmum
deflection occur at the samé point. In the more ﬁsual case ri-:here the
end moments are not equal, the maxlmum bending moment :ﬁay ‘be estimated
using an equivalent uniform p{?ding poment, € M_, which would lc‘ad to

m0
the same long colum strength as thefzétual bending moment diagram.



24
Thus equation (3.3.5)} becomes: R : - v
C M L, . .
m 0 i " .
Mhax = 1757 - p Mb (3.3.9)
4 o

- ] . J
where C is the ratio of the equivalent uniform bending moment to the
numerically larger end bending moment. CSA Standard S16-1969 calls for

the working stress design of eccenfiically loaded steel'cglumns using the

equation: °
P Mﬁéx ‘ ' | .
* g1 (3.3.7)
Pallow Mﬁllow :

where Mﬁax is defined using equation (3.3.6).
For reinforced concrete colums, the design can be based on the [:R
axial load P from a firétworde: analysis and" the bendihg moment M

from eﬁuation 03.3.6). This design procedure closely approximates the

actual case shown id Figure (1.2)(b) in which the most highly stressed o

- section A-A, is loaded with an axial load P and the bending moment

.P-e + PeA yhlch is equivalent to Mﬁax.

3.4 ACI STANDARD 318-71 CRITERIA FOR INCLUDING THE EFFECTS OF COLUMN |

SLENDERNESS

Section 10,11:S‘of_the‘ACI-Standard 318-71(2) states, "Compres-

i’

sion members shall be designed using the design axial load from a con-

ventional framé-analysis and a magnified pbnmntlu ﬁefined by Equation:*

M = FH, - : (3.4.1).

*Numbers of equations do not coincide with those given in ACI Standard

318-71.
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T—:—§ZZ$F; _ ' ) - (3.4.2)
and ' .
2
n<El
PO =“W . ] (3.4.3)
In lieu of a more precise calculation, EI in equationy (3.4.3) may be
taken either as: _. S ’ ‘ .
‘ EJL/S +EI )
_ ety 8 s r
: EI = 1+ 8, (3.4.39)
. '\‘2‘ . \
or conservatively ° . t’”
ETI /2,5 ' '
c ) ‘ »
ET = -1—% _ N (3.4.6) AR

In equation (3 4.2), for members braccd against side sway .and without
T4

transverse loads between supports ¢, may be taken as

Cm = 0.6 + 0.4(M1/M2) 2 0.4 B (3.4.7)

For all other cases Cﬁ sgéi: be taken as 1.0. For equations (3.4.5)

-and (3_:.4.6)_8c may be taken as

J
© E, = W15 x 33/f7 p.s.i. (3.4.8.2)
or : ‘ _ _ .
. . E_=H1'5 x 4270777 kg/en? U (3.4.8.b)

where Wlis the density of concrete in Zb/fﬁ3 or t/m3, f% is the uncon-.

_ flned compressive strength ofﬁgtandurd cyllnders in pst of kg/cm?,

The ratio Bd is the ratio between dead load bendlng moment and the total
bending moment on the colwm. This term has the effect of reducing the |

- apparent stiffness if dead load generates a major part of flexural load
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i -

with the result that creep is likely to occur. E, is fﬁb\modulﬁs‘bf
elasticitx-aﬁ\?;eel, Ia is the moment of inertia of steel about the

colum centroid, and T

g is the moment of inertia of the gross concrete
: .

section.,

‘Equation {3.4.5) provides higher stiffng;s values than-those,
obtained from equation (3.4.6) because the effect of steel reinforcing
bars in increasing the stiffness is taken into account. JTﬁis is especially
true. for heavily reinforced colums. Equatidn (3.4.6) is simpler to use

but greatly underestimates the effective stiffness in heavily reinforced

'columnp. Therefore it is recommended to use equation (3.4.5)ﬁfor heavily

reinforced columns and equation (3.4.6) for lightly reinforced columnsl

3.5 DETERMINATION OF EFFECTIVE LENGTH

With the adoption of the ACI Standard 318-71, designers are

requfred by section 10,11.3 to consider the effects of cracking and

reinforcement on relative stiffness in computing the effective length

factor (k) in compression members mot braced agaiqét sidesway.‘ In thq
ACI Publication 5p-7(25), the Jackson-Morgland Alignment charts are
presented for use as primary tool in determining the effective length
factor. To use these charts, the ratios ofhthe sum of the fiexural,'l
stiffnesses of the compression members to xhéssum of the flexural stiff-
nesses of the flexural members in a plane at’each end of the Compression
member muﬁt be computed. Section 10.11.3 in the Code Comment&ry(z)
clearly states that due con#ideration shall be given tq‘the effects of
cracking and of.reinforceﬁent‘in computing the relative stiffnesses of

the comprcssion‘and fiexﬁral members, but does not give specific guidance

\



27

as to acceptuﬁle methods for considering these effeefs. Normal prac-
tice(ig) has been to use the gross concrete soction for compression i
membe;é and the transformed cracked seetien for-flexurai members.
(S.S.a) Frames Braced Againét Sidesway:

The shape of the deformed ideal member is prdportional to one-
half of a sine wave if the half perlod is taken as kh,  the column helght
between hlnges (br points of 1nf1ect10n). The presence of rotational
restraints of celuﬁﬁ}ends can alten_the deflected shape of the elastic
column into various comhlnatxons of sino waves, For a compression member

-h1nged from both sides, the effeétive length (2 ) is between pinned ends

;g
— pi A,
,

ported length (L ). If the member is fixed against rotation at both ends

~as shown in Flgure (3.2} (b), it will deflect in the shape shown. Inflec-

; tion p01nt5 will.occur as shown and the effectlve length £, will be one

“half of the unsupported length. '

When Euler's equation is used to analyse this column for buckling,

the column will carry four times as much load as when both ends are hinged.

e

Rarely are colums in real structures'eiiher hinged or f?xed, rather they
i  are partially restrained'against rotation by abutting members. Therefore
A " the effective length will be actually between Lujz and Eu as shown in
Figure (3.2)(cf. The precise value will depend on the relative rigidity
o " . ™
.of members abutting the column.
I (3.5.b) Sidesway th'Prevented: _
A concentrically loaded_compression memeer.that-is fixed at ope
end-end'eﬁtirely‘free at the other end, would buckle as shown in Figure

: !
(3.3)(a). The upper end would move laterally with tespect to the lower
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FIG. 3.3 EFFECTIVE LENGTH (SIDE Sway NOT PREVENTED)
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¢nd.” This is known as sidosway. The deflected shape is similar to that
/ 3 ‘

of a pinned end column of twice the hoight where sidesway is prévénted.

If the column is fixed against rotation at both ends, but one end can

move laterally it would deflect as showﬁ in Figure (3.3)(b).‘ The effec-

tive length would be equal to the actual height with an inflection peint

’

-occurring as shown. If the buckling load of the column in Figure (3.3)(b)

is compared t&’that of fhe-column‘in Figure (3.2){b) which is braced
y

‘against 51dcsway, 1ts cr1t1cal load is only one quarter of that where

sidesway is. prevented Agaln, the ends of colums are rarely efther
hjnged or fixed. Normally they are part1ally restralngd against rotation
by abutting members and thus the effectivé length where sidesway is not
prevented will vary between £, and @ as shown in Figure (3.3)(c). If the

beams are very rigid compﬁred to the cblumn, the ca?e in Figure (3.3)(b)

“is approachéd. 1f on the other hand the beams are féirly flexible, a

'hingeé condition is approached at both ends. In this case the structure -

would not Pe very stable,

| For reinforced concrete structures the designer rarely encounters
single members, but instead generally must deal with rigid frames of.
various types. The buck11ng behaviour of a frame which is not braced
against sidesway can be illustrated by a simp}e portal frame as shqwn in
Figure (3.4). The upper end of this frame can move sideways because it
i; unbraced. The botton end may be pin ended or partially rés;;ained as

indicated. It can be seen that the effective length £, excaéds_Z&g and
' 3

W
C
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In summary, the following comments can be made concerning calcula-

tion of effective lengths:

(1)

(2)

(3)

For columns braced against sidesway, the effective length

falls between 2,/2 and 2 , where % is the actual unsupported

“length of the bolum.,

Fqr columas not braced against sidesway, the effective length

is always longer than the actual length of the columm ku‘

and is more likely to be near 28 or even higher. ‘

The use of the Jackson-Moreland nlignpenf charts which are
reproduced in Figures (3.5) and (3.6) allow graphical deter-.
mination of the effective length factors for both braced and

unbraced frames. As an example for braced frames, if both

ends have very little stiffness ox approach Y = =, yhere

'wE(EI/La)columns
¢ is defined as T (EI/%)boams
k=2 /t. If both' ends have or approach full fixity,

» then k = 1.0, where

P = 0, then k = 0.5. -In determining thechfective length
factor k, the stiffness of the beams may be calculated on the

basis of the moment of inertia of the cracked transformed

section and the stiffness of the column by using EI from

equation (3.4.5), or from'aquation (3.4.6) forilightly re-

inforced colums with Bd = 0.

(3.5.¢) 'Slenderness”Limits for approximate design methods:

o

" For compréssion members braced against sidesway, the offecis.pf

slenderness may be neglected when kzu/r is less than 34-12Mi/M§ ) (Mi_and

M2 are the design end moments, and r is the rﬁguis of gyration for the

;e
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‘column cross section), Mz i1s tho larger of‘tﬁe ond momonts‘of u.coiumn
obtained by olastic'ffame analysis. M1 isvtha smallor. of thﬁ end
moments. Ml is positive if tho member is bontrin singloe cuivatﬁro and
is negative if tho column is bent in double curvature. FPor compfcssion '
members not braced against gidqswuy, the effect of slendernoss may be:
neglected whon ke /r is less than 22(2}, . . X )

The upper limit for compression members which may be designe; by

the approximate method of moment magnification is ke /v oqual to 100(2),

When kku/r is greater than 100 an analysis as defined in section (10.10.1)

of the ACI Standard 318-71 must bo used. This analysis must take into

éccount the influencq:of axial loads and variable moment of inertia on

membér stiffness and on ond ‘moments. - It must also include the cffect of

A : :
deflections on the magnitude of bonding moments and axial forcoes, and

the offects of the duration of loading. The lower slonderness ratio

limits allow a larger percentage of designed columns to be excluded.

from slendorness considerations. Considering thé slenderna§s ratio

k%i/r in terms of &ugb (where h is the depth of ﬁhe colunn in the dircc-
tion of the applied bending moment) for rectangular columns, the effccts
of sleqdcrness may be neglected in design when gu/h is less than 10 for

a member braced agdinst sidegﬁay and, having zexdrfestraint at the ends.
This lower limit increase§ to 18 for a braced member in dohbie curvature
with equal end moments and a ratio of colum tolboam stiffness equal to
one at each endcza). “For an unbraced member with a columﬂ to beam stiff-

ness ratio equal to one at both ends, tho effects of slenderness may be

neglected when & /h is loss than S, This value reduces to 3-if the beam:
u B A |
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1

stiffness is rcduced to one-fifth of the column stiffness at each end of

-

the member.
The upper limit on slenderness ratio of 2 /h equal to 30 for a
member braced agalnst s1desway with zero restraint at the ends. This

lﬁ/h limit increases to 39 with a ratio of column to beam stiffness esqual

to one at.each end,

3.6 COMMENTS

The recommendations of the ACI Stan&ard 318-71 which pertain to
column desiﬁn call for the use of imﬁroved structﬁral analysis procedures
wherever possible or practical. In place of such improved analysis it

’”

provides for an approximate design method based on the prin¢iple of

moment magnification. This'is'qimilar-to the procedure used as'part of
the American Institute of SteelaConstructioﬁ specifications and CSA
etc. After study of the normal range of variables in column design,
limits of applicability were set which_eliminate from consideration as
slender columns a large percentage of columns in braced frames and sub-
stantial numbers of columms in unbraced frames. Designers have been ‘
assured(z'zo'zai that over the applicable range of slender compression
members, fhe proposed pfocedure in the ACI Standard 318-71 is rational;

safe, and reasonably consistent, " However evidence of the above mentioned

rationality, safety, or consistency has been lacking, especially with
- - .

: respect to suetained load effects. Investigation of this aspect was one

of the most 1mportant tasks for the study done in chapter~(6)
-Because the woment magn1f1cat10n method calls the attention of

the &esxgner to the basic phenomenon in slender compression members and
. ¢
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L
I

allows him to evaluate the additional moment rchiremehts.in those
members, safe design ghould be the result. However, especially for
high slenderness ratios,.it.is doubtful if the proposed method is consis-
tent. ' E |

Chapter (6) contains the results of the parameteric study of ‘the
capacity of éolumns and provides an evaluation of the agcuracy of the

Moment Magﬁifier method. The practical use of this methed is .also dis- .

cussed in Chapter (7).




T S TR

CHAPTER IV = . ‘ e

PROPERTIES OF MATERIALS

4.1  INTRODUCTION

A

In this chapter the relevant properties of concrote and steel ayc

described. For the analysis of the behaviour of reinforced concrete
frames the information which is required are the stress-strain relation-
ships for concrete and steel, the shrinkage and creep characteristics for

concrete, and the strength versus time relationship for concrete. The

b\}n

formulas and mathematical models used to compute these in thq‘numerical C%%§
analysis are introduced. ﬁﬁ\
3

4.2 CONCRETE STRESS-STRAIN RELATIONSHIP
' ]

Concrete is known to have a non-linear stress-strain relationship.

The general shape of the stress-strain curve is shown as the solid line
in Figure (4.1). The curve begins with a faifly linear portion that ex-
tends to about 30 percent of the ultimate strength, then gradually deviates
from the straight line up to a peak at the ultimate Strength of concrete.
After that,.the curve'descends in a gradual manner until the ultimate
strain ofrconcrete is reached. |

The non-linearity of the stress-strain relationship of concrete
- has been attributed largelylto'the fact that the failure of concrete under
load takes place throughrp:ogressivé internal cracking. At loads below
the elastic limit, (called the proporfional limit of concrete),”the stress
cﬁncentrations-within.thé hetrogeneous }ntornal structure remain at a

_ sufficiently low level that only relatively minor micro cracking occurs.

37
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Therefore the strc%s-struin curve in this region is neuriy linear. Atl
loads asbove the proportional limit, the stresses in the concrete cause
the p:ogressivoly‘rapid devefopment of increasing internal micro cracking
at the interfaces between the cement paste and the.aggreghte. Hence,'
the stress-strain curve doviateiincreasingly frot the straight line
drawn in-Figufe (4.1). As the stress apﬁ;onches'tha ultimate stranéth
of concrete, thé propagation of crﬁcks increases vigorously within‘thc
cement paste and between the cement paste nnd tha aggrﬁgnte ‘thereby
causing a progressive breakdown and dlSCOﬂtiﬂUltY in the internal strﬁc-
ture of concrete. For stra;;s beyond the ultimate load the abllity of
the conﬁrete to withstand high stres? is reduced and the stress-strain

-

curve drops down with a decreasing stress until the ultimate strain

(failure strain) is reached.

1

For a numerical application of the concrete stress-strain rela-

3

_tionship in the analysis of concrete structures, it is convenient to

‘formulate standard mathematical curves to describe this relationship. .

e TV e e w s

It was pointed out-by Von karman that the stress-strain relation of

non-linear materials can be approximated by an exponential curve. For .

et 2 e s ey
R T T T

concrete thiy may be written'in the form

R

4

B - '
i - 1- o ") 4.1
i f
‘ ;
i where, ‘ .
| f; = ultimate strength of concrete
b
*a = an experimental constant
w = strain of material.
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T

" The exponential term of equation (4.1) can be expanded in series'form:as.

B I (@)?/21 - (@)3/31 + ...

-
<

Hence equation (4.1) can be simplified as a series,
v

)
Te o
s l‘=-aw+c 2+ 3.|. = ‘
. o SO Yot ¥ e+l o vl \
T i
= leouw
. =1
- ?
where,
. =1,2,34,...
) e, = experimental constants

Generally, it is onsidered that a fourth order polynomial will
yicld.a‘sufficiently accuEg/

;Pé’appfoximhtion of the actual stress-strain
. - . e
characteristics. of concrete. The constants Ci are detemined from a

least-square fitting of large humber of test data. For the concrete

used in the research done at McMasfer'Univefsify; thre values of the

constants were found to be

‘ C, = 1.1902628 x 103
02'= -4.8022754 ¥\105
Ly = 7.6164509. x 107
€, = -4.5005079 x 10° ;

In Figure' (4.1), ;he experimental curve reaches its-ultimafelstéength

at a strain ofl0.00215 in/in. It was then arbitrarily gra&pa;ly decreases
"until the ultimate strain of 0.0038 in/in. is reached at a stress of

0.85f£ . This results in very néarl} the same magnftude and position of

a

N ” , B R
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the resultant of the force in the compression zone'as was found expegi-'
ﬁcntglly by Hognestad. A good comparison of the axpeiimentai stress-
gt;ain relationship with the Hognestad's and thitney's cur%eS‘is'given
in reference (31). |

The's#rcés—stiain relationship is changed wiéh‘nging df\the
concrete due fﬁe increusiné strﬁngth. Drysdaléflo)derivéd stress-strain
chdracterisyiés fof vax;ous strengths of concrete at &iff;rent.ages to
"chilitate its application to the nﬁmarical analysis of reinforced con-
E.retc cblumns. j'I'hf: incrgel;se. in concrete st:;ength with age was expressed

as a ratio of the 28 day cylinder strength. For concrete stored at 50%

relative humidity, it was shownclo)that nearly all increase which Qoulh
occur in the first two years took place wifhinﬁs months after pouring.
Then" the in;rease inxgg}ength after 28 days was assumed to i;creage
linearly to its final strength at 120 days after loading fhe colums.
For mofe information sbout the increase of strength and the change in
the stress-strain relationship with aging of the concrete refer to
reference (10} ‘

Aithqugh the developed comﬁhtar program couid handle the criteria
of the change oflstrehgth and étress-strain'ielationship Qf_concrete,
this criteria was not considefé& in the analysis in chapter (6). This
provided a conservative bagis‘for evaluaﬁing_design procedures. How-

ever this feature of the analysis had to be included when comparing

prcdictéd behaviour with test results.

