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The purpose of this thesis is to study the elastic 

and inelastic response of single degree of freedom systems 

for Koyna  accelerograms as recorded as well as for 

modified. 

For elastic analysis the accelerogram Is derived 
in any arbitrary direction from the recorded accelerogrems 

in mutually perpendicular directions. The elastic response 

of structures is studied for the modified accelerograms, 

The effect of orientation of this direct .on with respect to 

recorded accelerogram on the elastic response is also 

studied. 

For the inelastic analysis the earthquake record is 

modified by al gyring its time base by a factor of 1, 5, The 

effect of this modification is studied on the inelastic 

response of the structures. 
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I 'RODUCTION 

1.1 I.-ntrodnetion 

The nature of the earthquake motion differs 

from place to place and also in different directions at the 

same place. Strong motion records are available only for 
very few earthquakes. The informations are limited due to 

the fact that the whole seismic region can not be covered 

by the recording instruments as they are very costly. There,. 

fore the aim is to utilize se the available information for the 

design purpose. Since earthquake motion differs from place to 

place therefore the motion recorded at one place need to be 

modified to use at other place. The effect of accelerograrn 

modification has already been studied for linear systems by 

various Investigators and some important relations have been 

obtained. In the present thesis two types of accelerogram 

modification studies are carried out as stated below. 

(1) As the earthquake records are generally 

available in three perpendicular directions and therefore 

the response canoe obtained only in these directions. But 

some times we need to calculate the response in any general 

direction. He the modified accelerogram is obtained for 

any general horizontal direction and the effect of the 

direction Is studied on the elastic response of the 

structure. 
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(2) In case of inelastic studies the effect of 

modifying the time base- without altering the ordinates is 

studied on the inelastic displacement response of the 

structure. The elastic response for such modifications has 

been studied previously(14). 

1.2 pbleet .Yc~s ►f the Study 

The ob3ects of the thesis may specifically be stated as 

follows : 

1.. To investigate the effect cif the orientation 

of a structure with respect to two recorded 

acceiorograms in mutually perpendicular directions 

on the elastic response of the structure. 

2. To study the effect of the time base modification 

on the inelastic response of the structures. 

To aachive the above ob3ectives the following tiork, 

has been carried out. Koyna accelorograms recorded In 

longitudinal and transverse directions of the Koyna Dam are 

taken as the basis for all computations in the present study. 

(i) 	The modified accelerogram is obtained for any 

direction ' 0' by vectorial addition of the ordinates of 
the two accelerograms where ' 6 ' is the angle from longi.- 

tudinal component, 
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(ii) 	Acceleration, velocity and displacement response 
spectra and spectral intensity are computed for the recorded 

and the modified accelerogram and comparlaion is made 

between them. 

(iii) In-elastic response of single degree systems having 
various Yield acceleration values have been computed for 

the Koyna longitudinal component with the origional time 

base as well for the elongated time base by a factor 1.5 

(iv) The aariation of ductility ratio 4th natural period 

and yield level has been studied for the on iorial and 

modified accei.erograms, 

(v) The reduction factor have been worked out for a 

structure of given period and different ductility ratios. 

(vi) The elastic and, inelastic displacement response values 

have been compared with reference to ductility ratio and 

damping Values. 
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loge a = 	-0.5 	... (2.1) 

llershberger (3.9) studied 108 strong motion records of 

60 earthquakes as united states during 1947 — 1954 and gave a 

relationship, 

loge a 	i0.9 	.. (2s2) 

All the above studios shoe that variation in ground 

accelerations for the same intensity is so great that such 

values are hardly of significance* 

It was considered more appropriate to use 'magnitude' 

which is an instrumental measurement of the shook for relating 

4th the ground acceleration. 

Guttenberg and RLehter(18) assume that intensity of 

ground motion is proportional to the cube root of the energy release. 

This energy is calculated from the relationship. 

log10  E 	9.4 • 2.1414 .. 0.0 2 	.» (2.3) 

This above equation is now modified as 

logid E = U.4 + 1.5M 	 •.» (2,4) 

Also it is assumed that ground motion intensity is 

inversely" proportional to the square of the distance from 

epicentre. The ground motion distance relationship has been 

borne out from the results of blast recorded by Carder and 

Cloud (9) The relationship is aft bolow 

d 
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Retitetatuz  

2.1 =2 
Earthquake resistant design becomes essential In 

highly seismic areas espac ally in case of tall and important 

structures. For computation of structural response in 
seismic regions, the madmum anticipated accelerations and 

the form of an accelerogram are required. As very small number 

of past eerthqunke records are available therefore It Is 

necessary to take advantage of the data already collected and 

establish, relationships expressing accelerations as a 

function of magnitude, focal depth of anticipated earthqu-ke 

and distance of the site from the epicentre. 

