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s ly N O P, Z S 

The objective of thL a thesis is to evaluate the ground 
motion' characteristics such. es peak ground acceleration and 

predominant frequency during an earthquake by simple measu'► 

cements of objects which slid or overturned during the event. 

t`haro accolorograph record is available# the information 

fron sliding and overturning of objects may be used to supp. 

lement the accelorogram for working out the attenuation chap• 

racteristics of the affected area For achieving the objec. 
tivo stated above, simple objects were shaken on a shake 
table and observations of eliding and overtuining taken  
along vA th the record of table motion., A `t or digi tising the 
table motion, response Gf friction mounted objets has been 
calculated by computer, progr rues made for the purpose. The 
correlation obtained botwen the observed and calculated 
values is quite promising though not entirely satisfactory. 
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A - Amplitude of ground acceleration 
C 	Constant of integration 

D 	Ratio of mass moment of inertia to the mass of 

the object i. e. I/rn 

MaaG moment of inertia 
M • Mass of the object  
N • Amplitude of frictional force 
11 Force no.nmal to inclined plane 
U • Relative displacement at time t 

Tim  w The displacement at time 
Uo  • The rolativo dispiaenent at 	 .m 	o. 
V The relative velocity 

Weight of the object 
a - The intercept of the vertical line through CG. 

of an object frcrn the nest edge of its brio: 

«► Coefficient of restitution 

9 • Acceleration due to gravity 

h - Distance of c . of the object fran the base. 

in . Mass of the object 
t —Time 

• Time at which the ground velocity equ . s to the 
Object velocity  



at +. 	Time interval. 

x. Absolute displacement of tho object, - 	Absolute velocity of the object. 
Absolute acceleration of the object. 

y - 	Absolute displacement of the ground. 

Y` • Absolute velocity of the ground. y Absolute acceleration of the ground 

V • Absolute velocity of ground. 
A 	Coefficient of friction. 

1 	• Angle of inclined plane 
0 	- Angle of rotation of an object 

w Angle of Interne. friction. 
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1.1 Measurement of Ground Acceleration 

The forces acting on structures in art earthquake can 

be wrrorkOd out from the recorded ground accelerations, whi. 
ch is therefore the most use foal fozn of ground motion for 
engineering sdios. Ground =cele ations near the opt - 
centro of an earthquake are largest and reduce quickly with 
distanco from epicentre. In order to record strafing grog► 
and accelerations the recording int ento (strong motion 
accolercgraphs) must therefore ho located close- to the 
epicentre. The stsmic zones of the world have their ep . 
central regions extended over areas large enough to requ-
ire too large: a number of acc+elerographe to be instai.ed in 

any such regions so as to be certain, that one of the ins. 

truments atleast records an earthquake occuring any where 

in that region' at a rosoriably close distance from the opi- 

centre* This would mean a closely spaced not work of these 
instruments 1hich will be very expensive. 

in the absence of such tnstxumentai data,, an alternate 

app ro .. ate method is suggested ( 'g 2q 114$ 4)  for estimating the 
ma i:mum ground acceleration at any inhabited place from the 



observations s made on movccnont of small rigid houso-hold 
objects and analysis of stxu ct-uro-s daraged during the 
oarthqu aka+ . ".'hero an earthquake i s recordod by an acca- 

olorograph, this method of study would give addttional 

Information to cupplc ant the recorded accolorogram data 

at sovoral places around the epicentre. 

Analysis for the behaviour of mall rigid objects 

in $sliding' and overturning' ha be developed in this 
thesis for correlating these iovc onto to the peak gro. 
and acceleration. The work is preliminary in that oni-I 
one componcat of ground motion has been considered in the 
analytica1 procedure c s.th o e .went l observations and to 

inveStic,a'to the effect of various parameters on the result,. 

T'.,: various factors which affect the field obsorva - 

tons a:.e also important ultimately in the estimation of 

maximum ground acceleration at a place,*  Th oo are di cu 
sod in the subsequent paragraphs. 

For dotorming the ground acceloraticr, at a particular 
location, several observations of movem is and non.rmove 
m tints are required, in the case of movanc-It of an object 
the actual force applied by the earthquake must be more 
than the minimum force requirod to cause the mov un en t, on 
the other hand, the force re i rcd to move the object whi 

ch did not move during the earth eke .,, rA,11 give an upper 
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limit to the earthquake force. The actual force applied 
by the earthquake must be somewhere bettieci the lower and 
the upper limit. If these are obtained for a number of 

objects, the range between the up or and lower limits v 

uld be sufficiently narrowed dory and an accurate osti 

mation of the actual force can bo made. 

1.2 Factors Aff ect n Sliding and Overtu rn z of. Objects 

SlyC ng and overturn ng of rigid object is governed 
by a nu 	of factors. The oorthquake motion is such that 

it has..v:o mutually perpendicular horizontal components and 
a vertical component. The overturning of the object t lj 
dopend upon the horizontal component which o t suits the 

axis of the object (if the object is unsymr atr cal in plan) 

togather with the vertical component. At the instant of 
the maximum horizontal component, the vertical component may 

be such as to increase the weight of the o'j pct and stabl. 

iso it or to reduce the weight and add to the overturning 

effect. The sliding on the other hand generally depends 

upon the resultant of the two horizontal components togeth. 

or with the vertical component. Also it I s k n otir that the 

component in the vertical dircct.on goes on decreasing at 
a greater rate tan the horizontal component with the distance 
from the op .centre. 

Location of the object is another important factor. 
smaller objects would be normally resting cn some Supports. 



Unless the supports are perfectly rigid, tier motion %^x.11 
be amps. r fi ed relative to the c round motion. Objects on 

upper floor of the house vl.13, similarly receive amplified 

motion. 

Besides the ground motion other significant factors 
are the co-efficient of friction between the, contact ,u r. 
face, lncllmatton of the contact surface ; any, orientation 

of the object and Its shape and size. 

Last of all and the most important perhaps is the 

correctness of the infoimation. For reliable data#  some 

clear evidence is desirable. For example, if the object 

is reported to slide, the fact of sliding is likely to be 
correct but the extent of sliding would seldom be correctly 
reported#  unless it leaves a clear mark on the support. In 
the case of overturning of an object chanc•G of incorrect 
information are expected, to be Low. 

1.3 A ► ulptlons in Theoretical Analysis 

Foy thooritical analysis ioliowtng assumptions are 
made : 

1) the surface on which the object is placed is exa-
ctly plane, homogeneous and horizontal., 

2) the coefficient t of friction is constant over the 

range of sliding on the s rface and does not iLary 



with the relative velocity between the surface 

and the object. That i s the dynamic coefficient 

of friction is the sane as its static value. 