R




4.3 STRUSS~STRAIN RHLATIONSRIP FOR RUINFORCING STULL
The roinforcing atool i3 assunod to have an idoalizod oluatic-
pluntlc stross-utraiﬁ ro{nclbnship. Tho offoct of strain hardoning hn;
_hcon noploctnd Honco, . tho, curvo -can bo doplctbd nain porf;ccly atraight
1ino up to tho yiolding point followod by n ronion of constant stross,
Ihq ggpiro rclutlonshlp bthocn stross ond stroin can bo ropresontod by.
tho_followlng oqunklon,
v+, -|w -wq]

PR o ey ] o
Lo y&&="g— N )

U

“ whoro,

' fb'fh " g;rosé and yiold sg?ongth of 5to§1 rospoctivoly‘

b

o .wy " strnin und yieold strain of stool ‘respoctivoly

-

ligupp (4.2) shawa tho thooroticnl und a rypicnl oxporlmontnl stross-

‘strnln curyotg)- Tho Smnll difforcnco botwoon the two curves is n
L, r

+significant o#qut poss}ﬁ}y-whorc plastic bending momont; are 1ncorpormtod

into tho analysis. .

4.4 CONCRETE SHRINKAGE

* Shrinkage of concroto is tho volumetric doformniioﬁ'which_pccurs-'
 in tho absenco of load or-fostrnint. It is duo mainly to'roés of
moisture from ﬁﬁo concroto by’hiffuslon, or ovaporation ffbﬁ"freo sur-
fnécs. Tho oxistenco of a mo{sturo grnd;qnt within the csncroto causes
dlffcrentinl shrinkage which can -induce internal strossos. Howovor, this
cffect 15 not c0nsidorod in thir study. _ -
The magnitudo of shrlnkngc strain is of the samo ordor as tho

elastic strain of concroto undor the usual range of working strosscs
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-

Shrinkage can produce tensile stress In restrained concrote which are
large enough to cause extensive cracking of the concrete. Shrinkage
affects the deformations and distrihution'of stress in structures and

should be taken into account in the analyéis.

’

_é;Figure (4.3) shows the shrinkage function used in this analysis.

The equation was derived by Drysdale(1®) from a least squarc fit oﬁ prism

: \'\ . : .
shrinkage results. This shrinkage function, which is reproduced below

-

. . -
gives the amount of unrestfzéfffifhrinkagb strain which occurs after 28

_days. | oo ‘ o
Shrinkage = -0%000111 '+ 0.000224_10310 (Age - 28 days) (4.4.a)
For the assumed‘material_properties the shrinkage from age 0 - 28 days

was foundtlo)tb be well represented\by the following: '

For plain concrote prisms, shrinkage = 0.00021

- b

for reinforced concrete prisms, shrinkage = 0.00010 .

. (If'
4.5 CREEP : e, R

(4.5.&) General Description: ' - ¥
i . |

Creep is the increase in strain of concrete under sustained
stress. Creep strain can be several times as large as the corresponding T

L .

elastic strain of concrete jmder load. Tﬂetefore it is of considerable
importance in the analysis of concrete structures. Several theories T
attribute creep to the viscous flow of cement water pagfc, closure of

ﬂintcii?l’vsias, crystalline flow of aggregate, and scepage flow of

colloidal water from the gel that is formed by hydration of the cement.

~
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Creep is influenced by the aggregatc-ceqent ratio, water-cement
ratio, kind and gradation of aggregates, composition and finenes§ pf
cement, age at fime of loading, intensity and duration of Stres
moisture content of concrete, relative humidity1of ambient air, and size
and shape of the concrete mewvber. The rate of creep deformﬁtion is
- Trelatively Eﬂ?id immédiately after loading and decreases exponentially
Qith time, Concrete also exhibits creep and.shrinkage Tecovery upon

unloading. This latter aspect can be explained a5 the release of the
increased strain energy stored in gel during creep,'and the.readjustment

A}

to reach equilibrium of vapour preséure/>|‘

{4.5.b) Computing Creep Under Variable Stress by Drysdale's Modified

Superposition Method:
This method has been found to pré&ict creep strains accurately
by accounting for the stress history of the concrete.
:) For a’concrete creep séeciman subjected to sust;ined streSs, the
elastic strain is defined as the short-tem concrete strain corre5poﬁding

to the applied loéd._ The magnitude of the creep strain is then given by, 3

Creep = A + Bloglo(time) . (4.5)

where 4 and B are variable creep coefficients derived by least-square
fit of experimental data for different levels of sustained stress. For
the concrete used in the computer numerical analysis, the functions A

[}

and B (Figure 4.4) are given as;

N 2.
A= Alu + Azw + Asw + A4 o

= 3 2
B = Bw? + B + B + B,
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where,

Elastic strain of concrete corrosponding to the

r . r

sustained stress.

A, = 21,03050 x 10

1
Ay = 5.748870 x 102 | | SRERI
Ay = -3.77674 x 1071
4, = -3.072250 x 10-6 |
) B, = 1.858390 x10° ©
B, = -1.012295 x 103
B, = 1.5213225 - ,
‘B

4" -7.986250 x10-6 '

The curves for functions 4 and B are shown in figure 4.4. The procedure
for using the modified superposition method is Yllustrated in Figure 4.5.
If an olement of concrete is loadéd'so that the elastic strain

is Wy and maintained at this stress.’f1 for a period of ;ime'Ib t@ Tl'

the amount of creep which would occur would be Cl‘ If an increased

stress f, resulting.in elastic strain w, is then maintained for the

s

2
- beriod 1 to Tz, the amount of ‘creep which would occur during this time
if the specimen had been loaded to fé at time Ty is denoted as Cye To

is the amount of creep which would

“

account for the change in stress, C'3

occur for the change of elastic strain wiiwl over a time interval from

zero time to T2—T12 The creep which occurs during time Tl
,*C - Similar evaluations are performed for successive time intervals

and added to the previous value of creep strain to give the total creep.

to T2 is

¢

This method of modified superposition will slightly upderestimate creep
o _ ' A
s
- .‘IR\

i
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for increasing stress. The qffett of creep recovery is not taken into

account.

4.6  CONCLUSIONS
The‘mnthematical moflels of the mechanical properties of concr;te
and stecel have been incorporated in-the computer program for the analysis
of reinforced concrete frames. A listing of this program is contained
in Appendix (A). In interfroting the predicted influence of the non-

linear reasponse of reinforced concrete, it is cbvious that large

variations in quality and behaviour exist for different concretes. The E _

concrete which was used to obtain the experimental data f£rom which the “a‘:‘

x

mathematical models were derived was intenticnally designed to have a

o | - | |
higher than average creep rate. This was accomplished by grading the’
aggregate so that a relatively low aggregate to cement ratio was obtained

while maintaining an acceptable quality of fresh concrete. The result

is that predicted deformations should be slightlyfin excess of those

which would be expected for average qﬁality concrete. This assures a <

slightly conservative basis for judging the édequacy of present design

procedures.
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“loading conditions. Parts of computer programs previously developed by L(ﬂ-

! w‘- l
CHAPTE%'V

DESCRIPTION OF THE COLUMN ANALYSIS
AND COMPUTER PROGRAM

~

5.1 INTRODUCTION _ ‘ _Q

The analytical technique which was used in the nume:icalrcolumn

analysis is discribed in this chapter. Also discusgédxié the computer

‘program which was developed to provide theorat}cnlfpredictioﬁs of be-

‘haviour and. capacity for re?gforced concrete columns sdﬁjected to various

Drydale(*®), Emery(12), and Tan(31) were incorporated into this program. X
. -

5.2 NUMERICAL MOMENT-CURVATURE. METHOD OF ANALYSIS

The basic form of the method of analysis is described in this
section as follows: ‘
| ‘tl} ‘The mefibers of a structure are divided into a number of
small disciete element lengths which in turn are sub-
divided into a finite number of element gtrips at each
cross section pérpendicular to the direction of bénding.

) Fort?ny arb%trary‘ﬁet of strains at the e*tfe@g_fibros of
the cross section the compatible stresses are pvdluqted’
from the.known stress-strain properties of thé materials
assuming a plane strain distribution. -

(3) The internal axial force and bending moménf for the given
strain distribution are computed using a numerical integra-

N .

‘tion procedure, and are compared to phc externally applied

S

3



load and bending moﬁent acting at the geometric centfoid-,
of the cross section. If equilibrium does not exist, the
assumed strain distribufion is rcpeagédly altered untii
external and internal loads and moments differ by less than

some permissible error.
J

(4) Member deformations at the mid point of each member e%pment

are -then computed for the average load and moment over the

_olement length.
(5) The compatibility between deformations and forces at a
foint in a structurs are then established by another trial

and error iterative process which involves the analysis of

the whole structure,

§.3 ~ NEWTON-RAPHSON METHOD

Determination of the compatible strain disg;ibutibn for a set‘of
applied loads and moments is made:difficult because of the non linear
stress-strain properties of cdnc;;te and tﬁe inter-qctiﬁe effécts of
- load and moment. The Newton-Raphson Méthod of successive aﬁproximatiOn ‘ 1
can be convenicntly employed to achieve convergence to the compatible
strain distribution. The applicatioq of this method is discribed below.,

The internal axial load and bending moment can be detormined
p;ovided.thai the strain distribution is defined'by the extreme concrete
fibre compressive strain and ;he curvature. Hence

’

P* = P(w1l¢)‘
" eesa (5.1)

&

M = M, ,0)

Fy
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where

w = extébme concrote fibre compressive strain
b = curvﬁturo acting over the cross-section
P* ,M* = internal axial load and bending moment
respectively
f,M = load and moment fuqction respactively.

By using Taylor's theorem with linear terms only,
. v -

ap* )l
o> ‘Z‘p :3?5-;"(1“1 + -3_¢— d¢

: - M ) aM*
M*-‘-lav"‘-ési-cﬁﬂl**-?-g*dé

where,

Bk

known axial load and bending moment for a
known ¢ and 51

3P*  aM*  aP%*  y*

apl W) ’ 3 a0

1]

rates of ghange of P* and M* for which ¢ and

w, are sought

Eﬁ,d¢ = increment of strain and curvature necessary to
pfﬁduce P* and M*
so that, |
=+ do |
cee(5.3)
wi = 51 + dwy

where ¢; and w* can be used to compute P* and M*. Equation (5.2)

1
can also be expressed in matrix form as,
*
pr_p aP*/a¢| ap /an ds

[ 9M_"/3¢‘3M"/3;01J &y .- (5.4)

9
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Equation (5.4) may be rewritten as

' {Q*} = [B*] (W} . -

Therefore, if‘the métfi; E* aéd the load vectorlé* are knowﬁ, fhe'incre- |
ment vector W* can be easily determined if.E‘"_1 ciists. Hence, the
increments of curvature and strain contained in the W* vector can then

be sﬁbstituied into equa;ion fS.S) to dbtain a new set of ml an& ¢, and
therefore a new Qet of load and bending moment. The computed P and M

are then comparéd to the applied P and M, and if the di.fference betﬁeen‘,
them i§'1esé'thaﬁ some alldwable erTor, the procéss of iteration is

terminated. Otherwise, the iteration is repeated by substituting-into

Cqﬁation (5.2) the computed P and M as new initial values of P and M,

and the computed values of v, and § as a new set of 51 and $.

The application of the Newton-Raphson method has becen only
briefly introduced here. For more details and for selection of incre-~
ments for convergence control refer to SectiOHSJ(S.G.c)-and (4.4} in the
thesis by Tan{31) and to the paper by Robinson(2%). .

f The Neﬁtbn-Raphson method of convergence was sﬁown to be very
fast. This was established by mumning the computér program using
several ite?ative techniques. However, at loads near failure the ten-
dency for the Newton-Raphson method to overestimate chénges in strain
sometimes resulted in non convergence. This normally indicates section
faiiure but in these cases was shown to be 2 conﬁefgence problem. There-

fore -a backup iterative procedure was used when convergence had not been

recached within soms-specified nutber of trials (normally 100 cycles).

f:

i .
This other iterativé method for adjusting the strains at a cross-section.

o> .



: _ 55
R ' - S 17

A

to balance the external iqnd‘and moments was specifically'designed to
facilitate convergencé'on the equilibrium values near the faiiure of
the columns. Using the previously found set offstabie 5trains a§e§
" starting point, the strains afpef-each cytle of iteration monotonically
convérged in an asymtotic manner. This method was used rather thmn thé
more conventional oscillating type of convergence. The latter method
“would fail to -converge as the column-approached instability if an over-
éstimatg‘qf the étrains‘was made. N

Column failure was ipdicated by the inﬁbility of the two itera-
tive techniques to converge on tﬂe required equilibrium strain distribu-
tion, within a.limited number of cyclas. The limit was set at 100 cycles
fqa‘eachamethod. This was 8 to 20 times' the number of iteratiVe'cycles
required for_con?prgepce at more stable loads using a very poor initial‘
estimate of the strain distribution. Therefore, fhiiyre to. converge
mcani thatlthe colgiﬂ at léast was very near faiihré.'

To check oh‘the confergeﬁce of the analytical solutioh,.the rate
of cﬁange of déform;tibn was.plotted against load. From this it could
easily be seen_that‘faiISEe would lie somewhere Qetweén‘the last stable

load and'thq point of infinite rate of change of deformation which could

be predicted by d;awing a‘taﬁgent-to the last point on the plotted curve.

This. practice assured that cdnvergence failure did not result in large
underestimaies'of column capacity. There was no possibility of over-

estimating column capacity due to inadequate convergence indications

becausc‘there would be no other stable ﬁdsition beyond the actual ultimate

" capacity of the column.

[ . .
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5ol MATRUX STIFENISS MODTRICATION THCHNTQUY "

In the previous sections it has boon. showti that compatiblo
detormations can be found for all the sectlons which avo aubjoctod. to
-npvclf{ed‘londn. Tho deformations for the entqulatruutururnnd ::}>
toada on all oloments may be found from conventional olustle analyses ‘1t
nﬁﬁruprlﬁté processos havo been devised to provide ntif?n.sn values, )
The equivalent stiftnessos K1 and A4 for un elonont of a Btructure cun.
be derlved from chprnctoriatlc chrvc? for moment-curvatuiro (N1H3V¢) and
load-axiat ntrnln (Hdﬂ{vwnxlnl) rolntlnnshipé. |

| If an ostimated zot of equivalent stiffhenn is arbltrarily

ansumed for each cloment of a structure which 1s aubjected to a pnrtlcu-_'f

lnr_lypo.uf loading, the Corces and deformations on-euch olement may be |
catenlated,  Then the cowputible straln dlstribution for equilibrium of
.oxto?nni,nnd'lnternnl loads can bo u2nd to recaleulate tﬂn eantimatod
equivalont atiftnoss tn an Lterative requence until the change in the
“tit tneases approaches an accoptable value, This set of” equivalont
stitinenases can bo used to predict the behaviour of structures. However,
1t 12 noconsary to develop a general computer program ih¢urporu;lnu the
tdén of stifihess modification to acquire the correct ot of oquivalent
ati{feas tfor the elastie nqnlysls of ineolaatic conceroto structuron.j
For practical readfons 1t was doclded to Hmit the analysis to
cises where no pihptlc hinge is allowed to form in the structure. A= a
result thé {ramo mnylho loaded only bolow tho ultimato cnpuc{ty of uny
sect ton, lenve, for atudlos of fallure, fallure is ddf}ﬁbd whon uny
part ol the structufo roachen its ultinate cupnélty and no account 1is

tahen tor the additional vedlatributtion of load which can oceur duo to

.
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1

plastic deformation. The recason for this limitation is that when a

plastic hinge has formed in tho structure, the hinge will allow an !

undefined increase in rotation at the hinge with::;ﬁﬁgz;ﬁer increase in

the moment capacity of the structure under increasing applied loads.

Thgrefore; the stiffness modification procedure cannot insure a definite

sct of cquivalent stiffnesses for the whole structure without incorpora-.

ting a modification to the discription of the structure.

3

-

The steps of stiffness modification are summarized below: '

(D)

(2)

(3)

(4)

From the geometric propertics of eéch element, the cross-
section of each element is subdivided into a number of i@

element strips.

The elastic axial stiffness EA and flexural stiffress EI

are computed using the following values:

33(w)1'5(f;)1/2 , (W = 145 pcf for concrote) .

E %

c
A =_gréss section area of cracked transformed section.
I = moment of inertia of cracked transformed section.

Then these calculated estimates of stiffness are substituted

into the element stiffness matrix for each clement.

With the element stiffness matrix for each element formu-

lated, the assembly stiffness matrix for the whole structure

is assémbled and used to determine the displacement and

force vectors for the structure. ,

Witﬁ the deflccted shape of the structure known, the secon-
dary bending moment due to deflection of the members }

(P+bd effect) are computed and added to the primary moment

acting at the center of the length oﬁ_each element.
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(5) For thﬁ cnlculntcd bondihg momon£ and uxiulbforco acting on
n.g1VOn oloment cross-soction, the Nowton-Raphson mothod 13
omployod to dotermine tho uniquo strain distribution for
cach olcmont, thoreby pormitting tho computntion of tho
modifiod values of 5I and EA. For the sustained loading
Zdndition, the shrinkage and croep deoformation and stress
history are included in the upique strain distribution which
provide cquilib;iuh of the section.

(6) _Tho new cquivalent stiffnessos EI and EA for cach cloment
-are thon compared to tho provious estimates. When the error
botween thom is less than 1% for cach clement, the sot of
modified stiffness is said to have convorged to tho cquiva-
lent stiffnesses for the structuro, and the procoss .of
itcration i; terminated. Otherwise, ;ho new' stiffnosses are
substituted into tho clement stiffness matrix for each olement
and the processes in 3, 4, 5 and 6 arc ropeated.

Gcnerally for loads applicd boiBw the ultlmato cupacity of the

stgpctgyg, the stiffness criteria can be easily satisfied within-n fow

¥ LS
[

cyCles of iteration. Howeve:r, for loads necar ultimate capacity of tho

“structure, or when creep, shrinkage and strcss~history wore included, the’

analysis usually required more cycles of iteration. This was due to the

large modification in cquivalent stiffnesses required to account for these

B
large ineclastic deformations.

