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ABSTRACT

This investigation deals with the rocking response of rigid blocks
subjected to earthquake ground wmotion. A numerical procedure and computer
program are developed to solve the nonlinear equations of motion governing
the rocking motion of rigid blocks on rigid base subjected to horizontal and
vertical ground motions.

The response results presented show that the response of the block is
very sensitive to small changes in its size and slenderness ratio, and to
the details of ground motion. Systematic trends are not apparent: The
stability of a block subjected to a particular ground motion does not
necessarily increase monotonically with increasing size or decreasing slender-
ness ratio. Overturning of a block by a ground motion of particular intensity
does not imply that the block will necessarily overturn under the action of
more intense ground motion. |

In contrast, systematic trends are observed when the problem is studied
from a probabilistic point of view with the ground motion modelled as a ran-
dom process. The probability of a block exceeding any response level, as
well as the probability that a block overturns, increases with increase in
ground motion intensity, increase in slenderness ratio of the block, and
decrease in its size.

It is concluded that probabilistic estimates bf the intensity of ground
shaking may be obtained from its observed effects on monuments, minarets,
tombstones and other similar objects provided suitable data in sufficient
quantity is available, and the estimates are based on probabilistic analyses
of the rocking response of rigid blocks, considering their nonlinear dynamic

behavior.
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INTRODUCTION

Toward the latter part of the 19th century and in tha early part of
this century, before instruments had been developed to record strong ground
motions, procedures were proposed to estimate the intensity of ground shak-
ing from its observed effects on tombstones and monumental columns, whether
they overturned or remained standing [1-4]. In these procedures, the free
standing tombstone or column was idealized as a rigid block resting on a
rigid horizontal base, and the ground motion was either idealized as an
instantaneous impulse or its effects were represented by a static horizontal
force acting on the block. Formulas were derived to calculate the ground
acceleration necessary to overturn a block of given dimensions [1-41. The
great interest in this approach led to a proposal for its use in seismoiog-
ical observatories to determine the maximum ground acceleration during
earthquakes. The idea was to erect a family of columns, all with rectangu-
Tar sections but varying in slenderness ratio [1-4]. When subjected to
ground motion some of these columns might overturn; others would remain
standing. From such information, using the above mentioned formulas, the
maximum ground acceleration could be estimated.

Modern strong-motion accelerographs have now been available for a few
decades and nave been deployed in seismic areas. Several hundred recordings
have been obtained, most of them in the last ten years. However, because of
the rarity of strong earthquakes, their seeming proclivity occur in unin-
strumented areas, and the localized extent of the really strong shaking,
there are wide gaps in the present day collection of strong ground motion
accelerograms. For example, the shaking in the vicinity of the causative
fault has been recorded only a few times during Richter Magnitude 7 earth-

quakes and never in a truly great (Magnitude 8) earthguake. Thus, estimates
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of ground acceleration based on the approach mentioned earlier could provide
useful supplements to the modern recorded data, which would be useful in
specifying design earthquakes of Very Tong return periods, suitable for
nuclear power plants and major dams near population centers. Available for
such calculations is a wealth of historical information from seismic areas
of the world which were the centers of the ancient Roman, Greek, Chinese,

and Indian civilizations. Some of the historical monuments in these areas
were destroyed by earthquakes, others withstood many destructive earthquakes.
Such an approach was recently employed to estimate the accelerations in the
epicentral region of the 1975, Ohita earthquake in Japan [5].

In almost every destructive earthquake in the Eastern Mediterranean and
Middle Eastern regions, free standing columns of Greek and Roman monuments
and minarets have survived undamaged in earthquakes that have caused spec-

. tacular destruction around them. In some cities in India, free-standing
stone columns that supported heavy statues remained standing although at

the end of the earthquake they were surrounded by heaps of debris that had
been seemingly more stable structures. Tall, slender stone pillars in
graveyards have survived strong ground motion whereas boxlike electric

power transformers have rocked and overturned. During the Chilean earth-
quakes of 1960, several golf-ball-on-a-tee type of elevated water tanks sur-
vived the ground shaking whereas much more stable-appearing reinforced con-
crete elevated water tanks were severely damaged. In order to explain such
anomolous behavior, the above mentioned analyses of overturning of rigid
blocks, proposed several decades ago, are inadequate, and it is necessary to
conéider the dynamics of the system,

Motivated by the observations of damage to water tanks in the 1960

Chilean earthquakes, Housner was the first to systematically investigate
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the dynamics of a rigid block on a rigid horizontal base undergoing horizon-
tal motion [6]. Representing the ground acceleration as a rectangular pulse
and as a half-cycle sine-wave pulse, equations were derived for the minimum
accelerations {which depend on the duration of the pUTse) required to over-
turn a block. The approach employed in obtaining these equations is valid
only for single pulse excitations which, if large enough, would overturn the
block without rocking and the associated impacts. Smaller accelerations
than specified by these equations may set the block to rocking but will not
overturn it. It is, however, possible to overturn the block with smalier
accelerations if a number of pulses act successively, a characteristic of
ground accelerations during earthquakes. Using an energy approach and ide-
alizing the ground motion as white noise, Housner presented an approximate
analysis of the dynamics of rigid blocks subjected to such excitations.

From these results he showed that there is an unexpected scale effect which
makes the larger of two geometrically similar blocks more stable than the
smaller block. Moreover, the stability of a tall, slender block subjected
to earthquake motion is much greater than would be inferred from its stabil-
ity against a static horizontal force, employed to represent earthquake
effects in the very simple analysis mentioned above. Thus, Housner's work
led to important results.

Motivated by the need to design concrete blocks to provide radiation
shielding in particle accelerator laboratories, rigid blocks were tested on
the Berkeley shaking table [7]. These experiments demonstrated that the
rocking response of a rigid block is very sensitive to the boundary condi-
tions, the impact coefficient of restitution, and the ground motion details.

In the first part of this report, the dynamics of rocking rigid blocks

is studied with the aim of understanding the sensitivity of response to



system and ground motion properties. The problem is next examined frém a
probabilistic point of view to identify, if possible, any predictable behav-
ioral trends in spite of the resbonse sensitivity. Finally, the implica-
tions of the:results for estimating the intensity of ground shaking from its
observed effects‘on.tombstones, monumental columns, and other similar

objects are presented.
GOVERNING EQUATIONS

A rigid block subjected to horizontal and vertical ground accelerations
of the rigid base is shown in rotated position in Fig. 1. The coefficient
of friction is assumed to be sufficiently large so that there will be no
s1iding between the block and the base. Depending on the ground accelera-
tion, the block may move rigidly with the ground or be set into rocking; in
the latter case, it will oscillate about the centers of rotation 0 and 0',
It is assumed that the block and base surfaces in contact are perfectly
smooth so that the block will rock around the edges 0 and 0' and no
intermediate location.

When subjected to base accelerations a; in the horizontal direction

d Y
an ag

in the vertical direction, the block will be set into rocking when
the overturning moment of the horizontal inertia force about one edge
exceeds the restoring moment due to the weight of the block and vertical

inertia force:

WxH K y\B
g% 2° (w Yy ag) 2
y
x B iﬁ
ag>Hg(]+g) (-I)



e\ 0

ag (1)

FIG. 1 ROCKING BLOCK
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FIG. 2 MOMENT-ROTATION RELATION FOR SLENDER BLOCKS (H/B > 3}



where W is the weight of the block, g = acceleration of gravity, and it
is assumed that the geometric and gravity centers for the block coincide.

The rigid block will oscillate about the centers of rotation 0 and 0'
when it is set to rocking. The equations of motion of the block, governing
the angle o6 from the vertical (Fig. 1 }, subjected to horizontal and verti-
cal ground accelerations a;(t) and ag(t) are derived by considering the
equitibrium of moments about the centers of rotation. These equations may

be expressed as

I g+ W(] + ﬁéﬂ) R sin(ec~6) = - g R cos(‘ec—e) .ag(t) (2)
when the block is rocking about 0, and
. MO y .
1,6 - w(1 + ”ﬂg“) R sin(e +6) = - 7 R cos(6_+6) ag(t) (3)
when it is rocking about 0' . In addition to the quantities defined ear-

1ier and in Fig. 1, I0 = mass moment of inertia of the block about 0 or
0'; and ec = cot'](H/B) . Because of the trigonometric functions of 8,
each of these equations is nonlinear. Another source of nonlinearity is
the switching of equations back and forth between Eqs. 2 and 3 as the block
rocks alternately about 0 and 0' .

For slender blocks, B is small and it is reasonable to linearize the

two equations of motion, individually, as follows:

- (] ay(t)) . W ox
I, 0+ WR +_ﬂ___g (9c'9)"§ ag(t) (4)

for rocking about 0, and



a¥(t)

RS DA B - WX
IO 5 - WRIT + 5 (6 + @) ] R ag(t) (5)

for rocking about Q'.

The relation between a static moment applied about 0 and 0' and the
resulting angle of rotation o, identified from these linearized equations,
is shown in Fig. 2. Interpreting this relationship in terms of the usual
concepts of structural stiffness, the system has infinite stiffne;s until
the magnitude of the applied moment reaches NRBC; thereafter the stiffness
is negative. When 5 exceeds B o the critical angle, the block will overturn
under static moment; but, as will be seen later, not necessarily under dynamic
conditions. OQObviously, the properties of the rocking block are much differ-
ent than those of a linear single-degree-of-freedom system where the stiff-
ness is positive and constant. The properties are reminiscent of a rigid-
plastic system except that, for the rocking block, the second slope is
negative and behavior is not hysteretic.

