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SYNOPS 1§

The objective of this thesis is to ovaluate the ground
motion characteristics such as peak ground acceleration and

predominant frequency during an earthquake by simple measue
rements of objects which slid or overtumned during the ovent.
Where accelerograph record is available, the information
from sliding Qnd overturning of ohjeaté may be used to suppe
lement the accelerogram for working out the attenuation chae

racteristics of the affoected arca, For achieving the objece
tive stated sbove, simple objectes were shaken on a shake -
table and obsorvations of sliding and overturning taken
along vith the record of table motion. After digitising the
table motien.'responae of friction mounted §b5e¢ta has been
calculated by computer programmes made for the purposes The
correlation obtained between the obsexved and calculéted

values is quite promising though not entircly satiﬁiactéry.
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NOTA TIONS

Amplitude of ground accaleration |
constant of integration

Ratio of mass moment of lnertia to the mass of

the object i,a, I/m

- Mass moment of inertia

Mass of the object

ampli tude of frictional force

Force nommal to inclined plane

Relative displacement at time ¢

The displacament at time &

The relative displacement at time %,

The relative velocity

Weight of the object

The intercept of the vertical line through C.G,
of an object from the nearst cdge of its bases

Coefficiont of restitution
Acceleration due to gravity
Mstance of C.G. of the object from tho base,

Mass of the object

Time , |
Time at which the ground velocity equals to the
object wvelocity
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Time interval.

Absolute displacement of tho object.
Absolute velocity of the object,
Absolute acceleration of the objects
Absolute displacement of the ground,
Absolute velocity of the grbund.

Absolute acceleration of the ground

Absolute velocity of ground,
Coefficient of friction,

Angle of inclined plane
Angle of rotation of an object
Angle of internal friction,
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CHAPTER o I

INTRODUCTION

1.1 Measurement pf Ground Acceleration

The forces acting on structures inm an earthquake can

be worked out fram the recorded ground accelerations, whie
ch is theorcfore the most use ful foxn of ground motion for
engineering studies. Ground acéeleratims near the epi »
contro of an e@arthquake are largest and roduce quickly vith
distancc frem epicentre, In oxder to record strodng groe
und accelerationg the recording intrumenis {strong motion
accelerographs) must therefore bo located oloso\td the
opicentre. The selsmic zones of the world have their eple
central reglons extended over areas large enough to requ-

ire too large a number of accelesrographs to be instaled in
'ahy‘such regions so as to be certain,that‘cne'af the inse
truments atleast records an earthquake occuring any where
1n‘that region at a rosonably close distance frmn the eple
centre, Thigs would mean a ClOSGiY spaced nctework of thesge

instruments which vill be very expengive,

In the absence of such Instrumental data, an alternate
approximate method is suggested(l’z’a’a’fbr estimating the

maximum ground acceleration at any inhabited place from the
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obséwaﬁms made on movemonts of small rigid house«hold
_objects and analysis of structuro-s damaged during the

-carthquake, ‘'here an carthquake is recordod by en acce
elerograph, this method of study would give additional
information to supplanent the recorded acccleorogram data

at several places around the eplcentre.

'Analysis for the behavious of small xigid objoects

in tsliding' and overtumning' has beon devecloped in this
thesis for corrclating these movaacnts to the peak groe-
und acceloration, The work is preliminary in that onl
one componcat of ground motion has been considered in the
analytical pmcedure' with experimental bhwwatims and to

investigato the effect of various parameters on the results.

T varlous factors which affeoct the {ield observa -
tions ae also important ultimately in the cstimation of

maximum ground acceleration at a places. TRise are digeu »

ssod in the subsequent paragraphse

For deteming tho ground acceleraticn at a particular
location, several obsorvations of movanents and non-move
ments are required, 1In the casce of movancat of an object
the actual force applied by the earthquake must be more
than the minimum forco required %0 cause tho movement, On
the other hand, the force requized to move the object vihie
ch did not move during the ecarthoquake , will give an ﬁpper



limit to the carthquake force, The actual {orce applicd
by the earthquake must be somewhere between the lower and
the uppor limit, If these arc obtained for a number of
objects, the range between tho uiper and lower limits woe
uld be sufficiently narrowed dovn and an accurate esti =

mation of ¢{he actual force can be made.

1,2 Factozs Affecting Sliding and Overturning of Objects

Slicling and overturming of rigid ¢bject is governed

by a nualhoz of factorss The carthquake motion is such that
it has w0 mutuélly perpendicular horizontal components and
a vertical component. Tho overturning of The object will
depend upon the horizontal campeneht which Dost suits the
axis of the object (Lf the object is unsymmatrical in plan)

togather with the vertical component, A% the instant of
the maximum horizontal component, the veriical canponent may

be such as to increase the welght of the ohjact and stablw
ise it or to reduce the welght and add to ihe overturning
effocts The sliding on the othor hand gencrally depends
upon the resultant of the two haxizontél components togethe
ex vAth the vertical comnonoent, Also it is known that the

component in the vertical dircction goes on decreasing at
a greator rate t'an the horizontal component with the distance

frem tho epicentre.

Location of the objcct is another important factor.

smaller objects would bs nomally resting c¢n seme gsupports.
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Unless the supports are perfectly rigid, tihiedr motion will
be amplified relative to the ground motion, Objects on
upper flcor of the house vill similarly reccive amplified

motion,

Besides the ground motion other significant factors
are the co-efficient of friction between the contact eure~
face, inclimation of the contact surface if any, orientation

of the object and 1ts shape and size.

Last of all and the most important perhaps is the
correctness of the infommation, For reliable data, some

clear evidence is desirable, Fox example, Lf the object
i¢ 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 dbject chances of incorrect

infomation are expected to be fow,

1.3 Assunptions in Theoretical Analysis

Foz theoritical analysis following asSumptions are
made ¢ |
1} the surface on which the object is placed is exaw
ctly plane, homogeneous and horizontal,

2) +the coefficient of friction ig constant over the

range of sliding on the surface and does not ¥ary



vith the relative velocity between the surface
and the objects That is the dynanic coefficient

of friction is the same as its static value,

3) The object has a tendency either to glide only or
to overturn only, these two motions being consi =

dered uncoupled,

l.4 Outline of Thesis

In the Chapter III, the équations of sliding and overw
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

1

the accuracy of the computor programme and found satisfactory.