- 4

e
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“

5.5 COMPUTER PROGRAM \ '
Y

A computer program was’dovgiapdhyin this stuﬁy to facilitate fhe

method of analysis qiscribcd above. Parts of computof programs from
Drysdaleﬁﬂ),_Emery(lz), and Tan(31) were adapted for use in this program.

It consists of 2 main program and four subroutines, which aro "ELASTO",

"W?HI", "BMPCAL" and "“CREEP". In Figuro (5.1); the location and function

of each sub:nutine are shown in a flow chart.

(S.S{a) Subroutine "ELASTO" was doveloped by Emery(2) at the University

"of Brﬂiifh Columb1a, and is;Q;plane frame program using a banded matrix

method\to solve for the displacements and forces in plane frames. The »
loading points and the propertdes of each member in the frame must be
specificd Co | ’ . ' , U
(5.5.b) 1Im Subroutlne YMPHI™, the Newton-Raphson method discussed 1n"

section (S\Slﬁgs utilized to fac111tate convergence on a unique straln

distribution for a specified axial force and bending moment combinat1on.

1f the Newton-Raphson Method failsﬁéo converge within 100 iterative cycles,
the alternate method is used to check whether the column has failed or °
whether there #as only been a convergence problem,_ When both convergence
methods fail to converge within 100 cycles the.column is.assumed fo have
failed, as discussed in sactién (5.3).

(5.5.¢) Subroutine "BMPCAL" operates the numerical integration proce-

dures. Its function is to compute the internal -axial force and bending

moment for a concrete cross section subjected to a given strain distribu-
. - \

tion. The following sign conventions are used in this subroutine,

(1} Compressive stresses or strains in concrete or steel are

positive. ‘ ' : (T
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Fig..(s.l) Flow Chart for the Computer Program
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(Z)ﬁ\bigtance from the neutral axis of the section towdrds the

f

extreme compressive fibre in the concrete are positive.
For more details about the computations and operations within
this subroutine, refer to reference (31) pp. 97-105. | ' \\
(5.5.d) Subroutine "CREEP" utilizps the Modified Super position method
for creep calculations which was developed by Drysdale(1%). For cases
where sustained loads aro included, this subroutine is called upon to
calculate and storo the creep strains for a specified increment of time.
The computational steps for this subroutine are summarized as follows: ‘
(1} The ad@itional shrinkage strain in concrete for the 5peci—'

fied time increment is computed by equation (4.4).
e

(2) The loads apd stress levels acting on a concrete cross-
.sectioq are assumed to remain constant for the speéified
inérement éf time. The elastic étra@nracting at the cen-
troid of each concrete plement_st:ip of the section which
were computed and stored in shbréutine "BMPCAt", are thén
transferred and stored in this subrﬁuti;e. The creep strains
for each concrete eleméht are then computed by the modified
superposition method; |

(3) For the next time interval, the stresses on the element strips

may be different from the previous'valueé. These changes

may result from changes in stiffness due -to the sustained

L load deformation. Ty} non linearity of creep versus stress
also could gause a redistribution of stress on a cross section.
" Therefore, for a new set of elastic strains after the first
fime'interval, the stress history must be taken into account.
— T
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The creep strains including the offects of stress history
are calculated by the T?dified Sﬁperpositionlmathod, .

(4) The total inelastic strain due to the time offect'i§\thQi

given by, . - ' ¢ ‘ '

w ' .
total ~ wcrcep * Yadditional shrinkage * Ystress history °

-

This total inelastic strain is transferred to subroutine

"BMPCAL" for the compufation of the elastic strain of

At

concrete.

Appeﬁdix (A) contains a listing of the compufer program which
has additional explanation in the form of comment cards.
S "o
5.6  USE OF COMPUTER PROGRAM

The computer program was set_up to handle various types of plane
reinforced concrete gfructurcs from very simple structures like simplc:-"
beams or single columns to very complicated multistory multibay frames,
Inspite‘of the iterative nature of the program, it was found to be
fairly economi; to use. The progranm was writtgn in FORTRAN IV Language
and was programred to run on the CDC 6400 computer at McMaster Universiiy_

Computcr Centre. Only minor language modifications would be required to '

" use this progfam on other types of FORTRAN IV reading computers.

In this program the members of the structure af; divided into a
' »
number of elements. This number is determined from the accuracy required.

More elcments result in more accurate results with, of course, the penalty
of requiring more computational time. Accuracy studies were made to de-

termine the number of eleﬁénts required for different loading conditions..

|
Y
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»

ithen the frame has been divided into elements, the following

numbering :ules-should be followed in setting up the model of the

structure:

5

(1) Assign joint numbers and element numbers to all joints

and elements. . :

(2) Assign gumbers f&r.eachjpossible.movemant (displacement)
at each joint of the divided structure. The thféﬁ move-
/ ménts possible for planelfiggé/are rotation, axigi and
transbeise displacements.'*’]h
{3) All rgstrained displacements must be assigned number zero.

CThere\dre for a fixed base assign three zeros, for a

hinged base assign two zeros for the axial and transverse

‘&isplacements, for a roller base assign one zero for tﬁe
- transverse displacement, and for a fr%e end.or non supported
joint (nodal point).assign no ieros.and give numbers to all ‘
" three displacements.) |
{?(4) Loads can only be located at nodal‘poinés (joints between

elements). - | | /

.

p (S) Those elements which require mgdification of their 5tifEne$s
are numbered fi;st. (Note: It is possible to include
menbers which are de;ignated to remain elastic thropghoué
all loading stages).'

Rules 1, 2, 3 and 4 are required for conventional matrix manipu-
lation and can be found in textbooks on matrix structural analysis.

Rule 5 provides the édmputer with the addresses of elements which need

no modification of their stiffnesses.



The procedure for. preparation of the Data cards along with an

illustrative examplo are described in Appendix (A).- The program-listing

~ also contains comment cards to assist in this process.

% o
5.7  SUMMARY

Tho gonoral mothod of analysi; and mode of operation of tgd
computer program has been described in this chapter. Dctaiis of speci-
fic aspocts such as.modolliné'of material properties hﬁvo bbon provided
in previous chapters. Chaptor 6 contains' the analytical rosults ob-
;ained using the dhove’mothod'of analysis. The validity of this techni-
qué has been prcviously(‘oraf)—vérificd by comparison with te;t rosults,
Thcfcforé it is suggested that the information which is presentcé is an
accurate prediction of actual behaviour of reinforced concrete frames.

As such, it provides much more information to evaluate column design

procedures than could be practically obtaingg from test results,
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DISCUSSION OF ANALYTICAL RESULTS -

6.1 INTRODUCTION

As was montioned in chapters (3) and (5), tha aim of this study
is to cvaluate the design procedures for reinforcod concreto columns.
The ACI Standard 318-71(2) "MOMENT MAGNIFIER METHOD“ was selectoed as

the basis for this evaluation.

 To carry out this evaluation for the ACI method, a study of the

different parameters affecting the design of a reinforced concrete

column was done. It was found that the most important parameters that {\\x

need to be studied are:
(1) The slenderness rayib (klu/r).
(2)‘ Level of sustained loading.
(3) Ratio of steel reinforccment. _ ' |
4) Initi#l end eccentricities;of the load.
(s] Ratio between theltwo end ecccntricitie#.
(6) The behaviour of the column as. part of a stfﬁgzure. -
The study of the above mentioned pafameters required more than -
oﬁé hundre@ columns to be analysed individﬁally _afnd'in'grou‘psT For the
evaluation éf‘the parameters, -the study was divided into six series
labélled (A), (B), (C), (D), (E) and (FY. In this chapter the rosults
.for the six series arc presented, discussed, and evaluated,
In Chapter (7) the general and final conclusions of the study

undertaken in this thesis are given.

65
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6.2 DESCRIPTION OF THE METHOD OF ANALYSIS

Without doubt saféty'is the most important criteria for any
study involving an olement which is considered to boe one of the most im-
portant structural members.. Columns are probably the most:important
clement in a structure, M

The safety factor for an element can be determined by dividing
the failure load by th%:nctual deéiﬁn lond.‘-To«thpare actual safety
factors with the safety factors prédicted by a specific design method,

the design load should be the same. Then the comparisoﬁ between the

actual failure‘loaq and that pifdiCtEd by the design method will indicate

- .
the real difference between the actual safety factor and the one assumed .

by the design method.

For the differeﬁt study series undertaken in this thesis, the
design load was taken as the design load spécificd by thé ACI Stﬁndard
318-71 "Moment Magnifier Method". To determine ‘this design load accord-
ing to the ACI, for a column of givgh«geometry, inéludiﬁg the geometry
of all other members of the structure, the level of dead load to live

load must be known (or assumed). For the known level of sustained

loading, with the known (or assumed) end eccentricities, the ultimate

capacity af the column for known'material properties can be determined

using the iterative method of momeft magnificatibn by the ACI. Having

obtained the ultimate capacity of the COlumn.all thé proper capacity re-
duction factors, and load factors should be applied to obtéin the design
load. Therefore knowing the ratio of the dead and live design load, the

level rof dead load and live|load could be determined.

{
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" The technique'of loading to failure using the computor program
(which was described in chapter 5, was essentially loading;thq column
with constant load level (which was qhosén;as the dead load portion)
or two years followed by short term loading t§ failure. The factors of
safety were deternined by di\)iding the failure 1o§d by the design ioad
(not necessarily the sustained load)}‘

To evaluate the accuracy of cach of the parameter;.studicd, the
actual flexural stiffnesses of the columns were compared to those pre-
dicted by the ACI method. Also given is a comprehensive'kompqriéon
between the actual factors of safety (as predictad‘gf/;he-computér pro-
gram) and the corresponding values given by the ACI design method.

It is obvious (as observed from the name of the ACI method)
that moment magnification is the basis of the design method to account
for slenderness. Therefore CEQ;Lrisons are done between the ACI magni-
fication factor and the actual magnificatiqn factor at both the ACI
ultimate load level and the computer program predicted féilure'load for
different design paréméters. "

In the following sections each series'of column analyses is
presented and discussed. Several graphs, figures, and tables are given

.

where Tequired for illustration and concentration of information.

Table {6.1) is the key for the purpose of each series.

’ -
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~d ,
4
l}‘
Series Description
———————
A . Study of the ®ffects of varying the Slenderness ratio.
B Study of the eoffects of varying the level of sustained
0 load.
C Study of the effects of varying the Ratio of Steel
Reinforcement,
D Sfﬁay of the effects of varying the initial end
eccentricities. '
E Study of the effects of varying the Ratio between the
. two end eccentricities ‘
F Study of the behaviour of the column as part of a
structure.

Table (6.1)

6.3 SERIES (A) STUDY OF THE EFFECTS OF VARYING THE SLENDERNESS RATIOS:

(6.3.a) Comparison of Safety Factors.
This series ;as done mainly to study the effects of.yarying the”

-Elcndcrness ratio.u The range of varying fhis rafio wds deternined from

the upper limit that the ACI method permits for using the "Moment Magni-
" fier Method" which is kzu/r = 100, and the lower limit is just the

section capacity (kzu/r=0), §ix cases where kzu/r =0, %p, 40, 60, 80,35

and 100 are studied for all of the other design parqmeters for the

differcnf series,

As is suggested here the rea

L ‘
i ticiap?j?isal of design methods

nsistent safety factors. The above men-

-

'must be based on the idea of
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tlongf different columns hnving d1fforent slendernoss ratios wer; design-
ed according to'the ACI 318-71 "Moment Magnifier Method" The design -
load was determined for cach case after calculatihg the ultimﬁfo'capn~7 .
city due to tho ACI provisions. Using the computer program tho dead -

*ry

load portlon of the design load was sustained for two years followed

T T
by short term loading to failure to determine the,reserved capacity. "’,m/’/p
Table (6.2) contains the safety factors for different combinations OJ;

1

the level of sustained loading, end eccentricities, and slenderness

ratios. The safety factor was determined. by dividing the computed capa-

city after sustained loading by the design load found from ACI 318-71(2).' C@
: ) b

The nominal}l ACI safety factor is given By:

i .
-

-

(1.4D + 1.7L)/0.7

which gives 2.0, 2.0, 2.21, and 2.43 for the 4 cases of loading studied.
The safety factors for &/r = 0 were up-to 13% higher than the ACI values.
The difference is mainly due to the ACI's uée of a rectdngular approxi-
‘mation for tﬁe stress diStribution; This difference (whicﬁ is less for
larger ecceﬁtricitiés)-is.considered to be acceptable for calculation
of cross section capaéities. Therefore the dosign provisions to account
for the additionai moment, PA, should Se evaluated in terms of the
change in §afety factof compared to'thé computed vniﬁé for &/r = 0. The
results show that the ACQ desigﬁ is most c..ofnservative\for high 9./;'
ratios. Even fo} the unrealistic case of suétaining 1.4 tinmes ﬁhe total
dead load where the live load portion = 0, the safety is not affected
much. Reasons for these trends are SQggested in the conclusions in

chapter (7).
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Tho variatlon in actual 5uchy factor is shown graphically. in
Figﬁrcs (6.1) and (6.2), for tho cnsﬁ whore live load = 0, doad ioad.n
100% and the dosign dead load is sustuined; Tho sAmc obscrﬁutions of
the ACI method being most conservative for high g/r r;tios islconcludod
from Figuroé (6:1), (6.2).
(6.3.b) Evaluation of Moment Magnification.

It is gonarally dgroed(z'la’ZI) that the rational way to compute
the reduced capacity of a slender column is teo iﬁcludo:diroctly the

offects of the additional momont, caused by defloction of columns

(Ph cffects). It is obvious that the moment magnification should ideally 1,iﬁ”
represent the exact additional moments due to the deflection in addition
to the initially applied eccontricity. - The main idea of the ACI method
is to magnify the applied bending moment by certain amount which is in-

LY

tended to take the elastic and inelastic deformations of the column into

: a]
consideration. _ Z{
To ovaluate the moment o| — ad . JJ ' ‘|
i . ~ -—— CcOmp, D FAatL. | |
magnification equations of ACI, ﬂ_ —— )Y TR i
. g At /
a comparison between the actual Ii :
1
. ’ . \ ;
magnification and the ACI magni- e}
L as ir
fication is shown in Figure (6.3). ' : : /// 
; . 4 |
- !
This graph shows the computed . ‘;7/( - ‘
- T Y o"‘} Z L
moment magnifications 17 AE:EE:;;ﬁZ_—g-A g
. ~ -‘-‘__-" . o] i
o+ . ~_—.-::_'-1’-"——_—-_r-'-:—”—.m.-.ah |
( F= —E—J at failure versus . i =
g/r.for e = 0.1t and e = 0.4¢. a . 30 a0 80|/, 80 100
The computed F values at the " Figure (6.3)

Comparison of mement Magnificatien

(D=100%, L=0, P_ . =D, p=3%)

-



ACI failure lond arc substantially loss than tho ACI vnluos‘fér high
slenderness rntios. Bocause the computed fﬁilu:c loads are much groater
the moment magnifications at failure are closor to the ACY values. The
di fferences between computed and ACI valuo;_are ovon more pronounéca for
lower lovels of sustained load,

Figure {6;4) shows a typical interaction diagram for p=3%,"
fl= 4.0ksi,lfy = 50kot and g = 0.8. The rolations bc£wecn M and P for
e ='0.4t are plo:tcd_for slcndérnoss ratios &/r = 0, 60 and 100; This

figure shows that for £/r = 0 obvious material failure was approached

with no homant.magnifichtion due to doflection of the colum. For /r = 60,‘
material failure was also observed but in this case some'magnifipation
of ‘the moment was noticed, Finally for the case of 2/r = 100 the ten-
dency towafd'instability failure was-observcd but th§ éapacity was
determined by material failure. There was noticable moment magnification.
It was also observed that for most of the cases studied tho computed
failure moment was closc to the magnificd ACI moment. ﬂowever thiﬁldb?s
not mean that the ACI moment magnificatibn is accurate enough pspeciallj
fo;;high slenderness ratios. The results agreed mainly because the- sec-

tion capacity was approached at failure for both cases but failure logds
‘were not the same as Gas conciuded from table (6.2).

(6.3.c) Evaluatioh of the Flexural stiffness EI.

One of the main features in the ACI calculation of ;;c secondary
moment caused either by elastic or inelastic deformation is the deter-
mination 6f the flexural stiffness: EI, of.the cross section. For dif-
ferent -cccentricities, different sustained load levels, and different

steel ratios, the computed flexural stiffness ratios,
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M
BI/E I u -
/ ayg b, 12°, |
for difforont slundurnoss ratlos aro plottod against tho puriod of sus-

talndd loading in Flguroes (6. 5] throuph (6.8).
In Figure (6.5) whuru al =g, = 0.4¢, p = 3%, sustalned load = D.L.
and DL, = L,L,, it is obsorvod thut for all valuos of 510ndornoss rutios
!1 LO“VUTROd to ono constant value which huppon;j to bo tho stiffnoss of
the reinforcing stool E Is- In such casos whpro,tho npplicd loading is
light, the clastic strains aro much smnilorAthnn‘tholshrinkngo and croop
strains.  Thus, when the inelastic struins'Bucomo largo éompﬁrod to tho
clastic strain, stool will carry all the load. This'ph;nomonn was os-

~

served for all slondernoss ratios for light loads and modorato stcol

ratios.

Figure (6.6) is for a; = g, = 0.1%, p = 3%, susdﬁinod load = D.L.