When the block is rotated through an angle 8, and released from rest
with initial displacement, it will rotate about the point 0 as it falls
back into the vertical position. If the impact is assumed to be such that
there is no bouncing of the block, the rotation continues smoothly about the

point 0' and the momentum about 0' is conserved. Thus,

- w [ . - L]
IO 8- 2 3 R B 6y sin g = I0 65 (6)
where é] and é2 are the angular velocities before and after impact. The

ratic of kinetic energy quantities after and before impact is

I .2 1 s2 e e 82
r=g1 05 //E’Io by = (ez/e]) (7)



Using Eq. 6, r can be expressed as

W 2 2
r = .[--gf-f—‘('l-COS ZGC) (8)

Just before and just after impact, the angle of rotation 6 1is zero, and
the potential energy stored in the system is zero. At these two instants,
the total energy in the system is therefore all in the form of kinetic
energy. Thus, the energy loss due to impact = 1 - r .

Following the concepts of classical analytical dynamics, a coefficient

of restitution is defined as

. . _ A4 W .2
which from Eq. 8, after noting that I0 = §-§-R , can be expressed as
_ 3.2
e=1-35sin" 8, (9b)

Thus, the energy loss due to impact = 1 - e2 . The higher the coefficient
of restitution, the smaller the energy loss due to impact.

As shown in Fig. 3, the coefficienﬁ of restitution, e, varies from 1
for very slender blocks (eC:=0, H/B=«) to zero for blocks with H/B =
1/v2 . For smaller values of H/B, e is negative indicating that the
angular velocity changes sign after impact, resulting in bouncing of the
block about the point of rotation prior to impact.

The coefficient of restitution determined from conservation of angular
momentum (Eq. 9b) depends only on the slenderness ratio H/B or ec; it is
independent of both the angular velocity before impact and size of the

btock. This result is exactly valid for the idealized conditions of rigid
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block and rigid base, but only approximately valid if the idealized condi-
‘tions do not exist, since the kinetic energy loss depends on the materials
of the block and the base. The influence of such variations in the coeffi-

cient of restitution on the rocking response of the block is examined later.
APPROXIMATE ANALYSIS OF OVERTURNING

Free Vibrations

When the block is rotated about 0 through an angle 6 and released,
the resulting free vibration of slender blocks is governed by Eq. 4 with

the base accelerations set to zero:

I0 6 + WR(GC -8) =0

ar,

o - pz 0= - p2 8, (10)

where
2 _WR

P =7
Iy

For a homogeneous rectangular block

2 WR_ _3g
L
g

2 4R

[0

and Eq. 10 is then independent of the weight W of the block.

This equation, subject to the initial conditions 06 = BO and § = éo

at t = 0, has the solution

8

- S0 .
=8, - (ec »90) cosh pt + 5 sinh pt (11)
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Equation 11 with éo = 0 describes the rotaticn of the block about the
point 0 as it falls back into the vertical position after it is released
from rest with initial displacément eo . The block will then rotate about
0', and if there is no energy loss during impact, the block will rotate
through an angle 6 = -80 . The block will then fall back again to the ver-
tical position and will rise about point 0 until & dis again equal to

eo . At this instant, one complete cycle of vibration will have been
completed. The time T required to complete this cycle is the period of

free vibration. It will be equal to the time required for the block te fall

from 6 =6_ to 0 =0, determined from Eq. 12, multipiied by four:

0
4 =1 1
T = = cosh” ' |s—s—r (12)
p (} -eo/ec>

The period of free vibration is strongly and nonlinearly dependent on the
amplitude ratic eo/ec (Fig. 4) and increases from zerc to infinity as the

amplitude ratio increases from zero to one [&].

Overturning by Single-Pulse Excitations

Consider a riqid block resting on a base which is subjected to a single
pulse of horizontal acceleration. This may be a rectangular pulse’with con-

stant acceleration ago lasting for a time t] or acceleration varying as

a half cycle sine-wave pulse of amplitude ago and duration t1 . Motion

of the block is initiated by base acceleration a’ if (from Eq. 2)

g
agO/g > B/H, or for slender blocks, ago/g > 6. These irnequalities specify
the acceleration in fraction of g required to begin tilting the block.
Even if motion is initiated, the block may or may not overturn depend-
ing on the magnitude of ago and the duration t1 . The duration t} of

a rectangular pulse with acceleration ago required to overturn the block

- 11 -



was determined [6] and given by the following equation:

99, \99.

cosh /%B‘t]'= 1 + = ; (13)
0 2 _EQ.(}EQ._ 1)

Similarly, the conditions under which a half cycle sine-pulse of duration

tT and maximum acceleration ago will overturn the block are governed by

290 o (Y
gec= ]+Wﬁ f.[_ (]4)

These results were derived starting with the linearized Eq. 4. Thus, they

are valid only for slender blocks. Furthermore, the approach emb]oyed (6]
in obtaining these results is valid only for single pulse excitations which,
if large enough, would overturn the block without rocking back and forth
and the associated impacts. Smaller accelerations than are specified by
these equations may set the block to rocking but will not overturn it.
Graphs of Egs. 13 and 14 are presented in Fig. 5. In each case, the
graph represents the boundary between overturning and stable regions. The
acceleration ago required for overturning is plotted against ptI for
selected values of the slenderness ratio H/B, and against the critical

angle 8_ = cot_](H/B) for selected values of pt, in Fig. 6. For a

]
fixed duration tT and size parameter R, a decreases as H/B increases.

go
SimiTarly, for a fixed t] and H/B, ago increases with R. Thus, larger
accelerations are required to overturn larger blocks and smaller accelera-
tions are required to overturn relatively slender blocks. The acceleration
required to overturn a block depends on the shape of the acceleration pulse;

smaller acceleration is required for a rectangular pulse than for a half-

cycle sine pulse of the same duration t] .

- 12 -
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Overturning by Earthquake Motion

The minimum accelerations required to overturn a block by single accel-
eration pulses of two types,vrectangu1ar and half-sine, are given by Egs. 13
and 14. Smaller accelerations than specified by these equations may set the
block to rocking but will not overturn it. It is however possible that a
block will overturn under the action of a sequence of pulses, characteris-
tic of earthquake ground motion, each with accelerations smaller than speci-
fied by these equations.

Housner presented an ingeneous, approximate analysis of overturning of
blocks by earthquake ground motion. The ground motion was idealized as
white noise, and linearized equations of motion were used. The approximate
analysis, based on energy concepts, is too subtle to be summarized here,
and the interested reader should refer to the original source [6]. One of
the principal results was the following: For a given pseudo-velocity spec-

trum value Sv’ a block having a critical angle ec given by

S 2

Vv WR

8 = — |=— {15a)
¢ VR VI,
Sy

= (0.866 — f t 1 block 15b

iR or rectangular blocks (15b)

will have approximately a 50% probability of being overturned. The dimen-
sions of the structure enter only through the lTength R and the slenderness
ratio H/B through the angle ec . The earthquake intensity necessary to
overturn a block increases with size for a fixed slenderness ratio; increases
with ec’ or decreases with increasing slenderness ratio, for a fixed size
R . For a block of fixed size and slenderness ratio, Eq. 15b suggests that

the probability of overturning increases with intensity of ground motion.
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Thus, these conclusions, derived earlier for single pulse excitations, are
also valid for idealized earthquake motions but only in a probabilistic
sense. Housner [6] also concluded that "the behavior of a rocking block
could be quite variable in that relatively small ground motion may fortui-
tously build up the ampiitude at the beginning of the ground motion and lead

to overturning the block".
RESPONSE BEHAVIOR

Analysis Procedure

The rocking response of a rigid block to prescribed ground acceleration
is determined by numerically solving Eqs. 2 and 3 with the condition for ini-
tiation of rocking defined by Eq. 1 and the impact condition by either the
conservation of angular momentum (Eq. 6) or a specified coefficient of
restitution (Eq. 9a). Typical values for the time-step used in the numeri-
cal integration of the governing equations were At = 1/400 sec. The sign
of ag at the time-instant when Eq. 1 is satisfied, i.e., motion is ini-
tiated, determines whether Eq. 2 or 3 is to be used for the next time-step.
Equation 3 is used for positive a; and Eq. 2 for negative a; . The same
equation is used for subsequent time steps until the sign of rotation &
changes. When such a change in sign occurs, say during time step tj to

t this time step is divided into two parts. Using the equation of

i+
motion valid at tj’ the exact time t, tj <t« tj+1’ at which 8

becomes zero is determined by an iterative procedure. Just before the
impact, 8(t-) = 0 and velocity is &(T-). Immediately after impact e(F+)

= 0 and 6(%+) = ed(T-) where e is the coefficient of restitution which
either has a specified value (Eq. 9a) or is determined by conservation of

angular momentum (Eq. 9b). With these initial conditions, the equation of

- 16 -



motion, other than the one valid at t = tj, is solved over the time inter-
»vaT t to tjH and subsequent time intervals until the rotation angle 0
again changes sign. The above mentioned process is then repeated.

Using a fourth order Runge-Kutta integration scheme, the numerical solu-
tion procedgre summarized above was implemented in a computer program. The |
accuracy of the computer program has been checked by comparing its results
with analytical results for sing?evpulse excitations [6] and with experi-
mental results from shaking table experiments using earthquake-type excfta-
tions [7], It was observed that in order to obtain accurate results it fis
necessary to use a high-order integration scheme, such as the one employed
here, along with a very short time-step; the typical value used = 1/400 sec.
Some of the results of an earlier investigation [7] were found to be inac-
curate because this requirement had not been satisfied by the numerical
procedure used.

Simulated Ground Motions

Simulated motions were developed to model the properties of the follow- .
ing ground motions recorded on firm ground in the region of strong shaking

during earthquakes of magnitude 6.5 to 7.5:

E1 Centro, California; December 30, 1934
E1 Centro, California; May 18, 1940
Olympia, Washington; April 13, 1949
Taft, California; July 21, 1952

These recorded accelerograms are presented in Fig. 7.

