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SYNOPSIS

The inelastic behaviour of Reinforced Concrete Structures
subjected to lateral loads is studied. The values of the strain ducfility
of the reinforcement and lgteral deflection ductility of the portal frame
are obtained. An attempt has been made to show the relationship

between two ductilities.

The response calculations in the post ¢lastic range are made
for two Accelerograms (Koyna and Bl Centrc). The reduction in
response due to in-elasticity of the structure is worked ocut for these

two earthquakes and for different deflection ductilities.,
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CHAPTER I

INTRODUCTION

It is generally recognized that many structures hé.Ve
successfully resisted the action of major earthquakes although
designed to resist mauch smaller lateral force than those predicted
by dynamic elastic-considerations. When the elastic response of a
typical multistorey-multibay building frame toa majof earthquake
ig calculated, it is evident that the sfresses in some of the members
are greater than the yield stress of the material, This is because
many framed structures are designed on the basis .that they will
resist mﬁré frequent ground motion without damage, but will Wifhstand~
the most intense seismic shocks without total cellapse only by

calling on the reserve strength existing beyond the yield deformation
point in the individual members. Observation of buildings damaged
in earthquakes support the contention that many structures possess

an ability to dissipate energy due to inclastic action and thus avoid

catastroonic failure under streong motion carthquake loading..

It has been suggested - and it is generally accepted at
present - that a seismic degign for a building can be based oﬁ an elastic
analygis ’made for a reduced acceleration spectra corrcsponding to
a selected value of ductility factor which can be mobilized by the
appropriate choice of the structural system, This ductility factor

has been usually recommended as 4 to 5 for typical ductile framed
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structures. However, no attempt has been made to determine whether
sucﬁ a structure can actually achicve this ductility, and further,
whether tﬁe stra@ns in reinforcement and concrete in the gsection of

the members zire within allowable limits at this value of ductility.

The present study ig an attempt ’tovva_rds getting an insight into the

strain behaviour of structural materials vissa~vis ductility.

A singlc storey - single bay portal frame is the basic unit of a
multistorey - multibay building frame. Also, it is Weli known that
any multi degree fre-édom system can be made up of number of
single degree of freedom systems. For these reasons, a portal
frame of the fype shown in Fig. 2.4(a) is used for analysis in the

preseant-study.

In Chapter II, procedure for finding out the M - O diagram
for the coiumn section of the portal frame is outlined. Actual
stress-strain relationship for concrete is used and steel is assumed
to be elzlastoj-plastic. Using the M -~ O diagram, a.m/ethod is inéiicated e
to obtain the deflection ductility and the corresponding strains in
the reinforccmént. Computer programmes for obtaining M - O
c_iiégram as well as the ductilities of deflection and strain are given
in Appendix A , Curves showing the relation between deflection

ductility .and the étrain ductility are obtained,

Agsuming the structure to be clasto~plaktic, in Chapter III

respons¢ calculations of various structural system s to two actual
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recroded strong-motion accelerograms (Koyna and Bl Centro)
are made. Regponse reduction factors on account of inelastic

behaviour and the assgociated ductility is examined for a variety

of structures.

Chapter IV is concerned with various assumptions and
limitations of the present study. The scope of further work in

this field is briefly discussed.

Risults and conclusions drawn from this study arc

summarized in Chapter V.



CHAPTER 1II

COMPUTATICN OF DEFLECTIONS

In order to make a rational, nonlinear, dynamic frame
analysisg, it 1s necessary to kxnow the appropriate END MOCOMENT -
END ROTATICN diagram for the members. From the diagram
lateral deflection ductility can be obtained. The strain

behaviour of the material of the structure can also be known.

2.1 Moment - curvature relationship

When the frame shown in Fig. 2.4(a} is subjected to a lateral
force in one direction, the response may be idealized into three

gtages of behaviour :

1. The first stage 1b terminated by cx;acking of concrete.
Theorctically, it should occur when the maximum
tengile stress in the section exceeds the modulus
of rupture of concrete. Act_ually, however, cracking
is influenced by differsutial shrinkage stresses and
stress co;mentraticn at the restraint corners.

2. - The sccond stage is terminated by yielding of the
reinforcement. A redistribution of internal stresses
after one critical section (in the present case there are

four such sections) yields, causes almost immediate



yielding in the remaining cross-sections.

3. The third sté.ge is terminated when ‘fhe maxiﬁlum
'concretc- strain in the section reaches the ultimate
conerate strain value ‘eéu‘ . After tl;i,s stage,

concrete is crushed and is not suppcesed to take any

more straing.

It is noted that the-first stage does not affect the M - e
relationship to any appreciable amount, Therefore, for simplicity,
only second and third stages nﬁay»be zonsidered for drawing the
M - O diagram. Thus the portion of thve M - @ curve between the
initial stage and the s‘;age when reinforcement yieidg is c-onsideréd
to be‘linear.. It crécking of concrete is also to be considered, this
por,’ci'on Would become Ei—li‘near_ Thé difference between the two
is not r_nuch ag ca.v;x‘be seen from Fig, 2,1 in which, for comparis&ri,
tWo M - Q) diagrams have been plotted for a reinforced concrete
section. First diagram is drawn considering the cracking of concrete

and second, by ignoring it.

The steel stress-~strain relationship is assumad to be
elasto-plastic as shown in Fig. 2.2(a}. The yield strain of steel
Eﬁsy

is taken equal to 2 x 10°kg/ cmz. It can be noted that this is an idealized

is taken 'equal to 0, 0012 and modulus of clasticity of steel Es

relationship without considering the strain-hardening eifect.

The concrete stress-strain relationship is assumed to be

'
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parabclic given by the following equation :

(28 .(& ' 4
- (28 - (&) ] 2.1
in which
f = stress in concrete at any instant
e = strain in concrete correspeonding to f
e = strain in conerete corresponding to the maximum

!
‘compressive stressg fC of the concrete.

The plot of the equation is shown in Fig. 2.2{b).

Two sets of computations of elastic deflections have been made
for studying the effect of coner tl straing e o and e_ . The values

chosen are ey " 004, e = .003; and €y © 003, ey = .002.

In addition to the twe assumptions made above implicitly,
namely, the assumptions regarding the stress-strain relationships
of concrete and steel, following additicnal assumptions are made to

simplify computaticns :

1. Strain in a cross-section is proporticnal to the distance
from neutral axis.

2. ‘The diffe erenc @ of fcrees of compression and tension

in & secticn is equal to the axial force applied o the



3. Internal moment of resistance of the section is

equal to the external applied moment.

. 4, Ccenerete dogs not carry any tensicn.

5. Nc stresses e¥ist in the concrete or in the

' ' reinforcement prior to the start of loading. Hence
. ~

shrinkage stresses are presumed non-existent.