2.2 Yntez aj tv 	? erat Qn_ sen 	udJrstno 

Two approaches are generally used for determining 

design coefficients for engineering structures in seismic zones. 

One is based on the 'Intensity' concept and the other on the 

energy criterion, The magnitude (Richter) of anear'tht ake is 

related c .th the energy released at the focus therefore in the 

latter the peak acceleration Is erivec from the magnitude of 

the shock. 

Attempt has been made to relate ground accelerations, 

with the intensity asigned on the basis of personal feeling and 

judgement (17, 18, 19, 38) Guttenberg and Richter (18) are 

proposed a to ithmic relationship between maximum ground acce.-

leration 'a' and intensity `_' as follows: 



where 	a = ground acceleration 

F = energy released obtained from equation (2 3) 

A = epicentral distance 

h = focal depth 

a = constt absorbing the effect of ground conditions. 

Equation (2.4) would give exceedingly large aeceler*» 
ations for earthquakes of magnitude greater than?, specially 

near the epicentre. aousner ( ) believes that there seems to 

be ; an upper limit to the ground acceleration during earthquake 

however big the .shock may be. The bigger is the magnitude of 

an earthquake the greater is the area with high intensity of 

motion and therefore highest intensity of ground motion near 

the epicentre does not greatly differ from thdtt during moderate 

shocks. A value of 0.8 g has been suggested as an upper limit 

to the acceleration by sousner. This value is only rough 

estimate of expected acceleration,, 

During Koyna earthquake 196? (Magnitude 6.?) the maximum 

acceleration recorded was 0.63g. Also in Assam shock of 189? 

(Magnitude 8.5) thioughing 'up of boulders from mountain slopes 

was an indication of acceleration to be of the order of 0.6 
to 0,65 g. It is significant that maximum ground acceleration 

was same in both sbock s but the extent of areas that suffered. 

damage was widely different ° in the two cases.. 

Assuming o.65 g as an upper limit to the epicentral 

acceleration Jai Krishna and Bri, esh Chandra (31) have given 



the rolationships for calculating the epicentral acceleration 
P.nd acceleration at any other point, far distant from the 

opicontre. 

Using the acce1erationniagnitude relationship (30) 

the following relation is obtained 

h 	' 6,5 	. . 	(2.5) 
1.4,5 { 

it 

Regarding attenuation of acceleration it is postulated 

that shallow focus shocks the out faster where as the attenuation 

Is much slower in deep focus shock, It is assumed that the 

attenuation is an exponential  function of WNW, Expressing 
acceleration 'a' at any distance D, 

a 	so a °< ' D/h) 3/2 	 ,. 	(2.6) 

where (= arbitrary eonett*  Parkfield earthqutnke of 

1966 has offered acceleration values for more than one location$  

and therefore provides useful data for evaluating 	according 
to this off= 0,26 therefore 

10(M-5)  
a 	' * 	 _ 	 rw 0. 	(D/h) ' s • (2.7)  
g 	 10(M5) 

1.4,5 

Equation 2.? expresses maximum ground 'accelerations at 

a distance 'D' from the epicentre with magnitude t4. nd focal depth. 



The equation C2.7) is also available in the form of curves. 

The values of the attenuation factor of as determined by 

sliding and overturning of objects for Koyna. and Broach area a 

are 0.1 and Oro respectively. 

a 	 . 	• 

The important parameters of accelerograrn which affects 

the response of the structure are 

1. Peak acceleration 
2. Frequency or period of gave. 

3. Effective duration and total duration of record. 

To study the affect of above parameters on the response 
of structure, a comparative study of Koyna nd El-oentro earth 

quakes was carried out by Jaiki ishna and S.S. Saini (32) . 

oYna 1967 
	

Elcentro 1940  

Peak acceleration 	0.63 g 	 0.33 g 

Total duration 	10 Sec 	 30 See 

Magnitude 	 6* 5 
	 711 

8picentra3. distance with in '2 Milo 	30 miles,. 

For the two earthquakes the velocity spectra were drawn 

and it r as concluded that for very short period the response 
due to Koyna earthquake was more than that due to 'glecntro but for 

longer periods the response duo to Elcentro earthqu ke was more 



than due to Koyna earthquake. The response spectra for the 

Koyna shock is depressed in the longer period range and thus 

exhibits a different pattern than obtained for Elcentro shock. 

Higher frequency components are present in the Koyna record 

than in Elcentro record, 

The peak ground acceleration of Koyna earthquake is 

approximately twice that of Elcentro earthquake.  Had the . 

waveform of the two been, of the sage pattern, the response due 
to Koyna shock would have been t Lice that of due to Elcentro. 

However, the response due to Koyna is much lesset over a wide range 

of longer periods, Therefore peak acceleration alone does not 

represent the exciting potential of an earthquake shock, The 

frequencies associated dth the acceleration pulses are as 

important as the peak acceleration. In fact the response is an 

integrated effect over the effective duration of strong ground 

motion. 