The simulation procedure adopted herein is essentially identical to
earlier studies [8,9]. It consisted of generating samples of stationary
Gaussian white noise; multiplying the whité noise by an intensity function
of time (Fig. 8) to represent a segment of strong shaking at constant inten-

sity preceded by a quadratic build-up of intensity and followed by an

-17 -
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exponential decay in intensity; passing the resultihg function through a.
second order Tinear filter to impart the desired frequency content, as indi-
cated by the spectral density (Fig. 8); and finally performing a baseline
correction on the filtered function.

In an earlier study [8]. the parameters for the intensity function and
the filter (frequency = 2.5 cps and damping ratio = 60%) were estimated from
the properties of the horizontal components of the recorded motions. Similar
parameter values (Fig. 8) were employed in simulating the horizontal ground
motions for this investigation. Parameter values for simulating vertical
ground motions have apparently not been reported in the literature. They
were therefore estimated from the properties of the vertical component of
recorded motions using the procedures of Reference 8 (see Appendix II).
Figure 8 shows the parameters for the intensity function and for the filter
(frequency = 3.75 cps and damping ratio = 60%).

Using the above mentioned random process model and parameter values,
two sets of twenty simulated ground motions were generated to model the pro-
perties of the horizontal ond vertical components of the recorded motions,
respectively. The set of simulated horizontal motions were all scaled by
the same factor such that the ensemble average of the peak acceleration
would be 1g . Similarly, the simulated vertical motions were all scaled
such that the ensemble average of the peak acceleration would be 0.6 g. The

resulting motions are presented in Figs. 9 and 10.

Influence of System Parameters

Using the computer program mentioned earlier, the response of several
rigid blocks to the same simulated ground motion was determined. The time-
variation of the rotation of the block is presented in Fig. 11. In

those cases where the rotation 6 continues to increase significantly

- 20 -
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beyond ec, the block overturns. It is seen from this figure that the
rocking response of the block can be very sensitive to small changes in the
system parameters. Small variations in the slenderness ratio H/B and size
parameter R Tlead to large changes in the respeonse. In contrast to the con-
clusions from single pulse excitations, stability of a block dees not neces-
sarily increase monotonically with increasing size or decreasing sienderness
ratio. Similarly, contrary to what intuition would suggest, decrease in the
value of the coefficient of restitution--which implies increase in energy

dissipation--does not necessarily lead to smaller response of the block.

Influence of Ground Motion Properties

The ground motion assumed in Housner's approximate analysis consisting
of a single pulse ground acceleration followed by a constant velocity of the
ground, is unrealistic for earthguakes. The ground motion shown in Fig. 12,
consisting of three acceleration pulses, although much simpler than earth-
quake ground motion, is useful for studies of structural response [10]. The
response of several blocks, all having the same size parameter R but vary-
ing slenderness ratio H/B, to this simpler ground motion is determined by
the computer program. From the results presented in Fig. 12, it is seen
that response of two blocks with siightly different slenderness ratios can
be considerably different. However, the response and overturning tendency
of the block increase as the slenderness ratio increases. Thus a consistent
trend in the change of response with the change of slenderness ratio is
noticed.

The horizontal ground motions of Fig. 9 are all members of a random
process, defined in the average sense by a power spectral density, and an
intensity-time function. The variations from one simulated motion tc the

next are intended to represent the probabilistic variations expected in

- 23 -
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ground motions recorded under seemingly identical conditions. Using the
computer program, the response of a single rigid block to several of the
ground motions of Fig. 9, muitipTied by 0.4 to represent an ensemble with
average maximum acceleration = 0.4 g, was determined.

The rotation of the same block due to each earthquake is presented in

It is

Fig. 13a, and the maximum rotation due to earthquake j is ej max’
. £

seen that ej,max varies with j over the entire range of possible values,

from a small fraction of the critical angle to values in excess of the criti-
cal angle indicating overturning of the block. Thus, the rocking response

of the block is extremely sensitive to the detailed characteristics of the
ground motion. Such sensitivity was observed in experiments on the Berkeley
shaking table where repeated measurements of the response of a block sub-
Jected to a prescribed table acceleration differed significantly from one
another. The differences were apparentiy because, even with the same pre-
scribed horizontal acceleraticns, the table undergoes slightly different
pitching motions [7].

Consider the simulated ground motion No. 17 (Fig. 9) but scaled by sev-
eral factors 0.35, 0.40, 0.45, 0.50, 0.55, and 0.6. The result is a family
of ground motions, with all properties identical, except the intensity.

Using the computer program the response of a single rigid block to this family
of ground motions was determined. The results presented in Fig. 13b indicate
that overturning of a block by ground motion of a particular intensity does
not imply the block will necessarily overturn under more intense ground
motion. In contrast, if a single pulse excitation with some maximum accel-
eration ago and duration t is necessary to overturn a block of a particu-

lar size and slenderness ratio, the block will also overturn under a similar

pulse but with larger acceleration.

- 26 -
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Figure 14 shows the response of a single rigid block to four simulated
ground motions in Fig. 9, all scaled by 0.4 to represent an ensemble with an
average maximum acceleration = 0.4 g, acting in the horizontal direction.
Figure 14 also shows the block response when in each case the excitation
includes a simulated ground motion from Fig. 10, scaled by 0.4 to represent
a member of an ensemble with average maximum acceleration = 0.24'9, acting
in the vertical direction. The vertical ground motion may overturn a block
which is stable under the action of horizontal ground motion alone (case 1),
stabilize a block which overturns due to horizontal ground motion alone
(case 2}, delay the time of overturning of a block (case 3) or greatly
reduce the rocking of a block (case 4). Thus, the influence of vertical

ground motion is apparently not systematic.

Response Sensitivity

Experiments on the Berkeley shaking table indicated that the rocking
response of a rigid block can be exfreme]y sensftive to ground motion
details. Repeated measurements of the response of a block subjected to
prescribed table accelerations were not identical to one another [7]. These
differences were apparently due to the fact that the table undergoes
slightly different pitching motions, even with the same prescribed horizon-
tal accelerations. Thus, the sensitivity of the response to small changes
in the system parameters or ground motions, revealed by the analytical
results presented earlier, may be surprising but it is real. It is relevant
to note that lightly damped rigid-plastic systems also display considerable
response sensitivity [11]; and the properties of a rocking block (Fig. 2) are
are reminiscent of these systems except that the behavior of a rocking block is

not hysteretic and its second slope is negative. As the amplitude of rocking
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approaches incipient overturning the block is efféctive]y undamped [6]. The
effective damping for a block rocking at large amplitudes is therefore small.
Although sensitivity of the rocking response of a rigid block is most
obvious when it is subjected to irregular earthquake ground motion, it is
present even in the case of single pulse excitations. In the range of small

values for the parameter pt small changes in the pulse duration t1 or

1°
size parameter R could shift a block from stable to unstable region or vice
versa (Fig. 5). Similarly, in the range of large pt.la small changes in
the acceleration a o O slenderness parameter E could affect the stabil-
ity of a block (Fig. 5). Given especially favorable circumstances, a small
change in the initial conditions could produce a large change in the response
of the block. As seen in Fig. 15, by changing the initial value of normal-
ized rotation from 0 to 0.01, the maximum normalized rotation response
increases from approximately 0.5 to more than 1, resulting in overturning of
the block. Small changes in the displacement and velocity at a particular
time can grow exponentially (Eq. 11) provided the block continues to tip
in one direction for an extended duration {see Fig. 15).

The extreme sensitivity of the kesponse of a rocking block to various

factors can best be explained by examining the change in potential energy of

a block as it rotates from an angle & to incipient overturning, 0 = BC:

v(g) = WR{] - cos(ec—e)] (16)

The plot of Eq. 16 in Fig. 16 shows how the additional energy required to
overturn a block varies with initial votation 6 . It is apparent that
very 1ittle additional energy is needed to overturn a block beyond the
larger values of © . Small changes in the system parameters--size param-

eter R, slenderness ratic H/B, coefficient of restitution e -- may
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influence the energy input to the system siightly, but sufficiently to over-
turn a block once it is rotated beyond a certain angle. Similarly, once sig-
nificant rocking of the block has developed during earthquake motion,
seemingly small differences in the details of subsequent ground motion could
greatly affect the response of the block. If the subsequent motion inputs
additional energy, although small, at the right time it could be sufficient

to overturn a block.
RESPONSE EXCEEDANCE AND OVERTURNING PROBABILITIES

The influence of system parameters and ground motion properties in the
rocking response of rigid blocks is studied next from a probabilistic point
of view. Using the computer program mentioned earlier, the response of
several rigid blocks to earthquake ground motion was analyzed. Determined

for each block was the time-history of rotation 6(t) and the maximum

normalized rotation Omax - ﬂmax/ec due to each of the twenty horizontal
ground motions (Fig. 9), scaled by an appropriate factor o . Thus, for
each block, twenty values of émax were obtained corresponding to the
twenty excitations with average value of peak acceleration = ag. The twenty

values of éma were arranged in ascending order and plotted in the form

X
of a cumulative probability distribution function (CDF).

Such plots for a block with size parameter R = 10 ft. and slender-
ness ratio H/B = 5 are presented in Fig. 17 for various values of the
coefficient of restitution e . The influence of e on the response
appears only at each impact; hence the effect is small. Thus the CDF for
various values of e are clustered together with considerable overlapping

of curves. From a probabilistic point of view, the coefficient of resti-

tution influences the response in no obviously systematic way, and, as will
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be seen later, to a much lesser degree than the other system parameters.
Thus, the coefficient of restitution is not varied in the subsequent results.
Its value is defined by Eq. 9b, based on conservation of angular momentum,
depending only on the slenderness ratio.

The influence of intensity of ground motion on the cumulative distri-
bution functions for the response is examined in Fig. 18. Four ensembles
of ground motions with average peak acceleration = 0.3 g, 0.4 g, 0.5 g, and
0.6 g are derived by appropriately scaling the ensemble of Fig. 9. Presented
in Fig. 18 are the CDF for the response of a block of fixed size and slen-
derness ratio corresponding to the four ground motion ensembles. It is
apparent that the probaﬁf]ity of the block exceeding any response level
increases with ground metion intensity.