Experimental siiydies are also conducteds In these stue
dies the amount of sliding and the overtuming actions are
recordeds During the experiment, different accelerograms are
recorded and they have been digitised for the theoritical |
resultss The theoritical and practical results so obtained

are compared in Chapter IV,
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In this paper, the earthgquake responso of objects,

which rost on ground through frictlon, arc investigated, If
the obj'ct is not fimly tied <o the ground, i¢ vdll have a
motion rclative to the ground, causing it to glide, rock or

overturn,

Two caces are considercd = in the first type a daghpot
with viscous damping connccts the object to the ground, Here
the damping force is a lincor function of the velocity, The
other is a dashpot with coulonb damping in which the damping

force ig independent of the magnitude of valocity but depends
on its phase, It is concluded that relative displacements
aways take place irrespeﬁtive of the valuc ¢f friction, This
conclusion is however illogical since the motion must cease

to occur when acceleration coefficient becces loss than coe
officiont of frictions 1t is further shown that digplacement
decreases with inc¢rease in friction in casc of viscous damping,

whoreas in case of coulomb domping the displacement pattern,
as worked ocut for four earthgualkes, is found to be irregular,
The relative 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 coulemb dampin
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V’ + 19 { Sin (V) % = "'S,. ses (201)
It is concluded that the rclative motion of the mass
is not only a function of the maximum acceleration but also

of the vave fom of the ground motion,

006170, Be Be,_and Sced, RN
They have considercd dova hill motion of an object on

a sloping surface for the pumposc of evaluating» amount of
slip in coil enbankments and zorthdams, Taling the case of
a slopc of uniformly donse gronular materical subjected
through cut its, height to constant hoxizontal acceleration
having a magnitude greater than the yeild acceleration, ky,
a sliding mass at the surface vill advanco. down the slcspe’
like a frictional block on an inclinea plane (Figs 2.1). |
Roforing to Fig, 2.2 it &8s seen that no digplacement vill
occur until time t;, when the induced acccleration reaches

the yield acceleration ky,.

If the yleld acceleratioh ig assumed to r&nain constant
throughout the first cycle, tho veloclity vill continue to ince
rease until t=3 s When the acceloration again drops below the
vield valuz, the velocity ls {lnally reducoes to zero at time
ts and for reversal of acccleration, Lif may be possible for
the slid’ny mass to move upwarde According to these authoxs

this is oaly possible if the acceleration is greater than 1.,0g,
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The actual value will infact depond upon the slope as well
v ye\sive

s the angle of friction, The cafe—od digplacement of the

sliding mass may then be computod by integration of the

velocity ves time diagram,.

lathematical Analysis

Let x be the down ward displacement along the surface
and horizontal acceleration induced by earthquake be k( t)g.
The angle of friction ig Oy
Hence the equation of motion is

i d3x
Wsin <+ kt) W Cosd =R Tan @, = 3= X v

and R = (WCos o« k(%) Wsin «) see  (2.2)

substituting the value of R in aﬁwe equation

1 d®x {Cog < Tan Dy mSin
, - — X 'a",g’g"ﬂk(t) - —
ol Sin « Tan @eq + Cog ) (sin « Tan meq+ Co!

Cos o Tan ¢ = Sin <
eq i |
§in < Tan Teq ¥ tora = Tan ( Pog * ) = ky

dfx :
Hence wgm= B (x) [ k(t) u!cyj

Since

Where D (x) = g {(sin < Tan @eq + Cos H)

As the accelerations induced during an carthquake are
varying in frequencies and amplitudes, the dsplacements of

the sliding mass can be detemined by numexical integration,



Velocity at time ty is

<—d=l ' I‘t.‘ k“t
V(tj)a Zi—u B (%) [ z(Er); (J-_tl.)__.e- kY_At

see  {2,3)

and the displacement at time ¢, is
Nl V(tj+ 3! + V(’&i)
) 2

x (%) “25=u Bt aue (204)

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

velocity is again zero,

(7)
2.3 Newnark

Sliding of a rigid plastic nass s~ A simple derivation
for a rigid mass in developed to glve a quick estimate of the
magnitude of the motions to be fche;::tod in sliding, when it
is subjected to the influence of dynamic forces of an earthe

quake.

Congider a rigid body having a welght W and a mass M,
having a notionm %, The motion of the ground on which tho

mass mssi:s is designated by v (t), where vy is a function of

" time te The relative motion of the mass, compared with the

gfound is designated by U, where U = Xey (.ige 243)s

The resistance to motion is proportional to weight W, of -
magni tude NW, This corresponds to an acceleration of the ground

of magnitude Ng that would cause the mass to move relative to



. 10 =»

the ground, (called the threshehold acceleration by th~ writer).
The acceleration considered is a single pulso of magnitude Ag,
lasting forr the time interval t, (Fig 2,4)s The velocities

are as a funcation of timé for both the accelerating férce and

the resisting force., The maimum velccity for the accelerating
force has a magnitude v, given by v = Ag tO sescuse i {245)
After tine to' the‘velocity duc to accelerating force is constant
and velocity due to resisting force is v = Ngt as shown in

(Fige 2 B)e

At o time % both velocities are equal and the relative

velocity becomes zero, or the body comos Lo rest relative to

the ground,
vV = Ngfm
v
or ‘tm#ﬁ-g-—

The maximum displacement of the mass rolative to the ground

Un is equal to the shaded trbangular area of Figs 2.5 .