An Earthquake results in the highest spectral response 

during the few seconds of the record having highest peaks. The 

rest of record before and after these peaks does not effect the 

maximum response, The duration of this part of the record is thus 

termed as effective duration.. 

The higher frequency components are attenuated very 

quickly. Therefore as the epicentral distance increases only 

the io er frequency components remains, the structures having 

larger period will be affected much more than the structures of 
1^„-...Ar1Afqd_ 
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The elastic response of the structures can be very 
well obtained with the help of the spec'► curves, For the 
design purpose Housnsr' s average spectra may be used by multi. 

plying a suitable multiplying factor. 

	

#5 	Spcta(24) 

For the purpose c of obtaining response peratneter SV 

a standard spectra mutt be defined In such a way that the 
excitation potential `Q'of an earthquake may be used to obtain 

the multiplying factor. Also the standard spectra must take 

care of the fact that in different shocks the peaks will have 

random distribution with respect to period parameter Housner's 
average spectra satisfy these requirements. These, are obtained 

by averaging the spectrumval*es of the 8 cornponeztsof the 
four strong ground motion records (Elcentro 19a4, Elcentro 1940, 

Olympia 1949 and That 1952) and turnout is a neat smooth 

silapec. :lultiplYin-,;factors for these shocks have been aligned 
as 1.9, 2.7, 1.9 and 1,6 respectively. 

	

2,6 	 .~y. 
A method to workout this factor was developed by Jaikrishrta 

(30) using the magnitude, distance.acceleration relationships. 

Multiplying factor could then be calculated in proportion to the 
peak acceleration at that site.. The response of the structures 

is not only affected by the peak acceleration but also affected 

by the frequency of wave form. Therefore question of multiplying  



factor should be viewed with respect to response spectrum 

rather than the peak acceleration alone. In fact the excitation 

potential of an earthquake shock at a site would be better 

represented by the quantity spectral tntensity(24) which gives 

a qualitative idea regarding the structural response of 

structures having periods varying from 0.1 see to 0.25 see. 

Mathematically 

0.25 
(T,-  ) dZ 

0.1 

For the purpose of comparing the potential of various shocks it 

is desirable that only undemped spectral intensities should be 
workout. 

Problem of determination of multiplying factor is 

divided in to the following abeps 

1. Determination of undamped spectral intensity of an earth. 

quake with peak ground acceleration as unity, This will be 

referred to as normalised spectral intensity (OIO)n  and 
epicentral distance D is sought. 

2. Determination of peak ground acceleration I V expected at 

sight. 

3. Exciting potential of an earthquake `9'could then be workout 

at any place from the tollouing equation 

8,  = a (SI) n 
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4. 'Q' thus calculated may be interpreted as a multiplying 

factor for the standc d spectra* 

Multiplying factor F = 	#---6 
8.35 

For calculating the quantity `Q1 a and(S10) n are 

required. These may approdmately be computed as follow 

a) (Sla)n 	a p.,42EU + 5,73 	 .0 (2108) 

2.,925 	 3/2 
b) ai  h  0. a(D/h)  ..(2.9) 

(M5) 
I ,S x 	h 

By the above proced. O the effective struct al 

response spectra in the elastic range can be wonted out without 

actually having the recorded aceelerogram. The parameters to be 

assumed are the magnitude 14, the depth of focus h and the 

epicentra). distance n. For determining these a statistical 

approach based on past earthquake history of the area, location 

of active faults and short term micro. tremor study has to be 

used an above milt trained judgement based on study of past 

earthquakes and their corelation with seismo tectonics will be 

most essential. 

For very high seismic force the elastic design of the 

structures becomes uneconomical and plastic deformations are 



permitted. to a cirtain extent. The plastic design becomes very 

much economical from the fact that for Inelastics range the 

hysterisis loop enclose a larger area and therefore the energy  

dissipation is better in this case. Ultimately our aim is to 

dissipate the energy fed into the structure duo to eart qu ke 

and therefore plastic design is recommended. Though the plastic 

design is desired but at the same time it is very cumbersome and 

time consuming to design the Structure t0r plasticc range. There. 

fore the structure is designed elastically but for a cirtain 

reduced seismic force and this teeter by which we reduce our 

seismic force for design is known as the reduction factor 
The reduction factor depends upon the ductility ratio i.e. upto 

which extent we want to go in plastic range. `he' ductility is 

the ratio of maximi deflection to the yield deflection. 