3) The object has a tendency either to slide only or 

to overturn only, these two motions being consi 

dered uncoupled. 

1.4  outline of  Thesis 

In the Chapter III, the equations of sliding and over. 

turning of rigid objects have been drived for the numerical 

analysis. The equations so obtained are used for the objects 

subjected to the table motions and the theoritical results 

are compared with the - practical results. 

Similarly the equations of sliding only, for single 

as well as for the repeated triangular and rectangular pulses 

are developed. These equations have been used for checking 

the accuracy of the computor programme and found satisfactory. 

Experimental s: ijdies are also conducted. In these stu-

dies the amount of sliding and the overturning actions are 

recorded. During the experiment, different accelerograms are 

recorded and they have been digitised for the theoritical 

results. The theoritical and practical results so obtained 

are compared In Chapter IV. 
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RJiVI Cif U LI T ER i s 

2,1 Chandrashokaran,F A.R.  (5)  

In this paper, the earthqu3ho rosponco of objects,, 

which root on ground through `r.ction, are investigated. If 
the obj } ct is not finiy tied w0 the ground, it will have a 
motion rolotive to the ground, causing it to slide, rock or 
overturn. 

Two cases are considered - in the first type a dashpot 
with viscous damping connects the object to the ground. Here 
the d pi.rrg force is a linear function of the velocity. The 
other i a dashpot i , h coulomb damping in which the damping 
force is independent of the  -the magnitude of velocity but depends 

on its phase* It is concluded that relative di placonents 
sways take place Irr+ospovtivo of the value of friction. This 
conclusion is however illogical sin co the motion must cease 
to occur when acceleration coefficient be c.. oso less than co.- 

offl-dent of friction. it is further shop«.i that displacement 

decreases with ticresse in friction In c so of viscous damping, 

whereas in case of coulomb d ° n j the displacement pattern, 
as worked out for four earth u& os, is found to be trregular 
The role .uo displacement is a minimum corresponding to a 
coulomb friction factor of the order of 0.2 to 0.3. 	The 
equation of motion is as follows for the case of coulomb dampin! 



+ µg 	{ 	sin (v) c 	.y i f 	(2.1) 

It is concluded that the relative motion of the mass 

is not only a function of the za)d..mum acceleration but also 

of the rrava form of the -ground motion. 

2. 2 	JLt and Sod.Jj,,P,.  

They have considered dot lull motion of an object on 

a sloping surface for the pu pccc of evaluating amour t of 

slip in 11 Gnbanluents and sarthdama. TattIng the case of. 

a claps ; uniformly dense granular materical subjected 

through out 3. tsp height to constant horizon al acceleration 

having a magnitude greater than the yeiid acceleration, ky, 

a sliding mass at the surface V .11 advance doxu the slope 

like a frictional block on an inclinea plane (Fig. 2.1). 

Reforming to Fig. 2.2 It is seen that no di iaccment c^L1). 

occur until time t1, when the induced acceleration reaches 

the yi old accel erati on icy1.• 

If the yield acceleration i assumed to ranain constant 

throughout the first cycle, . the velocity v411 continue to inc 

rease until t , when the acceleration again drops below the 

yield vatu-, the velocity it in1ly reduce to zero at time 

t and w a reversal of acc el c at. on, it may be possible for 

the clien) mans to move upward. According to these authors 

this is c ly possible if the acceleration is greater than 1,0g, 
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The actual value will infect dc)cnd upon the slope as well 

is the angle of friction... '`he t 	displacement of the 
sliding mass may then be cauputod by integration of the 

velocity vs time diagram. 

T. ache a ,.cal 'Analysis 

Lot x be the down ward di place +ent along the surface 
and horizontal acceleration induced by earthquake be k(t)g. 

The angle of friction is 

Hence the equation of motion Is  
1 	d2x 

WSin«t+ k(t) W Cos4aRTan+ e = 	~C 

and R 	(ri cos t - k (t) t1 Sin () 	.. 	(2.2) 

substituting the value of R In above equation 

gflTn Tan Tq + Ca s 
Co 4Tan0eg '+ n 

Since 

d2x (cos 
]7  

4 Tan c 	*-Sin 
,e] 
(M7 

(t 

	

lc` 	t 9 	 1 Mf 	ii~Yr7F~1Y1 

	

f 	// 	

(Sing 
hYi~iY~ 	Yn1YrP~W 

OC. 
IIYY~YIPAIY•~ 

Tan t eg 	coi 

Tan( coq ,. c() =ky 

d x  
Hence zr 1* B (x) C .k (t) 	icy 

Where fl (x) = g (Sin I Tan '?nq + Cos ) 

As the accelerations induced during an earthquake are 

varying in frequencies and ampl . tudes1 the di splacc ants of 
the sliding mass can be doteznined by numo ical integration* 
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Vol ad i ty at tim a t j 1 s 

V 
(t 	\ ~l 	~ 	k( t ) + ~ti+ ) 	` d ~r ~.arrr Y~~r irri rw -~..r.wrr~rw 	k' 	At 

• 

~ 

i.• 	(2.3) 

and the ° , lac ent at time "n 'is 

_n 	V(t. + ) + V (t.) 
•• (2.4) 

this relation Is true from t = 0 to that time when the 

velocity is again zero. 

(7) 
2.3 Dock 

Sliding of a rigid plastic' ass - A simple derivation 

for a rigid mass in developed to give a quick estimate of the 

magnitude of the motions to be alt oct d in sliding, when it 

is subjected to the influence of dynamic forces of an earth. 

quake. 

Consider a rigid body herring a weight S'J and a mass FM, 

having a notionw x, The motion of the ground on which the 

mass rests is designated by y (t), whore y is a function of 

time t. The relative motion of the mass, compared tith the 

ground i s designated by U, whore U = x«y (J.g. 23). 

The resistance to motion is proportional to weight W. of 

magnitude NW. This corresponds to an acceleration of the ground 

of magnitude Ng that z uld causo the mass to move relative to 



the ground. (called the thrush. -hold acceleration by th' writer). 