S S |
Um o Evtm‘-@i’-*vto
1 vd 1 ¥R
or Uy =3 N§g v 2 A5
1 ve N
hence, Umﬁ 3 ‘aﬁ ( 1 X) oos (2.6)

The result given by this cquation generally overstimates
the relative displacement for an earthquake because it does not

take into account the pulses in'Opposite dircctions 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 di splacement, It does indicate that—the dige
placement, It does indicate that the displacement is proe

portional to the square of the maximum ground velocity.

The result derlved 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 dige

placements,

2,4 Summary = It is seen that certain minimum ground acce-
leration 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 texminology 'yield ascceleraticn!
and 'threshold acceleration' are therefore assentially the |
same and refer to this minimum ground acceloration, The‘s}id-
ing object may come to rest with respect to the ground any

moment the relative velocity attains zero value,

It will 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 Chap ter 111,
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3.1 latreduction

In this Chgpter tho equations of motion are first written
for the sliding of objects on frictional surfaces subjected to
simple r ctangular and triangular pulgess Closed form solutions
are derived for the sgme and numerical results computeds The
gencral ocuations of gliding motion is then derived and the
general cquations of sliding moticn is then derived and'the
maothod of numerical solution indicateds This numerical solution
g prograimed for digital computer cslculations and the results
arzived at for the fommor simple pulség arc verified by the
computer solution, Finally the computer solution is used to
solve more difficult cases of triangular pulsoes ﬁnd the results
arrived at have been plotted, Later on the equations of overe
turning motion are derived.

3.2 Analysis for Response of Rioid Objocts on Surfaces
Subjcected to Rectangular and Triangular pulses

(1) Theoritical Results for Single Rectangular Pulses

Using equations 2.5 and 2,6, the regponse for glngle
rectangular pulse (Fige 2.4) are tabulated in the
folloving table 3.1s Tho area under the pulse is kept

conctants As the acceleration increases to infinity
and the time to gpproaches zero the pulse tends to be.an

impulse and the maximum rolative displacement U, approe-
aches a fixed value of 66 tm,
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The curve (Figs 3.7) between the acceleration and the

maximum displacement is plotted and it shows that this curve

approaches the absolute maximum digplacement value of 66,0 cm

approaches the impulse asymtotically,

For

at

hence = = Nge Ag ( 7
dt

(ii) For a single triancular pulse the equations are
derived below (Flge 3.3),

N g t
0 2
o3 <t<3

The eouation of motion is
mX w mNg = O |

m¥ - my - mNg = -my

Vo= Ng .Y

Al

t .
t = 3z 3% VeO0, V=0, 50 that

Yy = Ng
av ..

wer = ) = Ng = ¥
dt ’ ‘

Equation of line VA is

t
Y = Ag )
t;72-
av t )
t./
'o

on integration

at

2ng  tB
V = !‘!g‘t-uae;mx-ﬁ-**ﬁ
N |
R 3 Ve
N2g ¢t

$ =
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Agt® N3gt

hence V = Ngt » ===
| o ZR
| Nt . o
e T % o ....Q.J- Agt?
t, SR
= “EQ e, m'“g*“
hence V, Ng\_ e |
or vy =-St (am) (1D | vee (31)
BT Nt Agt?
™ v - v o -uuﬂ:], mn—
now V 2l = at s Ng [jvt AR to
on integration |
a
A Bl
U = NQ[Q - IR ﬁ] - 5'5;' + C
t N N3¢ 08
at ¢t = 5~ ,Us=0andCe mpd—
$3 Agt ‘3
hoence U = Ng[2 - t] s+ §AA“
tb v '
at tezn U=l

. %ﬂ ' ta Agts Nauﬂg
hence Ul””g[ 8 " an 27" 23 * 24@”

~ gt? : . N, N® ~
or Ulzs ._éﬂ..[ﬁ - N (l“ﬁ:"’ A2 ):] ese (3:2)

3
L ty 3t,
Now refexring Fig, _3; 4, for ﬁwéi: L -5

the equation of line aAc¢ is
t

y = 2Ag [l-g;]
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Eqﬂatlon of motion ig
m¥ = mNg =0

or V =lge¥
dv ¢
or a-i pan NQ‘ZAQ [ ln *EG ]

orr Thtegation

V = Ngt - g [ T %ga]"} C

t
at t = §-— Vo= Vl_
B .
h (= X 9% + Eagt

hence V= Ngt = 249 [ tom ?t ]+ = Ag ty - —

at t =t Vv = V

0 o
| A N y
hence VO = - gto "i" - N (l . z&} 69 (3.3)
e N2gt
Now - o L ‘ - —
% = V= Ngt « 2AQ [ta- i‘oJ '*’ Agta : ZA

on integration

Ngt
Uciﬂn QAg( ﬁm )+(3’-Agt Sl C

2 4A
b
0
at tzy'ugul

Agt” N3g2
5o+ AT

honce C = =
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subgtituting the balue of C in above equation

th 2 .3 Agt 3§£_q
— LD .. ) te
U = Ng 3 ~§ﬁg(2 - 6t0) t ( m— L
Agt? N3t3 g
- Tt T
at t =ty U = U,
2 N N NS
hence I.J(> = - gt, [ %-’ -3 (1w EYy + mﬂ' _ ver (3,4)

It is scon from Fig, 3,7 in which the walues of the table
3,2 for maximum sliding metion Y, are plotted that for infinite
value of A and the same impulse (A t, = 0.2 Sec) the limiting

maximum value of Um is 16,0 o

(iii) For a double triangular pulse as shown in Pig. 3.4
the equations 3,3 and 3,4 are further oxtonded as
fbllows : | |

akt t = 1'5 tﬂ’ U= Ulf Ve Vl( saY)

1 : - A é gi—.»* -;'-. 3 .e (3.5)
[;U = - 9% E%ﬁ”&( g“" g8 A~ 24 Mralbpee

[Vl " - gto lN( % *6)‘*‘ /\JW | see (3.6)

Forl.St <t < 2*:

Equation of lineo BD is as
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, ot
Vo= s i

a "Eduation-of motion is

V= Ngey

; . 4 A [ t l_]'
w9 2to o

on integraiion |

Vs HNgt » 4Ag | =y » L |+ G
ot e o [t |
st t = 1.5 t, Vet
C = wgt0[4A+‘*r§"A:]
X 2 L8 o ta . N&® & 4
and U o Ng[== « 280 ( ==, » =) « gt (484 === )"
-3 2t,” 2 o™ 2A
13 Not2g
g Aty ape eev (3,8)

For a double triangulaxr ground acceleégﬁion pulse shovn
in Fig. 3,4 having A = 2,0, t, = 0,2 soc and for N= 0.3 the
computed values of displacemins and velocites by above
expressions are compared with those obtained numericai inte=

gration as oiven in table 3.%

3.3 Genoral Equation for Sliding of Rigid Objects on
Horizontal Surfaces Subjocted to Vibratoxry Motion’

Figs 341 shows 2 r.gid object and the direction of motion
for the object and ground to gether with variws forces.
Let the relative digplacoment between mass m and the

~ surface on which it rests be U, then U= oy and U = ey = V
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whoroe V is the relative volocity, the cquation of motion

45 given as folows

ma-o ( my ) =0
or m¥ eny + ®l(x-y) =
or U+ O(V) = oy

V 4 0 (V) = =y

(2 X (309)

The solution of above equatien can bo made by numerical

tthere O (V) =—uglsin V% when V#£ O
and @ (V) = when Ve O
integration,

TOgram,

U = V= (x-y) ~» Ng | 5in V? -y

A = At Ngisin Voot |

lM;(

<

1

o
o]
y*

For linear acceleration variation of the accelew

J."'xn) - Ynu]. ot - 6 (Qyn -1t Vo)

Y Y YY) ‘3-10)

3.4 Numerical RG"’u.’.tu far Gantinqus Trap 2z aidal and Triangulaz:/ |

E.‘.le

L4
i

Further computations have been made numerically on the _‘
camputer‘ by the programme given in Appendix III for continioug
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ropeated triangular and trapezoldal pulses as shoen Gig, 3.5
to Fige 3,6, It is seen from thegse figures that the rigid
object attains a stable po.,itlon of vibraf.evy motion about

a centre of oscillation after two-or threo cycles of the
ground pulse, Since this acceleration pulsc is symmetrical,
the oscillatory periedic motion is obtalned as oxpected.. These.
results and the computations shown in Tablo 3,3 confim the
correctness and accuracy of the computer programmes and the
maximum time interval for integration that may be used congisge

tant with accuracy of computations,

3:5 me*m:ming af Rigid ijects on Hemzantal Surfaces

m:»;;cnted to Vibmtary :,otinns,.

Figs 3.2 shows a rigid object and its direction of motion,

The motion of ground and the various forceos acting on  the
object are also shoun therein, , |

Let the base'ovf the object make an anglo § vith the
ground, Rotation first begins, when

a

y>{(~) g
thon the oquation of motion is given by

my (hCos @4+ asino )« nDBmg( aCos©®a~hsing) =0
or 6+ B ( aCosg~hsing) ab-(hCoseav a Sin )y 4..(3.1]

when © = O, there is an im»act ond

8 -09
(after mpact) (before imyact) " eee (3.12)
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I
In the above equation (3,11), D= = where I 15 the
mass moment of inertia of the object about the point of

rotation A or B,

(1) for solid ¢ylinder : I = —px ( 15 2% + 16h?)

I 1 :
and D = === y, (1522 + 16h%) ses . (3,13)

m
(11) for rectangular solid : I = ré—{,léa” + 16h8)

1 1 R
and D= === ﬁ( 16a® + 16h®) ves {3.14)

Solution of equation (3,11) can be made by numerical
integration using RungeeKutta fourth order procedure as follows 3
@® .. g | L
g 9= ~5( acCos 6 ~hsing) + ‘%(& sino + h Cosd)

&t

Bml = 0, + Atven + 7 (ml_ + “_‘2 + .mg),

_®M1a6n+6(m1+2n2+ Zn3+m

4
ot ' .
where my = 5=/« g { a Cos 6, = h 8in 8,) + v (t,)

(asino,+ hCosey)]

1 ..
0, = 6, v 5 A8y
' At
m awﬁ—[ug(acusel»hﬁiﬂal)*V(t + ?)

| (855.!’1614* hCO"‘Ol)]
At 1
6,= 0, + 5= (0, +3zm)
Atr
My = 5= g(aCosa huinag)+y(t + "r"—)

( 2 &in 6, + h Cos 02)]
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. v . l
03 = 8, + At (8, + =z~ m,)
ot ; ..
m, =g5-L=9 (a Cos B4~ b Si.ﬁ_ 83) + ¥ (t, + at)

( a sin 0, + h Cos 63):[

When 0., , becomes negative, the time step &t is reduced to
one fifth and linear interpdation then made to fixed the

)
time whon 0 = 0 L.evy ot = ( -t*-n-‘)@
’ anﬂml N
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CHAPTER = IV

EXP ERIMENTAL STUDI:S ON SHAKE= fABLE D [HSUKEIICAL RESULT

: A.l Experimental Set up

Exerimental studies were conducted on a shaking table for
evaluating both the sliding and tho ovorturing rcspénses. The
shalcoétable ig 38 cm long 2 3} P vide and is supnorted on steel
balls, It is held in positien by four springs.s An automatic
electromagnotic arrangenent of giving impacts to the table is
provideds A fréwency control dovice is used for regulating the
rato of Zmsacts from 1.0 ¢ps €0 8 cpse (atural frequeoncy of
vibratica of the table is 5 c¢pse The motion of the table can
be meacuzed by mounting a vibration pickup on it. The experie
montal setsup is shown in Figs 41 t0 4,5