2.2 Computaticn of internal forces and moment in the column

. egross-gection

Instead of taking a trjiangular-distribution of stress, the

~

exact stress-strain relationship of concrete based on Bquation 2.1

© is used to determine the force of compression in concrete, An

expregsion for this force is given below @

Let 'e, ' ¢enote the strain in the top fibre of concrete.

~

Referring to Figs. 2.2{(c), (d) and (@), we can write :

The ferce of compression in concrete CC ig then given by

Nga :
C. = y b.f.dx -

C
0,

Substituting for f, lintegrating, and simplifying, sne gsts,

ft 62

o o~ [C]

C.= =° S—. (1~ _¢ ) b.d
c e, _ecJ""'s Seq

© 2.2
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in which

f.= maximum ccempressive stress of the concrete
b = vidth of the section
Nd=

- depth of neutral axis from top fibre

Referring to Figs. 2.2 (a), (c), (d), (¢) and {f),

“the following relationships can be established by censideration of
geometry and equilibrium :

Ng = eC .
—, - d 4 2.3
c s '
e te | '
@ . = eC LS 2'4
T |
1
G g =" {l-a)z_ -a.s, 2,5
. - T !
CS = P 2g ég .bd 0 X Cg :‘:%:;;USY 2.8(a)
! !
= ~ el z S
Cg P By egybd  eg Cay 2.8(b)
T, P Eg. eg. bd- 0 g g < Cay 2,7()
TS = P. ES' Gsy. bd 8 esy 2.7(b)
in which,
e, = compressive gtrain in the top fibre of concrete
@ sy = yvield strain for the steel
= effective depth of the section
= width of the sectio

CAES
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a.d = distance from the tep fibre to the centre of

-

compressive reinforcement

By = ‘modulus of elasticity of steel
g = - strain in the tensile stecl
, - - -
€g = strain in the comprsassive steel
b = curvature
.Na = distance of neutral axis from top fibre
C = compressive foree in the compression steel
g P
T, = tensile force in the tension steel,

i

Referring to the Fig, 2.2{(e), cne can obtain the internal
moment of resistance by taking moment of C, and Cg about the

centre line of tension steel. 'Thus,
Moo= C..d +'CS. (1-a). d : : 2.8

‘In the normal linear theory, a triangular stress block of
concrete is assumed in which case d'is equal to (1 - %—T ). Inthe
pregent case, however, since actual stress-strain relationship of

concrete has been used throughout the entire range of loading, an

expression for d' is chtained as follows @

From Fig. 2.2(f), taking mcment about N,A,, the distance of
centre of gravity of compressive force from the noutral axis 'e!

is given by following expression :
Nd
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Substituting for f, integrating and simplifying,

3 e
2 (1 -~ § a ;E. )
¢ = . Nd ~o
3 - , 2.9
-1, 22
35
2.10

and d' = (1+c-N)d

The mornent M is the moment at the top of a column..

Transferring this moment to the centre line of the beam, we got

M M, ———2 2.1
}.b = Vi \ .
c

in which,

Mb = moment at the ceatre line of the beam

h. = clear height of the column

: db = total dépth of the beam

2.3 Bquilibrium of Ferees

The diffecrence between the compressive force and the tensile
force must equal the vertical load plus (or minus in the case of “ensile!

column) the effect of the moment in the top girder. That is,

2 Iy
CC +CS -TS =yv + """“Lb . 2,12

in which Ly is the span of the portal frame and W is the axial

forece in the column.
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2.4 ielding of Tensile Reinforcement
Using BEquations 2.2, 2, S(a) 2.7(b) and 2. 12 and replacing
. by esy , ong cbtains,
' . iy
£, -l o »
— ., S (1-——)bd+p'bdu,,[1-a)c -aeo)]
S5 ec + esy S € 5y
v ZI‘f}:b
3 H - =
- pbd E. Cay W+ I 2.13

This is a raiher complex cubic eguaticn in two interdependent unkn_owns
e, and Iy . ;terative proécf“ire is used to sclve such proklems.

Mb is ass;.lmed to be zere for the first cycle and the valuc of eC is
obtained. With this value of ¢ o and with the hedp of Equations 2.2

and 2. 3, values "f C. and C g are obtamed Snmlarly, from Equatlon
2.10d' ig chtained. Substituting the values of Cg, C, andd'in
Fquaticn 2.8, value of M is obtained, From M, Mb is given by
’-Equa’cio‘n 2,11  This value of Mb ig now used in Bquation 2,13 to

'give new value of G, and célcul&tions are repeated till by the

process i progressivg convergence, final value of e is obtained,
This is thus the Valué of strain in the ‘cop fibre of the con rete, when
steel yields.' This iralue has becn denoted by ' e cy ' toaveid

confusion.

In the calculations, minus sign ig used for tensile column and

W = 0 is uscd for the case when there is nc vertical load on the columns,
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]
If at any sfcage it is found that the value <f e¢g-as

obhtaived from S has exc'eedr_ed the value of Cgy Equation 2.2(b)

mstcad of 2. 2(&) is to be used in uauatl el 2 6.

From this value of ¢ 5 M‘o 5 2 the moment at yicld, is

chtained With‘the help of Equations 2.2, 2,3, 2,8and 2,11, Curvature

at yicld is given by

Thur' the yield Pomt on the M -~ § dla,gram is .established

2.5  Ultimate _éondition

L3

In this case, the value of @, isa lmown pfiori namely equal to
€y while strain i;'l. Stg,\,l ‘eé' is unknc;-;vn.. Using e, in place of dc
in Bqguaticn 2 .13 an eciuation q'g:adratic in ’es‘ is obtained. Again this
equatic-n. is sclved by iterative pr oceés putting Mb- equal to zero in
the right hand side for the first cycle apprjoximatiéh. I—dezz’cical' |
pI‘OCi’:dUI;i: as explained eéflier fdr cbtaining the yield point is followed
and the -valuz, of < \.S at ultimatc is ootal_lcd UCnutmg this valu of eg
by esu. and using Equations 2.2, 2 3, 2 8 and 2,11, valuu of My, |

is cbtained. Curvature a’c*ul’cima‘te is given by

This gives the point corresponding to ultimate condition onthe M - £

diagram, . , . -

4
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The three significant points namely, the origin, the yield
point and the pulft corresponding to ultimate condition on the M - O
diagram arw= thus obtai:zed. Other points on the diagram are fouz;d
by ascigning values tg €, between zero and e ey and betwegn ey

and ¢ - Complete M - & diagram is thus chtained.