Presented in Fig. 19 are the cumulative probability distribution func-
tions for several blocks subjected to the ensemble of horizontal ground
motions with average peak acceleration = 0.4 g. In one case, all bhlocks
have the same size parameter but varying slenderness ratio. In the other,
the slenderness ratio is fixed but the size is varied. It is seen that the
rotational response of a rigid block is extremely sensitive to the details
of the ground motion as noted earlier from Fig. 13a. For example, éﬁax for
a block with R = 10 ft. and H/B = 4.0, when subjected to the twenty simulated
motions, varies from as 1ittle as 0.01 to more than 1, indicating overturning.
It is seen that the CDF is influenced by the two parameters in a systematic
manner, with the exceedance probability for any level of response increasing
with increase in slenderness ratio and decrease in size.

It is seen from Figs. 18 and 19 that a block may overturn when subjected
to some members of an ensemble of ground motions but remain stable under the
action of other members of the same ensemble. The probability that a block

will overturn when subjected to ground motion of specified intensity is
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roughly estimated as the fractional number of ground motions that overturn

the block. The influence of the system parameters and ground motion intensity
on the overturning probability is presented in Figs. 20-21. Each point on

these plots is the result of analyzing the responses of a block to an ensemble
of twenty ground motions. It is seen that the probability that a block over-
turns increases with increasing slenderness ratio for a fixed size parameter and
ground motion intensity (Figs. 20 and 21); decreases with increase in size

for a fixed slenderness ratio and ground motion intensity (Figs. 20 and 21);

and increases with ground motion intensity for a fixed size parameter and
slenderness ratio (Fig. 20).

The numerical results generally follow these trends but not without
exception. Note, for example, the following cases which violate the general
trends: The overturning probability is the same for blocks with R = 20' as
H/B increases from 9 to 10, for blocks with R = 30' as H/B increases from
7 to 8, for blocks with R = 40' as H/B increases from 8 to 9, for blocks
with R = 6' as ground motion intensity increases from 0.45 g to 0.50 g, for
blocks with R = 20" as ground motion intensity increases from 0.40 g to
0.45 g; for blocks with H/B = 4 as ground motion increases from 0.40 g to
0.45 g. In one case, the overturning probability for a particular block
decreases as the intensity increases (Fig. 20). Some of these apparent
inconsistencies may be the consequence of the small sample size of 20, and
are expected to disappear when a larger sample is used.

Thus, usually, the larger of two blocks having the same slenderness ratio
is more stable in the sense that it is less likely to overturn; the more
slender of two blocks having‘the same size parameters is less stable; and a
block is more likely to overturn if it is subjected to more intense ground
motion.

Results of analyses of several blocks subjected to ensembles of horizontal
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ground motion with selected intensity were presented and interpreted above.
These analyses were repeated with simultaneous application of horizontal and
vertical ground motions, with similarly numbered members of the two ensembles
paired together (Figs. 9 and 10). Both ensembles were scaled by the same
factor a. Results of these analyses are superimposed on Figs. 17 to 21,
summarizing the earlier results.

It is seen that the CDF for the maximum rotation of a block is influ-
enced by vertical ground motion, but not in a systematic manner; the exceed-
ance probability is decreased at some response levels but increased at other
levels. Similarly, the probability that a block will overturn may increase
or decrease by including vertical ground motions. The trends noted earlier
regarding the influence of size and slenderness ratio of a block and of
ground motion intensity on the stability of a block are still apparent when
vertical ground motion is included. However, there are more exceptions to
the trends and some of them are larger in magnitude when vertical ground

motion is included.
ESTIMATION OF GROUND MOTION INTENSITY

As mentioned in the beginning of this paper, by idealizing the ground
motion as an instantaneous impulse or representing its effects by a static
horizontal force, formulas were derived to calculate the ground acceleration
necessary to overturn a rigid block of given dimensions [1-4]. These formulas
were employed to estimate the accelerations in the epicentral region of
the 1975, Ohita earthquake in Japan [5]. However, they are unreliable
because they do not consider rocking of the block and the associated
impacts that would occur during an earthquake. More recently, response
procédures which consider the rocking block to be a linear system have

been proposed to estimate the intensity of ground shaking from its observed
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effects on rigid objects [12]. This procedure is also not promising because
the behavior of a rocking block (Fig. 2) has no resemblance to that of a
linear system. The remaining question is: do the nonlinear analyses of
system dynamics presented in this paper provide results that are useful in
estimating ground motion intensity?

Consider first an idealized situation: A large number of tombstones,
benches, monumental columns, and similar objects, which may be idealized as
rigid blocks, are concentrated in a small area and it is assumed that they
are subjected to identical ground motion during an earthquake. Several of
these blocks have the same size parameter R and slenderness ratio H/B and
the entire collection covers a wide range of R and H/B. Dynamic analysis
of a rigid block - with specific R and H/B, on a rigid base, subjected to a
specified ground motion - wouid predict that the block is either stable or
that it overturns. This conclusion would apply to all blocks with the same
R and H/B. Thus, dynamic analyses of an idealized block of a particular R
and H/B provides the resuits for all blocks with the same parameters. How-
ever, the rocking response of the block can be very sensitive to small changes
in the system parameters and stability of the block does not necessarily
increase monotonically with increasing size or decreasing slenderness ratio
(Fig. 11). Furthermore, overturning of a block by ground motion of a par-
ticular intensity does not imply that the block will necessarily overturn
under more intense ground motion (Fig. 13b). Thus, reliable predictions
of intensity of ground shaking would not be possible from analytical pre-
dictions of response of blocks to a ground motion specified deterministically.
As a corollary, retiable estimates of the intensity of ground shaking would
not be possible from its observed effects on the instrument proposed many
years ago for seismological observatories, consisting of a family of columns,
all with rectangular section, but varying in slenderness ratio.
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Contrary to the analytical prediction that blocks with the same R and
H/B either are all stable or all overturn when subjected tc a specified
ground motion, in reality some may overturn but others may remain standing
during an earthquake. Identical sized blocks would perform differently
because their response is sensitive to the contact conditions between the
base of the block and the ground [7]. An overturning probability for a
particular R and H/B could be calcutated as the fractional number of blocks
with the same R and H/B that overturned during the earthquake. However,
this is not the same as the overturning probability, presented in the pre-
ceding section, which reflects probabilistic variations in ground motion of
a specified intensity.

Consider a second situation: A large collection of objects, which may
be idealized as rigid blocks, are distributed over an area small enough that
the intensity of ground motion is essentially the same but large enough that
the ground motions experienced by the various blocks are at most weakly
correlated. The collection includes several objects having the same dimen-
sions (R and H/B). A wide range of values for the parameters R and H/B are
represented in the collection. The ensemble of ground motions experienced
by the various objects may be interpreted as members of a random process.
From a survey of the area after an earthquake, the fractional number of
blocks, all with the same R and H/B, that overturned could be readily cal-
culated. The ground motion intensity may be estimated from such information
along with the results presented in Fig. 20, provided the random process
model selected in this paper is appropriate for the particular earthquake.
The estimates obtained from the above analysis would differ depending on
the particular R and H/B considered. The average of the several estimates
thus obtained may be considered as the best estimate for the intensity of

the ground motion. Precise estimates should not be expected from this
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approach because: the random process model selected in this paper may not

be appropriate for the ground motion during the particular earthquake; the
ground motions experienced by various blocks may not be statistically inde-
pendent; and the behavior of the block is very sensitive to the conditions of
the contact between its base and the ground. However, probabilistic des-
¢riptions of the ground motion intenstiy, e.qg. P[I] < intensity < 12] = p,
should be possible.

Finally, consider the situation outlined in the beginning of this paper:
monuments, minarets, tombstones, and other similar objects have experienced
many earthquakes in seismic areas of the world which were the centers of the
ancient Roman, Greek, Chinese, and Indian civilizations. Whether a parti-
cular object remained standing or overturned during a given earthquake would
not provide sufficient information to make reliable estimates of the intensity
of ground shaking during that earthquake, because the response of a rigid
block to several ground motions, all of the same intensity but differing in
details, could vary from essentially no rotation to large rotations, indicating
overturning (Figs. 13a and 19). If an h%storica] earthquake has affected
several objects with the same geometry and dimensions, and it can be assumed
that the various objects experienced ground motions of essentially the same
intensity but differing in details, then the situation would be similar to
the second situation considered above. The ground motion intensity could
then be described on a probabilistic basis as outlined above. Special care
is necessary in estimating an upper bound for the intensity of ground motion
from the information that an ancient monument has survived several historical
earthquakes, because the survival probability depends not only upon the most
intense ground motion at the site during a single earthquake, but also on
the unkown intensities of all earthquakes experienced by the monument.

Given suitable data in sufficient quantities regarding the effects of
an earthquake on monuments, minarets, tombstones, and other similar objects
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in an area, whether they overturned or remained standing, probabilistic
estimates of the ground motion intensity in the area should be possible.
Such estimates must be based on results of a probabilistic study of the

type presented in this paper, which considers the nonlinear dynamic behavior
of the rocking block system. Because the response of a rocking block is
extremely sensitive to variations in system parameters and éround motion
details, a high degree of precision or confidence would not be possible

in these estimates. {A similar conclusion was obtained from an analytical
study of the response of flexible structures [13].) For the same reasons,
estimates of the intensity of ground shaking by deterministic methods, which
have been used in the past and which consider observed effects on a single

object, would be totally unreliable.
CONCLUSION

The principal conclusions of this study concerned with dynamics of
rigid blocks rocking on a rigid base may be summarized as follows.