442 Sclection of Objects and the Parameters for $liding Motion

For the first caso of sliding motion, the various values of

coefficient of friction could be obtained Ly trail, by evaluating
it value for four different objects and four surfaces. Ubjects

made of wood, cenent, allumuniun and lrcn were chogen and
tho su rf‘aces on which these objocts msfed wore of plywood,
straw boaxd and sunmica, The varions objects used for'
sliding motion study axe shoun in figura 4,6 (a) through
(d)e
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The coofficient of friction was determined by measuring the
welght of the objecct and the hoxizontal force required to slide
“it. The latter was measured by a pulley and pan arrangement, by
tylng a string to the object aé‘id stretching it horizontally

over a {zictlon less pulley, On the other end of thread a pan
was hung, the welghts on the pan were increased greadually, till
the objoet just started sliding, This gave tho frictional force
and when divided by the weight of tﬁe objcct, the coefficient of
friction was obtalned,

Selécticﬁ of suitable values of coeffizient of friction
(n) m}ez: a range from p = 0,21 top = 0. 55 was made over a total

of 8 valuegs The surfaces could bo mountod casily on the vibrae

tion table by scrowitn them at four comorg,

The acceleration pickup mounted on the vibration table
was connected to a pen recorder through an amnlifior for recore

ding the table accelerations,

4,3 Devico for Recoxding Sliding Motion

For recording the distanco moved by the object a thin and
light alluminium strip t?:eﬁ-.ghting 5 mgss was bent at right anagles
and one azxm of it was fixed to tie objocts Tho other amm was

extended by connecting tnrough'a hrige a similar otrip to it
At the other end of the Hnged extension a hole for pencil lead
vas drilled, The welght of the oxtended gizip boyong the hinge

gavo sufficient prossure to hold tha poncil point in contact
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with tho paper below for making a record as the object moved on
the tables Such strips were uscd on both the sides of the

obj oéts.

Below the pencil point of the recording gauge, paper strips
vere pasted onthe surface and the object was placed between these
tero stripss Now the table was allowed to vibrate by the impact

hammer arrangement providad with the tabla, The rigid o_bjéct
staréed moving and the rocord of its motion was left as a black
impression 'on the paper strips The accelerationsg of the table
were recorded as stated earlicrs Theorititd responses i,e.
velocity and the digplacement were then worked out from the
digitised motion using the particular value of coefficient of

frictions

4o 4 Exporimental study of Uverturning fMotion

An object of size 25,5 X 5.0 X 2.5 x an as shown in Blg,

4,6 (o) was studied for overturning motion vith its smallest
dimengion along the dimcticn of motion, It was subjected to
four table motions of different frequencies, Each motion caused
the object to overtumrn after some rocking, In the analysis for
overturning motion involving rocking of objcct, the coefficient
of rostitution was to be detexmined, This wés done experimentally
by re¢ording the moiion of the rocking objcct on a tightly
stretched paper glued at its two onds to a voxtical wooden frame.
On one face of the object a emall stxip of allumunium bent in

tho fom of U and having a pencil lead was fixed, The object was
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placed in front of the fr-me that the pencil lead just touched
tho paper and maintained th2 coatact while in motion, Now the

object the was slightly inclined initlally by hand and then

roleased, Tho pencil lead left a clear mvar!c on the paner in

the fom of an arc of a circles The angles between the initial
and fingl positions of the pencil mark and the equilibrium
positon a*::.rest ‘were meagure-d and with tho help of equations
(3.3) for velocities, the valuc of coefficiont of restitution

vas detemined,

4,5 Recording and Anysing Table Motion

The accelemg_x‘am of the table motion o produced, was
recorded by tho pen re?:ord@r instzument, I% was digitised by
reading the acae:lé‘z:ation records on a X, v co-m:dinate plotting
machine, The theoritical results are obtained by numerical

analysis on the cﬁanputer. For cliding motion a larger time

interval of 0,04 sec (= % ) was used as the integration is

direct and linecar variation of acceleration exigts over the

successive accelerogram points, Uthereas the analysis for ovors

turning mcr::io.n a time step of %0 or less was found to oive

accurate rosults, where T &5 the predominant time pericd of the

acceol exronzam, 'The fourth o::‘:d‘ezr’ mtnge-v!(u:t:ta procedure w&‘s

used hezo, ,

4,6 Coanarision of Emmorimental Results of Slidina with Theory
The rogults of sliding of objects obuained by experimental

sliding and theory are tabulated in table .vs 41,
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Fic, 47 t0 414 show tho pattern of sliding of the object,
studied oxporimentally. Fig. 4,10 and 4,12 show the motion in

both directions while the rest Figs. show the motlon of objects
in one direction only, Both directioris mecan that the object
first moves in one direction and then in roverse direction as
the velocity changes sign, All these curves 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 accelexation peal,

47 Comparision of Exp erimental Results of Overturning
- Theor'y , i .

The results of overturning of the object are plotted in
{Fige 4.15) and ( Fig., 4,16}, These figures show that experie.
mentally the object overtumad ot the timo marked by star on
the accelorogram so obtained, but theoritically it is overturned

before apnroaching to that timo.
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CHAPTER _V

MUV ISNT OF UBJECTS DUHING KOYNA EARTHQUAKE

591 Sliding of Objects . The accelerogrem used in analysis is

given i (Figse 5.1) and the coaputed time wise values of relative
displacanonts and velocities are presented in (Flg, 5,2) to

(Figs 5¢7)s The Maximum and residual valucs of displacement
are given in table 5.1 for the various coef{icients of friction,

Table 5.1 shous th;t the amount of sliding decreases as
the coefficient of friction increases an& the diSplacenént of .
the object is almost negligible for high volues of coefficient
of friction particularly when it becomoes more than 80% of the
coefficient of peak ground accoleoration, From the figures it is
seen that the displacements in some ceSes continue to grow
whereas for other values of p the displacanents first reduces
and again incressess In one ¢ase of u = O.1 the diplacenent
after attaining maximum value reduces to zero, reverses sign and.

in the ond remains vexy nearly zero, This there is no dofinite
trend and it seens that the dignlacements az¢ very sensitive to

the soefficlent of frictlon p.