A computer programine is written for chtaining the M - O
diagram. The programrac can accémmoda’ce variation in almost any
paramater. Besides giving the valuzs of moment and curvatgre, the
programine also gives values of strain in steel, both tensile and
compressive, values of strain in the top fibre of concrete, position of
N,A, and the valucs 'éf 3'. For reference pur;;o ses, a ligting of this

programme is given in Appendix A -

2.6 The structure chogen for study

For the purpose of study, a portal frame of the dimensions

ohown in Fig. 2. 4(a) is chosen. Different parameters and their

values ch;"s'en for study arc as follows :

* 1. Both height b and span Ly of the frame is taken
C
equal to three metres
. Three square sections of columns are taken of sides

20 cms, 25 cms and 30 cms,
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"3, The beam is supposed to be infinitely rigid in
| comparison to the cclumns., -
4. The section of beam is taken as a 20 x 30 rectanguilar
5. Ratio of compressive and tensile steel is kept .
equal to unity as it is the normal practice in an
carthquake resistent design, the direction of the

anticipated motion being unknown,

-

v 1S

6. Studies arc mdﬂc--"f;:r four different parcentages
of steel in the section namely, equal to 1.0 %,
1.5%, 2.0 % aﬁd 2.5 % of the column sectién at
ecach face.

7.  Three different types of concerete made use of in the

study are M 150, M 200 and M 250,

The ultimate strain of concrete e ou and the strain at
which compressive stress is maximum e, , are algo varied, The
study is made using ¢, = 0.004 and e, = 0.003 but one set of
computation has been made using e, = 0.003 and ¢, = 0.002,

\

8,  The direct thrust on each ccluran is kept equal to
4,000 kgs. This value has been arrived at by

assuming the live load equal tc 400 1«:gs/cm2 and

W

by keeping the slab thickness equal to 10 cmsg, The

portal frames are assumed to be 4 metres apart.



2.7 Calculation of deflections

Having cbtai:;.e& the M - £ rclationghip for a particular
columsi scection, the next step is to obtain the lateral deflections of
the portal fram ¢ at vach stage of loading, The deflection corresponding
to a given curvature is found by integrafing curvature over the freas

height of the column, This is done as fcllows:

The colurmn is considered in two distinct portions. One
. which is always elastic and the other, which can yield, Taking both

the column bases as rigid and assuming the beam to be infinitely rigid
in comparison to the columng it can be seen, using the notations as
“defined in Figs. 2.4(b) and (@), that the lateral deflection X of the

structure is equal to
+8y) - Yy cos (8 +85) + Y] 5. 14

in which 8,, 89, 1, 15, Y, and Y, are as shown in Figs. Z.4(b) and (d).

91 and Y arc the only terms affected by yie ldmg;

Agsuming the banding moment distribution as shown in

Fig.2.4{b), Y, and 6, can be obtained as follows !

5 ,
e, = s‘ G(z). dz
A

i

’ B
and Y2 f D(z), z, dz : 3
, : A

where 2z is measured from A in Fig. 2.4(d).
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6, is equal to the sum of all elemental curvatures

occurring from B to C or,
and again

where z is measured from B in Fig. 2.4(d).

Substituting for @ (z) from Figs.2, 4(c) and (d), integrating
and simplifying one can obtain the values of the above integrals as

given below @

«
1
™I
bt
en

o
n
N
b
<1

[t #o]
‘_l
H
!\Jl )——\
=
+
o
d
. S,
ND
-
3

and Y

=
n
H
c:# o
P
®
+
A
\V
2
b

I shoula pe noted that in the calculations for 91 and Yl

the variation of curvature from £ to ;Dﬁ is assumed linear as
A%
v

shown in Fig., 2,4(c). This is done for the sake of simplicity only.
Actually, however, the variation in the curvature from @y to @J
is asymptotic in nature as shown by dotted lines in Fig. 2.4(c).

Frem Fig. 2,4(b),

|

)
Siia
[
=

1y

e
e
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and L
Z

With the help of Equation 2. 14 the valus of lateral deflection

X corresponding to any given moment can mow be obtained, The lateral

force corresponding to this moment is obtained from

[y

]
=

4

.hC_

The M - § diagrams for the three sections chegen for

study are given in Fig, 2,3,

e

- A plot of load deflection curve is given in Fig. 2.5 for two

representative column sections chosen,

2.8 ~Calculations of deflection ductility and strain ductility

Dividing the lateral deflections by the corresponding values
at yield, deflection ductility ratio 'D' is cbtained. Again, dividing
the strains in the tensile steel by the yicld strain of the steel, the

strain ductility is obtained.

A computer programme is written to compute deflection

~ductility and strain ductility. . The programme alsc gives tha values

o
of lateral load, lateral deflaction, the ratic M/M  and the ratio
: s y

at cach stage of loading. A Isting of the pregramme is given

“

in Appendix A for reference.
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7.9 Presgentation of resuylis
’ For a particular set of parameters, It is found that the tensile
column always yields han the compression culur*m Hence

-

the computation of deflections is made cn the basis of M - © diagram

obtained for tensile columns.
i .

2.0 It is readily seen from B 1g 2,1 that the M --D dla.pram for a
given cross section more or less remains unaffected by assurming that-
concrete does not carry any tension, This plot therefore, proves the

validity of the correspoﬁding assumption made in the present study.

4.9.2 The effect of direct-thrust on the column moments is
shown in Table 2.1. X can be seen that the vertical load on the column
has small but appreciable effect on the yield mornent and ultimate

moment of the column sectiocn.

2.8.3 In order te provide a clear picture of the yielding behaviour
of a system, it is necessary to study the ploet of d »flection ductility’
of the system versus the strain ductility of the, steel of a critical R,C.,C,

-section forming a part of the system. In the present study of portal

&

]

i
i
o~

2 tengils

,
0

frame, such a represen’caﬁve croag=gactior

column. These pl sts are given in Figs. 2.6(a) and 2, 7(a),

In both the cases, it is seen that the plots are bilinear and
that the ratic of maximum dG.LlG"t]Ofl to the Ylt,ld duflectlg is of the

order of 3, However, a glance at the abscissa re\@,eals that at such a .
, .
8
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TABLE 2,1 EBFFECT OF DIRECT THRUST ON COLUMN MONE NTS

p*= p' in all cases

CNLY DL ACTING

(i %) | - | My
in % . ;
(x ba? kpg-cm) (x bd® kg-cm)
Tension  Comp. Tension 'Comp

0.5 11,32 17.05 i1.84 18.43
1,0 21.22 21,38 22,01 34.22
1.5 31.15 46, 88 32.19 50.01
2.0 41.15 62.056 42,34 65.868
2.5 51.17 77,34 52,52 81.26
DL +50%LL

8.5 . 12,08 18.17 12.65 19.68
1.0 21.9¢ 33.00 22.83 35.47
1.5 31.93 48,01 33.060 51.23
2.0 41,92 §3.19 43,17 88.87
2.5 51.95 75.49 53.32 82 .40
DL+ FULL LL

0.5 12.85 18.28 13,48 20.9¢€
1.0 22,74 4.1 - 23,83 38,172
1.5 32.68 49.14 33,80 52.44
2.0 42,869 g4, 32 43,87 88.04
2.8 52.71 79.62 54.12 83.53



value of deflection ductility, the strain ductility is between 20 and 24,
This is mdbed a very high value, The steel at this stage can ﬁot be
trusted to perform its function (of carrying the tensile sfress)
properly. The maximum value of strain ductility which can be
tolerated is around séven. The ordinate at this value of strain ductility
in both the cases is of the oyder of 1.5. This value therefore, appears
-to be the maximum value of deﬂgctiozz ductility Whicﬂ can be safely
addpted for earthquake resistant desigi of the structures used in the

presaent study.