alternative approach to the determination of 

effective seismic coefficient is to consider the energy absor-• 

ptian during deformations for balancing the dynamic energy input 

to the structure. Such an energy balance may be assumed as a 

necessary requirement for stability of the structure at the 

instant of time when the structure has the maximum velocity 

spectrum value gv and T the, weight of the structure, the 

maximum energy in put trill be = 	. • The structure must 

be capable of balancing this energy by partly storing as élastl 

strain energy, partly dissipating it by damping and partly 

absorbi rg by plastic deformations at that instant Of time. t1he 



the energy absorbed by the structure equals the energy input 

for a perticular deflection Q m then the reconciliation of 

energy takes place. This approach is more Suitable for multj.. 

storeyed buildings than the more sophisticated approach of 

inelastic analysis because of many secondary elements existing 

in the buildings the effect of h ch can not be included in 

the sophisticated analysis but could easily be considered 4n the • 
energy approach, 

of 
yr  y~{ UZ  y~ 

10. Use oat average spectra can be dd e4 for the elastic 

design of structure, which can take care of frequently 
occurring earthquakes in the life time of the 

structure. 

2. For larger shocks the strength so provided '►iil be 

adequate if the structure has ductile deformation 

capacity without decrease in strength.. 



3* 1 	nerft1 
As It is not necessary that all the structures may 

be located in the direction of the recorded accelerogram, 

in order to analyse the structures which are situated in any 

general direction the nacessity of modifying the accelerograms 

in that direction is felt. Here as attempt is made to kn 

the response spectra in any general direction., The Koyna 

earthquake accelerograms are used for this purpose. 

With the help of the two recorded accelerogram in the 

tvo mutually perpendicular directions, accelerogram in an7 

general direction I 0 I is obtained by the vector addition, where'O' 

is the angle with the koyna longitudinal component* For 
this purpose the two accelerograms were scanned simultaneously. 

every peak of each :ocelerogram- waS considered one after the 

other.`.-,rFo ch`peak of one, the corresponding acceleration 

value of the other was determined by linear interpolation aacl 

the two were then vectoriallY combined to gives the peak in 

the cceiezagra at angle ' 0. Thus number of  peaks  in the 

s,cce .erograms of interineajate angles is very much increased. 

A computer program for acceleroeram modification was prepared 

and is given in Apendix Ii Modified accelerograms ar e 

obtained here for e = 1TI6s e = 17/4 and 8 _ 17`3 and are 

shown in Figure 4.1 e, d and e. 



Elastic response spectra are obtainedd for recorded 

and modified Koyna accelerograms. For comparision the spectral 
intensities for various damp .ngn are calculated for all 

recorded and modified ioyns, accelerograms using Simpson's 

Rule. The computed spectral intensities are compared in 

Table 3.1, 

2,2 	QQnaLPf nieJier e 

Considering a single degree freedom system consisting 
of a .single concentrated mass 'm' a linear spring constant 

;1 I and a viscously damped dashpot having a (3arnping force 

proportional to the relative Volocity, the equation of motion 

is given by 

xni 2p x• + p2x a 	m(t) 	... 	(3.1) 

where x = displacement of mass relative to base 

proportion of critical damping 

p 	undamped natural frequency of system =jk/m 

y(t)= acceleration of ground, supporting the system. 

The elastic response of a system can be obtained by 
solving equation 3.1. The maximum response of a system 

such as maximum value of relative displacement $ relative 

velocity and absolute acceleration are also termed as 
spectral response i.e. displacement response spoctra,velocity 
response spectrazand acceleration response specta. If the 



ground motion acceleration record Is available, the deter-

nina'tion of spectral response involves the evaluation of i 
OLVL., integral for a series of values of periods and 

damping.. Since the ground motion is very much complicated, 

no explicit solution is possible Mechanical and Electrical 

analogs have been used to solve this problem. The use of 

digital computer for determination of spectral response has 
become more popular. The response can be obtained by solving 
the differential equation using numerical techniques •such as 

Rungekutta method (28). 

Zn computing the elastic response spectra for the 

various angles from Zero to 1f/2 the following parameters 

have been used. 

Two recorded Koyna longitudinal and transverse 
components with the duration of 7.15 seconds are used for 

this study w  These accelerograms are shown in Figure 3,1 

bandf, 

Q.3 sec to .0 3 sec at 0.02 sec Intervals 

0.3 sec to 1.1 sec at 0.05 sec intervals 

1.1 sec to 1.5 sec at 0.1 see intervals 

1.5 sec to 2.6 sec at ,0,25 sec intervals 

2.5 see to 3.5 sec nt 4,5 see intervals 



1 = 0.0, 0.02, 0.053 0,1?  0.2• 

a 	1 	i  • 	w 	Al_ 'S 

The response quanties calculated are the relative 

displacement, relative velocity', absolute acceleration and 
spectral intensity„ The displacement response spectra, 

velocity response spectra and acceleration-response spectra 

are plotted for all 'Mayna  recorded and modified components. 