1
and D.L. = L.L. It is observed here that for high slenderness ratios the
comments above upply_buﬁ for smallor %/r valuos the concrote continued to
share in cafrying thoe ioag and did not transfer all tho load to thulgtocl
rcinforcement, In Pigure (6.7) whero tho sustained load = 1.4 Dead load
with 1.L, = O‘thé concroto cffectivoly shurod-iﬁ carrying tholloud. The
computed ET vulﬁos’startod with higﬁ-v11ues for all Eﬁsos dropped signi-
ficantly in the flrst few weeks of loading and thcn gradually dosccndcd
until nearly constant valucs weroe appronched after two yoears. Howcvcr
the &I values for the differcent slenderrioss ratios werc not the same as
“cxpected for such a high sustained load level, Even with this high ;cvhl
of sustained-lond{ng‘thc ACI cquation undcrcstimatcd tho flexural stiff-

e

ness for high 2/r ratios but was fairly-accurato fgr low %/r ratios. The
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80
continuod docroase in K7 during sustalned loading is purtially duo to tho
fact that tho gomproﬁslon relnforcomont was struinod boyond tho yiold
strain and thoreforo could not accopt load from tho concroto. ._

Tor tho caso whore p « 1,.5% wjth dosign “load = 100% D.L. und
all dond lond sustuined for two yours tho ACI cequation was much closor
than for tho proviouuiy discussod casos, For_dlfforonth/r ratlos, valuos
of #7 closo to those prodictod by ACI woro obthinod. These rosults aro
shown in Pligure (6.8). -

: ‘ . _ , ~
The variation in KT valuos for tho short torm loading which follows

" the uustulngqh}9941ng,pprindwiawshnwn_innﬂiguroH(G‘9)1~~Tho-spiffﬁosnm-Lmﬂ

BT - . .
777 vorsus the rango of loud botwoon Psustuinnd to P (which is

£aiihro
o' g L

ohviuusly-difforunt for tho difforent &/r ratios, but scaled to bo drawn

Cin oone flpure) are prosonted in this figuro./ Two sots of graphs for

p = 3% and p = 1.5% are shown. . It can bo scon that for high slonderness
ratios and tho highor porcoﬂtngo of stool only tho steoel was carrying
load for somo portion of tho increasing load. The EI valuo remainod

constant at tho ET value for stcel alono. Thon whon tho concreto started

to share in carrying the load, the stiffness of the cross soction increased

to a certain limit which was estoblished by increased non-linear olastic

response of the concreto and yiolding of tho stool., Near failuro the |

section undorgéos largo deformations and ‘tho ET values decreaso slgnifi-
cantly. Tho samo general obsorvations wero obsorved for lower slenderness
ratios except that the concrete shared in carrying the load throughout’

sustained and short term loading. Almost the samec conclusions can be

stated for a lower porcontage of stool. Obviously the EI values wero
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always lower than thosc'fbr p = 3% bocauso tho increased amount of stool

!

in the first sot givas more stiffnoss to the soction through out the

process of loading to fnlluro. . /

In summary iF can be said that the ACI_dcéigﬁ is most consorvative .

for high £/r ratios.” Since sustained load and colum slahderness have

little effect on the cnpacity of column sections or short'columns; the
e

satisfactory results for these cases do not provido uny argumont for

_Jcccptlng the ACI Moment Mngnifior Mothod.

6.4 SERIES (B), STUDY OF THE EFFECTS OF VARYING THE LEVEL OF SUSTAINED

LOAD:

[ .
LS

s

To study the effect of tho level of susta;ncd load and to measuro_-(\

R

1

the accuracy of the ACI equations for handling the effocts of tho inolas- N

tic-deformations, different ievqis ofisustainod loads wero studied. Tﬁe
short‘term éapaéity of-;ach cblumn was aéterminq@." This snly hns'meaniﬁé
1f live load is 100% of the total loading Two ;ascs vhich are more
reallstlc (Dead Load =.Live Load and Dead Load = 100% of .the total 1oad)
were analysed to find the offect of sustainlng the dead ‘load. The Te-
ma1n1ng capacities aftegx susta1ned 1oad1ng were also determxned Finélly
analyses were performed for the case of Dead Load = 100% of the t;tal load

and with the ultimate dead load of 1.4 D.L. being sustained.

6.4.1 COMPARISON OF SAFETY FACTORS

Table {(6.2) cohtains the'sdfety factors calcuylated for the four
above mentioned loadlng tonditions and evaluated at the dlfferent ratlos
of &/r and dlfferent‘end cccentricities. It can be easily concludcd from >
this table that.tﬁe ACI!s method_i§;most*conservat1ve for h1g§’1evels of

sustained loading and for high slenderness ratios, The ACI design method:

1
d
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- : L4 . - -

is much more con51stcnt.for low and moderate slenderness ratios. The-computed
I‘ -

- safety factors increase with 1ncrease ‘in the level of sustalned load for

hlgh L/r ratios. For séctions and short™ tolumns the safety faCtor‘de-
creases with increase in the level of su;tained load. This latter aspect
" results from ignoring the effects of secondary moment. (P.A) for short

columns. The results in Table (6.2) indicate the inconsisten;y of the

safcty factors obtained accordlng to the ACI Standard 318- 71(2)

The ACI method is still very conservatlve for h1gh slendcrness

ratlos even for unreallstlc case where the-Dead load = 100% of the total
load and the sustaJ.ned load the ultimate design dead load = 174 Dead-

load.‘

.

Figure (6. 10) was drawn tolindicate the ;ccuracy of the ACI values
- of EI for dlfferent levels of sustalned loadlng For ¢ = 0 4t and p =!3%
‘-and 1.5% the. computed ‘values of ETVE Ig for dlfferent comblnatldns of

loading are shpwn along with the ACI values. Computed values are shown

for the following cases:
‘(aj initial application of the design 1oad!

(b) after two years of sustained dead load,

(cia at failure as the load was 1ncreased aftcr the perlod of

' sustained loading. . -a -

The'compute& EI values aftgr sustained load ‘are slightly higher
than the ACI values. As more load is applied to-determine failure, the .
concrete again begins.;o éarry abgfeéter share of the load and the computed |
ET values show large increases. Even as the failure load is rehched the N

L

" EI values remian higher than they. were at the sustained load stage- . The
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“same trend was

"The computed failure'

“magnification phenomena ghown in Flgure (6.3) apply hére., - - ‘*&

e - i .

/

ed for p = 1,5% und‘p = 3%. -As is oxpected the ET

L
valyes decrease %s the

1 of sustuined load increasés.

In summary it ,¢o ¢ said that the ACI cquations for determlna-

s are (in most casos) much higher than the ACI

-—

fajlure load. Thus the comparisons between EI values c0mputed at fallure

-

and thQ,ACI values do not show the even greater dlfforenco (whlch could be

'consldered 51gn1f1cant) which ex1st " When EI values computcd at the’ level

of ACI predicted‘failure load are compaied with thOSe of the ACI much moro

inconsisfency is observed The same arguments dlscussed for tha moment

h
&

] The influence of ET in the design process will be distussed in
<o r

Chapter (7). .. . ' ‘ ’ -

6.5 SERIES (C), STUDY OF THE EFFECTS OF VARYING THE RATIO OF STEEL

REINFORCEMENT IN A CROSS SECTION

o ]

Only two different steel ratios [p (AS+A;)/bt] were chosen to

represent the range of reinforgement ratios in normal design cases. The

-

two ratios,were chosen to be 1. 5% and 3%. Most of the cases studied were
J

for p = 3%. To demonstrate the effect of steel in slender columns, the ’

-

case where dea& load = 100% of the total load and e = 0.4t was studi€d for

P = 1.5% &nd different slenderness ratios. Table (6.3) contains the re-

i
sults, The varlatlon of the safety factors for different steel ratios
'

'is 111ustrated in Flgure (6 11) In this Figure the safety factors for

a

p = 3% show the same trend of 1ncr3351ng with*increase of slenderness
ratio., It is also clear from this fxgure that the ACI design method is

; i s s .
more accurate for goﬁgr steel percentage, but it’is still very gonservat1féf?
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The same discuSsion for the variation of EI with time and with the

level of sustained loading can be=dissussed here also. Figure (6.8) is fﬁr
. ~ g \
EI/E Ié versus the duration of sustained ioading The computed EI values

are closer to the ACI values than was the case for p 3%. Alsé from
Flgure '(6.9) it can be seen that ;he behaviour of EI for the different
colunn lengths maintained the same trend which was discussed previously

fbr p = 3%. . .
In conclusion, the ACI equations ﬁérformed Better in lower steel
- o . ' L+
.. . « .
ratios. This'dﬁy mean phat the ACI equations underestimate the effects

of steel. However even at such low values as for p. = 1.5% the Aci

‘equations yield very comservative solutions for high’slenderness ratios.

’

/ - -
6.6 SERIES (D), STUDY OF THE EFFECTS OF VARYING THE .INITIAL END

. ~

ECCENTRICITIES: "

an

Indlvldual columﬁs with slenderness ratlos, 2/r from 0 to 100

were analysed for various comblnatlons of end eccentr1c1t1es and with-
the previously discussed dlfferent sustained loadlng lgvels. The chen—‘
tf;cities used in the investigation are 0.1¢, 0.4% and balﬁnced'ecceﬁtrij
CtYs Cpay, SN | |

" Table (6.2) and Figures (6.1) and (6.#) show the ‘variation of
" safety factors for different eccentricities. For all values of sleﬁﬁer— :
ness fatio and all combinations of load, the safety fagéors wprelalways
largest for the smallest end ecésntricity (which was 0.1t in this study).
Less inconsistent safety factors, were obtained fof tﬁé other two eccen-
tricities of 0.4¢ and e An explanation for this behavious'is dis- .

bal.

cussed in the conc1u51ons in Chapter (7).

~
¢

In Figure (6.12), (6. 13) and (6.14), values for EI/E Ié are plotted

¥
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VETSus dhration of'sustainea loading. , In‘each figure a set of graphs for.

a particular. level ‘of sustalned load, one slenderness ratlo and dlfferent

A
+
)

end eccentricities is shown

— In Figure (6.12), 2/r =0,p=3% DL. = L. L. and the sustained

bal.’
" approached a constant value which was f&ﬁhd to be the EI value, for steel .

load is the Qead load porfion. For ¢ = 0.4t and e the EX values

alone. ,whqreas.fof e = d:}f;>the éoncrete sha;ed'én carrying fﬁe load and
' EI maintained higher values. The fact, that the éntireiséctibn remained
. in compréssion fdr e = 0,1t may also be an impor;a;£ difféfencp.

‘ In Figufe (6. 13) dhd (6.14) wheré i/b‘= 60 and 100 respactively,
‘the ET values- approached the constant valug fbrbsteel stiffness for all
" the three ecgentricities., The time required fbr the flexural stiffness
to reach the constant value was longer for smaller eccentricities.

| In summary itrhésrbéen demonstrated théf thé ACI_islmost con-

servative for'the cases’of small eccentricity, for all values of slenderness.

ratios and all levels of'suéféiﬁed‘loading}

6.7 SERLES (E), STUDY OF THE EFFECTS OF VARYING THE RATIO BETWEEN THE 1T,

TWO END EGCENTRICITIES:

‘ . . i
This series was performed to study the degree of accuracy of -

the ACI formula;

C, =.0.6 + 0.4(M/N,) 2 0.4

,
which takes into account the'effécts of unequal moments.

A moderate slenderness ratio. (2/?-60) was chosen to test this

~,

equaticn. The loading chosen was dead load = total load. One of the end

eccentricities, 85, was’kept constant at- 0.4¢. The other end eccentr1c1ty,

’ R
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.‘multibay frame analysed in t&is'siudy. One of the interior columms label-

was given the following ‘values: . o P -7 : . -
. . . ’\\ '
*n ' . A
“*bal. ' -

.al’

g 0.1t, 0.4t,°e, . , -0.1t, -0.4¢,
The same procedure as wasideﬁcfiqed earlier for eveluating the safety

¢ : ) . )
factors was used.here. Table (6.4) quws the results of this series,

. TG safety factors exceeded the ACI nominal snfety factor by amounts

~

. N o | .
‘ranged from 12% to. 32% Therefore itlwas concluded that the pfocedure‘

S L Y

twhlch is. used ‘to account for unequal end eccentrlcitles is not a major

source of 1nc0ns1stency for safety of 1nd1v1dua1 1solated columns.
-

6 8 SERIES (F) STUDY QF THE BEHAVIOUR OF COLUMNS AS PART OF A STRUCTURE:

P

. To study the behav1our of the column as part of a structure two

Pl

'multietory frames were analysed. Flgure.(G,ES.c) shows the multistory-

led (1, 2 and 3) was analysed along with an exﬁer%or column for the 10ad~%§ji?rx

ing‘case shown, The dimensions of the fiame are shown in Figure (6.15.c).
. . ~y

B Ueing ACI 318-71 the nominal\eafety factor for column (1) is 2.31. The - s

computed safety factor is 3.15.  For the exterior column the difference

was not as laxge. Since these columns, had low slenderness thtios the

-4

reserve strength is partially due to the reduction in/ﬁé;ent which-occurs
as the columngbecomes more flex1ble

In figure (6.15.a) the relationships between the axial load and

maxirmum moment on columns (1) and (2) are shown as the loads are in- - e

" creased up to failure of column, (1). The sllght decrease in capacity

»

‘which should result from the magnified moment (PA) is compensated for by

[

the reduced distribution of moment to the columns. The.changes in EI -
N

il

during sustaihed leading and ds the loads are increased to failure are -

]



|7 P o, | P N M M [
51t | 0.4t 175 | 230.5 |- 87.5 ['2.64 | 87.5| 350| ‘o7z | 983 |
. _ > ;
© 0.4t | 0.4t 151 | 196 75.0 2ls4 300 360 1100 575
e o1 0.4ti:126 163 63 ;f 2.58 | 252 1 355 1121 1660
'-0.15 0.4t| 200 | 235 | 100 '2.35 -100 | 400| 1016 _; 945
-0.4t - 0.4t ,515 263 107:5 2.44 [-427 | 427\ 895, 900
e, o | 0-4t] 190 | 212 | es.0 | 2.25 |-s38 - '530 1044 960 -
.d

Table (6.4) Comparison of Computed Safety Factors for

. . Columns Designed by ACI 318-71(2) (p = 3,

r : ‘ ‘
fo = 4.0kst; f, = SO0ksi, #/r = 60, L = 0,

D= iOO%, r = D.) For different Ratios

sust.
. - of e; to e,. ACI's F.S5. = 2.00
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shown in Figure- (6.15.b).. o T R

Creep and shrinkage of the concrete after application of axial

»

load and bending moment cause the ‘columns to lgose much of their stiff-

. pesses during the periodhof suStained ?bading.- Siﬁilarly‘the inelastic

1

behaviour of theacoanete and steel has the same effect during the late
. o # ' . : : o

stages of short term loading to failure. Coﬁsequent;y for bdth:caées a

marked redistr%bution of bending moment occurs where most of the ‘moment is

'

‘transfered to the floorapembers . Material fallure was establlshed for

<

all, cases studied. Column . (1) failed first for both cases, ‘for colum (2)

was in double curvature 1n the exterior ‘frame. For the 1nter19r colum (2)

b

the axiallload on this column_was substiqtially less than that for column

. - | . ‘ SR )

The analysis of this frame and otHers which were braced against- K§“

sidesway or were not .much affected.by horizontal load leads to the

general conclusion that failure ‘due to instability could rarely oecur if
at all. The efféct of moment redistribution as columns become less stiff

and the fact that very slender celumns,are rarely found in ﬂiectice are
P - T, N
arguements in support of this statement. -
. 'i 3 -
6.9 SUMMARY ’ ' '

-, In this chapter the analytlcal results were presented and dlscus—

Jsed. It was generally concluded from these analyses that the ACI 318 71(2)

noment magnification method is most conservative for high £/r1ratlos, low
e/t and high sustained loads. Even for the unrealistic case of sustain-
ing 1.4 Dead load where live load = O, the safety is not affected much,

ﬂi
‘Reasons for the above nentioned trends, final conc1u51ons, sone

recomrendatlons and some constructlve suggestlons for the improvement of

the design meehqd are given in Chapter (7). ° .



CHAPTER VII = ; St

CONCLUSIONS |

7.1 SUMMARY OF THE STUDY
| The main purpose of Ehe étﬁdy reported in this thesis was to pro- g
- yide a basis fér the evaluation’of cuqrent‘design proceduresqforrreinforced
concrete coluéns} .The specific area of interest was to.measurg fhe’ac-
curacy of the ACI 318-71(2)-equations for aeéigning slender columns. .

/

The effect of column slenderness, which is further complicated by

considération of ‘creep under sustaired load, was the main topic discussed’

in this thesis. It was suggested’thét a realistic appraisal of design
nethods must be based on the idea of consistent safety factors. Thus
wlender columns sﬁbjected‘}o sustainedlload must retain sufficient reserve
capacity so that failure loads when cpmpafed-to‘desigh Jloads provide gqual

safety’faéto s. Chapters (1) through (5) contain description for the

analysis used in this study. In Chapter (6) the analytical

_ resulys were comparisoned and discussed. In this chapter final conclusions
and recommendations are giveé:. |
(7.1.a) Design Parameters.

The magnitude and effect of the‘a&ditional moments due to deflec- -&
tion should be determined for the full range And-combinations of design '
parameters. Such a’comprehensive evaluatiQn was not attempted iﬂ this‘
study. The values of design pérameters chosen were selected to be repre-
scntatiﬁe of normal design bractice. Those parameters which were inc;ude&
ip th;s study were diécussed infthapter (6) in full details and are briefly
‘given. below, : . p ”

97
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(7.1.b) Column Properties.

For simplicity Qf'interpreta§ion square cross seciions.with
‘symmetric qpinforcing in extérior 19yers‘w3re analysed. *The reinforcement
Qas positioned sq‘tth the distance, g, be@ween.the exterior layers ﬁas
0.8t. Most.of the resultg presented were for ? = ?.b% although some
results of p=1.5% 6f steei were ﬁr?vidad fo:'comparisoq. The concrete’
st;gngth use& was f; = 4.0kei and steel yield stress is fé-f'so.bksi. No
increases of céhcrete strength or ﬁodulus 6f elasticity wefa taken into
acgouht. The propérties of concrete were based on test re;ﬁlts(lo) for a
particular ccncréte whicﬁ was §pecifica11y designédkgg,have a lpwer than
aferage aggregate to cement ratio and therefore a highérithan average creep

and shrinkage. The compressive failure strain was taken as 0.0038, and the

tensile strength of ctoncrete was disregarded.

'

Individual columns with slenderness ratios, %/r, from 6 to 100
were analfsed fof‘vérious combinations of end gccentricities. iAlsolan
example of the behaviour‘qf colums iﬂ frames was éresented. ' : ) -9
(7.1.c) Loading,Conditions. |

The-columps analysed were deSignéd in accrodange with ACI 318-71(2?
where, in additién to knoﬁing,the section properties, the values of end
moments, the effective length and the level of sustained load were reqﬁired.