2.9.4 Figs. 2.6(a) and 2. 7(a) also reveals effect of the percentage

of steel on the & Vs, -
Sk y o |
for the same value of , the value of e decreascs with the
, Y J
increase in the percentage of stecl. The non-lincar behavicur and

plot. In both the cases, it is secn that

O

1=

(o

hence the ductility of the structure being an important criterion in an
earthquake resistant design, it therefore; beéomes imperative to
have minimum amount of steel which can be used without affécting
,thé strength of the section., In cther words, cver reinforced sections

are tc be avoided.

2.9.5 The plot of ;—% Vs. %y given in Figs. 2.6(a) and 2. 7(a)

‘ S :
shows that the relationshp between them is also bilinear and that
an increase in the amount of stecl decreases the value of % for

' y

thé same value of —ﬁ .
Y
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%.9.8 Depicted on Figs. 2.8(b) and 2.7(b) are plots between

o

curvature ductility gy and strain ductility . These two
7
plots are also bilinear, However, the deviation from linear is
lesg proncunced than in the case of = Vs, and &
. : Xy y o Xy

g plots. Increase in the percentage of steel decreases the value
5 :

(°

Vsg.

] v

e
of % for the same value of 3 .
Y ‘ y
2.9.7 Fig. 2.8 shows the effect of change of maximum
compressive stress of concrete on the plet of Ky Vs, = The
A ey

curves é,re given for three types of concrete namely, M 150, M 209
and I 280, and for four percentages gf steel of 1 %, 1.5 %, 2.0 % and‘
2.5 % on each face of the cross-gection. The section chogen for

the comparison is square of side fequ_al to 30 ecms. It can bx, noted
from these plots that richer the mi};, more is the deflection ductility

for the same value of strain ductility and for the same value of steel,

> - -
2.9.8 The effect of change in the values-of e_ and e,

O
o QO

u

!

) ’ - - . . : v
=z Dlot can be seen from Fig, 2,9, The plots have been made taking
v :

= . = < ] - = O f =~ 2
e . 004, e, 0.003 and €ou 0.003, e, '0.004..
Percentages of steel are kept 1 %, 1.5 %, 2 % and 2.5 %, Section
chosen is sguare of side 30 ems, It can be noted that for p = 1,5 %
and p = 2.0 %, the two curves belonging to two sets of values of Son

and e are almest overlapping, Forp = 1.0 % and 2.5 %, the two

curves differ very slightly. It is, therefore, infered that the value of

Goy and e, donot affect the § Vs, %y plot to any appreciable
. 4 v

amounnt.,
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CHAPTER III

RESPONSE OF ELASTIC AND ELASTO-PLASTIC SYSTEMS TC
EARTHQUAKE EXCTITATICN

A structural system may fail in two ways viz. functional
failure and structural failure. If the system Yrough structurally
scund, is no longer able to perform its function for which it is
originally designed, it is éaid to have failed functionally. On»the
other hand, if the system is unable to take the design loads, it is

said to have failed structurally.

It has been noted during past earthquakes that many
struct‘ui‘es, in the event of an earthquake, were able to withstand,
Withoﬁt much aamage, mp.‘ch higher eérthquakes than Whét they were
originally ‘designed for, The reason iS not far to seek. The structures
generally aré designed assuming them to be linear. During ah
earthquake, the reserve potential of strength which lies in the
non-linear range, comes to the rescue of the structure., In other
words, keeping the non-linear behaviour of the structures in mind,
it is possiblc,; to design them slastically for reduced forces. In the
evcwf of an actual earthquake éuch a .gtructure, though it may fail
functionally, will at least, not co}lapse. Nen-linearity thus c-ﬁsuries
‘economy in désign, as well as safety of life and property. R is
importanf, therefere, S study the behavicur of structural systems
in non-linear range. In W_hat fellewrs, an attempt has been made

to examine the dynamic response of clastic and elasto-plastic
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structural systems subjected to ground motions. Two different
earthquakes viz, Koyna earthquake of December 11, 1967 and
ElCentro earthquake of May 18, 1940 have been chosen for the purpose -

of this study.

3.1 Equation of motion for a S,D.F, ncn-linear system

The equation of motion for a gingle degree freedom non-

linear system is

‘mX tcx+R ) =-mY{) B 25
in which,
m = mass of thé system
x = relative displacement of the system with
respect to ground
c = damping
R = restoring force function
y = ground displ;acement
t - = time parameter

and dots denote differentiation with respect tc time.
Dividing Equaticn 3.1 by m, we get,
¥+2fPpx+ L R(x) = -F@&) - 3.2
m v .

~The restoring force versus deflection curve has been

assumed to be elasto-plastic in nature and is shown in Fig. 4.1(b).
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With this form of restoring force characteristics it is pesgible to
degeribe the system by its frequency p; damping § andthe -

maximum foree level R

¥ ¢ Also it is convenient to express the maximum

. - . ) i R .
force level in terms of acceleration ay = _J . 8y expressed as a
function of 'g! is called the yield level of the structure.

The Equation 3.2 is solved on a IBM 360/44 model digital
A coinputer, using Runge-Kutta fourth order procedure of numerical

integration,

3.2 Reduction factor

At this stage, it is possible to introduce the concept of
REDUCTION FACTOR, As the name suggests, the term reduction
facter, hereafter denoted as R, F, for brevity, is the ratio of the maximum
force attracted bsr a linear system and the maximum force reached
in the same syziom if It were to become plastic at a particular yield
level, In other words, reduction factor is a factor by which the |
intensity of the ecarthquake ‘motiohﬂ may'be .s_caled down sc¢ that a
lincar analysis with the reduéed ground mcticns corresponds o the
ncn-linear anaiysis with actual grour;d motions. Therefore, if a system

goes into the inelastic range then R.F, is given by

o
i
g
[
3
o
5
o
(¢
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(¥
&
o
8 .
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where,

it were linear,
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3.3 Response ccmputations

Six different systems are analysed for respanse to two
accelerograms viz. longitudinal component of Koyna éarthquake and
N-S compenent of ElCentre earthquake. The systems chosen have
periods egual to 0.10, 0.29, €.50 and dampings equal to 10 % and
20 % cf critical damping. The computer pryogramme works out the
values of maximum rélative displacementé, ductility, and the maximum
“accelerations for a pérticular system defined by ¥ ,. ‘T, and Gy -

T
4

he value of g, is varied from 4,05 to 1.0,

The accelerograms for two earthguakes selected for study

are given in Figs. s..and 3.2.