For the sate of the comparision of the damaging potential in 

various directions'  the spectral intensities of koyna modified 

and recorded components aces, calculated for 	0.0, 0:42 

and 0.05 and are given in Thbie 3,1. 

fteatral nitt"  .v 2 
It is the area under the velocity response curve 

between the .period of 0`1 see to 2.5 sea for a perticular 
damping. Mathematically* 

2, 5 
8.1, 	 S, (T,1) dl 

0.1 

3.5 R3taoAflaZd 

From displacement spectrum curves, Figure 3.2 to 34 6 

it is seen that for a perticular value of damping the 

displacement response remains almost same for all values of 9' 



• 19 

for periods upto 1.5 seconds where as the response greatly 
differs for periods more than 1,5 seconds. For longer 

periods the response is maximum for longitudinal component 

( 9= 0) and Is minimum for transverse component (0 = 17/ 2) 
The response for other values of 17 varies in between and 

decreases as the angle "0' Increases. It is also seen that 

as the damping increases response decreases. 

Velocity spectrum carves from Figures 3.7 to 3.13. for 
various v4tes of '(3' show that velocity response decreases 

as ' 0 ' increases and is maximum for 0 = 8 and minimum for 

0 = T/2 for wide range of periods. 

Spectral intensities are calculated for all values 

of and for damping factors of f = 0.0, 0.02, 0.05 and 

are plotted against angle 0. Figure 3.12 If Is seen 

that spectral intensity decreases as the angle ̀8 increases. 
It Is maximum for 9= 0 and minimum for 0= 1T/2, The rate 

of decrease of spectral intensity increases with '8' up to 
G= 11/4 and after that this rate decreases, 

(c) A oXerat1on I esaon,  aJ,ectrg 
From figure 3.13 to 2.17 It is seen that the acceier.. 

ation response varies very slightly with the variation of 

For upto periods of 1.5 second the value can be taken almost 
same, but for . periods greater than 1.5 sec. the curves are 

distinct and response is maximum for 8 = 0 and minimum for. 

(3= ¶/2, 



e  çpnoluaio  
Response spectral quantities are not much changed for 

all values of'S' for a period range upto 1.5 seconds, But 

for periods longer than this$ the values do differ and are 
maximum for longitudinal component and minimum for 

transverse component. For intermediate directions the response 

values i 1iein between. The spectral intensities also decrease 
from ©to 11 /2. 
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Spectral Intensities for various modified 
Koyna Earthquakes 

all  

S•NOaf a Qr I 00 e='rc/6 1 =ic/4 	 1e=n/2 

0,0 1.85726 1.259342 1.131184 1.010053 0.872226 

2, 0.02 1.144129 1.013844 0.903480 0.795617 0.718544 

3. 0.05 0.981746 0.863506 0.764394 0.689003 0.627893 
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4.1, 2!i  

To achive the economy In design some plastic deformations 

are permitted during large earthquake shocks. To under stand 
the behaviour~struct es in the post elastic range it is necessary 

to solve the governing nonlinear defferential equations of motion, 
throughout the history of ground motion. The nonlinearity 
primarily arises because of non linear force.rdeflect ,on character,. 

isties of restoring elements, of structural system. The general 
nonlinear force-deflection curve suggested by Jennings (29) explains 

the actual restoring force characteristics of most of the struc.. 
tunes. Elastoplastic force det ection characteristic is one 
extremm ri of general nonlinear curve. 

As distance from epicentre increases the higher fre.. 
quency component of accelerograma dieout and the low frequency 
components predominate. To study the effect of frequency 

content of accelerogrem on the inelastic response, the time 

base of the accelerogram is modified. Here for the present 
study the Koyna, longitudinal component is choosen and It is 

modified by mutt .plyi. rg the time base by a factor . = 1 5, 
which will be treated as modified accelerogram through out' 

the Inelastic analysis discussion. 

The effect of time base modification in the elastic 
range was studied by Bri 1 e sh Chandra and A.R . Chandr asekar an, 
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Equation of motion for single degree freedom system, 
elastic response is given as follow s 

2 
(~.1) 

at2 	at Ott 

If z = a t then equation (4.1) will be modified as 

	

M7,2 - 	 + + T 	fkx  

or in L2S + 	+ x 	- m 

	

dt2 	dz 	a 2 	 4t2 	
... (4.2) 

Solution of equation (4.2) in terms of spectral qunnti.. 
ties of modified time base aceelerogram and those of origional 
can be written as follow 

	

= 	(Sd) ` 	T 2 

X 7\ 

where (3d)?'T, (8y)T 	and (8a)TT 	are modified values 	and 

(Sd) T } (8v)T and (Sa)r are origional values# 

Which shows that the spectral displacement . is multiplied 

by 2, spectral velocity is multiplied by 'A and the spectral 

acceleration remains same. Spectral intensity is multiplied by \. 
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The equation of motion of a single, degree freedom. 

system subjected to earthquake type of excitation is 

mf+ R(x, x, t) te , rn(t) 	,».6 	(4.3) 

where in = mass of the structure 

R = Resistance force 

x 	Displacement of mass relative to be 

y = Ground motion displacement 

t = Time 

The suporscripted dots defines differentiation with 

respect to time. The resistance force 1R is separable i o 
d in$ force 'D' and restoring force 'u'.  