The rocking response of a block is very sensitive to small changes in
its size‘and slenderness ratio, and to the details of'the ground motion.
The stability of a block subjected to a particular ground motion does not
necessarily increase monotonically with increasing size or decreasing
slenderness ratio. Overturning of a block by a ground motion of particular
intensity does not imply that the block will necessarily overturn under
the action of more intense ground motion. Vertical ground motion signifi-
cantly affects the rocking response of a rigid block, although in no appar-
ently systematic way.

In contrast, systematic trends are observed when the rocking response
of rigid blocks is studied from a probabilistic point of view with the

ground motion modeled as a random process. The probablity of a block ex-
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ceeding any response Tevel, as well as the probability that a block overturns,
increases with increase in grouhd motion intensity, with increase in slender-
ness ratio of the block, and with decrease in its size.

Probabilistic estimates of the intensity of ground shaking may be
obtained from its observed effects on monuments, minarets, tombstones, and
other similar objects provided suitable data in sufficient quantity is avail-
able, and the estimates are based on probabilistic analyses of the rocking
response of rigid blocks, considering their nonlinear dynamic behavior.

These estimates will not be precise because the response of a rocking block

is extremely sensitive to variations in system parameters, contact conditions
between the base of the block and the ground, and ground motion details. For
the same reasons, deterministic estimates of intensity of ground motion from

its observed effects on a single object would be totally unreliable.
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APPENDIX I - NOTATION

The foliowing symbols are used in this report:

ago maximum acceleration of a single-puise excitation
ag ground acceleration in the horizontal (x) direction
ag ground acceleration in the vertical {y) direction

B width of the block

e coefficient of restitution
g acceleration of gravity
H height of the block

I mass moment of inertia of the block about centers of rotation

p= YWR/T

o

R size parameter = v(BZ + H<)/4
r ratio of kinetic energy quantities after and before impact

S constant ordinate of the undamped pseudo-velocity response
spectrum for white noise

T period of free vibration of the block
t] duration of a single-pulse excitation

6 angle of rotation measured from the vertical
9 critical angle = cot'} (H/B)
8 initial angle of rotation
8 initial rotational velocity

é],éz angular velocities before and after impact
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max }e(t)l
t

G/GC

Omax /ec

change in potential energy of the block as it rotates from an
angle 6 to incipient overturning 8 = fe

weight of the block
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APPENDIX II ~ GROUND MOTION SIMULATION PROCEDURE

Simulation Model

The simulation procedure adopted herein is essentially identical to
earlier studies [8,3]. It consists of generating samples of stationary
Gaussian white noise, multiplying the white noise by a variance intensity
function of time, passing the resulting function through a second order
linear filter to impart the desired frequency content, and finally per-
forming base 1ine correction on the filtered function.

The 1inear filter properties are described by two parameters: natural
frequency we and viscous damping ratic Eg- The variance intensity function
is expected to be a smoothly varying function of time that has an initial
build-up, followed by an almost stationary part and thereafter a steady

decay. This smooth function is assumed to be of the following form:

2
.L_ Z
% (t1> s o<t 5-t1
9(t) =< ¢, sttt (I1.1)
%e—c(t-tz) Lt ot

This function is described by the parameters ¢O, t], tZ’ and ¢.

The parameters for the filter and for the variance intensity function
are estimated using available earthquake ground motion records that are
assumed to be sample wave forms generated by the simulation model. The
ground motions used in the estimation process, shown in Fig. 7, were recorded

at the following locations during the earthquakes on the indicated dates:

E1 Centro, California; December 30, 1934
E1 Centro, California; May 18. 1940
Olympia, Washington; April 13, 1949
Taft, California; July 21, 1952

- 49 -



The procedure developed in Ref. 8 is used for estimation of the parameters.

Horizontal Ground Motion

Assuming that the two horizontal components of each of the four ground
motion records (Fig. 7) are sample wave forms generated by the simulation
model, the filter parameters and the variance intensity function for white
noise are estimated. The filter paramters that gave a hest fit are Ef = 0.62
and we = 4.97 but the fit was almost uniform in the neighborhood of these
values; hence the set of values gf'= 0.6 and we = 57 suggested by earlier
researchers were chosen [8].

Figure I1.1 shows the ensemble average of the squared modulus of the
Fourier transform Xj(w) of the eight sample wave forms compared with the
square of the modulus of the complex freguency response (or transfer) func-
tion H(w) for the filter with the estimated values of £ and we. Because the
sample size is small, the ensemble average of the Fourier transform is ir-
regular. The estimate of the variance intensity function ¢(t) for the white
noise obtained by the procedures of Ref. 8 is shown in Fig. II.1 after Fourier
smoothing, in which all frequencies above 1/2 Hz were filtered out. The
large fluctuations, even after smoothing the original, sharply irregular
function, are mostly due to the small sample size. Some judgment has to be
"~ used to select the parameters for the function of Eq. II.1, so that the
resulting function follows the trends of the computed function. The para-
meters t1 and t2 were first selected as 4 and 15 sec. respectively. The
value of ¢ is then obtained by averaging the vaiues of $(t) over the
(tT’tz) interval. Finally, the decay constant ¢ is determined to achieve
a best fit in the jeast squares sense between the decay portions of é(t)
and ¢(t). The resulting parameters and the corresponding ¢{t) is presented
in Figs. II.1 and 8.

Using these parameter values and the random process model mentioned above,
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an ensemble of twenty simulated motions were generated to model the properties
of the horizontal components of the recorded motions. The pseudo—ve]dcity
response spectrum was computed for each simulated motion. In Fig. II.2,

the average of the response spectré for 8 of the 20 simulated motions is
compared with the average of the response spectra for the 8 recorded motions,
and the agreement is satisfactory. In order to minimize computation costs,
the spectra presented are for only one value of damping, £ = 5%. Earlier
studies [8] have indicated that the gquality of the agreement is about the
same for all damping values except that it is worse in the undamped case.

The simulated motions were all scaled by the same factor such that the
ensemble average of the peak acceleration is 1 g. The resulting motions are
shown in Fig. 9. |

Vertical Ground Motions

Assuming that the vertical component of each of the four ground moticn
records is a sample wave form generated by the simulation model, the filter
parameters and the variance intensity function for white noise are estimated.
The filter parameters that gave a best fit are 5¢ = 0.62 and we = 7.52w but
the fit was almost uniform in the neighborhood of these values. Thus the
parameters were rounded off to £ ~ 0.6 -- same as selected above for simu-
lation of horizontal acclerations -- and we = 7.5 m. Figure II.3 shows the
ensemble average of the squared modulus of the Fourier transform Xj(w) of
the four sample wave forms compared with the squared modulus of the transfer
function H(w) for the filter with the estimated values of £ and e The
estimate of the variance intensity function &(t) contains sharp irregularities
because the sample size is very small. The sample size of 4 is only half of
the already small size of 8 in the case of horizontal ground motions, result-
ing in sharper irregularities compared to the case of horizontal ground

motions (Fig. II.1).
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The parameters of the function of Eq. II.1 were selected as follows:
t] and t, by judgment, ¢ by averaging the &(t) over the (t],tz) interval,
c, to achieve a best fit between the decay portions of ¢(t) and $(t). Con-
siderabie judgment was required in this process. One selection of parameters
started with t] = 0.5 and t2 = 3.5 sec., resulting in the first estimate of
o(t) shown in Fig. I1I1.3. The resulting simulated motions are presented in
Fig. I1.4. Although the chosen #{t) appears to be a satisfactory fit to
the estimated @(t) (Fig. I1.3), the resulting motions of Fig. II.4 are not
satisfactory. This becomes apparent by comparing the simulated motions of
Fig. II.4 with the recorded vertical motions of Fig. 7. The simulated motions
decay much faster compared to recorded motions, becoming very small after 15
seconds whereas the recorded motions continue to have significant accelera-
tions up to 20 seconds. Furthermore, the initial build-up of motion appears
to be stower in the simulated motions than in the recorded motions.

After several tria]ﬁ, the ¢(t) was determined starting with ty = 0
and t, = 10 (second estimate in Fig. II.3). Although the resulting o(t)
does not appear to be as good a fit as the one mentioned above -- both are
presented in Fig. I1I.3 for comparison -- the latter leads to a set of simu-
lated motions (Fig. 10) which, by visual comparison with recorded motions
(Fig. 7) appear to be more appropriate. In Fig. II.5 the avefage of the
pseudo-velocity response spectra for the 20 simulated motions is compared
with the average of the response spectra for the 4 recorded motions. Except
for the sharper irregularities in the latter case because of the small sample
size, the agreement appears to be reasonable. The simulated motions were
all scaled by the same factor such that the ensemble average of the peak

accelerations is 0.6 g, resulting in the motions of Fig. 10.
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73-1

T3-2

“A Computer Program for Earthquake Analysis of Dams,“ by A.K. Chopra and P. Chakrabarti - 1970 (AD 723 994)A05

"The Propagation of Love Waves Across Non-Horizontally Layered Structures,” by J. Lysmer and L.A. Drake
1970 (PB 197 898)A03

"Influence of Base Rock Characteristics on Ground Response," by J. Lysmer, H.B. Seed and P.B. Schnabel
1970 (PB 197 897)A03

"mpplicability of Laboratory Test Procedures for Measuring Soil Liquefaction Characteristics under Cyclic
Loading,” by H.B. Seed and W.Il. Peacock - 1970 (PB 198 916}A03

"A Simplified Procedure for Fvaluating Soil lLiguofaction Potential,™ by iU.B. Seed and I.M. Tdriss - 1970
(PB 198 Q02)A03

"Spil Moduli and Damping Factors for Dynamic Response Analysis,” by H.B. Seed and I.M. Idrigs-1970
(PB 137 869)A03

"Koyna Earthguake of December 11, 1967 and the Performance of Koyna Dam," by A K. Chopra and P. Chakrabarti
1971 (AD 731 49G)YADG