[

3.4 Presentation of results

Fige. 3.3 to 3.6 gives a plot for ductility ratio versus
reducticn facter for two accelerograms viz, Koyna earthguaks o
December 11, 1867 and ElCentro carthquake of May 18, 1940, Following

inferences can be drawn from these figures.

3.4.1 The reduction factor always increases with an increase in

<9

ductility for a given damping and given time period of the system,

3.4.2 The rate of increase of RF with ductility is larger for larger
pericds of the gsystem. In other words, for a given damping and given
accelerogram the plot between ductility and reduction factors becomes

less steep for larger periods,
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3.4.3 Figs, 3.3 to 3.6 alsu gives plots between RE and period

c-f- ibraticn of the Sy stem fur different dampings and for dlffcr ent
“ductility ratics  for both the aar’chqu.akés. It is noted that for the Kyona
earthquake, the reducticn factor increases with period in the low ranges.

of periud and decreases with p=riod in higher ranges of pericd,

For ElCentro ecarthqualke however, such is not the case.
Here, the reduction factor increases with. an increage in the pericd,
The increase is low in the lower ranges of period and high in the higher

ranges of the pericd.

>

Thig shows that reduction factor is very closely associated

with ground motion! ‘

3.4.4 I can be seen from Fig. 3.7 that for a particular pericd and
damping, the ductility ratic is higher for lower yicld levels, Also it
s-ncted that the duc* ility ratic doe,s 1ot vary with the pericd in the
same marmner for twe accelerograms., For El Ceniro, the ductility
ratic mcreas >s'w1th period for short pericds and decreases for lonvg :
periods. r Kyona, ductility ratic decreases with increasing pericds,
Thusvn‘o uniform 'pattern can be e¢stablished, The choice of the
minimum yield level chosen for design will, therefore, depend upon

the particular accelerogram and particular ductility chosen for

design.
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CHAPTER IV

SCOPE OF FURTHER WORK IN THE PRESENT STUDY

The primary idea behind the present study being
undertaken ig  to get an insight into the strain behaviour of the
structural material with increasing load. A relationship between
deflection ductility and strain c_iuctility is indeed, obtained, Howsaver,
there are many other aspects of the problem which are yet to be

studied. In the following pages, a discussion of these is presented.

4.1, » In the present study, tﬁe behaviour of a rigid jointed, fixed:
base sirigle storey portal frame ié examined, The beam is supposed

to be infinitely rigid. I implies that the moment at the top and

bottor: of a columi is always equal and thérefore there is simultaneous
yielding at both of these points. Is it always the case ? The

answer is no. In ‘practice, ratio of moment of inertia of beam

and the columnn denoted by Ly and IC respectively, is seldora equal

to infinity. Referring to Fig. 2.4(a).an;i using élope deflection

equations, one can arrive at the following expression :

2 .
M- 18 ky %9+ 3 K. ky . '
BA _ « 1 . 41

M Y 2 . '
AB \13}{11{2"*'9 1{1.1-2+1

3
DN

in \Which,
K, = 2
1 =
Ie
i = th e
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S
n

moment at the top of column AB

M A = moment at the bottom of column AB.

e

As an exaraple, let us take k2 = 1 and k:l = 2.

Substituting in Equation 4.1 and simplifying, we get,

M,

_BA | g = 0.8571
Mpp
. I S
L Mg, 0.8571 M,

With the increase in lateral load, there shall be a stage
when M AB AWill become equa; to the yield moment of the column
section My . At this stage, though the point A has started yieldmg,'
’a;s point B, moment is less than My énd is equal to 0.8571 My. On

further increasing the load, M will ultimately become equal to M, ,

BA
the ultimate moment of the column section. The moment at B at this
stage may or may not reach My’ depending upon the ratio k 1 But
ite value can be assessed. Similarily, the values of the moments

at points C and D at each stage can also be assessed.

As soon as any of the four critical sections has yielded,
Fquation 4,1 is no.loﬁger applicable, Since, h_owever; the values of -
I\/Iy and M fora section can be precisely estimated,; a neﬁv eQuation
of the forrﬁ of Bquation 4.1 can be written using thefslope-deﬂécﬁon

method. With the help of this equation and by giving incremental



increase in the moment of the yielde‘d scetions beyond My and
upto Mu , complete moment diagram history for the cclumn at
each stage of loading can be drawn. From thg M @ diagram,
the corresponding curvatures can be obtained. Then using the
method indicated in Chapter II, expressions for calculating the

lateral deflections at each stage of loading can be obtainced.,

4,2 In addition to the contribution of curvature to displacement,

tmame zre three cther effects which contribute to tie displacement ¢

1 displacemcant arising from shear deformations.,

2.  displacement caused by the ''indentation'' of the concrete
stress block in the bottom and top girders, and

3. displacement caﬁsed by the concentrated rotatic)ﬁ which

takes place at the ”f_ixity” points of the columns due to

the slippage of the reinforcement along the aﬁchora'ge

length.

In the following, expressions will be given for each one of these -
effects:

1.  The deflection caused by the shear deformation is given

in which



P = 4 M/hC , shear force acting on both columns:
) A = gross sectional area
G =

shear, modulus of concrete assumed equal to

E_/2.30.

2.  The meaning of "indentation' of concrete
atrese Block is illustrated in Fig. 4. 1(a). Trosting the
bottom and the top girders as clastic half spaces
and replacing the triangular stress bloci;: by an
equivalént uniform distribution and assuming that the
ihdentation does not extind beyond the tensile rei:aforce—-
mant, the folluwmg cxpression gives the value of the

vertical depression at the middle of the equivalent

uniform distribution (Timoshenko and Goodicr, 1951,

pp. 38).
_25;' dc2+c . d-c/z -y =
v mzlgﬁ—czwﬁcqc
4,3
in which
a = equivalent uniform stress
v = Poisson's ratio for concrete,
The angle 8 can then be found from
g‘ = v . _ 4.4



«d 3=

The coniribution of the indentation to the total deflection

then becomes

o]
o]
I
(=2
e}
«@
W
3,

3., The final additionél component of the calculated
deflection i8 assumed to have been c’auséd by the slip
5f the tensile reinforcement along ifs embedded
length. The slip is _calcula’ce‘d based on the aésumption
of a linear distribution of bond stress along the

development length as indicated in Figs 4;1(a), The

development length is found from the expression
, 7
l - ...._.3_ 4. 6

in which

D

= diameter of the bar
u = unit bond stress,

The elongation at the location of the crack then becomes

1f
dl = 2‘%{3 43. 7

in which
a = elongation of the bar at the level of the horizontal

crack,

It is assumed that the width of the crack at the same location

is equal to dl, than angle @ (Fig,4,1(a)) is given by -
dl '

d=2

18
e
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The contiibution of the slip to the total deflection then

) Becomes
x, *= h_8 : 4,8

Thé total displacemen‘t ig thet f ound from the ;fél_lowhg

expressgion

in which
Xb = deflection contributed by the bending evaluated
by integratm,g'the curvature due to bending

over the height of the column;

In the present study above mentioned three effects are not
inélude&. It should be noted that first and second effectsrare- directly
progortional to the moment of the section., It means that by including
these efiects; the véa.lué of displacement in the post elastic range will be
affectc;d " more than the valug of displacement at yield, And{,
therefore, the actual value of ductilities will bé somewhat higher than

those obtained in the presenf study.