4*4  Pnmr ina Qrog 

Knowledge of damping is necessary in order to explain 

the observed damage. But complete information is not available 

about the damping mechanism in actual structures. With the 

present knouledte of damping characteristics damping is taken 
into account through a concept of equivalent viscous damping. 

4,5 torif  
In order to make a rational nonlinear analysis It is 

necessary to know the appropriate load deflection hysterisis 

loop. Various type of characteristics are (1) Linear, 

(2) Bilinear (3) Elastoplastic (4) General nonlinear. 



Here for the present .aaalYsls elasto-plastic by sterlsf s 
loop is chosen. 

4,6 Anal y sis of a Nonl near SYstem 

The equation of motion for Single degree freedom 

nonlinear system Is 

mz'+•R (x, a'; t) 	= . m(t) 
assuming viscous damping 

D = ex 
C 	coefficient of viscous damping 

equation of motion becomes 

+ ox' + Q 	* w m( t) 

(4,3) 

.. (4,4) 

(4,5) 

dividing both side by mpg 

`(t) (4.6) 
p x1 

or '- + 	--.. . - + .o. ,. = 
p2 PXy 97  

where Q = f(x) y 	f (- 

P M m _ Undamped natural frequency 

slope of  load deflecti an curve at the 

origin 



5zft =JI. 
q7  = &= yield level 

m 

The yield level qy  is the acceleration of the system 
that Just causes the spring force to attain its yield strength 

Qy' 

fraction of critical damping 

Cc 	2 Ksm 	critical damping 

Equation (4,7) i s of nond.imensional form the maximum 
value of Z that occurs during an earthquake represents the 

ductility ratio for the . system, 

Response of the system can be known by solving equation 

(4.?) which will provide the complete history of deformation of 

the system as a function of time. The only nonlinear term in 

the equation is the term corresponding to the restoring force. 

The restoring force versus deflection curve i assumed elasto. 

plastic and is shown in Figure ( 41). 

The differential equation is solved by fourth order 

Rungel iztta .Method (28). A small time intereal is considered 
desirable to ensure a sufficient accuracy in the numerical 
solution of nonlinear Jiff nteal equation. A time factor 
of 4 has been used in the computations. Time factor is 

defined as a positive constant which determines the desirable 
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time interreal to be used in computations. The desirable time 

interreal  i s one which has a duration of T/, Time factor, 

where T is time period of vibration of the structure. 

rs 	« 

The following parameters have been used in this study 

Acceierogram .. ko7na longitudinal component 
Length of record used . 7-15 seconds 
Time base modifications factor, '= 1.5 

Periods : 0.1, 0,2, 0,3, 0.4, 0.5, 0.75, ..O, 1.25, 
L 5, 2,0 and 2,5 

Damping factors, 	0.0 2, 0.06 
Yield levels, qy O.0 5g, 0.lg, 0.15g, 0.2g, 0.25g,O.3g 
Time factor = 40 

4.8 	sn e antts 0biçd 

From the results of inelastic ana1y sis, the significant 
response quantities are obtained as follows % 

i) Displacement response obtained in terms of -2► 
Zy 

ii) Velocityy response obtained in terms 0f _ 
px7 

iii) Absolute acceleration response obtained interms 
of -~li 

p2xy  

Which means that all the response quantities are obtained 
In nondimensional form.. 



4. 	̀~'• 

(a) u ti,ity rat .n _ It is defined as the ratio of 

the ma imu-n inelastic displacement to the yield 
displacement. If maximum inelastic displacement 

is X and yield displacement is x7 then 

, . 	I s known as the ductility ratio. Xy 

(b) .eduction Et 	A nonlinear system can be 
related to a corresponding linear system by using 
the concept of reduction factor. The reduction 

factor may be defined as follows 

where 	Ft f = Reduction factor 

C 	Seismic lateral load coefficient for the 

linear system having the same stiffness as 

a nonlinear system in the elastic range, 

C 	.._.. 

qy = !ield level 

9 	4 Acceleration due to gravity 

4110 

(a) 	ij R1su r 	of "t 

Figure 4.2 and Figure 4.3 show the variation of 
ductility ratio with natural periods of structure for different 
value of yield levels, These graphs are presented for damping 



$ 29 - 

factor of 0.05. The general trend of the curves show that for 

for a perticuiar yield le'iel the ductility ratio decreases as 

the period of the structure increases. Also for a perticul 
structure the ductility ratio decreases as the yield level 
increases. The structures with period more than 1.0 Sec remains 

elastic for yield level more than 0.15g in ease of Koyna 
longitudinal. For modified Koyna longitudinal ( 2 = 1.5) 

the structures with period more than i.5 sec remains elastic 

for yield level more than 045,g. 