The acceleration considered is a single pulse of magnitude Ag, 

lasting forr the time interval to  (Fig 4). The velocities 

are as a funcation of time for both the accelerating force and 

the resisting force. The ma,icium velocity for the accelerating 

force has a magnitude v, giver by v = Ag to .,..... 	(.5) 

After time to , the velocity duce to accelerating force i, constant 

and velocity due to resisting force is v = Hgt as shop* In 

(Fig. 2.`')) 

At a time t both voiocitins are equal and the relative 

velocity becomes zero, or the body comes to rest relative to 

the ground. 

v = Ngt, 
V 

or tNg 

The maximum displacement of the mass relative to the ground 

Um  is equal to the shaded tr angular area Of Fig. 2.5, 
i . i 

Um 	vtm  -► r to  

1 	vP 	_L v"n  
sir . Um  = 	2  

1 • v2 	N 
hence, U 	 g̀am ( i 	) 	 .. • (2.6) 

The result given by this equation generally ovorstimatos 

the relot i.vo displacenent for are earthquake because it does not 

take into account the pulses in opposite roctions and is 
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analogous to the down-hill motion considered in section 2.2. 

However it should give a reasonable order of magnitude for 

the relative displacement.  ?± does i nd1 cite that_ the -d s•  

pate paeement. It does indicate that the displa:enent is proms► 

portional to the square of the maximum ground velocity. 

The result derived above is applicable also for a group 

of pulses, when the resistance in either direction of possible 

motion is the same* For the situation in which the body has 

a resistance to motion greater in one direction than in another, 

one must take into account the comulative effect of the dis. 

placements. 

2.4 Summa .. It Is  seen that certain minimum ground. acce- 

i.eration is required to start the motion of the object held 

by friction to the surface on which it rests. In the two 

previous sections 2.2 and 2.3 the terminology 'yield acceleration' 

and 'threshold acceleration' are therefore bssentially the 

same and refer to this minimum ground acceleration. The slid - 
i ng object may come to rest with respect to the ground any 

moment the relative velocity attains zero value. 

It will, ll, then continue to move With the ground with equal 

velocity unless once again the ground acceleration exceeds the 

threshhold limit. Same concept has, been used in writing the 

equations of motion In this thesis. The equations of motion 

for overturning of objects has also been developed in Chapter III., 
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ACCELERATION 



12 ^r 
g ~-  

T'hE HI '1 ", - 611 .► .̀  

3.1 I 	c da c,,,~, 
In this Chapter thG equations f motion are first %vritten 

for the sliding of objects on frictional surfaces subjected to 
simple r rctangular and triangular pulses. Closed fozm solutions 
are derived for the some and numerical results compui ted. The 
general ccuations of sliding notion Is then derived and the 
general oc~uatlons o ` sliding rotion is then derived ved and the 
method o numerical solution Indicated. This numerical solution 
is progr . red for digital computer calculations and the results 
arrived at for the `o tsir simple pulses are verified by the 
computer solution. Finally the computer solution, is used to 
solve more difficult cases of triangular pulses and the results 
arrived at have been plotted* Later on the equations .ons of over 

turning motion are derived. 

3* 2 	goal L 1S fog t!8 OnSG pf d cab` a 	races. 
subjected to Rectangular and Triangular pulses 

(1) Theoritical Result for Single F octangular Pulses 

Using equations 2.5 and 2, 6, the rospOnse for single 
rectangularpulse (Fig. 2.4) are tabulated in the 
following table 3.1, The Berea under the pulse is kept 

constant. AS the acceleration increases to infinty 

and the time to appx aches zero the pulse tends to be-an 

lr. ul e and the maximum relative displacement CJm appro  
echo a fixed value a cif 66 cm„ 
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The curve (Fig. 3.7) between the acceleration and the 

maximum displacement is plotted and it shows that this curve 

approaches the absolute maximum displace rent value of 66.0 cm 

approaches the impulse asinto .tally►. 

(i) For a single triangular pulse the equations are 

derived below (FI g '3o 3) . 

For 	'0 < t'  a 
2 	2 

The equations of motion is 
m •. rnNg = 0 
six ,. my.  - mNg 	-my  

Ng.. 
Al  t 

at t = A 2 V 00: V = 0#  $0 that 

'; ' Ng 
dV .. 

TJ=Ng.y  
dt 

Equation of line OA is 
t 

Y 	Ag( t 2) 
dV 	 t 

hence — 
dt 

 = Ng- Ag ( 	) t 
Ng-2Ag 

0 

on intecj?ation 
2Ag to 

V = Mgt 	x T ° C 
N. 

at t 0 
N 2g t 

hence C,»:. 
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Agt 	Nagto hence V Ngt 	- 

or 	V =Ng Lt 	
_o 

t 
ti., V* V1 

_ Nt0, Agt 
hence V1 	2 r J ' 4 

Ot  v  - q t A-N3  .. (3.1) 
I.r 	 bit 	Agt 

no 	V U dt ' Ng [ t" ~~"` a 

on Integration 

n 	 3tg 
t t 

3t honed u = rig 	J 

a 	t = . U L 2 

t27 At3 NL 

Or 	u 	[ •»N t1 	+ 	] 	f. (3.2)  

3t 
Now refor5.ng Fig. 34,: for 	< t ,~ 

the equation of line Ac i 

Y2A L1g f7 
c 
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Equation of motion i 

m x 	mNg 0 
or V 	Tag "y 

or 	= Ng-2A9 [ .` 

on 7 teation 
V " Ngt.*'fig[t  

t 
at t 2'. 	V = V1  

s 
hence 	- 	+ - Ag 

gt to  hence V= Ngt - 2Ag [ t 	7 	 4 

at tClt V to   

hence Lvo = 	- g'0 	" N ( 	A 	. . (3.3) 

* 	 N2gt  lY©Y4J  

	

rt = V  Ngt- 2Agt- 	] + 2 Agt0 - 	► 

on integration 

U= 	C  

at t 	tj u 

Ngt 
r 	+ ( A9t0 ---)+ C 

a 
horscap C 	Q 

12 	24A 



`.(3.5) 

16 .0 

eubstit - ng the balue of C IA above equation 

'o Nag ) to U Ng r'r- 6ç } 
A  *- 2 	24A 

at t = t00 U 	U0 

hence ... (3.4) 

It is se from Fig„ 3.7 in which the values of the table 

-312 for maximum sliding motion U~ are plotted that for infinite 
value of A and the same irnpulo (A. to 0.2 Sec) the limiting 

maximum value of Urn Is 16.0 

(ii) For a double triangular, pulse at shown in Fig. 3.4 
the equations 3.3 and 3.4 are further .extended as 

at t = 1.5 t0, U = U1;, V .M V1( say) 

1 	w
4 

` 	 6) + A] 	 .,. (3.6) 

For 1.5 to z- t . 2t0 

Equation of line BD t as  



4Ag 	tt - ` J 

squation of motion 
V 	ra -y 

t 
0 r 	= idg 	4 dig E2t0 	̀ J 

on inteO a iof. 