(V]

4, _Lastly, it is clear that the present study is purdly theoretical
in nature, There is a strong need tc examine the validity of the
conclusions drawn in this study. Unless that is done,

designers would be sceptical in applying these results directly to

buildings.
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CHAPTER V

SUMMARY OF RESULTS AND CONCILUSIONS

Following conclusions are drawn on the basis of present

investigation regarding the inelastic behaviour of reinforced concrete

frames during earthquake,

1. M - ¢ diagram for a given cross-section remains more
or less, unaffected by assuming that concrete does not

carry any tension.

2. The axial thrust affects the column moments. Whether
the axial thrust will increase or decrease the column
moments will depend upon the range of the thrusts and

moments considered in the thrust moment interaction

diagram.

3.  Deflection ductility of the order of 5 is never achiceved,

The maximum ductility achieved by the structure is of
. o
the order of 3. However, even at this value of deflec-

<

tion ductility, the corresponding strain ductility in the

reinforcement is of the order of 20,

4, . For the same strain ductility, deflection ductility

decreases with increasing percentage of steel,

17 2 o™
loﬁm Y e
o q00R
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5. Richer the mix, more is the deflection ductility attained

by a structure for the sanie amount of strain ductility.

6. A change in values of-the ultimate strain of concrete
and the strain at which compressive stress is maxi-
mun: do not affect the deflection ductility of the

structure to any appreciable amount,

7. The reduction factor always increases with an increase
in ductility for a given damping and given time period

of the system.,

8. The cffect of ductility on reduction factor is large for

larger periods.

9. The reduction facter is very closely associated with

the ground motion.

10. For a particular period and damping , the ductility

ratio is higher for lower yicld levels,

The present study brings out the fact that there is a strong
need to gxamizue the strain behaviour of the structural matérials
while 'recommending a particular value of ductility. In practice, a
ductility of the order of 5 will probable never be achieved as the
concrete will be crughed at a value of ductility of the order of 3.

_ Bven at this value of deflection ductility the strain in the reinforcement



will be about 20 times its yield strain, It is, therefore, concluded
that for a strain ductility of the order >f 7 in reinforcem ent, the
value of deflection ductility is of the order of 2 for the structures

examined in the present study.

From the gtudy of dynamic response of structures in /
inelastic range, itAisA concluded that for obtaining the \;'alue of
minimium yield level and reduction factor for designing a
structure for a particula‘r earthquake, the actual accelerogram

of the earthquake should be analysed. .
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10400 CALL COL(FCBARSENQT;GsPsECAPS A

APPENDIX A
PROGRAMME FOR MOMENT—CURVATURE DIAGRAM

DIME NQIPN C(4)

READ 201 ,ECAFSsFCBARSECULT 2ENOT o ESURY s ACURY »ALP

I;AD 2999U9Q_3,P9|5 HC:DB » G

2C1 FORMAT(8EILIQ.4)

29¢ FORMAT (8F10.23) .

202 FORMAT(EHECAF3=3E1064/6HFCBAR=3EL04/6HECULT=sE10.4/5HENOT=5E1064/
12HP = FBe4/2HG=sF 80l /2HA=3F8ol/2HW=321004/T7THB BY D=9F8c4/2HD=9sF804/
212HHT . BY SPAN=+E10s 4/7FHtIGFT—5g1094/3dDB—9F8u+/?HACCURACY—9E10ow
3/6HESUBRY=eE1C4)

67

\

301 FORMAT (//37HFROGRESSIVE ROOTS FROM CUBIC OF ESUBC)
302 FORWMAT (1S5HVALJES AT YIELD)
303 FORMAT(6HESURC=sE 104/ THMOMENT=sE100 4/ 4HPHI=3E1004/

léqFSBAR"SLlp L/5HNsAo=9E]10a4/2HU=2F10c4)

304 FORMAT(6HFACTCRS5XsEHESURCa5X s 5HESURS 9 5X s SHESBAR s 4X s GHMOMENT 55X »
I13HPHT 35X sb4HN e s 7Xa1H J)

305 FORMAT (F6a2s751004)

306 FORMAT(22HFACTOR IS FOR DIVISION)

307 FORMAT (Z8HFACTCR IS FOR MULTIPLICATION)

308 FORMAT (26HRESJLTS FGR TENSION COLUMN)

309 FORMAT (30HRESULTS FOR COMPRESSION COLULIN)
PUNCH202 sECAPSsFCBARSECULT+sENOTsPsGaAsWaRD:HB SaHCaDB:ACUHYsESUBY
L=1 :

82 PUNCH 30¢
GO TO 578

81 PUNCH 308

678 ECOLD=
RHS5=0,
ESURC=0.
ESURBS=ESUBY ,
TSBAR=P*ECAPS*ESUPRY !
CS3AR=G*TSBAFR
PUNCH 301

1=
“

it
w
(-
Co

'SaTSBAP»C)
Cl4)=C(4)=-RHS*(ESURCHESURS)
CO1 GEMERATES ZERC RHS
CALL CUBIC(C,ICsRQOT)
IF(IC)1028-,1C0D51028
100 ESUSC=R0OOT