The effect of time base modification on ductility 

ratio versus period is shown in Figure 4,3.All the Curves 

shift towards the longer periods, which means that for a 

pertioular yield level the ductility requirement Increases. 

C b 	es 	ct 	r 	r' d 
Figure 4.2 was used to determine the reduction factor 

for a particular ductility ratio for Koyna longitudinal and 

for damping factor of 0.45 .A plot of reduction factor versus 

natural period for T = I and T = 1.5 is shown in Figure 4,4, 
From the curves of different ductility ratio ford, = I it is 

observed that for a wide range of periods the reduction factor 

decreases with decrease in ductility ratio. it is also seen 
that for all values of ductility ratio the reduction factor 

first increases upto period of 0,4 sec and then decreases. 

The minimum reduction factor available with ductility ratio 

of 2., 4 6 and 8 are 1.6, 2.?, 4.1 and 5.0 respectively. For 

1.5 the reduction factors for all ductility ratios are less 

thi the corresponding reduction factors for a l.0 Fig. 4.4. 
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Calculation of reduction factor for various ductility ratios 

is shown in Table 4.1 and 4.2. 

(c) Comps 'i sion of Inelastic Displacement Response For Origional 

and Modified Koyna Longitudinal. Component  

Ratio of ma ,ml Inelastic displac ont response for 

modified and origional Koy'na longitudinal is calculated for 

various periods and yield levels and is tabulated in Table 4,3. 

The results are also plotted in the form of curves Figure 4.5, 

It is seen from the curves that there is no regular relation. 

ship between the inelastic response of origional and modified 
accelerogrem and therefore for every time base modification a 

separate analysis is required,. 

(d) Cg airative Stud of tai s .acement R s Manse of Li e r and 

Nonlinear S ste s 

Figure 4,6 shows the comparislon of maximum relative 
displacement of elastoplastle and elastic systems as function of 

natural period for damping factor of 0.08, The curves are 

plotted for various Values of ductility ratio. It is seen from 
Figure 4,6 that inelastic displacement response is less than the 

elastic response upto period range of 0.55 see and ductility 

ratio of 4. For longer periods and higher ductility ratios the 

inelastic response is always greater than the elastic response. 

Calculation of elastic and inelastic displacement response and 
their ratio is shown in Table 4.4k 



4611  cciuioL 

3. The reduction factor increases with the increase in 

ductility ratio. For all values of ductility` ratio 

the reduction factor first increases upto a period of 

0.4 sec and then decreases, This is the general 

trend but the time period at which the change occurs 

varies with the earthquake* 

2. There is no regular relationship between inelastic 

displacement response of origional and modified time 

base. Therefore for each time base modifications u 

separate analysis is required, 

3, Upto period range of U.5 sac and duct iity ratio 4 the 
inelastic displacement response is less then the corres.. 

ponding elastic response, But for periods more than 
0.5 sec and ductility ratio more than 4, the inelastic 

displacement response is greater than the corresponding 

elastic response, 
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FIG. 4.1 .rHYSTERISIS LOOP FOR FLASTOPLASTIC SYSTEM 
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APPENDIX - I 

Notation 
	 3xp Laifation 

o 	peak ground acceleration at the epicentre 

a 	peak ground acceleration at any distance 

D from epicentre, 

c Coefficient of equivealent damping 

C constant absorbing the effect of ground condition 

in the energy 	acceleration relationship 

Cc critical damping 

D epicentral distance 

R energy released at the focus 

F multiplying factor 

9 acceleration due to gravity 

h focal depth 

I intensity of earthquake 

k stiffness of the elastic system 

Re  slope of the lo ̂ d deflection curve at the origine 

in mass of the structure 

Magnitude of earthquake 

p undamped natural frequency =Jke/m 

of 

 

exciting potential of an earthqurke 

restoring force 

Qy  characteristics restoring force 
qy  yia1 level 	Q /m  

R rabletance force 

R reduction factor 
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Notation Exp1"ai nation 
S.X. Spectral intensity 

normalise 'spectral intensity 
Sa spectral acceleration 

$d spectral displacemet 
SV spectral velocity 
t time 

' undamped natural period of structure 
W weight of the structure 
x relative displacement of the system 
Zn maximum displacement 

X~r characteristics displacement 
x relative velocity of the system 
x absolute acceleration of the system 

ground displacement at any time 
ground acceleration at any time 
arbitrary constant in the attenuation curve equation 
time base multiplying factor 
horizontal angle from Koyna longitudinal compolent 
damping factor 