Be 2 uverturnigg of OEg_acts

N\

Twd small objocts A and B of rectangulor configration of

dimensions 4 x 20 cm and 4 x 12 on respectivoly were analysed

for overturning motion due to koyna longiﬁcdinal component
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baving the direction of ground motion paralel to thelr shortest
dimensions, Af time intorval of 0,005 seconds was used in the

intergration which coxrrespondg to about one twentieth of 0.1
sec, tho predomenent pcricd of the carthquake motion, It is
scen that none of the objocts overturns and they have rocking

motion as shown in Fig, 58 and 5.9« The mere unstable object

A has (a/h) ratio eqal to 0,20, Hence a static force of 0,29
acceleration could overturn it, whereas the peak ground acce=
leration in the accelerogran used is 0. 63g occufring at time
3.8518 seconds on the record and having a duration of approximate‘

D05 s0C,

Ancular rotations of the crder of the peék valué of 0,5°
occurs several times, including the instant of peak ground
acceleratian for this objocte For the other object B having
‘F = 0,33 the peak displacenents of maximum order occurs - tl

twice, whoreas the largest displacement occurs at a time of about
4,325 scconds,  When the accelerogram has a peak of 0,45g having
a duration of approx. 0.06 sct, Thereforc it is evident that

the extent of rotation or complete overtuming will depend not
only on the peak ground acceleration but »lso the duration for
which the poak lasts,
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CHAPTER « VI

COUNCLUSIONS

1, Experimental studies presented in Chapter IV indicate
that the analysls for overtuming and sliding are sensitive
to the oround motion as wéll as coefficient of friction. The

table motion should therefore be precisely recorded and meae
/ ‘

sured, Pefhaps a better precision than uscd in the work is
desirable. The order of the computed digplocements for slie
ding of objects is the same as obtained eoporimentally al «
though in some cases the correlation is rather poor,

In overturning study, the theoritical analysis indicates
overturning much before that obsorved exporimentally, During
the experiment, the object was a¢tually seen to rotate about

its vertical axis also and tho complex combined motion apparae

ntly addoed to its stability in overturning.

2, Analysis for Koyna carthequake record {Chapter V) reveals
that the naximum amount of slidng is rather omall and is gene
sitive to the 6oefficient of frictions There is no regular

trend of the rosidual sliding with the coefficient of friction,
However the maximum amount of sliding increases with decrease

in the coefficient of friction,

Overturning of objoects does not occur cven for an object

of low stability having base viith to helght ratio of 0,20, It



o« A =
is seen that the amount of rotation depends not:only on the
peak ground acceleration but its frequency content also, that
is, tho Juration of time for which the acceleration peak acts
is quitc importants Hence the gquantity of interest for overe

turning of objects becomos the area under the acceleration peak

or 'the impulse' given to the body.

3, 1Itis also seen that one peak acceleration pulse of the
‘accelerogram alone is not important but the train of peaks in
succession are apparantly slanificant in contributing to the

sliding as well as the overturning motion,

4, Only one component of Koyna carthquake motion was considered
in the analysis presented in Chapter Vi Undoer the combined action
of the two horizontal components of ground motion together with
the vertical component, it is prabeable that significanily large
digplacemonts and complete overturning of objocts may occur, The
present analysis is to be entended to include the effect of the

vertical component of ground motion.
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TABLEw31

(Response for single rectangular pulse)

S. o Ag .t mor U, V., U

(en/sec®)  (secdndsl N (cB) (enfsec) )
. 29 0.1 0s3 8435 167,0 56,00
2e l.0 0.2 0e3 13,73 137,83 46,00
3, 0.5g O 4 0e3 15,70  78.5 26,00
F

TABLE«3,2

{Regponse for Single Triangular Pulge)

5. No, A . t’o‘i , “ N Vo "V, U,

1, 4,00 0,05 0«3 = 241 83,3 14,00
2 2,00 0.1 0.3 3,53 96,00 11,79
3, 1,00 0,2 0,3 478 43,5  B.0O

4, 030 -+ Q4 0.3 353  =1,95% 0,0065
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TABLE = 33

( Compaxision of Results for Double Triangular ground)

Acceleration)
S.No. t By‘ Eq._ 3,1 to Eaq. 3,8 By Numerical Integratioh
{sec) - y
U v v , v
(em) { cn/sec) (em) {em/sec)
1. 0. 20 14,1656 133,302 . la,1644 139,547
24 0.30 23, 3478 12,017 23, 3776 12,017

b Q. 40 19,2003 ~59.846. 19,210  «59,810
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TABLE = 41

(8liding of Objects on Shake Table)

S;Nb. " Fig, No, coeff,'af- Displacements ( am'

fm(‘n c;:i on Practical Theori tical

)

1. 4.7 0.2l 200 . 21,862

2. 4.7 0.2 . 1.80 3,235

3, 4,8 | 0. 25 . 3,15 e

4 - 4,8 | ‘0. 25 2% 4,840

Se 4,9 0,31 2, 70 2. 624

6o 4.9 0.31 2. 20 ‘ 5. 488

7. 4, 10 0.35 4, 65 _ 5170

8. 4, 10 0.35 4,00 9,195

9. 411 0. © 5,1 8,346

10. 4,11 0. & | 3.10 3,112

llo Aro 12 Od (DA lb 5 lo 524

12, 4,12 . 0.404 4, 60 2, 206

13, 4,13 D. 45 1.80 1,938

14, 4,13 0. 4% 1.4 4, A4

18, 4,14 0455 3. 60 2, 302

16. 4,14 0. 55 3. 50 3, 248
1.99 4

reveons . —

4 Table motion corrected for base linc,



TABLE*S.J.