V= Ngt4 9  t+ 

at 	t = 1.5. to, V 

and U 	Ng L 	 A ) t + 

13 	£ St2c, 
+ 	Agtt ' 	J 	 .., (3.8) 

For a double triangular ground acciertion pulse shosi  

in Fig. 3.4 having A 200 to = 0.2 soc and forN=0.3 the 

computed values of displac tne, end velocites by above 
expressions are compared .th those obtained numerical Inte-

gration as given In table 3.3. 

3.3 !den era . EqJatin .fear S-11 ding cif R3. c d Obj ect on 
lzonta Surface 	tecj tO brataryMotion 

F r. 3.1 show a r gid object and the direction of motion 

for the object and ground to pother With variousforces. 

Lot the relative displacement between Hass m and the 

surface on which it rests be U. then U x.y and U et x'y = V 



V!horo V i s the relative velocity, the nquntion of motion 

.L given no folows 

r  1 	0 
, 	,. or no: ~. ny + 	
( 

Y 

or 

'*1 	(V) 	 ... (3 9) 

tlhere 0 (V) =-Asg Sirs v? when V ;i 0 

and 0 (V) when V = 0 

The solution o ` above equation can ho ride by numerical 

integration. For linear accelratton variation of the accele.  
rocg ram. 
 pig I sin 

au = vo At Ng sin 

n 	:)n,.I+ 

'Yn in-it QY` 

	

V"n Vn.l + 	Ali 

n n-i 2 	rr • 	n,► . 	nn » A 
A..., (3.10) 

3.4. Numerical RoGult for Continuous Try oida1 and Triangulaa' 
_u1.. 

Furthor computations have been made numerically  on the 
computer by the programme given in AppendI:: III for n .n' ouOr 
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repeated triangular and trapezoidal pules as ahocm Gig. 3.5 
to ig. 3# 6. It is see from these figures that the rigid 
object attains a stable position of vibratory motion about 
a centre of oscillation after two or throo cycles of the 
ground pulse. Since this acceleration pulse is symmetrical, 
the oscillatory periodic motion is obtained as expected.. These. 

// 	results and the computations shO in Tablo 3.3 confirm the 
correctnos3 and accuracy of the computer programmes and the 
maximum tine interval for integration that rnpy be used cc aia- 
Cant with accuracy of computations. 

3.5 Ovo=turning. of Rigid Ob octs on Horizontal Surfaces 
Subjected to Vibratory lotion 

Fig* 3.2 shows a rigid d object and its direction of motion, 

'rho motion of ground and the various forces acting on the 
object are also sho therein, 

Let the base of the, object make an anglo 0 with the 
ground. Rotation first begins, when 

a 

then the oquation of motion is given by 

my (hcos e~ a :n 0) . fl be mg ( a Cose- h Sin O) = 0 
or 	( a Cos 0 ► h Sin 0) = 	(h Cos 9 + a Sin O)y *,. (3.. n 

when 0 = 0, there is an im) actl and 

aftor impact) 	bnfar i act) 	
;rR (3,12) 



I 
In the above a qtr ate. on (.11) # D = ,whore I is the 

mass, manent of inertia of the object about the point of 
rotation A or B. 

1) for sold cylinder : I 4 ( 15 as + ],6h2) 

	

1 	1 
and D 	r2 (15a + 16h9 	•, . 	(3.13) 

rn 
(ii) for rectangular solid I 

12 
16a + l6h2) 

1 	1 
and P=P 	r ( 16a° + 1•6h n, 	,... (3.I4) 

Solution of ogiation (3.11) can be made by numerical 

Integration using Runge4itta iourth order procedure as follows s 
d6 .. g 	 • 

a Coo 0 h Sn e) + 	a Sin4 + h Coso ). 

0n+1 1 	0n + [ t +fin 	
( 1. + rn2 + 

n, I = On + 1 (m + 2n2 + 2rn + .rn4) 

a Sin On + h Cos an) 3 
01

8n 2 n 

	

At 
	 jr 

, 	A in2 	 9 (a Co 81 	h Sin + 1)+ 	 (tn + 

Sin 01 + h Coo 01) 
At 	1 

2 Vin + 2 	n + 	tn~1). 

€fit M= 	[,-, g(a Coo 2 h Sin 	+y(tn + A-) 
( aSino2 + bCoe,02)I 



0 

21: ,0 

•03 	+ tt (e •+ r 
A 

rn 4 	1- 9 (aCos 	hSn03) + (t + At) 

a Sin o3  + h Cos 03) J 

when On+  becomes negative, tho time stop Atn  is reduced to 

one fifth a and linear tnt pdatoi than macho to ,fixed the 

time whm 0 M 0 1.e., 	( 	p 
0n 0n+1 
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E (IM 1' S'flJ DI 3S ON SittKE MBL E ti) M-3JR 'lICpL .ttESULT 

4.1 	gcr .menstai. Sot up 

E pex.mental studios wore conducted to a shaking table for 

evaluating both the sliding anti tho ovorturing rosoonses. The 

shako-table is 38 cm long x 31 cm r .dc and Is supported on stool 
balls. It is held in position by four springs. An automatic 
el Gctremnanot .c arrangement of giving impacts to the table i 

provided. A frogisncy control device is used for regulating the 

rata of facto from 1.0 cps to 8 cp.ar t aural frequency of 

vibrat c.t of the table,  is 5 cps. The motion of the table can 

bo noo='.0 --cc3 byyaounting a vibration pickup on It. The expexi 

mental si:t•up is showfl in Fig 4,.1 to 

4,2 Selection of Objects and the Parameters for Sliding Motion 

For the first erase of sliding motion#   c various values of 

coefficient of friction could be obtained !fir trail.., by evaluating 

Its value for four different objects and 'c w surfaces. objects 

suds of wood, cep t, allumurh 	and irc were chosen and 

the su rfac ass on which those obj acts rostcd wore of plywood„ 

Strati board and cunrnica» 	Th various objects used for 

sliding ration study are ohotn in figure 4.6 (a) through 
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The coefficient of friction was determined by measuring the. 
woight of the object and tho ao zontal forco required to slide 
i to The laLtor was measured by a pulley and pan arrangement,,, by 
tying a string to the object and stretching it horizontally 
over a friction loss pulley. On the other and of thread a pan 

was hung#  the weights on the pan wore increased greadually, till 

the object Just started sliding. This gave: tho frictional forco 

and when divided by the weight of the objec-:;, the coefficient of 

frictionn was obta ►nod' 

Selection of suitable values of coof ` .:i ent of friction 
over a range from , 021 to = 0.55 was made over a total 

of 8 values*  The surfaces could bo mounted. oaa ..y on the vlbra. 
tion table by scroratn them at four cote 

The acceleration pickup mounted on the vibration table 
was connected to a pen recorder through an a!'y lifior for recor.- 
ding the table accelerations* 

4.3 oovico for Recording Sliding Motion 

or recording the distance moved by the object a thin and 

light allumin3.um strip weighting 5 mgs. war, bent at right angles 
and one air of it was ' . ec to to object. Tho other arm Was 
extended by connecting through a hinge a of .lar strip to it. 