KODE=1 ’
ESﬁAP‘(lo—A)”‘SUP -A*ESURS
IF(RESBAR~ESUEY Y1202 °

2 KODH-

CALL CO2(FCBARSENQOT,CSEAR»TSBARSESUBSSC)
Cl{4)=C(L)-RHSX(ESURCHESUBS)
CALL CUBIC(C,ICsROOT)
IF(IC)1028.,101-1028
ESUSC=R0OCT
CALL CG1o0( FCRXR-FSU%CAEMOIaFS BS:KODEsGs PsECAPS s AsESUBY s HC »

i—-l
[N
—



1D0BsWsRsDsHBYSsLoENsZJsRHS o ZMB)
PUNCH201 sESURZ
PCTG=( (ESUBC-ECOLD) /ESUBC)
PCTG=ABSF(PCTG)
IF(PCTG—=ACURY)100151001,1002
1002 ECOLD=ESUBC -
GO TO 1000
1001 PHI=(ESUBC+ESUBS) /D
RHSYD=RHS
ECY=ESUBC
PUNCH 302
PUNCH303 s ESUBCsZMBsPHIsESBARSENSZJ
PRESCRIBING VALUES OF ESUBC
IF(ESUBC-ECULT)I1009:1016,1016
1009 READ2S9sFLAST
PUNCH 306
PUNCH 304 -
1010 READ299,FACTR
ESOLD=0
FSURC=ECY/FACTR
RHS=0. .
ESUBS=0.
CC=FC3AR*ESUEI*ESUBC/ENOT
CC=CCH*(1e—ESUBT/(3*ENOT) )
1004 CALL CC3(PsECAPSA,GsCCHESUBCSC)
C(3)=C(3)~RHS*(ESUBC+EZSURBS) '
CALL QUAD(C,IC,RCOT)
IF(I1C)1028,102,1028
102 ESUBS=ROOT
KoDeE=1

11 KOoDE=0
CALL CC4(P+ECAPSsCSBARSESUBC,CCHC)
C(3)=C(3)-RHS*{ESUBC+ESUBS) R
CALL QUAD(C,IZsRO0T)
IF(1C)10285103,1028
103 ESU3S=R0O0T
10 CALL CClO0O0(FCBARSESUBCSENOTsESUBSsKODEsGsPsECAPSsASESUBY sHC:
10BsWsRsDsHBYSsLsENsZJsRHS 9 ZMB)
PCTG=( ESUBS—E3SCLD) /ESUBS
- PCTG=ABSF (PCT3)
IF(PCTG-ACURY)1003+1003+1005
1C05 ESOLD=ESUBS
GO TO 1004
1003 PHI=(ESUBS+ESUBC) /D
PUNCH 305,FACTRIESUBC,ESUBS>ESBARSZMB s PHIsENSZJ
IF(FACTR-FLAST)101051011,1011
1011 FACTR=1. -
ESOLD=0o,



PUNCH 307
PUNCH 304 ,
RHS=RHSYD )
ESUBS=ESUBY
1015 ESUBC=ECY#*FACTR
IF(ESUBC-ECULT)1025418026,1026
1026 ESUBC=ECULT
1025 CC=FCBAR¥ESUBC*ESUBC/ENOT
CC=CC* (1e—ESUBC/(34%ENIOT)) .
103¢ CALL CO5(GsP,4sECAPS.:ESUEC, TSBARSCC,C)
C(3)=C(3)-RHS* (ESUBC+LESUBS)
CALtL QUAD(C,ICsROCT)
IF(IC)Y1028,104+1028
104 ESUBS=ROOT
KODE=1
ESBAR=(1e—A)*ESUBC-A*¥ESUBS
IF(ESBAR-ESUEY 15516916
16 ESUBS=CC/ (RHS=CSBAR+TSBAR)=-ESUBC
KODE=9D
15 CALL COlOC(FCBARSESUBCsENCT sESUSSsKODEsGsP ot CAPS sAsESUBY o HC s
I1DBesWosReDsHBYSsLsENs ZJsRHS s Z1MB)
PCTG=(ESUBS-ESOLD)/ESUBS
PCTG=ABSF(PCTS)
IF(PCTG=ACURY)1021,1021,1022
1022 ESOLD=ESUBS
GO TO 1030
1021 PHI=(ESUBS+ESUBC) /D
PUNCH 305+sFACTR:ESUBCsESUBRSsESEARSZMBsPHIsENsZJ
[F(ESUBC-ECULT)1027+1029,1029
1027 FACTR=FACTR+3.5
GO TO 1015
PUNCH1017
FORMAT (55HCONC STRAIN IS ULT wHEN STcEL YIELDS )
GO TO 1029
1028 PUNCH 1C31
1031 FORMAT (14HROCT IS ABSURD)
1829 L=-—-L
IF(L)YB1s81:84
g4 GC TO 675
676 STOP
END
SUBROUTINE CUBIC(CsICsROOT)
ODIMENSION C(4)sR(1)
IP=2
AC=C(4&4)YysC(1y
Al=C(3)/C(1)
A2=C(2)/7C(1)
EX=1s/3.
IF(C(4))30,224+30
29 R(1)=0,
GOTO 1034

b
oo
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o



30 Q=(AQ—=AZHAL/Ze+2 e ¥A2¥A2¥A2 /276 ) /2
IF(Q)1010,1008,1014 -
1008 2=0, ,
GO TO 1032
1010 Q=-Q
Ip=1 -
1016 P=(A1-A2%A2/35) /3
P3=D%p*p
Q2=Q%Q
PQ=P3+Q2
IF(PQ)Y31+32,533
3] Z2=—=2¢%SQRTF (=P )#COSF(ATANF (SQRTF(-PQ)/Q)/3.)
GO TO 1028 ‘
32 Z=—24¥Q¥*EX
GO TO 1028
33 SPO=SQRTF(PQ)
IF(P)34,35,36
34 Z==(Q+SPQ)**EX—(Q-SP& ) **EX
GO TO 1028
35 Z==(2e%Q)#%EYX
GO TO 1028
36 Z=(5PQ-Q)*#EX—( SPG+Q) #%EX
1028 GO TO (1030+1032),1P
1020 Z=-7 '
1032 R(1)=2-A2/3.
1024 C(2)=C(2)+R(1)#C(1)
C(3)=C(3)+R(1)1%C(2)
CALL QUAD(CSICsROCT) "
O IF(IC)61+62561
61 IF(R(1))63:64564

64 1C=0
ROOT=R(1)
GO TO 63

62 IF(R(1))62+565565
65 IF(ROOT-R(1))63:63,06¢
66 ROOT=R(1)
63 RETURN
END

SUBROUTINE QUAD(C»ICsROOT)

DIMENSICN C(3)

A=C(1)

B=C(2)

AC=C(3)

IF(A)B81+82s81
82 ROOT=-AC/B
GO TO 44
D2=83%B~bo*A%pC
F=—B/(2«%A)
IF(D2)145:42443
42 ROQT=F

O:).
(=]
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47
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CC(2)=P*ECAPSHESUBCH (( ~2 ot i

GO TO 44
D=SQRTF(D2)/(2s%A)
ROOT1=F+D
RO0CT2=F-D
IF(ROCTL1)51452452
IF(ROOT2)45,62+62
IFIRCOT2)60s£0463
[F{ROOT1-RO0T2)6Cs860Us072
ROOT=RO0CT1

GO TO 46
ROOT=R0O0OT2

GO TO 46 ‘
IF(ROOT)I 4545446
Ic=1

ROCT=1000.