{Sliding of Objects due to Koyna Earthauake)

Se O, u h | ~ Displacenents {cm)
. Maximum value _ Residual value

1, 0,05 10,90 10,03

2 0,10 | 3, 50 0,021
3. 0 .41 0.8
4. 0, 20 - 0,128 0.11
5 0. & ', 0.033 . 0,033 -
6 0.5 | 0.006 0,006 -,

7. 0. 60 o 0.00011 0,00011
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APPENDIX ~I1I
COMPUTER PHOGRAMMES

C C SLIDING OF RIGID OBJECTS ODURING EARTHQUAKES

16
17
19
20
50
55

23

21

22

DIMENSION A(600)+T(600)

DIMENSION ZS(40)sTJ(40)4VS(40)
FORMAT(ZX’BHFTcFloo2i2X13HFA¥F1002§2X12HG=F1004)
FORMAT(2X92HFaF104492X93HTDEF1044)
FORMAT(8F1040)

FORMAT(I394(FBetsFF461})

FORMAT(313) :
FORMAT({2X914HBEGINING TIME=FBsbsa4X 96HACCLN=FG42 34 X 96 HT({IX)=FB o4 )
FORMAT(@X’QHTIMEa8X,QHOTspoIOXsQHVELOoBXahHTIME98X94H015P910X0
14HVELOD) :
FORMATL2{1XoF10469E14469E1446))

Co=le/6a

READ19+4NCD

NOl=4%NCD

NO=NO1-1

DO211I=1sNCD

Jiz=4e]

JxJl=3

READLI7sNCo (TIK) sA(K) sK=Je 1)

CONT INUE

READ169FToFASG

IT=N01

DO22K=1+1T

CTUK)=T(K)*FT

ALK)I=A(K)#FA#G
CONTINUE
READ16sF»TD
READ19sNK
PUNCHS 9 FToFALG
PUNCHE9F»TD
AJ=-10000,
AQ=F%G

IX=0

KK=1

25(1)=0, '
VS(1)=0,



31
29

32
33

3G

35

99

81

82
83

84

85

86
38
37

TJLI=T(IT)

=0,

IX=2IX+1

IFEIT=-1X)128929929

AN=ABS(A(IX))

IF(AN=AO) 31931932

IFCA(IX))33934934%

55“10

GO0 TO 35

S=]. |

JX=IX=1 C

DT=L{TOIX)=TUJIX) IR(SHAO=A{IXI I/ (ALIX)=A(JIX))

SQ=~1, )
TQ=T(JX)+DT
AQ=5% A0

PUNCH20sTGQoAQe T(JX)

THKK)I=TQ

V=0 ®

VG=0,

VO'O. »

D0261=JXsNO

SSm=1,

L=l+] -

IF(SQ)81:82+82

TT=T(L}=TQ

GO TO 83

TTeT(L)=T(])

NA=TT/TD

NaNA+1

AN=N

DT=TT/AN

IF(S0Q)842855985

SL=(A(L)~AG) FAN

AK=AQ

GO TO 86

SL=(A(L)~A(I})/AN

AK=A(1)

Jel

IFIN=J)27937937

DVON=DT#S*AQ

VON=VO+DVON

DVGNz20 o S#DTH# (24 #AK+SL )



51
52

53

98

97
77

78

60

- VOGNEVG4DVGN

VNe=V+DVON-DVGN |

IN=Z40o5#DTHIVOHVON) ~VOHD T~CHXDTRDTH (3 ¢ #AK+SL)

PVVayYN#YV

IF(PVV151925925

IF(SS5)52+53453

DY=042%DT

55=1.

N=5

Ad=J-1

J=1 .

$L°0.2*SL

GO TO 38

DOT=v#DT/{V~VN)

5Q=-~1.

BJzsJ~l

CI=(AI%5,+BJ)#DT+DDT
TQ=T{I)+CJ

AQ=A(11+SL#CJ/DT

KK=KK+1

VS{KK)=0%,

Z=740,5%V2DDT

ZS{KK)=2Z

TJ{KK)=TQ

AN=ABS{AQ)

V=0.

VO=0,

VG20,

IF(AN~AD)60960,98

PRD=AQ#SL

IF(PRD)YI6O+609S7

IF(AQI TT+77+78

Se=1,

GO 10 99

S=1,

GO TO 99

IX=]

KK=KK+1



25 -

92

91
94

95
93

69

75

76

70

27

26

28

ZS(KK}*ZS(KK~1)

V-S ( KK”O.

GO 70 31

VYN

ZaZN

VO=VON

VG=VGN

KK=KK+1

285(KK) =Z

VS{KK)=VN

TKeJ

IF(55)9192+92
TIJIKKI=(AJR5 o +TKIRDT+T( 1)
GO 70O 93
IF(S0194495+95
TJKK)=TK#DT+TQ
GOT093
TIKKY=TK#DT+T(])
JeJ+l

AK=AK+SL
IF{KK=30)38+69969
PUNCH 50

K1=KK~1
IFINK=1)T0,70475

AKK eKK /NK

KQ=AKK=1,¢
DOT761D=14KQ

1E= ID#NK

ID1=]10+1
TJUIDL ) =THIE)
ZS{ID1y=ZS(IE)
VSUID1)=VS(IE)
CONTINUE

K1=1ID1 ‘ :
PUNCH 55+ (TJ(IE) oZSUIE)sVSIIE) o IE=1sK]1)
PUNCHS55 s TJ(KK) »ZS(KK) yVS(KK)
KK=0

GO 70 38 .

5Q=1.