At the other end of the hinged extension a hale for pencil lead 

was drilled. The weight of the extended e' rip boyong the hinge 

gave sufficient pressure to hold the pencil point; in contact 



with the paper below for making a record as the object moved on 

tho tobico Such strips were used on both the sides of the 

obi Acts, 

Below the pencil point of the recording gauge,, paper strips 

tlero pasted on the surface and the object was placed between those 

two strips. Now the table was allowed to vibrato,  by the impact 

hammer arrangEment provided .th the table. The rigid object 

started moving and the r cord of its motion. was left as a black 

impros ion on the paper strip, Tao accelerations of the table 

were recorded as stated earlier. " heor ti . responses i.e. 
velocity and the displ c •ernt woo then worked out from the 

digitised notion using the pzirttcular . aluo of coefficient of 

friction;0  

4.4 E;erirnental study of overturning Notion 

An object of size 2.5 z 5.0 x 2.5 x on as show, in 619. 

4.6 (e) was tud +ed for overturning motion v4th its smallest 

di tension along the direction of motion. It was subjected to 

four table motions of different  frequencies. Each motion caused 
the object to overturn after some rocking. In the analysis for 

overturning motion involving rocking of objoct, the coefficient 

of restitution was to be dete ned* T i s was done experimentally 

by reording the motion of the rocking object on a tightly 

stretched paper glued at its two ends to a vorticall wooden frame. 

On one face of the object a ail strip of allumunium beat In 

tho form of U and having a pcnoll lead was fixed, The object was 
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placed in front of the fr~ino that the pencil lead just touched 

tho paper and maintained the contact ti .7 o In motion, 	the 

object the was slightly inclined initially by hand and then 
ro easod. The pencil lead left a clear mark on the pa:er in 

the foni of an are of a circle. The angles between the initial 
and final positions of the, pencil mark and the equilibrium 
positon at rest were moasur !-d and d th the help of equations 
(3.3) fo velocities, the value of cooffici cent of restitution 
was detoz r.inod, 

4.5 1 ocor ing and Mysing Table Motion 

The accelerogram of the table motion co produced,, was 

recorded by the pen recorder instxument.. It t as digitteod by 

reading the ac eloration rcords on a ; y coordinato plotting 

machine, The thooritical results are obtained by numerical 

analysis on the canputor. For sliding motion a larger time 
interval of 0,04 a (= 	) vas used as the integration is 
direct and 1noar variation of acceleration exists over the 
successive accelerogram point,, iMreas the analysis for over.- 
turning motion a time stop of 	, or less was found to give 
accurate results, where T' is the predc tnant time period of the 
aCcQloro!.- ! The fourth ordcz Runge.i utta procedure was 
used here, 
4,6 	ion of 	 : I .d.nci with .Theory 

Tho results of sliding of objects obtained by experimental 
sliding and theory are tabulated in table , 4.1. 
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Fir. 4.7 to 4a14 show tho pattern of sliding of the object, 

studiod oxporimentally# Figs. 4.10 and 4.12 show the motion in 

both direction$ while the rest Figs, show tho motion of objects 
in one direction only. Both directions mean that the object 

first moves in one direction and then in reverse direction as 

the velocity changes sign. All these curve, show that as soon 

as the impact is given to the table, the object moves ahead,. 

until the ,acceleration peak induced in other direction is not 

greater than the previous acceleration peak. 

4.7 Comparision of Experimental  Results of Overturning 
vA hT oo 

T e results of overturnin of the object are plotted in 

(Fig. 4.15) and ( Fig. 4.16). These figures show that a ori. 

mentally the object overturned at the time marked by star on 

the accalorogram so obtained,, but theoriticafly it is overturned 

before a 	+ thing to that tic. 
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CH2TEii y 

uV 1 ;4T OF UBJrCiS  EUHIfv  f MYNA EARTHQJAKE 

5!1 Sliding of objects 	The accelerogram used in analysis is 

given L. (Fig. 5.1) and the ca.ptztod time wise values of relative 

di splaccmonts and velocities are presented in (Fig. 5.2) to 

(Fig. 5.7). The Ma m= and residual values of displacanent 

are given in table 5.1 for the various coef iclents of. friction. 

Table 5,1 shows that the amount of sliding decreases as 

the coefficient of friction increases and the displac rent of 

the object is almost negligible for high values of coefficient 

of friction particularly when it becomes more than 8th of the 

coefficient of peak ground acceleration* From the figures it is 

seen that the displacements in some ciseS continue to grow 

whereas for other values of the di splacanon is first reduces 

and again increases. In one c.nso of p, 0.1 the dkplacenent 

after attaining maximum va..uo ,educes to zero#  reverses sign and. 

In th and r ains very nearly zero,*  This there is no JC'finite 

trend and it scans that the dslacanents aZo very sensitive to 

the coefficient of friction ,. 

5.2 	urnng of Objects 

Tc,O small objects A and B of rectangolar conflgrattion of 

dimensions 4 x 20 on and 4 x 12 an respectively were analysed 

for overturning motion duo to koyna longitudinal component 
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having the direction of ground notion paralel to their shortest 
dimensions, Af time interval of 0.005 seconds eras used in the 
intergrat.on which corresponds to about one twentieth of O• 

coc, tho predornenent period of the earthquake motion. It is 

oxen that none of the objects overturns and they have rocking 

notion as shopin in Fig. 5.8 and 5.). 	The more unstable object 
A has (a/h) ratio equal to O. Hence a static force of Q.. 2g 
acceleration could overturn it whereas the peak ground acce. 
leration in the accelerogram used is U.63g occutng at time 
3.8518 soconds on the record ;mod having a duration, of approximate 
0405 SOC. 

Annul ~r rotations of the order of the peak value of 0..50. 
occurs several times, including the inctnt of peak ground 
acceleration for this object. For the other object t0 having 

0.3J the peak di ,plecmnents of maximum order occurs 
t~i.ce„ whereas the largest di pla.cment occurs at a time of about 

4.325 seconds. When the accelorogram has 0, peak of 0,459 having. 

a duration of approx. 0.06 scs:. Therefore it is evident that 

the extent of rotation or complete overturning will depend not 
only on the peak ground acceleration but also the duration for 
which the peak lasts., 
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CHAPTER -- V. 