Fof the analyses of individual columns (k=1.0) tTe majority of results
were for the case of symmetrlc 51ng1e curvature where the effect of PA !
1s'largest. Several cases of double curvature columms were also studied.

The eccer*-icities. used in this ihvestigﬁfion were 0.1, 0.4% and balanced

cccentricity, e bal* ’ : ' : L.
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The short term capacity of each coiuqn'was.&etefmined. This only
‘ha; meaning if Live load, F.L., is 100% of the totai loading.‘ Two cases
which are more reallstlc (D.L. = L.L. and D L; = 100% of the total load)
werc analysed to flnd the effect of sustalnlng the dead load Thehre-
" maining capacities after/;usta1ned loading were also determlned Finally
unalyses were performed for the case of p.L. ='100% of tha total-loéd and
with;thé ultimate dead loﬁd of 1.4 K’D.L. being\sﬁstained. For this study
sus£ained load was*maintéined for only ?’years.‘ Previcus analys;s(lo)
have shown that nost of the effects of creep and shrin;;ge'wili have
occﬁrred during this time. This is because the rate ‘of creep is'nearly‘.
proportional to tﬁQIIOgarithm of time ana because the stresses‘in the con-
crete g::;ease as the reinforcement carries a larger share of the load.
Detai1§ of the above mén?&oﬁei aqﬁI&ses are inciuded in Chapter (Gi;
(7.1.d) Method of Analysis. - o

A computer program-has been'developed,to predict the behaviour

. ’

and capacity of reinforced cghc;ete frame structures. Details of ‘the
major featureg of the metﬁod of analysis have been réporte& in Chapter (S).
The accuracy of thlS method has been verified by- the compar1son(10 o 11 31)
of the analytical results with tests of'columns‘and framgs sub;etted.to‘
short term and sustained‘?lo‘ading. A very brief description of the 'method

of analysis is provided in the next three paragraphs.

The response of cross sections to axial load and moment is found

by dividing the sectian into strips. For any plane distribution of strain

. t
the stress on each strip is calculated taking into account the amount of -
creep and shrinkage which has occurred at the centre of each strip. The

sum of the forces and the moments of the forces from each cross section

strip and from the reinforcing steel are, compared to the applied axial




100

2
g

load and moment. The magnitude and slope of the plane strain distribution
' 1

arc varied until the internal forces‘balance.the applied forces. Fallure
~ “-»

of the Cross. section is defined when the 1nternal forces cannot be in- .
r

" creased to balance the applied forces, -

The strain distributions for equilibrium of internal ahd npplied

<

forces prov1de values of equivalent stiffnesses (EI M/4 and EA = Pyhax 1)

which can be used in the elastic structural analysis of a column or frame,

.. . . hY
In this analysis the members were” divided into short elements. These

elements are assigned stiffnesses which are the ave;age.of_those calculated"
for the cross sections at each end. Uéing a mafrix analysié fb;mdt the
forces and displacements at the ends of each eléﬁqn? are computed. For
the axial load and moment (iﬁcluding.the FA effect calculated using hé

displacement information) at the ends of each element the new stiffnesses
b - o !

are found and compared to the previous values. ‘Using'an iterative process
for changing the stiffnesses' of each élemeﬁt, convergence for équilibfium %%
~and compatible displacements is acﬁieved when all calculated values of
stiffness coincide with the  values used in the prgziPus ttuctural analysis.
For sustained Joad the Magnituée o£ creep and sh%inkage are cal-
culated and accﬁmulatpd'at regular iﬁtefvais. Thé externally applied
loads may,change according to anf predetermined patterﬁ. -Usually a periodl
of constant.sustained load is followed by shoff term 12§ding fO"failure.\
Material failure ig defined as before and instability is identified when;

the stiffness values for a particular element do ngt converge.

©7.2 FINAL CONCLUSIONS:

The fact that slenderness and sustained load decrease column

capacity is well documented(lo’al). The.resﬁlts of this 5tudy indicate
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that the provisions of ACI 318-71( ) to account for there offects do not
rcéu}t in consistent safety factors. As was diecussed in Chapter (6) the
ACI method was most conservatlve for high slenderness rotros, small ec-

centrrsrtles, and hlgh levels of sustained loadlng. Usrng this- accepted

-

desrgn method as.a basis for comparison, several aspects of the design

B

are identified for consideration.

L] * -

1. For some cases where the effects of sustained loading ofrrrames were
studied, the arial load w;;'of moch'greater efrect‘than the bending
moment since the eccentrlcrty Was 1n1t1a11y smaftl. When the short
tarm loadlng is applied {after two years of sustalnrng the dead load
‘portion of the service load) the capacity of the colum varies depend-

’

ing upon the amount of creep and shrinkage which,has occurred regardless

of whether it is due to axial load or moment. Therefore varlatron’ln
safety result.. This phenomena was malnly because the ACI equations

do not take the effect of sustalnlng the_axlal dead_load into account.

In-the ACI equatlons usrng Bd ggiillging;:;:;t "the effect of the

axial load is not included. In fact thls could be of great 51gn1-
f1cance in the quite Common cases where bendlng moment is caused by‘
live load and wind after perrods of sustalned.axxal load.

2. In-determrning the -effective stiffness of the section the ACI reduceslb

the stiffnpss of steel because of creep and shrinkage of concrete.

This reduction is questionable since the steel has shown to share

effectively in carrying the load in all cases. The‘effectiveneés of 3

4

: steel was even more pronounced because of the creep and shrinkage of

5 b -~
Y ' v

/
\;i%oncrete.

-



e

,Duriﬁg sustained load the EI values tend to approach EBIé-far any of

tﬂe following conditioné;.high L/r ratio; low level of Sustainad
loéd; large eccentricity to‘depth ratio (e/t), la:gé ratios of rqin—
forcing steel (pj;‘and fdr ﬁoderate combinations of these such as
medipm E/r”aqd p, or medium sustained.load and e/t. This behaviour
results, from thé transfer of stress to the steel as the concrote
crecps and shrinks. However, upon application of short term load to

determine.failufe, the BI values increase. It is suggested that

sustained load as a percent of cross section capacity rather than

column capacity will provide a more realistic measure of the effect of,

sustained load.

The derivation of the moment magnificatioh forﬁula—is ﬁésed.on the ,
concept of including the PA ef?éct when calculating the cross section
capacity- required. However in:brder-to accomrodate the ﬁossibility

of instability failure on the basis of cross saction‘capacity it is

- necessary to inflate the moment magnification values (increase P4} to

achieve the appropriate reduction in column strength. Since a common

ET is used for both material and instability failure, the added.

L

moment (P4) for'caées with material failure is too large. This study

shows that’ instability occurs only at small eccentricities and very
. : X P

high £/r values. Very slender columns are rarely found in practice.

Also the possibility of instability failure exists only at the slend-

~

crness limit-specified by ACI. Therefore designersjﬁhould use the EI

which produces the correct deflectlon rather than art1f1c1al value to

accommodaté predlctlon -of failure due to 1nstab111ty; JJ'

1027

)
]
-3

;
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. . ] . .
5, The moments applied to columns in strtictures braced against sidesway
arc limited to the moments transmitted by tho beams or slabs.: In

] b . 1

Jmany caigs the additisnal mo&ents due to deflection are largely offset
by a medistribution of the applied moment as the column deflects.

'[Thc stiffness of the a fleiural member is not affected by deflection
and is not affected to the .same extent by creep and shrinkage.] There-
fore therg may be “some benefit in us}ng different moment magn1fy1ng

procedures dependlng on whether or not the structureg is braced against

sidesway.




APPENDIX A

LISTING OF COMPUTER PROGRAM
FOR
INELASTIC ANALYSIS OF REINFORCED CONCRETE '

_ FRAMES
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APPENDIX A
FORTRAN PROGRAM: INELASTIC ANALYSIS OF REINFORCED

_ -
CONCRETE FRAMES.

- Nomenclature:

X _
The meanings of the variables named ift the program are listed
below. Those that do riot appear here are defined by the context in

which they are used or in the,erm of comment cards.

_AASC(I) E .Area of compggssion reinforcing steei in member (I) K
. AAST(I) _— Area of tensile reinfbrciﬁé steel in member (I)
EF . Length conversion factor | ,
‘CYL | Cohcrete cylinder étreﬁgth at 28 days
"DDB(X) Width of cross-sectioil of element (I) . )
DDSC(I) DistanceNVfrom the centroid of the compjession steel éo

the extreme compressive fibre of section of element (N

DDST(I) .. Distance from the centroid of the tensile steel to the

extremé compressive fibre of section of element (I)

DDTH(I) ., | Totqi-depth of‘éross.section of element (1) L.

EA(I) Axial stiffness EA for element (I) | _

EI(I) Flexural stiffness EI-fbr élegeht (1) - | j
ES Modulus of eiﬁsticity qf reinfbrcing steel ' %
FXX (1) Applied load in the x-direction at joint (1 _ E
FYY (1) * Applied load in\the yAdirectioh at joint (I) ' '
BM(I) ' Applied bending momenéiat joiﬁt (;) 7

.
. -

-
FEUT T RV

—
T
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. NALLOW
NCYCL
NELEM
NJOINT
NPLAST
NSTRLP
PHI
PHITRI

* PCAL, BMCAL

TI,T2
WEEP
WSHRINC

WTENSIL

106

Yield strength of steel

-

kllqﬁgblo cycles of iteration for’ subroutine “MPHI"

Number of allowable iterative cycles in main program

. Total number of elements iﬁ frahe

Total number of joints in frame

Total number of 'inelastic elements in frame

- Number of element strips in concrete cross section .

£ o
Curvature’ . ' )
; ; _ -
f

Trial values for curvﬁtufe
Calculated axial force and bending moment acting at’ thg;

centroid of a ééncrptélcross ﬁection

Time increment from time 1 to time 2 !
Creep strain |
Shrinkage of concrete

‘ 8 ' :
Allowable tensile strain of .concrete
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UN(S) ' . ' : .
Ny LG AOOOO. - A . N\

6400 FND 0OF ‘RECORD '
PROGRAM “TsT CINPUT»OUTPUT s TAPES=INPUT»TAPE&=0UTPUT) "

ST
i e e Sy

— __._.__...—.—--....—....—.——......._—————q—————....——_—_..._qp ——— ——

__”____.__...-.-__._—_-—_.-._.--_._-.__.-—n—__--.——-___.—..— i o . . e e o e -

A
b wATRIX STIFFNESS METHOD OF INESLASTIC FRAME ANALYSIS
g THES!S PRQJECT » BY S+SALLAM » GRADUATE STUDENT »
PFPARTMENT OF CIVIL ENGINEERING , MCMASTER UNIVERSITY

HAMILTONs OMTARIO. CANADA
: A JOINT 1S CONSIDERED TO EXLST AT EACH POINT OF LOAD APPLICATION
§  AND AT POINTS OF GEOMETRIC DISCONTINUITY. 1OADS ARE PERMITTED
i  oNLY AT JOINTS AND MUST BE DISCRETE VALUES (DISTRIBUTED LOADS ARE
é THUS RFPLACED BY EQUIVALENT SYSTEMS ‘OF DISCRETE FORCES]. -
d AsSIGN JOINT NUMBERS TO ALL 'JOINTS' IN STRUCTURE, INCLUDING BOTH -
ACTUAL JOINTS (GEOMETRIC DISCONTINUITIES) AND POINTS OF ,
'3 APPLICATION OF CONCENTRATED LOADS.
;

ALL LOADINGS IN THE PLANE OF THE FRAME (XsY) ARE PERMITTED’
FXCFPT TORSIONAL MOMENTS.

ASSTGN MEMBER NUMBERS TO ALL MEMRERS. MEMBER END 1 IS DEFINED TO {
NE THE END AT THE LOWER OF THE TwWO JOINT NUMBERS WHICH -

il CORRESPOND TO THE ,JOINTS CONNECTED BY THE MFMBER.

Wi WLIVE = SUPERIMPOSED LOAD IN KIP PER LINEAR FOOT /
fs CF=SCALE FACTOR OF LENGTHs IF INe» CF=140s IF FTesCF= 12.0
! MEMTYP=1 FOR PIN~PIN

s "MEMTYP=2 FOR FIX-FIX T =
i © MEMTYP=3 FOR PIN-FIX

iE MEMTYP=4. FOR FIX-PIN ' \

ke SIGN CONVENTION FOR FORCE VECTOR

s TENSION POSITIVE

A SHEAR POSITIVE CLOCKWISE

BRENDING MOMENT POSITIVE IF TOP FIBRE IN COMPRESSION .
DISPLACEMENT VECTOR IN GLOBAL COORDINATE
FORCE VECTOR IN MEMBER COORDINATE

@ — g e — T T T St A At S ) sl S — — e T o L S T e A en —

e i e g

At

- — it . T — e S — . T S ks T M S e e Fire SRS S ok mm ey S S A T —— gy el S e S e S ks R S . S S S ks oy sy <

A A
B S TP

et i

NIMENSTON DDTH(150)9DDB(150)oAAST(150)'AASCIISO)oDDST(}SO)a
1 DDSCL150)

A I REEPT

R TR S T T

EE

e e i e

S L tal
I PGS

gt ol

O

NIMENSION
IMENSTNON
IMENSTON
NIMEMST NN
NIMFNSTON
PIMEMSTON
DIMENSTNON
DIMENSION

EI(150)-EA(150)’FA(150)sFV(lSoi’BMC‘ISO)
EITI(20+30)+EAAA(20+30)»TITLE(10),GI(150)
FXX1(150)9FYY1(150)»FMML{150)

WUZ(2C42C) sUUFTI (D020) ,UUF2{20+,20)FFT(20)
WEFP{20,20) WU (20520) »CEEP{20,20),EEA(30)

WWW2(20) yPPH2{30) »WHP2(30) sPPHIZ2 (30} .
FYA(100), FMA(lOOl:WWWI(?O)sPPHI(SO)»NWPI(?O)oPPHIP(30)

NEE(50)sEEAA(30)
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38

.rnmunm/ﬂL(Klfmn(loo-%)-Xt100)-Yt100),JNLt150)-Jn§t1501.mpmrvpt1so:

_READ INITIAL LIVE,LOAD » INITIAL WIND LOADS. _

“READ THE NUMBEQ<?% WIND INCREMENTS TO BE ADDED

- 108
{

COMMON/BLCK2/NJOTNsNELEMy CFsNJL
CcOMMON/RLCKIZJINNT100) sFXX1100) sFYY{100) -FMM(IOO)
COMMON/BLCKS/AL{150)2XM(150)»YM(150)
COMMON/BLOCK1/DTHsDBsAST»ASC»>DST»DSC S
COMMON/BLOCK 3/WSHRINS » SWSHRINC
COMHON/RLOCK4/WTENSTLs WYSFSYs CYLs TCFs NALLOWs ES
COMMON/BLOCKS/PHITRI sWTRTAL

4

\ e

READ(551101 ) TITLE S |
FORMAT (10A8) ‘

READ CYLINDER STRENGTH » STEEL YIELD STRESSs MODULUS OF
ELASTICITY OF STEEL, TENSILE STRENGTH OF CONCRETE»s INITIAL

SHRIKAGE .
————————— }‘--—-ﬂ"‘— — A ke -— : - & o -
REAG(Ss>)CYLsFSYsESSWTENSILs WSHRINC =

FORQiTtBFIO «322F10,0) -

READ NUMRER OF JOINTS»NUMBER OF ELEMENTS'NUMBER OF ELEMENTS

‘THAT NEEDS MODIFICATION FOR THEIR:STIFFNESSFSs SCALE FOR

CONVERTING ALL DIMENSIONS TO INCHES= 12 0 IF THE FRAME'S
ORDINATES ARE GIVEN 1IN, FT.

RFAO(5,15)NJOIN’NELEM;NPLAST,CF
FORMAT(3110sF10.2)

——— ek e T i S i S ey T bl el S MO .y T o P e S S e e <Al PP P e b

READ(5+7868) WL IVEsWIND
FORMAT{(2F10.3)

READ THE NUMBER OF THE MOST CRITICAl ELEMENT IN THE COLUMN.

anots,1988) NSEX

LY

—— — ——— ey o . o oy

READ(5,1988)INWIND , . _ ;
FORMAT(18) '
DN 1989 1=1»NWIND

READIS98TINEE(T)

FORMATA(15)
CONTINUE .
WLIV=WLIVE ' _—

y

/
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11447 FORMAT{6F1043)
1376 CONTINUE L g

e e g i e U T TRy e
- e ] :

P Whs i
i

L
I~y

4 ' ' ‘ - o 109
] . -

A4 - WIN=WIND , i

| D0 1004 I=13sNJOIN | |

;f READ THE. JOINT NUMBER » THF NUMBFRS OF THE THREE POSSIBLE .

y; DISPLACEMENTS AT THAT JOINT,X-COORDINATE,Y-COORDINATE.