"Preliminary In-Situ Measurements of Anelastic Rbsorption in Soils Using a Prototype Barthquake Simulator,"
by R.D. Borcherdt and P.W. Rodgers - 1871 (PB 201 4%4)A03

"Static and Dvnamic Analvsis of Inelastic Frame Structures,” by F.l. Porter and G.H. Powell - 1971
(PB 210 135)n06

"Research Needs in Limit Design of Reinforced Concrete Structures," by V.V. Bertero -1971 (PB 202 2943)A04

"Dynamic Behavior of a High~Rise Diagonally Braced Steel Building." by D. Rea, A.A. Shah and 5.G. Bouwlamp
1971 (PR 203 584)A06

"Dynamic Stress Analysis of Porous Elastic Solids Saturated with Compressible Fluids," by J. Ghaboussi and
E. L. Wilson ~ 1971 (PR 211 396)AD6

“Inelastic Behavior of Steel Beam-to-Column Subassenblages," by H, Krawinkler, V.v. Berterc and E.P. Popov
1971 (PB 211 335)a14

"Modification of Seismograph Records for Effects of Local Soil Conditions,™ by P. Schnabel, H.B. Seed and
J. Lysmer - 1971 (PB 214 450)AC2
"Static and Earthguake Analysis of Three Dimensional Frame and Shear Wall Buildings," by E.L. Wilson and

H.H. Dovey - 1272 (PB 212 904)A05

"Accelerations in Rock for Barthquakes in the Western uUnited States,"” by P.B. Schnabel and H.B. Seed - 1972
(PB 213 100)A03

"Elastic-Plastic Earthquake Response ©of Soil-Building Systems," by T. Minami - 1972 (PB 214 868)A08

“Stochastic Tnelastic Response of 0Offshore Towers to $trong Motiop Earthquakes,” by M.K. Kaul - 1972
(PB 215 713)A05

"Cyclic Behavior of Three Reinforced Concrete Flexural Merbers with High Shear," by E.P. Popov, V.V. Bertero
and H. Krawinkler - 19272 (PB 214 555)A05

"Earthquake Response of Gravity Dams Including Reservoir Interaction Effects," by P. Chakrabarti and
A.K. Chopra = 1972 {AD 762 330)A08

"Dynamic Properties of Pine Flat Dam," by . Rea, C.Y. Liaw and A.K. Chopra -1972 (AD 763 928)A05
"fhree Dimensional Analysis of Building Systems,” by E.L. Wilson and H.H. Dovey - 1872 (PB 222 438)20&

"Rate of Loading Effects on Uncracked and Repaired Reinforced Concrete Members,” by S. Mahin, V.V. Bertero,
D. Rea and M. Atalay - 1972 (PB 224 520)A08

"Computer Program for Static and Dynamic Analysis of Linear Structural Systems," by E.L. Wilson, K~J. Bathe,
J.E. Peterson and H,H.Dovey - 1972 (FB 220 437)A04

"Literature Survey ~ Seismic Effects on Highway Bridges,” by T. Iwasaki, J. Penzien and R.W. Clough - 1372
{PB 215 613}Al9

"SHAKE~A Computer Pragram for Earthguake Response Analysis of Horizontally Layered Sites,” by P.B. Schnabel
and J. Lysmer - 1972 (PB 220 207)A06
"Optimal Seismic Design of Multistory Frames," by V.V. Berterc and H. Kamil - 1973

"Bnalysis of the Slides in the San Fernando Dams During the Earthquake of Pebruary 9, 1971," by H.B. Seed,
K.L, Lee, I.M. Idriss and F. Makdisi -1973 (P8 223 402)Al4
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734

736
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738

> 73-10

73-11

73-12

73~13

73-14

73-15

73-16

73-17

73-18

73-19

73-20

73-21

73-22

73~23

73-24

73-25

73-26

73-27

74-1

74-2

74-3

74~-4

"Computer Aided Ultimate Load Design of Unbraced Multistory Steel Frames," by M.B. El-Hafez and G.H. Powell
1873 {(PB 248 315)AQ2

"Experimental Investigation into the Scismic Behavior of Critical Recions of Reinforced Concrete Components
as Influenced by Moment and Shear,” by M. Celebi and J. Penzien — 1973 (PB 215 884)A09

"Hysteretic Behavior of Epoxy-Repaired Reinforced Concrete Beams,”™ by M. Celebi and J. Penzien-1973
(PB 239 568)A03 )

"General Purpose Computer Program for Inelastic Dynamic Response of Plane Structures,” by A. Kanaan and
G.fi. Powell - 1973 (PB 221 260)A08

"A Computer Program for Earthquake BAnalysis of Gravity Dams Including Reservoir Interaction,” by
P. Chakrabarti and A.¥. Chopra - 1873 (AD 766 271)A04

"Behavier of Reinforced Concrete Deep Beam~Column Subassemblages Under Cyelic Loads,” by O. Rustl and
J.G., Bouwkamp - 1973 (PB 246 1l17}RLlz

"Eartnguake Analysis of Structure-Foundation Systems,” by A.¥. Vaish and A.K. Chopra ~ 1973 (AD 766 272)A07
"Decorvolution of Seismic Response for Lineay Systems," by R.B. Reimex - 1973 (PB 227 179)a08

"SAP tV: A Structural Analysis Program for $tatic and Dynamic Response of Linear Systems," by K.~J. Bathe,
E.L. Wilson and F.BE. Peterson =~ 1973 (PB 221 267)A09

"analytical Investigations of the Seismic Response of Long, Multiple Span Highway Bridges,™ by W.8. Tseng
and J. Penzien - 1973 {PB 227 Bl6}Aal0

“Earthguake Analysis of Multi-Story Buildings Including Foundation Interactien," by A.K. Chopra and
J.A. Gutierrez - 1973 {PB 222 970)A03

"ADAP: A Computer Program for Static and Dynamic Analysis of Arch Dams,” by R.W. Clough, J.M. Raphael and
S. Mojtahedi ~ 1973 (PB 223 763YA0%

"Cyclic Plastic Analysis of Structural Steel Joints," by R.E. Pinkney and R.W. Clough - 1973 (PR 226 843}A08

"QUAD~4: A Computer Program for Fvaluating the S8eismic Response of Soil Structures by Variable Damping
Finite Elewent Procedures,"” by I.M. Idriss, J. Lysmer, R. Hwang and H.B. Seed - 1973 {PB 229 424)A05

"Dynamic :o-havior of a Multi-Story Pyramid Shaped Building,” by R.M. Stephen, J.P. Hollings and
J.G. Bouwkamp ~ 1973 (PB 240 718)A06

"Effect of Different Types of Reinforcinyg on Seismic Behavior of Short Concrete Columns," by V.V. Bertero,
J. Hollings, O. Kustu, R.M. Stephen and J.G. Bouwkamp -~ 1973

“Olive View Medical Center Materials Studies, Phase I," by B. Bresler and V.V. Bertero -~ 1973 (PB 235 986}A06

"Linear and Nonlinear Seismic Analysis Computer Programs for Long Multiple-Span Highway Bridges," by
W.S. Tseng and J. Penzien - 1973

“Constiturive Models foar Cyclic Plastic Deformation of Engineering Materials,” by J.M. Kelly and P.P. Gillis
1973 (PB 226 024)A03

“DRAIN - 2D uUser's Guide," by G.H. Powell - 1973 (PB 227 016}A0S
"Earthquake Engineering at Berkeley - 1973," (PB 226 033)All
Unassigned

"Tarthquake Response of Axisymmetric Tower Structures Surrounded by Warer," by C.Y. Liaw and A.K. Chopra
1973 (AD 773 052)A0%

"Investigation of the Failures of the Olive View Stairtowers During the San Fernando Earthguake and Their
Implications on Seismic Design," by V.V. Bertero and R.G. Colling -~ 1973 (PB 235 10&)Al3

“Further Studics on Seismic Behavior of Steel Beam-Column Subassemblages," by V.V. Bertera, H. Krawinkler
and E.P. Popov - 1973 (PB 234 172)A06
"Seismic Risk Analysis,” by C,5. Oliveira -~ 1974 (PB 235 920)A06

"Settlement and Ligquefaction of Sands Under Multi-Directional Shaking," by R. Pyke, C.K. Chan and H.B. Seed
1974

"Optimum Design of Zarthquake Resistant Shear Buildings,” by D. Ray, K,S, Pister and A.K. Chopra - 1974
{(PB 2231 172)A06

"LUSH - A Computer Program for Complex Response Analysis of Scil-Structure Systems," by J. Lysmer, T. Udaka,
H.B. Seed and R, Hwang - 1974 (PB 2356 796)A05
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74-10

74-11

74-12

74-13

74-14

74-15

75-1

75-2

75-5

75-8

75-8

759

75-10

75-11

75=12

75-13

75-14

75-18

75-16

75~17

75-18

"Sensitivity Analysis for Hysteretic Dynamic Systems: Applications to Earthguake Engineering," by D. Ray
1974 {PB 233 213}A06 '

"Spil Structure Interaction Analyses for Evaluating Seismic Response," by H.B. Seed, J. Lysmex and R. Hwang
1974 (PB 236 519)A04

Unassigned
“Shaking Table Tests of a Steel Frame - A Progress Report,” by R.W. Clough and D. Tang - 1974 (PB 240 8G9)ASY

"Hysteretic Behavior of Reinforced Concrete Flexural Members with Special Web Reinforcement,” by
V.V. Bertero, E.P, Popov and T.Y. Wang - 1974 (PB 236 797)A07

“Applications of Reliability-Based, Glcbal Cost Optimization to Design of Earthquake Resistant Structures,"
by E. Vitiello and K.S5. Pister — 1974 (PB 237 231}A06