CLUS ONS 

1. 	3 erimental studios presented in Chapter IV Indicate 
that the analysis for ovorturn ng and sliding are sensitive 

to the ground motion as wóll at coefficient of friction. The 
table motion should tharefor+e be precisely recorded and mean» 

sus red. Perhaps a better procislOfl than usad in the v rk is 

desirable. The order of the cormputed displacnonts for slip 

ding of objects is the same as obtained. o~ e .r entally a.l, 

though in some cases the correlation is rather poor. 

In overturning ,tidy, the theoritical analysis indicates 
overturning much before that ohsorved eporimen tally, During 
the experi ent, the object w s► actually een to rotate about 
its vertical axis also and the complex combined motion appara-
ntly adc'Ld to its stability in overturning. 

2 	mLnai ys. s for Koyna earth oaks record (Chapter V) reveals 
that thO Q3x .mum amount of slicing is rather small and is een« 
sitivo ° o the coefficient of friction. There is no regular 
trend of the residual eliding with the ooeffIcient of friction. 

However the maximum amount of sliding  incrow cos with decrease 

in the coefficient of friction. 

Overturning of objects does not occur oven for an object 

of low stability having base r4Ath to hd ht ratio of O,, It 



i s seen th-at the amount of rotation depends not only on the 

peak ground acceleration bat its frer ency content also, that 

is, the iration of time for which the acceleration peak acts 
is ii ke important. Hence the quantity of Interest for over- 

turning o objects becomes the area under t o acceleration peak 

or 'the impulse' given to the. body* 

3. it Is also seen that one peak acceleration pulse of the 

accelorogram alone i.s not important tut the train of peaks in 
succession are apparently significant in contributing to the 
sliding as well as the overturning motion„ 

4. Only one component of Koyna earthquake motion was considered 

in the analysis presented in Ch ter V. Under the comt.ned action 

of the two horizontal componento of ground motion together with 

the vertical, component, It is prob==able that significantly large 
displacements and complete ovoturning of objects may occur. The 

present analysis is to be extended, to include the effect of the 

vertical component nt of ground motion. 
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(Response for single rectangular pu1's ) 

S. Noi 	 t 	g ors U 	v 	m (cn/sec 2) 	( sec8ndnO 	N 	(Cr) ( sec) (c) 

10 2.g 0 1 0.3 8.35 167.0 56.00  

2.  1„ g 0.2 0.3 13.73 137.3 46.00 

3.  0.5g 0,4 0*3 19.70 78.5 26.00  

L A B L E +ice  3. G 

(Response for Single Triangular P LL ) 

2i TIYI 	I 
10 400 0.05 0.3 2.1 8..3 14„00 

2.  2.00 0,1 0.3 3.53 96..00 11,79 
3.  1,00 0.2 0,3 4.78 8 43.5 8.00 

4.  0*50 0.4 003 153 i •95 0.0065 
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TA BL E - 3 

(CcmpdstoA of Results for Double Triangular ground) 
ACC elerati on) 

S.Rio. 	t 	By Eq. 3,1 to Iq. 3,8 By Numerical Integration 
I o n  

(an) 	(ca./see) 	(cm) 	(cm/sec) 

lie 0.2 14+ 1656 139. 302 14.1644 139. 547 

2.  0.30 23.3478 12.017 23,3776 12.017 

3.  0.30547 23.41 0 0.00 23.405 0000 

4.  0.40 19.2D03 w59.846 19,210 -59, 810 

0 
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TAB,L8*-4„. 

(Sliding of Objects on Shake Table) 

S,, No. Fig. No. Coof.  . of _._ l_c 	►_ Practical Theori ti ca-1 
(p3 

1. 4.7 0.21 2.00 ..862 
2,, 4.7 . 0.21 1.80 3.235  

3.  4.8 0.25 3.15 

4.  48 0.25 2. 50 4.840 

5.  4.9 0.81 2.70 2.624 

6.  4.9 0.31 2.20 5.488 

7.  4.10 0.35 4If5 5.170 

8.  4,10 0.35 4.00 9.195 
9.  4.11 0.4) 5.1 8.346 
10.  4.11 0.40 3.10 3.112 
11.  4.12 0.4)4 1,5 1.524 
12.  4.12 0.404 4.60 2.2 76 
13.  4.13 0.45 1.80. 1.988 
14.  4.13 0.45 1.40 4.4)4 
15.  4,.14 0. 5 3.60 1,302 
16.  44.14 0.55 3.50 3.248 

1.99a 

Table motion Corrected for base line. 
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TABL E.5,1 

(Sliding of Objects c ie to Koyn Earthqu ke) 

S..4. Di'spy.ac.E'ionto (cm) 
4 	 um value Residual valu e 

1.  0.05 10.0 10.03 
2.  0.10 3.0 0.021 
3.  O. 0.47 0.28 
4e 0.30 0.128 0.11 

5.  0.40 0.033 0.033 
6.  0.5A 0.006 0.006 

7.  0.60 0.=11 0.00011 



35 *0 
	 ,PPE1a X w.1T 

ttEF EKENCES 

1„ Kxi sI ia, J., Arya, A+ S. and Kumar, tc , "Importance of 
Is©fOrce lines of an Earthquake t th special reference 

to toyna Earthquake of Dec U, 1967" Fourth Symposium- 

on Earthquake Engineering, Nov 14, .15 and 16, 1970. 

Pp* 1-140 

2* Krishna,... J., rkrya q  A.S. and imaz, ..., "̀Di trihution of 

maximum intensity of force in the Koyna rarthquake of 
tec 11, 1967". Earthquake Engineering studies, School of 
Research and Training in E s th ake Engineering University 

of Roorkee, Aug. 1969., pp.  35.65 and 85425. 

3. Institute of seismology, "determination of force exerted 

by Sko j e Earthquake of July 26, 1963', Earthquake Engi 

flooring and town planning,, Skopie, , Fob, 1967, Vol I. Ch. 
VI, P?. 157477. .77. 

4.K shna, J, Ary , A,$. and Kumar, K., "Distribution of 

maximum. gro nd accelerations In the Broach Earthquake of 

March 23, 1970", Earthquake EngIneering studies, school of 

Research and Tratning Training in Earthquake Engineering University 

of Roorkoc, October, 1971, pp. 3-14 

5. Chandrasekaran, A R. , "Earthquake re once of friction 

mounted masses"#  &Ulotino .Indian society of Earthquake 

Techanology, Vol VII, No* I ?larch 1970, pp.  47.53. 



.r 36. 