1 N

RFAD(Sv%lJN ND(T91)'ND(I’2)’ND‘qu)’X(I)sYKI) ) i

ile  FORMAT(41592F1043) £
11006 CONTINUE ' |

50 1007 1 = 1s NELEM
READ THE ELEMENT NUMBER » THE NUMBERS OF THF TWO JOINTS AT THE

ENDS OF THIS ELEMENT » AND THE MEMBER TYPE (TO DETERMINE THE
MEMBER TYPE SEE NOTES IN THE BEGINNING OF THE“PROGRAM)

EAD(5s1&37)MNsJNL(IJsJNG(I)aMEMTYP(Il

H43T FORMAT(415) .- ,
11007 CONTINUE =

" D0 1376 1= 1sNELEM : | )

<

STEEL 'IN TENSION » AREA QF STEEL IN CMPRESSTON sEFFECTIVE CONCRETE
DEPTH » COVER OF THE TENSION™STEEL). - .

ot~ i o i o T o A, .y S o - o e o et e

READ THE PROPERTIES OF EACH ELEMENT«(THE ogpru » BREADTH . AREFA OF

.QFAD(%y)&A?)DDTH(I19DDB(I)’AAST(I),AASC(I)’DDST(I)-DDSC(I)

MO= O o : )
TCF= 0,0 : . T P .«
‘= -

READ THE NUMBER OF JOINTS LOADE: IN THE €TRUCTURE. ; N

P147 READ(5+8148INJL . o £

3148 FORMAT {15)

IF(NJL.GE.1000) GO TO 4373 ) T
D0 7310 1 = 1, RELEM ' L
M1=JNL(T) : : e//‘
N2=JNG(T) ‘ e
XMIT)=CF*(X{N2)=X{N1)) '

YMETP=CFa (YIN2)-Y(ND))

B ALCT)= (XM T) #3#24YM{ T ##2)%%0.50
11310 CONTINUE

*
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l‘ 1@7(. CONTINUF‘ £
L1° b0 1332 1=1»>NJOIN _ | _ :
i CFXX(1) = 0.0 ' L .
i‘f FYy{il= 0.0 . . , " -
e FuM({T)= 0.0 ‘ ¢
4[ 12712 CONTINUE 7 o o ) .
41 weome=0.150. R A
i IF(WIND.GT.WINIGO TO 1975 oL R
U IFIWLIVELGTWLIVY GO TO 1975 | T o
g IF(NJL.EQ.0) GO TO " 1336 - ST S
b DO 904 I1Z1,NJL o S . .
{ ' ' :
é? » READ THE NUMBER OF THE JOINT LOADED » THE LOAD TN THE X-DIRECTION -
it » THE LOAD IN THE Y-DIRECTION 2AND THE CONCFNTRATED COUPLE AT THAT
it JOINT IF ANY o . . -
L T YT | o
[ 3 ' . )
) READ(esss)JNNtnanxnm:vAm.FMAn, ST : A
: FORMAT(110,3F10.3) | L .
CONTINUE
| DO 1371 = 1ls NJL
il JLS= UNNCIY
: FYY(JILS)= FYY(JLSI+FYA(T)
g FMMIJLS)= FMM{JLS)+FMA(T) .
1H1371 CONTINUE : L ' | '
;411336 CONTINUE '
5 NJL=NJOIN
ﬂ% . D0 1331 I= 1,NJOIN ;
i oeneny = 7
‘ NM1=0
" MMz = 0
i NSTRIP=20 ‘ :
il - NALLOW= 100 , .
I DO 1977 J% 1» NPLAST , -
4! PO 1977 I = 1sNSTRIP. K . o7
i CEEP(Js1) = 0.0 ' ' ' -
1277 WEEPIJs1) = 0.0 . . -
#1170 CONTENUE . - 7 _ ' : - ¢ :
fd IF(M0.GT.0) GO TO 117 - ‘ :
s “0=1
Ji  © WRITE(64+1102)TITLE
{11197 FORMAT(1H1530X51CA8)
i MCYCL=20 , ~ :
WCON= '145400 v Lo
FCON= (33, 0% (WCON1##] . 5% (CYL %1000, 1 ¥%0.5)/1000. P d .
HTIRTAL = 1.00E-04 : s
{« PHITRI = WTRTAL/3.0 “
i '
- i
L |
[
th : v
X " E
gl . .
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NECe FS/ECON
FCSa NEC. (
WY = FSY/ES
WRITF{6»1001)

1007 FORMATE{THO» 30X s #COMPUTER ANALYSIS OF INELASTIC REINFORCED CONCRETE
| FRAME®/1HO» 40Xy #MATRLX METHAD OF STRUCTURAL ANALYSTS#/1HO»
2 45Xs *THESTS PROJECTs RY S.SALLAMB/Z1HO» 45Xy #DEPARTMENT OF crvxL
1 ENGINFERING#/1HO0»45X s *MCMASTER UNIVERSITY*/III

_ WRITF{6+1002) MCYCL

11007 FORMAT(1HO» 40Xy #ALLOWARLE MAXIMUM NO. OF ITERATION o #s[5)

p WRITF(6,»1003) NJOINy NELEMyNPLAST

-HnoqcnpmnT(1H0sa0X'*NUMnER 0OF DISCRFTF JOINT = *-QXvI%/lHO.AOX;

i 1 #*NUMRFR OF FINITFE ELEMENTS = # 4 8Xy 15/1H0+40Xs #NUMBER OF INFLAS

] STIC FLEMENTS = #48Xs18)
WRITF(A+8230) NSTRIP » NALLOW, wTENSIL

9310 FORMAT({ 1HO 440X s #NOs OF ELEMENT STRIP IN EACH CROSS-SECTIQN =#,15/1
1HO+40X s *PERMISSIBLE NO. OF CYCLE FOR MOMENT~CURVATURE ITERATIQONn#®

! 215/ 1H0» 40Xy #MAXTMUM CONCRETE TENSILE STRAIN n*oEl?.Sl

g WRITF (692859 )CYLsFSYsFSaWY

1rnno FORMATLTHO 40X »#CONCRETE CYLINDFR STRFNGTH AT AGE 28 DAYS a#yE15,5

171HO 40X o *YTELD STRENGTH OF STEFL REINFORCEMENT c#3E18.5/1H0s40X "

maDULUS OF ELASTICITY OF STEEL =w#sE15, %/1H09&0X»*ULTIMATE STRAIN .

10F STEEL =%y E1545//77)

| IFICF.FNe1.0) WRITE(6+8)

° FARMAT (/1H0» 20X+ 77RJOINT N0, X DIS NO. Y DIS NO. ROT DIS NO. X

-

Craretof Rttt AR S i

1 €an'D (IN) Y COORD (1IN) /)
h7va FORMATIZ1HO Y 20X 72HJOTINT NOe X DIS NOe Y DIS NOe ROT DIS NOe X
4 1 COORM (FT) Y COORD (FT) /) - . '
i DO lats  1=1sNJOIN ‘

§ CWRTTELAST) ToNDITs11aNDCT2)sNDE T3 o X T Y (T) Yy
H FORMATUTH 220XsT635Xs 165X TAsSX s TAIOXsFRLZ46X9FB42) R
la66 CONTINUE
WRITE(6+1653) | -
1457 FORMAT{// 30Xy #GEQOMETRIC PROPERTIES OF CONCRETE ELEMFNT CROSS= SEC B
1TIOMR/ /20X 1 2HELFMFNT NO. © +S5XsBHTHICK 910X SHWIDTHY 7X» 10HCOMP, AS '
s v“X)I1HTENSTON AST +5Xs10HDISTe AST aSXsIOHDIST; ASC FA

PO 1454 1 = "1» NELEM
: NQ!TF(6-1ART}I.DDTHIIl'DDH(I);AASTtI)'AASC(I)vDDSTtI)-DDSC(II
qnﬁ7FORMAT(IHv18Xv13v5Xv6(5X +F1Ca3)) '
; .

454 CONTINUE
PO 177% 1= 1eNFLEM ° !
NTHI=DNTHI(T)
PRI=DDAR{T) o
ASTU=AAST(]) ; e
ASC1=AASCH 1)
DST1=DDSTI(TY -.
NSC1=DDSCHLT)

i P iy v

T T T

e

-

T
,
i
.
!
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IFIXM{1)+EQe0a) GO TO 1717
RRT=ASTI/(DB1#DTHL)

RPC= ASC1/(DB1#DTHI) : ‘ e e
pPD=DSC1/DST1 \
ZFTA-((Ecs**?)*({2.0*RPC+RPT)**?I+? O*FCS*tRPT+? O*RPC*DPD))**O 5
¢~-ECSH{ 2. O*RPC+RPT)
GI(I)—ECON*(DBl*I(ZFTA*DST])**?)/1.0+FC5*DB1*DST1*(RPT*(DST1—ZETA
s#DST1) ##2+) JORRPCH (ZETA*DST 1~ DSCI)**21)

EALTY=ECON#DB1.+DTH1
Go To 1777

41717 GI (1 }=FCON#*DB1#DTH1##3/12.0 _

3 EA{1}=ECON#DB1#DTH] : _ - o

41777 CONTINUE

‘3117 CONTINUE

' DO 1772 1= 1s NELEM" , . :

! FI(1) = GI{T) . : ' . .

1777 CONTINUE ' T '

S WRITEL651779) . J

: 1 y 9X»11HMEMBER TYPE ’IOX-SHEI‘ ’ISX.SHEA /)

DO 1771 I= 1s NELEM

‘ WRITFlgv177R) IyJNL(I),JNG{I}oMFMTYP(I)’FI(II’EA(Il

1178 FORMAT(1H »46T12052E2043) . .

1771 CONTINUF '

§ NSE=0

DO 2123 I=1»NJCIN

FXX1(T)=FXX(1)

FYY1(T)I=FYY(T)

FMMI (T Y=FMM(T)

4172 CONTINUE

01T CANTINUF

[FINSF.FR.0) GOTO 1111

IF{T1.6E.730.) GOTO 6012

[FIWLIVEF.GTLHWLIVIGO TO 9373 .

IFIWINDGTLWIN) GO TO 9373 :

GOTO 6013 - L

1012 “TNDEXX=0 - ' '

T2=730.,0
T1=T2'

NN 2133 I=1sNJOIN ‘
FXXUT)=FXXITI+0LI#FXXT(T)
FYY(T)=FYY{TI1+0 1%FYY1{ 1)
FMMIT)=FMM(T)+0,1%FMML(T)

FlodTewi T

TNy Vi e e

A3 CONTINUE
12 IF{INDEXX.GT«0) GO TO 8147
IFINV]1.GT.0) GO TO 4373
[]




11% .
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1075 CONTINUE : )
WRITE(6+19T6)IWLIVE sWIND

1076FORMAT(IHO;IOX»*SUPERIMPOSED LOAD=#3F1043+10Xs*WIND LO =#+F10.3/)
WRITE(651987) .

yor? FORMAT(/// »50Xs*APPLIFD LOAD VFCTOR*IIHOvaOX-IOHJOINT NOs . »3X>» -
1 5HFX + 35XsSHFY  »3X95HMZ /) ’
DO 1589 I1=1sNJOIN : ‘
WRITE(6956) INNLTY9FXX (T FYYCI) s FMMT)

54 FORMAT]IH 135X+ 11093F10.3) — -
1589 CONTINUE : : . ' T~
NCYCL=0 - _ : ‘ ; 3
{16 NCYCL = NCYCL + 1 . Lo - .

KCYCL=NCYCL—-1 )
: erTEtﬁ,1010)NCYCL.T1.Tz -
‘10NJFORMAT(////’ZOF’*ITERATTON NO.%92Xs 15,10x.aHTtMF 1= »F10.335Xs
’ 1 BHTIME 2 = 'sF10.3//) -

IF{NCYCL4LE-2). GO To 2001

Do 7002w I = 1s NPLAST
: EI{Il-(EIII(KCYCL9!)+EIII(KCYCL 1.1))*0.50
17007 EALT)=(EAAAL{KCYCL s T)+EAAAIKCYCL~1+1))%0. 50
[F{NCYCL~51200192003,2003
£7003 Do 2005 I= 1s NPLAST

ET(I = (ETTTIKCYCL» I} +=TTIT(KCYCL- 1,Il+sxrrtKrYtL-2.111/3 0

?UORFA[I)“(EAAA(KCYCL:I)+EAAA(KCYCL—1’I)+EAAA(KCYCL—2:I)lf?.O
; NCYCL-812C01+200692006 , bt
ﬁuma DO 2007 I= 1s NPLAST g

EI(H—\’EIII(KCYCL,I}+EIII(KCYCL—lnI)+EI{IItKCYCL 2:Il+EIII(KCYCL 3,
: 1 1))74.0
1007 Ent11~(EAAAPKCYCu¢I)+EAAA¢KCYCL 1» I)+EAAA(KCYCL-2vI)+EAAA(KCWCL-39
qg 1 D/e.0 . ,
t NEB=0 : . ;V
{ N :

2001 CONTINUE
DO 2009 I=14NPLAST :

EEI(I)I=ETL(I) ' g
. EFA{T)=EAlI) :

009 CONTINUE - o

thh  CALL ELASTO (EIsEAsFA»FVBMC)
717 WRITE(6510Y '

e e

X

T T

610 FORMAT(///1HOs13XsSHWCONC -» 8X»> SHWTENS . »7%»12H CURVATURE
1»6Xo10HAXIAL P sZX»IOHAPPLIED M 95X910H El 24Xy SH EA o
il - 5X»10HMEMBER NO. /) . \ ‘
b DO 9991 I/= 1s NPLAST
b KONT = 1 o .
7 ASC = AASCUI)
b AST = AAST(I)
i DB = DDB(I)
i DTH = DDTH(I}

LB e

et
a
Y

T
75

s
ﬁ§> :
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nsT =+ DPSTI(I)
nsc = DDSCIT) .
pPAX] = FALD) , . ‘ : \ :
AMCL= ABS(BMCI(I}) .
DCGC = (DB#DTH##2%0, q+A5T*DST+ASC*DSCl/(DB*DTH + ASC + AST)
IF{T1.GT«0.0} GO TO 7077 ) . ‘
FI(1)=ECON* (DB¥DTH#%#3)/12.0 '
EA(T)=DB#*DTH*ECON .
DCGC=DTH/ 2.0
WTRIAL = (BMCL*DCGC)/EI(H + PAX1/EA(T}
WRAOT = (BMCL®#DCGCH/ET(I} = PAX1/FAL(I)
PHITRI =(WTRIAL + WBOT)/ DTH
GO TO 7125
271y.wTRIAL-(aMCL*DCGC)/EI(I)
PHITRI= WTRIAL/DTH ‘
60 TO 7125
#3077 WTRIAL=WWW1(I)
PHITRI=PPHI(I) :
171175 CONTINUE o ) .
176 CALL MPHI(PAXInBMCL!NvaPHI1iNEEPiNUloNMI!UUFlinNtKONT'TI T2)
IFINM].GT40) GO TO 9111
[FI{PAX1+EQs0s} GO TO 7119 -
. TF(T1.6T.0.0) GO TO 7177 - o
WTRIAL = (BMCL#DCGC)/EI(I)
‘PHITR] = WTRIAL 7/ DCGC
60 TO 7076
177 WTRTAL=WWP1I(T)
PHITRI=PPHIP({T)
[FINM2.GT.0) GO TO 7117 :
K CALL MPHI(0.09BMCLvWP1!PHIPI!CEFP-WU?vNN7,UUF2vN9vKONT'T1aT2)
[F{NM? ,GT.0) GO TO 7117
. DNAXA WP1/PHIP1
i DNAX1 = WWI1/PHI1 : .
WCGC1 = PHI1#(DNAX1-DCGC) | | o
WCGCP1 = RHIPI#{DNAX3-~-DCGC) Co
WAXTALY = WCGC1-wWwCGCP1
FA(T) = ABS{PAX1/WAXIAL1) ' - .
GO TO 7118 ‘
“t1e FA{])}=ABRS{ECON™ DB(I)*WWl/PHIl)
G0 TO 7118 _
‘@Hv EA{I)=EEAA(T) . ¥ -
1R CONTINUE ; - v e
EI(1) = ABS{BMCL/PHI1)}
WUW= wUHNSEx’l) : '
NQITE(6:613} WWlo NTNoPHII’PAXIvHMCLaEI(II’EA(I} I‘

B T T
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e

e s
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$¢13 FORMAT (1R *5X33E15+5%4E14.5218) : ) ) .
CETTI{NCYCLsI)=EI(T) o o
i EAAA(NCYCL!I)“ EA(I) ' - . . | .
r wwa([) =WW1 . .

ppHZ(I) PHI1

Li2n RAYIOI=(EI(T1=EEI(I1)/ETCI)
170 RATI0?=(EAAANCYCL>T)-EAAA(NCYCL- I,I)i/EAAA(NCYCL,I)

i WHP2(1)=WP1 R . ;
4 pPHIZ{ 1)1=PHIP1 , | . :

30091 CONTINUE - ' ' .
?‘HZHIF(NCYCL LEe1) GOTO 9573, ) :

1 . kaDD2 = 0 :

- KADQ= O - ]

£ DO 7379, I=1sNPLAST ,

. IFACYCL.GE.8) GO TO 5127 _ -

i Gof TO 8128 G _ . :

5127 R TIOI—(EIII(NCYCL,I)-EIII(NCYCL-lsI))/EIII(NCYCL»I) -
15 Gh 0 8129 .
a

kE

; RATIOI=ABS(RATIOQ1) -
5 RATIOA=ABS{RATIOZ2) - - -
IFINCYCL.GT+5) GO=TO 7009 0

IFIRATIO! «LE«O Q1 .AND«RATIOALLEOo 01} KADDZ=sKADDZ2+1
IFINCYCL.LEs 51GO TO 7008

J009  IF{NCYCL.GT.10) GO.-TO 7007 ' _

3 IF(RATIOI «LE<0,02 JAND«RATIOA.LE.0.02) KADDZ=KADD2+1
IF(NCYCL.LE.10) GOTO 7008

1007 TF(NCYCL.GT«15} GO TO 7006

- -

Fane g e

i i EA T
1

% [FIRATIOT «LE«Q404sANDeRATIOALEL0s04) KADD2=KADD2+1 -

{ IF(NCYCL.LE+15) GOTO 7008 . -

1006 TF(NCYCL.GT+20) GO TO 7008

S IF{RATIOI «LE«De10.ANDS RATIOA LE+0+10) KADD2=KADD2+1

57008 CONTINUE

17379 CONTINUE ' B

B IF(KADD24FEQ.NPLAST) GO To 5555 : ’

i GOTO 9573 ‘ J

J§F555 WRITE(629273)

#0277 FORMAT (1HO »40X s #=~ = ~ - - CORRECT ANSWER = = = = -~ r*fIHI)

DO 7072 1=1sNPLAST
FEAA(I)=FALL) : : . .
WWWI (T f=WWW2 (1) .(:
PPHI{T)=PPHZ2(1) ‘
WWP1(T)=WWP2{T) : .
PPHIP(1)=PPHIZ(I) . . -
CONTINUE .