"Liquefaction of Gravelly Soils Under Cyclic Loading Conditions," by R.T. Wong, H.B. Seed and C.K., Chan
1974 (PB 242 042)A03

"Site-Dependent Spectra for Earthquake-Resistant Design,” by H.B. Seed, C. Ugas and J. Lysmer - 1974
(PB 240 953)A03

"Earthquake Simulator Study of a Reinforced Concrete Frame," by P. Hidalgo and R.W. Clough -~ 1974
(PB 241 9¢4}Al13

"Nonlinear Barthquake Response of Concrete Gravity Dams,” by N. Pal - 1974 {(AD/A 006 583)A06

"Mpdeling ard Identification in Nonlinear Structural Dynamics - I. One Degree of Freedom Models," by

N. Distefanc and A. Rath - 1974 (PB 241 548)A06¢

"Determination of Seismic Design Criteria for the Dumbarton Bridge Replacement Structure,Vol.I: Description,
Theory and Analytical Modeling of Bridge and Parameters,” by F. Baron and S.-H. Pang - 1973 (PB 259 407¥A1E
“Determination of Seismic Design Criteria for the Dumbarton Bridge Replacement Structure, Vol, II: Numerical
Studies and Establishment of Seismic Design Criteria," by F. Baron and S.-H. Pang - 197% (PB 259 408)Al11
(Por set of EERC 75-1 and 75-2 (PB 259 406))

"Seismic Risk Analysis for a Site and a Metropolitan Area,” by C.S. Oliveira - 1975 (PB 248 134)A0°

“Analytical Investigations of Seismic Response of Short, Single or Multiple-Span Highway Bridges,” by
M.-C. Chen and J. Penzien- 1975 (PR 241 454)A09

"An Evaluation of Some Methods for Predicting Seismic Behavior of Reinforced Concrete Buildings," by S.Aa.
Mahin and V.V. Bertero - 1875 (PB 246 306)Alé

"Earthquake Simulator Study of a Steel Frame Structure, Vol. I: Experimental Results,” by R.W. Clough and
D.T. Tang - 1975 (PB 243 9B1)Al3

"Dynamic Properties of San Bernardino Intake Tower," by D, Rea, C.-Y. Liaw and A.X. Chopra - 1975 (AL/AO08 406)
A0S

“Seismic Studies of the Articulation for the Dumbarton Bridge Replacement Structure, Vol. I: Descriptien,
Theory and Analytical Modeling of Bridge Components,” by F. Baren and R.E. Hamati - 1975 (PB 251 539}A07

"Seismic Studies of the Articulation for the Dumbarton Bridge Replacement Structure, Vol. 2: Numerical
Studies of Steel and Concrete Girder Alternates,” by F. Baron and R.E. Hamati - 1975 (PB 251 540)Al0

"Static and Dynamic Analysis of Nonlirear Structures," by D.P. Mondkar and G.H. Powell - 1975 (PB 242 434)A08
"Hysteretic Behavior of Steel Columns,” by L£.P, Popov, V.V. Berterco and 5. Chandramouli - 1975 (PB 252 365)nll
"Earthquake Engineering Research Center Library Printed Catalog,™ - 1975 {PB 243 711)AZ6

"Three Dimensional Analysis of Building Systems (Extended Version)," by E.L. Wilsen, J.P. Hollings and
H.H, Dovey - 1975 {(PB 243 989)A07

“Determination of Soil Liquefaction Characteristics bv Large-Scale Laboratory Tests,” by P. De Alba,
C.K. Chan and H.B. Seed - 18975 (NUREG 0027)A08

"A Literature Survey - Compressive, Tensile, Bond and Shear Strength of Masonry," by R.L. Mayes and R.W.
Clough - 1975 (PB 246 292)Al0

"Hysteretic Behavior of Ductile Moment Resisting Reinforced Concrete Frame Components," by V.V. Bertero and
E.P. Popov - 1975 (PB 246 388)A05

"Relationships Between Maximum Acceleration, Maximum Velocity, Distance from Source, Local Site Conditions
for Moderately Strong Earthquakes,” by H.B. Seed, R, Murarka, J. Lysmer and I.M. Idriss - 1975 (PR 248 172)A03

"The Effects of Method of Sample Preparation on the Cyclic Stress-Strain Behavior of Sands," by J. Mulilis,
C.K,.Chan and H.B, Seed - 1975 {Summarized in EERC 75-28)
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75~31

75=32

75-33

75-34

75~35

75-36

75-37

75-38
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75=-40

75-41

76-3

76-4

"The Seismic Behavior of Critical Regions of Reinforced Concrete Components as Influenced by Moment, Shear
and Axial Force," by M.B. Atalay and J. Penzien - 1975 (PB 258 842)all

"Dynamic Properties of an Eleven Story Masonry Building," by R.M. Stephen, J.P. Hollings, J.G, Bouwkamp and
D. Jurukovski - 1975 (PB 246 945)A04

"State-of-the-Art in Seismic Strength of Masonry - An Evaluation and Review," by R.L. Mayes and R.W. Clough
1975 {PB 249 040}A07

"Frequency Dependent Stiffness Matrices for Viscoelastic Half-Plane Foundations," by A.K. Chopra,
P. Chakrabarti and G. Dasgupta - 1975 (PB 248 121}A07

“Hysteretic Behavior of Reinforced Concrete Framed Walls," by 7.Y. Wong, V.V. Bertero and E.P. Popov - 1975
"Testing Facility for Subassemblages of Frame-Wall Structural Systems," by V.V. Bertero, E.P. Popov and
T. Endo - 1975

"Influence of Seismic Higtory on the Liquefaction Characteristics of Sands,"” by H.B. Seed, K. Mori and
C.¥. Chan ~ 1975 (Summarized in EERC 75-28)

"The Generation and Dissipation of Pore Water Pressures during Soil Liguefaction," by H.B. 8eed, P.P. Martin
and J. Lysmer - 1975 (PB 252 648)A03

"tdentification of Research Needs for Improving Aseismic Design of Building Structures,® by V.V. Bertero
1875 (PB 243 136)205

“Evaluation of Seil Liquefaction Potential during Earthquakes," by H.B. Seed, I. Arango and C.K. Chan -1975
{NUREG Q026)Al3

“Representation of Irregular Stress Time Histories by Equivalent Uniform Stress Series in Liquefaction
Analyses,” by H.B. Seed, I.M. Idriss, F. Makdisi and N. Baneriee - 1975 {(PB 252 635)Aa03

"FLUS - A Computer Program for Approximakte 3-D Analysis of Soil-8tructure Interaction Problems,” by
J. Lysmex, T. Udaka, C.~F. Tsai and H.B. Seed - 1975 (PB 259 332)A07

"ALUSH ~ A Computey Program for Seismic Response Analysis of Axisymmetric Soll-Structure Systems,” by
E. Berqger, J. Lysmer and H.B. Seed - 197§

"TRIP and TRAVEL - Computer Programs for Soil-Structure Interaction Analysis with Horizontally Travelling
Waves," by T, Udaka, J. Lvsmer and H.B. Seed -1975

"Predicting the Performance of Structures in Regions of High Seismicity,” by J. Penzien - 1975 {PB 248 130)AC:

"Efficient Finite Element Analysis of Seismic Structure -Soil - Direction," by J. Lysmer, H.B. Seed, T. Udaka,
R.N. Hwang and C.-F. Tsai - 1975 (PB 253 570)A03

"The Dynamic Behavicr of a First Story Girder of a Three-Story Stcel Frame Subjected to Earthquake Loading,”
by R.W. Clough and L.-¥. Li~ 1975 (PB 248 841)A05

"Earthquake Simulator Study of a Steel Frame Structure, volume II - Analytical Results,”™ by D.T. Tang - 1975
{(PB 252 926)Al0

"ANSR-I General Purpose Computer Program for Analysis of Non-Linear Structural Response,” by D.P. Mondkar
and G.H. Powell - 1975 (PB 252 386)A08

"Nonlinear Response Spectra for Probabilistic Seismic Design and Damage Assessment of Reinforced Concrete
Structures,"” by M, Murakami and J. Penzien - 1975 (FB 259 53C}A0S5

"Study of a Method of Feasible Diractions for Optimal Elastic Design of Frame Structures Subjected to Eart: .
quake Loading," by N.D. Walker and K.S. Pister - 1975 (PB 257 781)AR06

"An Alternative Representation of the Elastic-Viscoelastic Analogy," by G. Dasgupta and J.L. Sackman - 1975
(PB 252 173)A03

"BEffect of Multi-Directional Shaking on Liquefaction of Sands,” by H.B. Seed, R. Pyke and G.R. Martin ~ 1975
(PB 258 781)a03
"Strength and Ductility Evaluation of Existing Low-Rise Reinforced Concrete Buildings - Screening Method,™ by

T. Okada and B. Bresler - 1976 (PB 257 906)All

"Experimental and Analytical Studies on the Hysteretic Behavior of Reinforced Concrete Rectangular and
T-Beams," by S.-Y.M. Ma, E.P. Popov and V.V, Bertero - 1976 (PB 260 843)alz

“Dynamic Behavior of a Multistory Triangular-Shaped Building," by J. Petrovski, R.M. Stephen, E. Gartenbaum
and J.G. Bouwkamp - 1976 (PB 273 279)A07

"Earthquake Induced Deformations of Earth Dams,” by N. Serff, H.B. Seed, F.I. Makdisi & C.-Y. Chang - 1976
{PB 292 065)A08
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76-21
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76-24
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76-27
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“Analysis and Design of Tube-Type Tall Building Structures,” by H. de Clercqg and G.H. Powell - 1976 (PB 252 22}
AlQ

"Time and Frequency Domain Analysis of Three-Dimensional Ground Motions, San Fernando Earthquake,” by T. Kuba
and J. Penzien (PB 260 556)All