G. 	Good man, RE, and sood, fl ,D. ' '"Displacanont of slopes in 
cohosIonlos material's during Esrthquak , Journal of the 

soil 1ochanics and foundation di vi si, on, ASCE, Vol. 92,1966, 

7, New Lark, N.ti. , "Efrfo t of Earthquakes on Damps and 9 ba. 
my a►ts il,  Geotechni e, Institution of Civ., Engrs. , London, 

England Vol XV, iso« 2, Juno#  1965. 



37 - 	I 1 6 

0uu 
	{ j.M' li 	

IIIY,IWI~ly 
4i' rR ' *M~ Iy 

C C SLIDING OF RIGID OBJECTS DURING EARTHQUAKES 
DIMENSION A(600)*T(600) 
DIMENSION ZS(40),TJ(40),vS(40) 

5 FORMAT (2X,3Hf T=F10s2,2X*3HFA'F10.2,2X,2HG=F1O.4 ) 
6  FORMAT (2Xs2HFaF10,4s2X,3HTDtFlO«4) 
16 	FORMAT (8F10.0 ) 
17 	FORMAT (i 3, 4 (F8.4 s F9.6) ) 
19  FORMAT(313) 
20 	F0RMATI2X,I4H8EGINING TIME=F8o4,4Xr6HACCLN=F9s2t4X,6111(JX)=F8r4) 
50 	FORMAT(4X,4HTIME,8X►4Ho)SPf1OX,4HVELOs8X,r4HTIMF,8Xs4HDISP,1OX• 

14HV LO ) 
55  FOR,MATI2(IX,F10s6+E14s6'E14.6)) 

C6=1./6* 
23  READ19,NCD 

N01=4*NCD 
N0=Nol-i 
D0211X1, MCD 
J1=4*I 
J=J 1.3 
READ17#NC,IT(K)#A(K),K JsJ1) 

21 	CONTINUE 
RFAD16,FT►FAsG 
I T=NOl 
0022K=j,zT 
IIK)=TtK)*ET 
A(K)=A(K)*FA*C,' 

22 	CONTINUE  
READ16sFsTD 
READ19,NK 
PUNCH5 s FT,FA, G 
PUNCH6sF,TD 
AJ=-10000• 
AO=F*G 
IX=O 
KK=I, 
2SC1)=0. 
VS( 1)O. 
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TJC1) T(IT) 
z=o, 

31 	Ixffi ix+i 
IF(IT—IX)28,29,24 

29  AN=ABS(A(IX)1 
IF(AN—AO)31,31#32 

32  IF(A(IX))33,34:34 
33 	5=-1. 

Go TO 35 
34 	5=1. 
35 	Jx=IX-1 

DT'(T(IX)—T(JX))*(S*AO—A(JX))/(A( IX)-A(JX) ) 
SQ ,. 

TQ*~T(JX)+DT 
AQ=S*AO 

PUNCH20,TQ.AQ.T(JX) 
TJ(KX) TQ 
V*O. 
VG=O. 
VO=o. 
D026I=JX,NO 

99 	SS —1. 
LffiI+l 
IF(SQ)81,82,82 

81 	TT=T (L)—TQ 
GO TO 83 

82 	TT'T(L)-'T(I) 
83  NAMTT/TD 

NosNA+1 
AN=N 
DTsTT/AN 
IF(SQ)84.85+85 

84  SL=(A(L)—AQ)/AN 
AKzAQ 
GO TO 86 

85 	SL==(A(L)—A(I1)/AN 
AK=A(I) 

86  Jul 
38 	IF (N—J) 27,3 ,37 
37 	DVON=DT*S*AO 

VON ZVO+DVON 
DVGNOO.S*DT*(2.*AK+5L) 
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V(NCVG+DVGN 
VN a V+DPI ON6--DV GN 
ZN =Z.+a.5*DT* (VO+VON) -VG*DT-C6*OT*DT* (3.*AK+SL ) 
PVVCVN*V 
IF(PVV)51s25,25 

51 	IF(SS)52,53,53 
52 	D1 O.2*DT 

551, 
Ns5 
AJ=J—I 
J=l 
SL=a.2*S1 
Go TO 38 

53 	DDTSV*DT/(V—VN) 
SOC—I,. 
lJJ1 
CJ= (AJ*5.+BJ)*DT4DDT 

TQ'*T (I )+CJ 
AQ= A(I)+SL*CJ/DT 
KK=KK+1 
V5(KK)=A. 
ZzZ+0.5*V*DDT 
ZS(KK)=Z. 
TJ(KK)cTQ 
AN=ABS(AQ) 
V*o• 
VOM©. 
VG*O, 
IF'(AN--AO)60*60,98 

98 	PRDzAQ*SL 
IF(PRD)60,60%97 

97 	IF(AQ)77,77,78 
77 	Se-1. 

GO TO 99 
78 	Sm1. 

GO To 99 
60 	IX=I 

KK=KK41 
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91 
94 

95 
93 

69 

75 

27 
26 
28 

♦ r 

2.S(KK)aZS(KK-1) 
VS(KK1xO. 
GO TAD 31 
VeVN 
Z=ZN 
V©%VON 
VG=VGN 
KK=KK+1 
ZSCKK)=Z 
VS(KK)='VN 
TKuJ 
IF(SS)91,92*92 
TJ(KK)=(AJ*5.+TK)*0T+T(I) 
Go To 93 
IF( .50 ) 94 ,95 995 
TJ (KK) zTK*DT+TQ 
601093 
TJ(KK)uTK*DT+T(I) 
,ICJ+1 
IAKffiAK+SL 
IF(KK-30)38,69,69 
PUNCH 50 
K1=KK-1 
IF( NK-1) 7Q,70r75 
dKK mKK /NK 
KQRAKKy-1. 
D076IDu1,KQ 
IEDID*NK 
ID1=Iii+1 
TJ(ID1)DTJ(IE) 
ZS(ID1)=ZS(IE) 
VS(ID1)DVS(IC) 
CONTINUE 
K 1r- IQ1. 
PUNCH 55s(TJ(IE)sZSCI )tVS(IE),IC*1sK1) 
PUNCH55,TJ(KK),ZS(KK),VS(KK) 
KK=O 
GO TO 58 
SQz i• 
CONTINUE 
PUNCH 50 
PUNCH55,(TJ(l),ZS(l),VSUI)*1=1,KK) 
GO TO 23 
END 

76 

rzi 

RyU
k 	
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C C OVERTURNING OF RIGID OBJECTS DURING EARTHQUAKES 
DIMENSION A(600),T(600),,ZS(40),TJ(40) 