C IFIWUW.GT.0,0038) GOTO 3456 °
IF{T1.EQ.730.0) 6O TO 8881




T

116

T ]

ity

.__._-__...—_—-——-—_—_—-u_.—._._._____ —— i -

— ety s s, S W

READ AN INDEX =1 IF THE PROGRAM TO BE TERMINATED AT THIS STAGE
OR IF A NEW START IS DESIRED AND EQUALS O OTHERWISE

THIS WILL ALSO READ THE TIME Tl aND THE TIME T2 FOR THE

CREEP' AND SHRINKAGE CALCULATIONS,

D i kg e A
I e I ey

ey

1111 READ(5+9996) INDEXXsT15T2

0696 FORMAT(1592F10.3)

. TDEL=T2-T1 ' >

IF(T2.5Qe0.0.0R.TDEL.FQ.0.0) GO 708881

DO 1970 I=1»NPLAST

KONT1=1 ) v -

CALL CREEP (WEEPsWU1sUUF1+KONT1sT1,T2)

CALL CRETP (WEEP;NU?QUUF?’KONT]_,T] yT2) ) . .
CONTINUE \\ ‘ ;
NSE=NSE+1 : , - , .

Go To 9111

WRITE(643459) o : .

FARMAT (1H 340X s Rommmm e e COMP FAILURE —-— /)

. GOTO 4373 ‘ '

"CONTINUE r ‘L

IFINCYCLLT.MCYCLIGO TO 16 ‘ .

WRITE(6+8127) ' , : - ‘

an”AT‘THO’h0X9* ————— NO CONVFRGENC. = = = = — = — /)

S e

[T

END o . ‘
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SUBROUTINE ELASTO (EIZEAsFASFVBMC)
PLANE FRAME PROGRAM USING A BAND SOLUTION METHOD.

. PROGRAM DIMENSIONED FOR 100, JOINTS AND 150 MEMBERS. ,
. COMMONZRLCKT/ND(10053) 9 X(100}1sY(100) s JNLE150) s JNGE150) sMEMTYP(150)

COMMON/RBLCK? /NJsNMyCF o NJL
(nuuonlnL(Kq/JNNtlool-FXX(100)’FYY(100}sFMM(100)
COMMON/ﬁLCKS/AL(ISO)lXM(lSO)vYM(150)

DIMENS ON MC{150+6)3SM{150+69612A(10000)s B(300)
DIMFNSION D1(100)»D2(100)9D3(100)sD(E)»F ()
NIMENSTON EI(ISOI’EA(ISOI'FA(ISOI-FV(lﬁo)vBMC(ISOI
NB=0

NDT15=0

no 12 I=1-NJ

NO 12 II1=1s3 . }

IFIND(IsT1}eEQ.Q) GO TO 12

NDI1S5=NDIS+1

ND(I»I1)=NDIS

CONTINUE L~

PO 15 I=1+NM

N1=JNL(T)

N2=JNG(T)

DO 15 K=1»3 = . o
MC{1»KI=NDIN1sK)} . . v
M=K +3 . .
MCIT+MI=NDIN2K)
CONTINUE

DO 21 I=1.NM

nn 21 J=116 ®

SM{T+JsKk)=0,
CONTINUE "/
DO 22 I=1,NM

MT=MEMTYP (1)
AA=EA(TI/ALLT ) #%3

CC=XMIUT )#u2

DR=YM{T)%%D

FE=XM{T)*YM(1) . o - "
SU(T+]1s1}=AAXCC _ o '
SM{1+2s1)=AA*EE ’

SU(IvaZ)—AA*DD

SM(15491)==SM(Ts19s1)

%V(I'hv2)=—5\4(1’;2’11 '

SM(Trbst)=SM{Ty1s1) ' ‘

SM({T»591)=SM(Ts4s2)

SM{Ts5921==SM(T142+2)

SMIT9594)=5M{Ty241)

SM{T3595)=SM(1+242)
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L 6O TO (2392492525) sMT ) - z_,_
i%?h NE=17-0*E1 (T 1/AL(])#%5
il 5 P” 1,U#*E *5
?(\ FF=AB*DD Ij\ :
GG=BB#*EE
"HH=BB*CC
yy=YM(1)*BB*AL(I)#n2/2,
XX=XM{ 1)1 #BB#AL{I )#»2/2,
ALL=BB*AL (T ) %¥*4/3,
{15191 1=5M{T+141)+FF
i SMIT3291)=5M{T+251)-GG
ll SM(I,212)=5M(I’2’2)+HH
SM(I34451)1=SM({I9441)~FF
SMITs492Y=SM{Ts4+2)4+GG. '
5“(1!&!6)=SM(I'6’Q)+FF «
SM{I+551)1=5M{1+5+1)4+GG N .
SM{1+592)=5SM{T+522)=HH ‘ ' ol
S¥{135,4)=SM(1s5+4)-GG ' :
SM{I+5+5)=SMI{T+5+5)+HH
60 TO (23y28:29,31)9MT' J -
A SM{T33+1)=SM(Ts33s1)=YY
SM{T9332)=SM{T»32)+XX
SM{T+2931=SM{1+3+s3)4ALL
EU(Te593V=SM{Te&s3V+YY -
SVITs593)1=SM(195+3)=XX
SV{I’611)=SM(196?1!-YY
3U{12692)1=SM(19692)4+XX
S {Ts6+3)=5M{Tr6+3)+ALL/2.
SHlT1694)=SM(T2694)14YY
SM{T4695)=SM{T+6+5)—-XX
SU{l+6961=SM{Ts696)+ALL
Go To 23
SM(I+651)1=SM{T2621)=24%#YY "’ .
SYiTehe2Y=5MITr692)+2,%XX -
SUlTe6+4)=SM{Te6 s )42, %YY
SM{T+6951=5M(1+595)- =2 #XX -
.51(Ia6v6)—SM(Ia6,6)+3 *ALL '
GO To 23
SMiT4341)1=S5M([239]1)=2.%YY -
SYET9352)=5M{T9332) 424 %XX - ' \
S¥{T5253)=5M{T53s3) 4+ #ALL
ST 9433 Y=SM{T 9493)+2%YY
S (T15592)=SM( 19593124 %XX \
D0 32 J=1+6 ‘
DO 32 K=1,6
SMIT 9 2sX)=SM(TsK s S}
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o CONTINUE N S

Wy T CONTINUE i S , a s

%f pn 200 1=1sNM- ‘

[} MAX=0 .

”E . MIN=3000 Lo~

: Dn 201 b= 1s6 -

T

IFIMC{TI+J).EQ.0)GO TO 20]
CIFMC T e )Y =MAX) 203’203’204
204 MAX=MC {13 J)
703 [FIMCIT»J)=MIN) 20552031201
205 MIN=MC(IsJd)- ;
201 CONTINUE . _ g/ﬁ
“NR1=MAX=MIN . _
IFINB1.GT«NBINB=NB]1 . ‘ '
100 CONTINUE ‘
NB=NB+1
NV=NDIS*NB -
IFINVeLEe100003)G0O TO 210
WRITE(691000 )NV
1000 FORMAT (1Xs*STORAGE EXCEEDED*»sxsunv —*9I6/)
.SToP | .
210 CONTINUE
DO 511 I= 1sNV
A{11=0.0
511 CONTINUE .
DO 513 1=1sNDIS
AR{1)=0,0
517 CONTINUE
DO 521 /;?/H,NM
DO 522 J= 136
[F(MC(TI%JJ)«EQ.0)GO TO 522
DO 523 I1= JJs6
IF(MCITIST1).EQ.0)GO TO 523
i IFMCLTsJI)=MCLI»I1)15243525,5525
4575 K={MCUIsII)=1)}*(NB=] FMC(T5JJ)
AKI=ATIKY+SMI{T + JJs1 1)
GO TO 523
324 XK= (MC{TIsJJ)=-1)#(NB=1)+MC(I,I1) ‘
AKI=A(KY+SM(TsJJaIT) . » ' ot
523 CONTINUE '
13522 CONTINUE -
521 CONTINUE. ‘ 2
LL= 1 ‘ :
DO 81 KX=1sNJL
JN=JNNI(K)Y

FX= Fix(K)
FY=FYY(K)
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FM=FMM(K)
N1=ND{JN»1)

“ IF(N1«EQeOuAND«FXsEQe0.4 GO TO 58
IF(N1.EQ.0}GO TO 59
Btml)-BtN11+Fx_j

2=ND{JIN»2) :
g IF(N? EQeVeANDLFY4EQ.04)GO TO 61 o
bt [FIN2+.EQ.C}GO TO 62 , ‘ 1'
h] RIN2I=R{N2)+FY :

g NA=ND{ JNs 3}

- CIF{NTFQ«O+AND. FM EQ.04)GO TO 81
IFIN3.EQ.D)GO TO 80 | - /
RIN3I=B(N3)+FM J )

4 . 60 TO 81 ‘ . -

i WRITE(G6»64)IFXeJN . - .

Bk FORMAT{1X» 9HFORCE OF »F10e251X»25HKIPS IN HORZ DIR AT JOINTslaglx

1»33HIS IGNORED SINCE JOINT SUPPORTED. )

Go To 58 :

WRITE(6365)FYsIN ' * , C L
FARMAT{1X» 9HFORCE OF +F10, 2’1Xt?5HKIPS IN VERT DIR AT JOTINT»13s1X

1»33HIS IGNORED SINCE JOINT SUPPORTED. : ‘

1 Go To 61 : : | .

L WRITE(6:66)FMsJIN, ' '

‘4 FORMAT (1Xs10HMOMENT OF »F10. 251X31SHIN-KIP AT JOINT.13.1X,33Hrs'9G

v IMORFD SINCE JOINT SUPPORTED.) . :

2] CONTINUE

DET=0.1E-07
CALL BAND (A» BsNDISoNB-LL DET) ° - . .

;] IFIDET 1266492672268 - .

(4266 WRITE(65269)DET )

I 259 FOPNATfIXv*DETERMINANT IS NEGATIVE. DET=#sF15.8+//})

] . STOP : . . "

N7 WPITFI6s2T70)DFT , ‘ ‘

70 FORMAT(1X+#DETERMINANT IS ZERO. DET=#sF15e8s//)

- sTEP - -

68 CONTINUE : , .

‘ WRITE(§4+72) N

23 rnpuAT(/1H0!QOXD*DTSPLACEMENT VECTOR*IIHO'ZOX’&ZHJOINT NO, HORZ .

4 1DIS C(IN) VERT DIS (IN) ROTATION (RADIANS) /).

;g DO 74 L'=1+NJ .

X N1=NDIL+1) _ s L e

3 N2=NDI({s2) :

;? N3=ND(Ls3)

j IF(N1)101+101,10?2

14172 D1(L)=B(N1}

Gn TQ 103 : - :

D1(L}=0.0 : o .-

“«

™
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105 D2(L)I=B(N2) | \ ' o
Go TO 106 , ‘ '
D2{L1=0.0 : | < L
IFIN3Y107+107+10g : Tt ' : '
DA(L)=BI(N3)
GO TO 109
DI(L) =04
NRITE(6o73)L,DI(L)sDZ(L)’D3(L)
FORMAT (20XsT696X3F114635XsF11, 6!5X9F14 6)"
-CONTINUE i ‘
WRITE(675). ) ' - .
" FORMAT(//1HO»40Xs#FORCE VECTOR rN MEMBER cooRDINATE#/1Ho.zox. 79
? HVEMBER MO. AXIAL FORCE (KIPS) SHEAR (KIPS) JNL BM CIN-KIP)
T 3ING BM (IN-XIP) /) ] _ .
DO 76 M=1sNM . : ‘ .
. N1=JNL (M) - " '
N2=JNG (M)
D(1)=D1(N1)
D(2)=D2(N1)
D(3)1=D3(N1)
DI4)=D1 (N2}
D(51=D2{N2) ‘ ‘
D{s)=D3I{N2) . ""\
DO 77 I=1+3 '
Fi1)=0. © Y
DO 77 J=1s6
F(I)-F(11+SM(M,I.J1*D(J) !
CONT INUE
VE=(=F{1)1*YMIMI+F (21 #XMIM) ) /AL (M)
AF=(=F(1)%XM(M)}= F(Z)*YM(M)JIAL(M)
qu“"'F{B) S
AM2=BM1+VF#*AL (M)
WR’ITE(E:)'TB)M;AFiVF!BMIvBMZ .
FORMAT{ 1H ,20x,Iv.sx,F12.a.ax,Flz.a.zx.Flz 436XsF12.4) - N
FA(M)=AF
FVIM)=VF
nv;—(-o(a)*YM(MHD(5)*XM(M)!/AL!M)
Dvl-(—D(1)*YM{M)+D(2)*XM(M))/AL{M) '
1 Mc(M}-BM1+VF*AL(M)*O.SO-AF*(DV1+DV2)*0 5
CONT INUE
" RETURN,
END

T s =
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SURROUTINE BAND(AsBaN>MsLTsDET) S ' BNDFQO10
 DIMENSTON A(10000},8(300) _ » ' ' BNDF0020 -
pzm=] . - -~ s .’ BNDF0030
NMzN#M . . . : ' :  BNDF0040.
MM] =NM-rMM . BNDF0050
IF (LT.NE«1) GO TO 55 . : |  BNDF00&0
MP=M+] o : ) . BNDF0Q70
KK=2 , : y . BNDFO080
FAC=DET | BNDF0090
A(11£1./5QRTLALLY) ' _ o : .| BNDF0100
BIGL=A(1)} _ - _ ' ‘ {  BNDFQ110
SML=A(1) - : _ ) : '~ BNDFo0120 '
CA(2)=A12)%AL1) ' -1 BNDFO130
A(MP)=1+/SQRT{AIMP)=A(2)%AL2)) - ! BNDF0140
IF(A(MP)+GT«BIGLIBIGL=A{MP) ' .} BNDF0150
CIF(A(MP)+LT«SML)SML=A(MP) , C /== BNDFO0160
MP=MP +M ' ; S - | BNDFO170
0o 62 J=MP|NM19M B S ‘ BNDFO].&O
JP=J=-MM : . .. BNDFO190
#2C=0 - | " BNDF0200
IF(KK.GE.M) GO TO 1 | 'BNDF0210
Y K=KK+1 S B . ! BNDF0220
1r=1 . ‘ o . ! BNDF0230
JC=1 | | - BNDF0240
GO TO 2 o ) BNDF0250
KK =XK+M _ . ' . BNDF0260
11=KK-MM , : - . BNDF0270
JC=KK~M™M . . BNDFO0280
MO 65 [=KKrJPIMM ' o ! BNDF0290
IF(ALIY.EQ.0.)G0 TO 64 N . ~ i BNDF0300
G0 TO 66 ' BNDF0310
JC=JC+M : : . . " . BNDF0320
MZC=MZIC+1 ' . ; BNDF0330
ASUM1=0. | ' . ' ' BNDFO0340
G0 TO 61 | . : :  BNDF0350
MMZC=MMEMZC . N ‘ S BNDF0360
11=11+M2C ' . i BNDFQ370 °
TKM=KK+MMZC . _ .‘ BNDF0380
ALKM) =A (KMY*ALJT) ) . BNDF0390
IF(KMaGE.JPIGO TO 6 ) R t ~ BNDF0400
¥ J=KM+MM ) ’ - . ! "BNDFO0410
DO 5 I=KJsJPsMM ' ¢ ~ ; BNDF0420
i ASUM2=0. _ v ‘ ' BNDF0430
i AV . L, , : © . BNDFQ&440 ¢
o T11=11+1 : . BNDF0450
| S 3 § B5.0" FA . : i BNDF 0460
bl D0 7 K=KM, IMysMM ‘ \ - ~ - BNDF0470
’ ASUM2=ASUM2+A(KI ) *A(K) , _ : BNDF0480
'I'F ¥1=x]+MM ' . : BNDFOf‘ag_O_
i :
{
ke . . ‘ ~
| -
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A([)—{A(I) ~ASUM2) *A KIY

CONT INUE

ASUM1=0,

NO 4 K=KMsJP+MM -
ASUM] = ASUM1+A(K}*A(K)
S=A{J)=ASUM]

1F{SeLT«0s IDET=S
1F(S.EQ.0.INET=0,
IF(5.GT«0.1G0 TO 63
MROW= ( J+MMY /M
WRITE(63299) NROW

. FORMAT ( 35HOERROR CONDITION ENCOUNTERED IN ROWvIB)
* RETURN 4

AlJ)=1./SORTUS) -
[F{A(J)«GTBIGLIBIGL=A(S)
IF{ATI) LT SMLISML=AL)) .

COMTINUE

IF{SML.LE.FAC*BIGLIGO TO 54

GO TO 53

DET:O.