GO0 TO 47

IC=¢

RETURN

END

SUBROQUTINE CCL(FCEARSENOT sGoPsECAPSsAsESUBS» TSBARC)

DIMENSION C(4)
C{l1)=—FCBAR/ (3 +*ENOT*ZNOT)
C( V= (FCBAR/ENQOTHGHP*ECAPSH (1a—A))
(3)=G#PH*ECAFS*(1e—2:0%A) ”EbUBS TSBAR
L(4 ——TSBAA"czUbC G* P’LCFPQ #ESUBS*ESUBS
RE(U?N
END
SUIROUTINE CO2(FCBARSENOT +CSBAR s TSBARS ESUBSSC)
DIMENSION C(4)
C{(L)1=—FCBAR/ (3 «*ENOT*ENOT)
(2)—FCB R/ZZNOT
C(3)=CSBAR-TEBAR
Cl4)=C{3)*ESLSS
RETURN
END
SUBROUTINE CO3(PsECAPSsASGs CC ESUBC,C)
DIMENSION C(3)
C(1l)=—P*ECAPS¥*(1+A%G)

A¥G-1
C{3)=CCHO*P*ECAPSH* (Lo—A)*ESUDCHESUBC
ETURN
END
SUBROQUTINE CC4{P,ECAPSSCSBARSESUBCsCCHC)
DIMENSION C(3)
C(1)=-P*ECAPS
C(2)=CSEAR-P*zCAPS*ESUBC
C(3)=CC+CSBAR*ESUBC
RETURN
END .
SUBROUTINE CCL5(GsPsAsECAPSsESUBCs TSBARCCsC)
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NSION C(3)
C(1)=—G*P*A%ZCAPS

C(2)=C*P*ECAPS*{la—2¢%A)XESU
C(3)=CC-TSBAR*ESUEC+G*P*ECAP
RETURN

END

SUBROUTINE CQ100(
1DBsWsRsDsHBYS s L5 EN
CCBAR=FCBAR=*FSUBC*ESUBC
CCBAR=CCEAR*¥(1.=ESUBC/3
CC3AR=CCBAR/ {ZNOT*(

AL~L
FIKODE) 39443

« ¥ENO

CSBA? G”P*tCAPSf((l.—A)fEbUB
GO TO 5
CS AR=G#*P*ECADPS*ESUBY

—_SUBC/(LSLSC+ESUDS)
CNUM=1.—(Ja LJU~C/<U.meuT))
CDEN=14~(ESUE *ENOT) )
EC=0.666667% N CNUh/CD[h
7J=1e+EC-EN
IM=CCBAR*ZJ+CSBAR¥(1+—A)
Z=(HC+DB) /HC
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PROGRAMME FOR OBTA
“C CALCULATIDN CF DUC
DIMENSTION ZM(10) sPH
READ LvaNDhTA
DO 1 N=1sNDATA
PUNCH 159R
READ 11sP+sGsRsDsHBS+HC
PUNCH 16sPsGsRsDsHBS:HC
READ 10 sNX
READ 11s(ZM(I)sI=1sNX)
READ 11s(PHI(I)sI=1sNX)
READ 11 s (STN(I)seI=1sNX)
READ 119ZMYSPHIYsSTNY
PUNCH 19sZMY (PHIY
10 FORMAT(IS5)
11 FORMAT(B8E1O.¢%)
PY=(ZMY*R#D*D*D) /(250 %HC)
DELY=PHIY*HC¥AAC/12.
FUNCH 17.PY
PUNCH 18sDELY
PUNCH 14
DO 1 I=1:NX
=ZM( 1)
B=PHI(I)
IMR=A/ZMY
P=PY*ZMR
PHIR=3/PHIY
STNR=STN(I)/STNY
CALL DELTA({HCsZMYsAsPAIYsBsDELYsDELRSDEL)
PUNCH 125P9DELSZMR99HIR95TNR9DELR
CONTINUE
1 FORMAT(6(ELIGe433X))
14 FORMAT (4Xs1HPs 8X9thDLrL[CTlON AXs3HZMR s 10X s 4rPHIR s 9X s GHSTNR 59X »
14HDELR) '
15 FORMAT (///712HDATA SET NGesl2)
16 FORMAT(2HP=3E10e4 s 1He s2HG=9E10 49 1Hs »2HR=9E10o4 s 1Hs s 2HU=5>E1064
11Ms o 4HHBS=3E1Ce4 s 1Hs s 3RHC=HE1044)
17 FORMAT(/11HP AT YIELL=5sE1Q«4s6HTONNES)
18 FORMAT(20HDEFLECTION AT YIELD=ELQe4s4HCHSS)
19 FORMAT (4HZMY=5E10e4s1As0HPHIY=3ELCe4)
STOP . '
END
SUBROUTINE DELTA(HCsZMYsAsPHIYsBsDELY sDELRSDEL)
QL2 =HCH*ZMY/ (Zzs%*A)
QL1=0C.5%HC-GL?2
TH2=0.5%PHIY*QL2.
Y2=PHIY*QL2%QL2/3,
C THL1=0e5%QL1#*(B+PHIY)
Y1=QLL¥QL1I*(24%*B+PHIY ) /6

INING DUCTILITIES.OF STRAIN AND DEFLzCTION
TILITY CURVES RAV PRK 16030
I(10)sSTN(LIO)

[N



TT=TH1+7TH2
DEL=24*{QL2*SINF(TT)=Y2*COSF(TT)+Y1)
DELR=DEL/DELY

RETURN

END
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NOTATIONS

The symboles uscd in the present text are defined vhere they
first appeai';_ For quick reference the notations are given below in _

alphabatical order:

C, = Compressive force in the conerete
€, = Ccmpressive force in compression steel
E.S =  Modulus of clasticity of steel

Iy = Moment of inertia of the beam

I, = Morment of inertia of the column
M =  Moment

_Mb = Moment in the beam

Nd = Depth of nutral axiz

P = Letefal lcad at the top of the portal fra1.:ne
R = Restox:in.g force functicn

T 2 Time period of the system

T = . Tensile forece gn'the tensiie stecl

W =  Direct thrust in the column
X

= Lateral deflection

-
n

.Accélératio;i

ad =  Depth of cempression steel from top
b | = Width .of the section |

c = Dginping

1

=  Distance of the C.G, of compressive force ¢f concrete
from neutral axis
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- Effective depth of the section

Distance between compressiﬁre and tensile steel
Total depth of thej beam |
S‘trainl

Strain in the top fibre uf concrate

Strain in concrete at which cciapressive stress is maximum

" Strain in steel -

Strain in compressive steel

Stress

Maximum compressive stress in éc-ncrete

Accé sration due to gravity

Height éf the column (clear)

Ratic of moment cf Inertias of beém and column'
Ratio of hei_;gh‘c and span of the frame

Masgss

Percentage of tensile steel

Percentage of comprassive steel -

Yi:ld level

Time parameter

Rolative displacement of system with resi)ect to greound

Ground displacement

Curvature

~

Damping as a percentage of critical,
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