10  FORMAT(2X93HFT=F1O.2s2X93HFA=F10.2s2Xs2HG==F1O.2,2Xs3HTD=F10.4) 
11  FORMAT(2Xr2HR=F1O*4r 2X9 2HH=F10w4s2Xs2H'=FIO#4s2Xs3HUN=FIOs4,2Xt 

13HVL=F10.4) 
16  FORMAT(SF10a0) 
17  FORMAT(I3s4(F8e4sF9,6)) 
19  FORMAT(I3) 
20  FORMAT(22Xs14HBEGINING TIM nF8o4l4ixt6HA CLN=F9,2,4Xs6HT(JX)'F8e4I 
41  FORMAT(2Xs37H0$JECT ©VERTURNED.ROTATIO (=9Q DEGREES) 
50 	FORMAT(6Xi 2HTMs11Xt2HRTs11Xs2HTM,1IX,22MRTs1IXs2HTMs11Xs2HRT) 
54 	FORMAT (1Xs3IHTIMEATWRONGLYNEGATIVE VEL , )CITY=F8.4s8Xs9HVELOCITYt 

1€16.8) 
55 	FORMAT (3 (1X, F10,6,E15.6) ) 

C6=1.o/6o 
23 	READ14,NCD 

N01=4*NCD 
NO=NO1-1 
D021I =1 sNCD 
,J1=4*I 
J=J 1-3 
READ17,NC,(T(K),A(K)sK=J,J1) 

21  CONTINUE 
READ16,FT.FA,G 
D022K=i,NO1 
T(K)=T(K)*FT 
A (K) =A (K) #FA#fi 

22  CONTINUE 
READ16, R,H,C, TD. UN sVL 
READ199NK 
PUNCHXO,FT,FA*G,TD 
PUNCH11►R,HsC,UNsVL 
AJ--10000. 
AOoR*G/H 
IX=O 
KKa1 
ZS(1)=00 
TJ(1)=T(NO1) 

31  IXzIX+1 
I '(NO1—X()28.29,29 

29  ANvAB$(A(.IX)) 
IF(AN—AO)31s31s32 

32  IF(A(IX))33s34.s34 
33  S-1. 

G0 TO 35 
34  Sal, 
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35  JXrIX-1 

50=-1• 
TQeT(JX)+DT 
AQsS*AO 

PUNCH2OsTQ,AQ,T(JX) 
•ZS(KK)-0. 
TJ(KK)=TQ 
Z=O., 
v=o . 
D0261==JXPNO 

99 	SS=--1. 
L=I+1 
IF(SO)81.82,82 

81 	TT=T(L )—TO 
GO TO 83 

82 	TT=T(L)--T(I ) 
83 	NA TT/TD 

N-NA+1 
ANaN 
DT=TT/AN 
IF(SQ)84'85f85 

84  SLu(A(L)-AQ)/AN 
AKwAQ 
GO TO 86 

85  
AKA(I) 

86 	D DT /C 
SLZ=SL*0.5 
J-1 

38  IF(N—J)27,37,37 
37  CO=CQS(Z) 

SI=SIN(Z) 
B1aD*(S*AK*(R*SI+H*CO)—t*(R*CO—H*SI) ) 
ZZuZ+0.5*DT*V 
CO'COSIZZ) 
SI=SIN(ZZ) 
82mD+ (S*(AK+SL2)*(R*SI+N+CO)-~G*(R*Cf,—NISI)) 
ZZ*Z+0.5*DT* (V+O.5*81) 
COZC0S (ZZ ) 
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SI=SIN(Z.) 

ZZ=Z+DT* (V+O.5*B2 ) 
GOIZCOS(ZZ) 
SI=SIN(ZZ) 
B4=D*(S*( AK+SLI*(R*SI+H*Cp1—G#(R*CO—H*SI1) 
VN=V+C6*(B1+2.*82+2,*G3+84) 
ZNOZ+DT*V+G6*DT*(B1+B2+83) 
IF(SS)71s72s72 

72 	IF(J-5)71,73,73 
73 	IF(ZN)71s74s74 
74 	EJ-(AJ+i.)*DT*5• 

SON--1. 
T4=T(I)+EJ 
AO=A(I)+SL*EJ/DT 
GO TO 99 

39 	PUNCH41 
GO TO 28 

71 	IF(ZN-1«57)40,40,39 
40 	IF(ZN)51,25+25 
51 	IF(SS)52s53s53 
52 	DT=0,2*DT 

D=0,2*O 
SSgi. 
N=5 
AJ=J-1 
Jul 
SL=O.2*SL 
GO TO 38 

53 	ODT=Z*DT/(Z-zN) 
V-V+(VN--V)*DDT,DT 
z=0 ø  
V=—V*UN 
SO=-1. 
S=-i, 
BJ-J—i 
CJ= (A.J*5•+8J )*DT+DDT 

TQ-T(I)+CJ 
AG=A (I)+SL*CJ/t T 
KKcK.K+1 
ZS(KK)=Z 
IJ(KK)=TQ 
I•F(V)56s57,57 

56 	PUNCH54PT )9V 
V=—V 

57 	IF(ABS(V)—VL)58,99,99 
58 	V=O, 

ASV=ABS (A€ ) 
IF(AN—AO)60s60►98 

98, 	PRDaAO*SL 
IF(PRD)60,60,97 

97 	IF(AQ)77s77►78 
77 	Sa-1. 



GO TO 99 
78 	Sa1 e 

GO TO 99 
60 	IX=I 

KK=KK+1 
GO TO 31 

25 	VmVM 
Z=ZN 
Kt =KK+1 
ZS(KK)=Z 
TK J 
IF(SS)91s92+92 

92 	TJ(KK)=(AJ*5.+TK)*DT+TII) 
GO TO 93 

91 	IF(SQ)94,95i95 
94 	TJ(KK)=TK*DT+TO 

GOT093 
95 	TJ(KK)rTK*DT+T(I) 
93 	JUJ+1 

AK=AK+SL. 
IF(KK-30)38i69,69 

69 	PUNCH50 
K1.=KK-1 
IF' (NK--1) 70,70,75 

75 	AKK=KK/NK 
KOaAKK-1. 
D076ID=I pKQ 
I E= I O*NK 
ID1-ID+1 
TJ(ID1) TJ(XE) 
ZS(ID1)=ZS(IE) 

76 	CONTINUE 
K1:ID1 

70 	PUNCH 55*(TJ(IE),Z5(IE)vlEml#K1) 
PUNCH55,TJ(KK),ZS(KK) 
KK=O 
GO TO 98 

27 	50=1. 
26 	CONTINUE 
28 	PUNCH50 

PUNCH55+(TJ(I),ZS(I),I=1,KK) 
GO TO 23 

END 
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