RETURN

DET=SML/BIGL
B{1)=B{1Y*A(1)"

KK=1

K1=1

J=1

DO R L=23N"

RSUM1=0,

LM=L=-1

SENESY

IF(KK.GE.MIGO TO 12
KK=KK+1

GO TO 13

KK=KK+M )
K1=K1+1

JK=KK :
DO 9 K=K1ls+LM

RSUM1= BSUM1+A(JK)*B(K)
JE = JK+MM

‘CONTINUE -

R{LI={B(L)~BSUMI ) *A(J)
BIN)=B(NI*A(NML1)
NMM=MM] -

NN=N=1

MD=N _

DO 10 L=1»sNN

RSUM2=0,

123,

BNDF0500
BNDF0O510

BNDF0520

- BNDF0530

BNDF 0540
BNDF0550
BNDF0560
BNDF 0570
BNDF 0580
BNDF0590
BNDF0600
BNDF0610
BNDF 0620 -
BNDF0630
BNDF0640
BNDF0650
BNDF0660

BNDF0670
BNDF0680
BNDF0650
BNDFO700
BNDFO710

BNDFO720

BNDF0730
BNDF0740
BNDFO750.
BNDFQ760
BNDFO770
BNDFO780
BNDF0790
BNDF0800
BNDF0810
BNDF0820 -
BNDF0830

BNDF0OB40 -

BNDFOB850
BNDF0B60
BNDF0870
BNDF0880
BNDF0B90
BNDF0900
BNDF0910
BNDF0920
BNDF0930
BNDF0940
BNDF0950
BNDF0960




5 NL=N-L .

i NL1=N-L+1 '
NMAM = NMM =]

NJ1=NMM
IF{L.GE,M)ND=ND-1

DO 11 K=NL1sND

NJ1=NJ1+1
ASUM2=BSUM2+A{INJ1)*B(K)

. CONTINUE o
B(NL)={RINL}=BSUM2)}*A(NMM)
RETURN : '

END

P

[
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BNDF0970

‘BNDF0980Q

BNDFQ990
BNDF1000Q
BNOF1010
BNDF1020
BNDF1030

BNDF 1040
BNDF 1050
BNOF1060
BNDF 1070
BNDF1080
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SUAROUT INF MDH!(PAXIALtnMOMtSTRAIN'CURVAoNEFPvNU,NMvUUFl’WTEsKONT
5 3T1+72) .
COMMON/BLOCK1/DTHDByAST s ASCrDST »DSC

COMMON/BLOCK3/WEHRS s WSHRC '
COMMON/BLOCK4/WIENSTLY WYSsFSYsFCYLs TCFv NALLOW, ES
COMMON/BLOCKS5/PHITRI »WTRT AL

DIMFNSTON. WG(20520) sWH{20,520) -

DIMFNSTON WEEPIZOv?O)'WU(ZOvZO}’UUFI(?Ov20)

NSTRIP=20 L -
KADD=0
NEK=0 , :
CCA=5.0E—04 ' . <
CCB = 1.0E-10 4" - ‘
EROR=0.01 ‘ .
kDD= 0 v ' : : ’
P = PAXTAL ' '
RM = BMOM
TDEL= T2 - T1
W = WIRIAL
PHI = PHITRI!
WCF = 14540
FC = 33.#WCF##]1,5%( FCYL*1000,)%#%0,50/1000, '
WSHRS = (Dﬁ*DTH—AST—ASC}*EC*WSHRC/((AST+AS(}*FSI ’
KOUNT = O
LM = XONT -

4 1FIT212388+2388+3377 o g

38 CYL = FCYL . : ' -
DO 3388 LN= 1, NSTRIP
WEEP(LMsLN}= 0,0
GO TO 444
FCI= FCYL

IF(T24LFe0.0.0ReTDEL® EQ.O ) GO To 4%4.

CYL ={1.0+TCF)I*FC1I

IF(T2.LE, 1204) CYL = (1.0+TCF*T2/120.3*FCI )
"CONTINUE - :
CALL BMPCAL(W.PHIsPCALl,BMCALl,wu,WEEP.CYL.wa,LMI ‘
COUNT = KOUNT + ‘1

IFIKOUNT .GT.40)EROR=0,02

[F{KOUNT«GTe60)1FROR=0.05

: IF{KADD.GT.0) GO TO 848 ‘ 3
IF{WeGE 22 e O*WTRIAL«ANDaT12GT o0 0) GO T0 608 '

= s, e s o,

2 IF(P.EQ.0e) P= 1.0 3
IFIRMJEQ. 0 )BM= 1.0
ERR1 = ABS((P=-PCAL1)/P)
FRR2 = ARS((BM-BMCAL1)}/BM)
IF{PelEe1e0sANDABSIPCALY) «LE+3.00) ERR1=0.01
IF(AQS(RM).LE 10.,0) ERR2 ABS(BM-ABS(BMCALI))/IOO o .

e
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1717 FROR= 0,20

43017 CONTINUE

v

IF{ERR1+LE+.EROR4AND.ERR2.LE.EROR) GO TO 600
IF(AHS(RM)-LE.I0.0] GO TO 7712
GO TO 3012 o

o~

)

TF (AMCAL1+LEe 10+ 0,AND<ERR1.LE.EROR} GO TO 600
1IFIT2+GTa0.ANDBMCAL1.LES10.0) GO TO 600
TF(poLE-lbOOANDoERRIOEQQOQOI) GO TO 103

60 TO 203 .
IF(KADD<EQel) GO TO 944

WINC = CCA#W + CCB

PHINC = CCA#*PHI+CCB :
IF(WINC'EO.ODOCOROPHINCOEQ.OOO, GO To 608
WNEW = W + WINC. ’

PHINEW = PHI + PHINC

cAaLL HNPCAL(WipHINEWQpCALZOBMCALZ’WG$WEEPOCYL9W70LM)
CALL AMPCAL(WNEWPHI »PCAL3sBMCALAsWHIWFEP»CYL oW LM

A1l ={(PCAL2-PCAL1)/PHINC - . '
CEA12 = (PCAL3=-PCAL1)/WINC

A3 = P = PCAL1 ' '

. A?21 =, (BMCALZ2 - BMCAL1)/PHINC

~A272 = [LBMCAL3-BMCAL1)/WINC

A73 = BM - BMCAL1

RR = A11%#A22=A21%A12
IF(RR.EN.0.1 GO TO 608"

WDEL = {A1}%A23-~A13#A21)/RR
PHIDFL = {A13%A22 - A23#A12}/RR
OPHT = PHI + PHIDEL -
W = W + WDEL

TFIKOUNT-NALLOW) 43644364608
STRAIN = W

CURVA = PHI -

WTE= W4
NM= 0
IF(CURVALLE.0.) GO TO 608
RETURN '
WRITE(6+666)

I

L

©
-~

FOPMAT (1H 940X s ¥t bbb bbb bbb bbb bbb bbb bbb bbb bbb )

. KOUNT=0
W=WTRTAL

PHI=PHITRI .
KADD=1 ¢

GO TO 436 .
SUD=ARSE{W=W4) /W)
IF(P.FQa140) NEK=0 .
IFINEK.EQs1) GO TO 898 . -

126
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17 IF(SUP=0.05) 662+641+641
4,2 UP1=0,0001#(P=PCAL1)/(10,%P)
[F(P,LE.10.0) UP1=0,0001#(P=1,#(PCAL1))/(10, *ABS(PCALI))

GO TO 640
s UP1=ABS(W-W4)*({P-PCAL1)/{10.%pP).

L

e

% [FIP4LE«10.0) UPI=ABS{W-W4 )% (P-1, *(PCALI))/(IO *ABS(PCALI))
R0 UC =wWsUP1 _ , .
f uT =wasUPl | o

g MEX=1" ( '

i Gn TO 888

T

g IF{SUP-0.05) 67596719671
5 Up2=0,0001%(BM=BMCAL1)/(10., %BM)
IF(BM.LE.10.0) Up2= 00,0007 *tBM-BMCAL11/tlo O*ABS(BMCALI))
G0 TO 658
1 UP2=ABS(W—W&4)* (BM=BMCAL1)/(10, *BM) '
. IF(AMJLE410.0) UP2=ABS{W-W4)*(BM-BMCAL1}/{10.0%ABS(BMCAL1))
3] UC =W+UP2 - :

UT =W&=-UpP2
NEK=0 , .
GO TO 888 : ) . ‘ L .
Ay, SUP=ARS{(W-=W&) /W) . /
77 IF(SUP=0.05) 9454946+946
16 TUPRI=ARS{W4/(W=W4))#0.,0001#(BM=RAMCAL1}/(10.%AM) ’
IF(RAM L Ea 10 a) UP% ABS(Na/(W—WQ))*O OOOL#(BN—BMCALIIIIIO O»ABS{ ~
« AMCALL1))

¢ UP?=ABSI{W /(W=-W4)1»#0,0001#(RM-BMCAL1)/(10.3#BgM}"
1IF(aM, Lﬁ.IO 0) UpP2=aARSIW /{W=W4)})#0,00018{gM-BMCAL1)}/(10,0%ABSI

d s 3MCAL1Y) -t

i GO TO 947 i

ﬂaa UP3=ABS (W4 ) * (BM=BMCAL1)/ (10.%8M) T -

@ IF(BM.LE.10.0)° UP3=ABS (W4 )% (BM~BMCAL 1)/ (10, O*ABS(BMCALlll

; UP2=ABS(W )*(BM=BMCAL1)/(10.%*BM)

ﬁ L IF(B¥.LF.10,0) UP>=ABS(W }%{BM=BMCAL1}/(10, O*ABS(BMCALIII
SfT TUC=WHUR 2

b UT=W&=-UP3

‘3 PHI={UC-UT}/DTH

: W=UC

Wo=UT S

I[F{W.GT.10, O**S) GO TO 123 -

! IF(KOUNT=100)" 436,436,123 -

23 WRITE(69198) 7

20 FORMATIIH 240Xs%= = = = = = = = 0 Z o = = = = = = = = =~ — %)
NM= 1° : . '
STRAIN = 0.0015 " I
CURVA=0,0002 .

RETURN , B :
END
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SURROUT INE CREEP(WEEP »WUsUUF] sKOMT1sT15T2)
NIMENS TN WFVD(?O,?OIfWU(?O’?O)oUUF]f?O!?O)

“NSTRIP=20

Al -1.03050E+06 .

A2 5.748870E+02 . .
A3 = — 3.776740E-01 : '

1.858390E+06
-1.012295%E+03

Al
=3
R2
R321.5215225E+00 :

Rt -= =7+9862500E-06 e .

L=KONT1 ) -
IFiT1.GT.0.0) GO TOQ ‘87 i
SHRINK=-0.000111+0,000224%AL0G10(T2) - "

GO TO 88 .

[FIT?.6T.700.) . GO TO 129

SHRINK=0, 0002?&*(ALOG]O(TZ]-ALOGIO(Tl))

GO TO 88 ,

120 SHRINK = O 00022&*(AL0610(700.) - AlOGlO(Tlll

lia SSRR= SHRINK

ik IF(T1.GT+700.) SSRR = O, . .

| TF{T1.6T7.0.0) GO TO 67 ‘ .

Q 0O 69 I = 1sNSTRIP .

4# CLU=WU{L» 1)

“ X= CLU

g IFt X )12491%44225
Lya:-wcsp(L,1)—cA1*x**q+A2*x**2+Aa*x+A4)+tB1*x**a+a?*X**z+33*x+aay*
2 . 1 ALOG10(T2)+ SSRR

UUFI(LsI)= X

i u o umn

' \
GO T069 ! . 1\\ '
WEEP({L,I) = SSRR :
CUUF1(LsI) = 0.0 o ‘ :
CONTINUE
RETURN fﬂ
DO 75 I = 1 'NSTRIP
CLU = WUIlLsI} : -
X = CLU - - .
IFt X 1988,988,987 - o
OLDU= ( X —UUFTI(L,I))
Y =" 0LDU . .

IF(Y.LF.0.0) GO TO998
SOLU—tA1*Y**Q+A2*Y**?+A1*Y+Aa}+(QI*Y**1+R?*Y**2+BB*Y+BQI*ALOGIO(TZ
1 -~ T1) ’ ‘ .
GO T0999 S . ) .
SOLD 0.0.
FEP(L-I1~(B1*X¥*3+82*X**2+83*X+941*(ALOGIOITZ)-ALOGlotTl))+SSRR+
1 SOLD+WEERP{LI) .
UUF1lLsT)= CLU

-

Al
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" BMCON = BMCON + BMCONC

- IF(WA.EQ.040) W3 = 140 ‘ .
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SUBROUT INE BMPCAL(WvPHIbPCAL’BMCALaNU’WEEPocYL.wa.L)
COMMON/BLOCK1/DTHDB»AST2ASCDSTDSC

COMMON/BLOCK3/YSHRINS s WSHRINC

COMMON/BLOCKA4/WTENSTILs WYSFSYSFCYLs TCFs NALLOWs ES

NIMENSTON WEEptzo.ZOJ. wutzo.zo)

NSTRIP=20 :

DL = DTH/NSTRIR

NCGC .= (DBRDTH#**2%0, 5+AST*DST+ASc*DSC)IIDB*DTH + ASC + AST)

Wl = W

DNAXIS = W17PHT .

W2 =(DNAXIS — DSCi#pHI + WSHRINS'

W2 =(DNAXIS — DST)*PHI 4+ WSHRINS

W& = PHI*(DNAXIS=DTH) ~ ‘

DX DCGC + 0O.5=DL '

PCON = 0.0

BMCON = 0.0

nO 100 I = 1y NSTRIP ,

nX = DX - DL

WU(LsI)= PHI*(DNAXIS+DL*0 50- DL*FLOAT(I)) “WEEP{LsI} ~ WSHRINC

WX = WUlLs]I).

TF(HX+WTENSIL)10s20020

STRESS = 0,C

6n To 30

STRFSS= CYL*(~A.500507QF+09*wX**a+7 6]64509F+07*WX**1—a 80?275aF+05
1 #WX*%2.4+141902628E+03%WX)
PCONCR STRESS*DB*Dt.
BMCONC PCONCR #*DX *
OCON = PCON +.PCONCR

il

NIt

1 )

CONTINUE
IFIW?2.EQ.04) W2 = 1.0
WA= ABS(W2}) .
W3=| ABS (W3) | _
STEELZ= FSY#W2# {WAAWY-_ABRS{WA-WY}1/(2,0xWYNWA)
STEEL3= FSY*W3# (WR4+WY- ABS{WB=WY))/1(2, o*wv*wg)
IF(W2.EQ.0.) STEEL2= 0.0 ° _

IF(W3eEQaDa) STEEL3=040 ' s
PS2 = ASCH*STEEL?

PS3= AST#STEEL3

AMS2 = PS2#({DCGC~DSC)
AM51 = PS3I*#{DCGC -DST)
PCAL = PCON +PSZ+P53.
AMCAL = BMCON + BMS2+BMS3 .
 RETURN :
END - e 3

6400 END OF RECORD
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A T

b A.000 60.000 20A00,000
2 6 5 2
% ;200N n.000 i
') n

5 - q 4 & 2000
% 4 A 7 f &.000
- 4 0 10 11 6.000
4 s 12 13 14 8.000
18 NS 0 0 1= 10,000
;‘{ 1 1 2 ? -
r‘/i 2 ? 3 2 L

§ ) EA I 2
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APPENDIX B

CEB DESIGN EQUATIONS . : ' T

' This section is copied directly from ref.(13) and is pro;ia;i

here for easy reference. .

CROSS SECTION STRENGTH

Although there are no equations fPi combined axial load ‘and
bending in the CEB Re?ammendations(!3), a set of such equations was
proposed in CEB Bulletin No. 31, and are given below:

1. Tied column section controlled by compression
p oy o, 1¥P)
\ u =.0.85fb bt (1-ae/t)

where
1+ptm

a=4 -
1+2pym —at‘d' S '

2. Tied colum section controlled tension

. = ‘ . . 2 d-d’
Pu 0.76fé bt[-B + /8 + l.1pm <
where

B =e/t - 0.5

The CEB does not give equations for sfiral colunns and under
the hcadihg,‘LCRd.ISZ, Members Reinforced by bin@ing“, they staté:

."Tﬁg bindiﬁg is efficient only for short colums and

.slight eccentricifies. .For long columns reinfb%ced |

by binding, the influence of binding on the buckling

J
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b

_ is very small and there is often premature failure

of the column by ﬁuréting."

_ SLENDER COLUMNS
The CEB,Recommendations tieat‘slender cQlumris. in the following
. manner: | : ‘ ! |

R4:141: Axially Loaded Columns . : /

For analyzing slender members with regaxrd to failure, an additional -

moment M; is introducted which will be added to loadings calculated by the

first-order theory

" . . - ) X . .
I (hy+eg)Ey, . T
¢ © 73300 &
.where N

N = characteristic value of the nomal forxce, assumed éalculated
according to first-oider theory, multiplied by the load in-.
_crément coefficient Yo ?
ht = total geometric depth of the section measured parailel to
the bending plane ’
eolé eccentricity of the normal force in.relaajon to the center of
gravity of the condreée section aloﬁe, calculated according
to first-order théory, if there is a transverse bending moment
E, = longitudinal'straiﬁ modulus of the concrete, kg/em? | .
6. = Euler stféggicalculated on the elastic theory, yith’the ' o .
value chosen for the Eb moduius, taiing into account fhe

effective configuration of the system concerned

v, = load factor usually taken as 1.4 (defined iit CEB R2.321)
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. CR4:141: Axially Loaded Columns

For coiumns with ‘constant inertia and a rectangular cross section,
. the eipression of the additional momenétM: given in the Recomnendations,
may be written : - S | 2 |
= Wergpeg) G
c t 0 pht .
where & is the free length of the column and p is the nu%erical‘coeffi—
cient taken equal to: _ |
26, if thé member is free at';ne ehd and'fiied at the other.
}-‘52, if the member is articulated (hinéed) at b;th ends.
, ‘ 2 .

52, if the mermber may be considered as fixed at both ends, the -

ends being capable of moving in relation to each other in'a-f;‘

direction‘perpendicﬁldr to the longitudinal axis of the
'member and situated in the principal plane for which buckling %@

- is investigated.

75, if the member is articulated (hinged) at cne end and fixed
at the other.

AN

For multistory yuildings, where the continuity of the columns and
their sections is assured, p shall be taken equal to:

75, if the exds of the column are fixed in the foundation-slab

<

or connectied to floor beams with an inertia at least similar
‘ ) : .

in the direction in question and running through it from one

side to the other.

52//1+0.75r! if the ends of the column are free to sway, where
EI& EIE

?r‘f Z Le ¥ z "3;
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60 in all other casoﬁ:

~  For axially loaded columns, an additional moment need not, be
taken into account when the slenderness, in the Euler sense, is less l
than 40. ' B

4 P
CR4:143: Exceptional Influernces

The ordinary elastic and plastic strains induced by a loid,'

whatever its duration; are.included in the additional moment. Eicep-

~

N tional influences are those capable of increasing the transverse strains

ﬁnduly, for instance, of a long~term’load; Among these influences may

be reckoned those of creép, in some cases, and those of vibrations due

to resonance. _ |
" For the time being, iE;iglbossible'fo proceed-as‘fbllows, fbrgx“
instance if it seems necessary to take into accbgnt, for tﬁe design of
secfions, the excepfional effect of a idﬁg;ierm ioaﬁ EN, where E repre-
sents the'ratio of this load ;P the total lo&d;_the additional moment " y
| .M;\muSt be multiplied by (1+yE). | c
The value of P, which takes iﬁfo account the effect of time,
will be .between 0 to 1 according to the magnitude of the expec;ed
‘plastic straims, a value of 1/3 seems generallf acceptable.
| Similarly, if the effect of vibrations-hagrto be fﬁkép_intor
account, the’additional moment M: may be multiplieé.by (1+$), vher9ﬁ‘

¢ is between 0 and 0.4.
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