CONTINUE

PUNCH 50 4
PUNCHBS5 9 (TULT)9ZS{TI)sVSII)el=1sKK)
GG TO 23

END

o 70 U9 3
CUHTRAL [JBRARY UNIVERSITY OF ROBR.
ROORKEE.
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10
11

ié
19
20
41
50
54
55

23

21

22

31
29

32
33

34

OVERTURNING OF ' RIGID OBJECTS DURING EARTHQUAKES
DIMENSION A(600)oT(600)925(40)9TJ(40)
FORMAT(2X93HFT=F10¢ZQZX’3HFA=F10.2s2X92HG#F10.Zv2X93HTD-F10.43
FORMAT (2X92HR2F 1064 92X92HHSF106492X 92H 2F 1044 2Xe3HUN=F106492Xs
13HVL=F 10¢4)

FORMAT(B8F1C.0)

FORMAT{1394(F8o49FQe61})

FORMAT (I3}

FORMAT(ZXs14HBEGINING TIM€=F804’4X96HA.CLN°F9 2ra4Xs6HTLIX)=FB8e&t)
FORMAT(2X+3THOBJECT OVERTURNEDLROTATIO 1290 DEGREES)
FORMAT(6X92HTM» 11X92HRT 911X 0s2HTM» 11X 92HRT 911X 92HTM 911X 92HRT)
FORMAT(IXoBlHTIMEATWRONGLYNEGATIVE VELICITY=FBebs8Xs9HVELOCITYS
1E16.8)

FORMAT(3(1XsF10e69E1l566))

C6=16/60

READ19sNCD

NQl=4u#NCD

NO=NO1~1

DO211I=1sNCD

Jl=4#]

JeJl=3

READ17HNCy(TLK)sALK)IsK=Je J1)

CONTINUE

READL16sFTsFAsSG

DO22K=1sNO1

T(K)=T{R)&FT

A(K)=A[K)#FA%G

CONTINUE

READ16sRsH»CoTDUNSVL

READ19sNK

PUNCHI1OFT¢FA»GHTD

PUNCHI1sRsHsCsUNIVL

AJ=~10000Q,

AQ=R#G/H

IX=0

KK=1l

ZS(1)=0,

TJ(1)=TI{NO1)

IX=1X+1

IFINOL1-~IX)28229929

AN=ABS(ALIX))

IF(AN-AO)31931s32

IF(ACIX))334534434

Sa~le

GO TO 35

5‘10



35

99

81

82

83

84

85

86

38
37

JX=IX~-1
DT {T(IX)=T{JIX)IR(SHAQ=A(IXIV/LALIXY=ALIX})
S5Q=~1,

TQ=sT(JX)4DT

AQ=S*AQ

‘PUNCH20sTQsAQs T(JX)
S ZS(KK)=0,

TJ(KK)=TQ

280.

V”O.

DO261=JXsNO

SS5==~-1,

L=1+1

IF{5Q)81+82+82

TT=TtL)~TQ

GO TO 83

TT=TIL)~T{1)

NA=TT/TD

N=NA+1

AN=N

DT=TT/AN

IF{SQ)84+85985

SL={A(L)~AQ)/AN

AK=AQ

GO TO 86
SL=(AlL)=A(]))/AN

AK=A(T)

D=DT/C

SL2aSL#0,5

J=1

IFIN=J) 27937437

C0=C0S(2)

SI=SIN(Z) .

BlBD*(S*AK*(R*SI+H*CO)"G*(R*CO~H*SI3’

LZ=224045#DTHYV

COoO=(C0S(Z22)

SI=SIN(22) ’

B2uD¥* (S# (AK+SL2 ) % (R¥SI+H#CO ) ~G* (R¥CC-H%ST) )

22237404 5#DTH(V+045%B1)

Co=C08¢€22)



72
73
T4

39

71
40
51
52

53

56

57
58

98

97
17

51=SIN(Z22Z)
8380*(5*(AK+5L27*(R*SI+H*CO)~G*(R*CO~H*SI3)
22=24DT#(V+0.5%32)
CO=COS(22)

SI=SINtZ2Z2)

B4uD% (S (AK+SLIR(RUST+H¥CO) =~GX¥ (R¥CO=H*ST ))
VN=V4+CO* (Bl42.%B2+2.%B3484)
IN=2Z+DT#*V+C6#DT#(B1+B2+B3)
IF(SS)TLle72s72
IF(J=5)T1+73+73

IF{ZNY 71974974

EJ= (AJ+14)%DT#5,

SQ==~1,

TQ=T(1)+EJ
AQ=A( 1)+ SL*EJ/DT

GO TO 99

PUNCH4 ] - .
GO 1O 28 ‘
IF(ZN=1457)140,40,39
IF{ZN)S51925925
IF{55)52+53453

DT=0,2%DT

D=0 0 2¥D

$S5=1,

N=5

Ag=Jd=1

Jel _

SL=0e2%5L

GO TO 38

ODT=Z#DT/(2=2N)
VeV+(VN=V)#DDT/DT

=0,

Va~V#UN

503'10

S“”lo

By=J-1

CJ= (AJ%54+BJ)%DT4+DDT

TQ=T(1)+CJ
AQ=A(IY+SL*CJ/DY
KK=KK+]

ZS(KK)=Z
TJIKK)=TQ
IFE(V)I56457457
PUNCH54sTQaV

Ve-y
IF(ABS(V)=VL)58+99»99
V=0,

AN=ABS(AQ)
IFCAN=AQ)60+60+98
PRD=AQ#S|
IFIPRD)60,60,97
IF(AQ)TTsT77+78
53“10 .



78

60

25

92

91
94

95
93

69

75

76
70

27
26
28

GO TQ 99

5310

GO TO 99

IX=1 .
KK=KK+1

GO TO 31

VeVN

Z=7IN

KK=2KK+1

ZS{KK)=Z

K=y

IF(S5191992+92 ,
TIIKKYI=(AIHS o+ TKI¥DT4TL])
GQ TG 93
IF(SQ)194+95995
TIJKK)Y=TK#DT+TQ
GOTO93
TJIKK)=TK*DT+T (1)
JuJd+l
AK=AK+SL .
IF(KK~30)38369+69
PUNCHS50
Kl1=KK-1
IF(NK-1170+70+75
AKK=KK /NK
KQ=AKK=1,.
DOT61D=1+KQ
IE=ID#NK
ID1=1D+1
TJCIDL)=TJU(IE)
ZS(ID13=2ZS(I1E)
CONTINUE
Ki=ID1
PUNCH 558 (TJ(IE)sZS(IE)»1E=19K1)
PUNCHS55 s TJLKK) 92S5(KK)
KK=0
GO TO 38
5Q=1,
CONTINUE
PUNCHSO
PUNCHS5S5 s {TJU(1)92S5(I)sIm1sKK)
GO TO 23
END
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