U ductility ratio 



APPENDIX —II 

COMPUTER PROGRAM 

C C PROGRAM, ACCELOGRAM MODIFICATION, SAHADEO 
DIMEN5IONTI(300)sT2(300),T(600).A1(300),A2(300),A(600)+A13(300) 
REAO1,NC1,NC2, IND1, IND2 • I ND3 

1 FORMAT(213s315) 
21 F0RMAT(1394(F8.4,F9.6),I5) 
9 FORMAT(24H INDEX ERROR IN CARD N0=13) 
10 FORMAT(34H CARDS NOT IN SEQUENCE AT CARD N©=I3) 

C  READ LONGITUDINAL ACCELOGRAM DATA 
D011Is1,NC1 
J2r-4*I 
J1=J2-3 
READ21,NC,(T1(K),Al(K),K=J1sJ2),IND 
IF(IND1—IND)33,22,33 

22 IF(NC—I)34,1],34 
11 CONTINUE. 

GOT060 
33 PUNCH9,NC 

STOP 
34 PUNCH1O,NC 

STOP 
C 	READ TRANSVERSE ACCELOGRAM DATA 

60 DO110I=1sNC2 
J2=4* I 
J1=J2-3 
READ21,NC,(T2(K),A2(K),KftJ1,J2),IND 
IF(IND2—IND)33,220,33 

220 IF(NC—I)34,110,34 
110 CONTINUE 

N=4*NC1 
M=4*NC2 
J1=2 
D020I=1,N 
D030J=J1,M 
IF(T1(I)—T2(J))15,16,30 

15  
J1=J 
GOT020 

16 A11(I)=A2(J) 
JIZJ 
GOT020 

30 CONTINUE 
20 CONTINUE 



M 	o 	0 

KwO 
J1=1 
D0401=1,M 
IF(I-1)45,70,71 

71 IF(T2(I-1)— T1-(N) )70s7Os31 
31 K=K+1 

T(K)&12( 1-1) 
A(K)=A2(I-1) 
Ir(I—M)40,91+45 

91 K=K+1 
T(K)=T2(I ) 
A(K)*A2(I ) 
GOT042 

70 D050J=J1,N 
K=K+1 
IF(T2tI)—T1(J))8O.81,82 

80 T(K)aT2(I) 
A(K)A2(i) 
J1J 
GOT040 

81 T(K)=T2(I) 
A(K) A2(I) 
J1,J+1 
GOT040 

82 T(K)=T1(J) 
A(K) A11(J)' 

50 CONTINUE 
40 CONTINUE 
42 ND=K/4 

0O86NC=1,ND 
J2=4*CSC 
J1=J2-3 
PUNCH21rtC*(T(II),A(II) II=J1,J2)s1NO3 

86 CONTINUE 
45 STOP 

END 

a 
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C C HORIZONTAL COMPONENT IN ANY DIRECTION THETA* SAMADEO 
DIMENSIONT(500) sA•1(500)#A2(500) #A( 500 a 
READI+NC1,IND1sIND2,ZND3,THETA 

I FORMAT(I3s3I5,F8.6) 
2 FORMAT(13,4CF8.4,F9'4)sI5I 

CSi wCOSF (TH€TA) 	 - 
SNIzSINF(THETA) 
0031*19NC1 
J2» 4* I 
J1=J2-3 
READ2*NC,(T(K),A1(K)sK-JI PJ2) sINDI 

3 CONTINUE 
D041=i,NC1 
J2=4 I 
J1 J2-3 
RFAD2!NC,(TIKI-!A2(K) ,K-JI ,J2I vINO2 

4 CONTINUE 
N=4*NC 1 
D©5 I=1, fN 
AC I ) Ai .i) CSI+A2 f i)*SNP: 

5 CONTINUE 
D06ND 1,N€I. 
,J2-4*ND 
J1=J2~*3 
PUNCH2:ND,(Ttl)#A( IsI=JltJ22},IND3 

6 CONTINUE 
STOP 
END 
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C C Sr I.. BY SIMPSONRS RULE. SAHADEC 
DIMENS?0NH(20) *Y(1D0) 

C 	S.I.=SPECTRAL INTENSITY 
C 	HaINTERVAL 

READ101,NT 
N*(NT-1)/2 
READ102s(H(I)+I=1+N) 

20 READ103,(Y(K.)#4-1,NT) 
101 FORMAT(13)  
102 FORMAT(16F5.3) 
103 FORMAT(8F10.6) 
104 FORMAT t 5F10.6 ) 

SUMc0 
DO1I=1aN 
K=2*I 

1 SUM=SUM+HtU)*(YAK-1) +4•*Y(K)+Y(K+1)) 
S)`=.3333333*SUM 
PUNCH104,SI 
GOT020 
STOP 
END 
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