"Expeeted Performance of Uniform Building Code Design Masenry Structures,” by R.L. Mayes, Y. Omote, S.W. Chen
and R.W. Cliough -~ 1976 {PB 270 0S9B)AQS

"Cyclic Shear Tests of Masonry Filers, Volume 1 - Test Results,” by R.L. Mayes, Y. Omote, R.W,
Clough - 1676 (PR 264 424)n06

"A Substructure Method for Earthguake Analysis of Structure - Soil Interaction,” by J.A. Gutierrez and
AKX, Chopra - 1976 (pB 257 7831408

“Stabilization of Potentially Liquefiable Sand Deposits using Gravel Drain Systems,” by H.B. Seed and
J.R. Booker -~ 1976 (PR 258 820)A04

“Influence of Design and Analysis Assumptions on Computed Inelastic Response of Moderately Tall Frames," by
G.H. Powell and D.G. Row- 1976 (PR 27! 409)A06&

"Sensitivity Analysis for Hysteretic Dynamic Systems: Theory and Applieations,” by D. Ray, K.5. Pister and
E. Polak - 1976 (PB 262 859)B804

"Coupled Lateral Torsional Response of Buildings to Ground Shaking," by C.L. Kan and A.K. Chopra -
1976 (pB 257 907)AQ%

"Seismic Analyses of the Banco de america," by V.V. Bertero, S.A. Mahin and J.A. Hollings ~ 1976

"Reinforced Concrete Frame 2: Seismic Testing and Analytical Correlation,” by R.W. Clough and
J. Gidwani - 1976 (PB 261 323)A08

“Cyclic Shear Tests of Masonry Piers, Volume 2 - Analysis of Test Results," by R.I. Mayes, Y. Omote
and R.W. Clough - 1276

"Structural Steel Bracing Systems: Behavior Under Cyelic Loading,” by E.P. Popov, K. Takanashi and
C.W. Roeder - 1976 (PB 260 715)A05

"Experimental Model Studies on S@ismic Response of High Curved Overcrossings,” by D. Williams and
W.G. Godden - 1976 {PB 269 548}A08

"Effects of Non~Uniform Seismic Disturbances on the Dumbarton Bridge Replacement Structure," by
F. Baron and R.E. Hamati ~ 1976 (PB 282 981)Al6

"Investigation of the Inelastic Characteristics of a Single Story Steel Structure Using System
Identification and Shaking Table Experiments," by V.C. Matzen and H.D. McNiven - 1976 (PB 258 453}A07

"Capacity of Columns with Splice Imperfections," by E.P. Popov, R.M. Stephen and R. Philbrick - 1978
(PB 260 378)A04

"Response of the Olive View Hospital Main Building during the San Fernando Eaxrthquake," by S. A, Mahin,
V.V, Bertero, A,K, Chopra &ud R, Collinug = 1976 (BB 271 425)A14

"A Study on the Major Factors Influencing the Strength of Masonry Prisms,"” by N.M. Mostaghel,
R.L. Mayes, R. W. Clough and §.W. ¢Chen - 1%76 {Not published)

"GADFLEA - A Computer Program for the Analysis of Pore Pressure Generation and DPissipation during
Cyclic or EBarthguake Loading," by J.R. Booker, M.S. Rahman and H.B. Seed — 1976 {PB 263 947)p04

"Seismic Safety Evaluation of a R/C School Bullding,” by B. Bresler and J. Axley - 1976

"Correlative Investigations on Theoretical and Experimental Dynamic Behavior of a Model Bridge
Structure,” by K. Kawashima and J. Penzien - 1278 (PB 263 388)al}

"Earthquake Response of Coupled Shear Wall Buildings," by T. S$richatrapimuk - 1976 (PB 265 157)A0Q7
"Tensile Capacity of Partial Penetration Welds,” by E.P. Popov and R.M. Stephen - 1876 (PR 262 899}A03

"Analysis and Design of Numerical Tntegration Methods in Structural Dynamics,” by H.M. Hilber - 1976
{PB 264 410)A06

"Contribution of a Floor System to the Dynamic Characteristics of Reinforced Concrete Buildings,® by
L.E. Malik and V.V. Bertero - 1976 (PB 272 247)Al3

"The Effects of Seismic Disturbances on the Golden Gate Bridye," by F. Baron, M. Arikan and R.E. Hamati ~
1976 (PB 272 279)a09

"Infilled Frames in Earthquake Resistant Construction,” by R.E. Klingner and V.V. Bertero - 1976
(PB 265 892)A13
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"FLUSH ~ A Computer Program for Probabilistic Finite Element Analysis of Seismic Soil-Structure Inter~
action," by M.P. Romo Organista, J. Lysmer and H.B, Secd - 1977

"Soil-Structure Interaction Effects at the Humboldt Bay Power Plant in the Ferndale Earthquake of June
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“Influence of Sample Disturbance on Sand Response to Cyclic Leoading," by K. Mori, H.B. Seed and C.X.
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"Seismological Studies of Strong Motion Records,” by J. Shoja-Taheri - 1977 (PR 269 655}A10

"Testing Facility for Coupled-Shear Walls," by 1. Li-Hyung, V.V. Berterc and E.F. Popov - 1977
"Developing Methodologies for Evaluating the Farthquake Safety of Existing Buildings," by Ne. 1 =

B. Bresler; No. 2 - B. Bresler, T. Okada and D. Zisling; No. 3 - T. Okada and B. Bresler; No. 4 - V.V,
Bertero and B. Bresler - 1977 (PB 267 354)RA03

"A Literature Survey -~ Transverse Strength of Masonry Walls,” by Y. Omote, R,L. Mayes, £.W. Chen and
R.W. Clough - 1977 (PB 277 933)A07
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"SUBWALL: A Special Purpose Finite Element Computer Program for Practical Elastic Analysis and Design
of Structural Walls with Substructure Option," by D.Q. Le, H. Peterson and E.P. Popov - 1977
({PB 270 567 A05

“"Experimental Evaluation of Seismic Design Methods for Broad Cylindrical Tanks,“ by D.P. Clough
(PB 272 280}313
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"Automated Design of Earthquake Resistant Multistory Steel Building Frames," by N.D. Walker, Jr. - 1977
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"Cencrete Confined by Rectangular Hoops Subijected to Axial Loads," by J. Vallenas, V.V. Bertero and
E.P. Popov - 1977 (PB 275 185)A06

"Seismic Strain Induced in the Ground During Earthquakes," by Y. Sugimura - 1977 (PB 284 201l)A04

"Bond Deteriovation under Generalized Loading," by V.V. Bertero, E.P. Popov and 5, Viwathanatepa - 1977

"Computer Alded Optimum Design of Ductile Reinforced Concrete Moment Registing Frames,™ by S.W.
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A Simplified Procedure for Estimating Barthquake-Induced Deformations in Dams and Embankments,"” by F.I.
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"The Performance ¢of Earth Dams during Earthguakes,™ by H.B. Seed, F.I. Makdisi and P. de Alba -~ 1377
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"Dynamic sSriffness Matrices for Homogeneous Viscoelastic Half-planes,” by G. Dasgupta and A.XK. Chopra -
1277 (PB 279 654)n06

A Practical Soft Story Earthguake Isolation System," by J.M. Kelly, J.M, Fidinger and C.J. Derham -
1977 (pB 276 8l4)A07

"Seismic Safety of Exigting Buildings and Incentives for Hazard Mitigation in San Francisco: AR

Exploratory Study,” by A.J. Meltsner - 1977 (PB 2Bl 970)A0S5

"Dynamic analysis of Electrohydraulic Shaking Tables,” by D. Rea, S. Abedi~Hayati and Y. Takahashi

,1977 (PB 282 589)A04
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and A. Mukhopadhyvay - 1978

"Experimental Results of an ERarthguake Tsolation $ystem using Natural Rubber Bearings,™ by J.M.
Eidinger and J.M. Kelly =~ 1978 (PR 281 6B6)A04

"Seismic Behavier of Tall Liquid Storage Tanks,” by A. Niwa = 1978 (pB 284 Ol7)al4

"Hysteretic Behavior of Reinforced Concrete Columns Subidected to High Axial and Cyclic Shear Forces,"
by 8.W. Zagajeski, V.V. Bertero and J.G. Bouwkamp - 1978 (PR 283 858)AaL3

"Inelastic Beam-Column Elements for the ANSR-I Program," by A. Riahi, D.G. Row and G.H. Powell - 1978

"Studies of Structural Respanse to parthquake Ground Motion," by O.A. Lopez and A.K. Chopra - 1978
{PB 282 790)A05

"A Laboratory Study of the Fluid-Structure Interaction of Submerged Tanks and Caissons in Barthquakes,”
by R.C. Byrd - 1978 (PB 284 .957)A08

"Model for Fvaluating Damageability of Structures," by I. Sakamoto and B. Bresler - 1978

"Seismic Performance of Nonstructural and Secondary Structural Elements,™ by I. Sakamoto - 1978

"Mathematical Modelling of Hysteresis Loops for Reinforced Concrete Columns," by &. Nakata, T. Sproul

and J. Penzien - 1978
"Damageability in Existing Buildings," by T. Blejwas and B. Bresler - 1978

"Dynamic Behavior of a Pedestal Base Multistory Building," by R.M. Stephen, E.L. Wilson, J.G. Bouwkamp
and M. Button - 1978 (PB 28¢ 6%0)A08

"Seismic Response of Bridges - Case Studies," by R.A. Imbsen, V. Nutt and J. Penzien - 1978
(FB 286 503)Al0

"A Substructure Technique for Nonlinear Static and Dynamic Analysis," by D.G. Row and G.H. Powell -
1978 (PB 288 077)Al0

"Seismic Risk Studies for San Francisco and for the Greater San Francisco Bay Area," by C.5. Oliveira -
1978

"Strength of Timber Roof Connections Subjected to Cyclic Loads,® by P. Gulkan, R.L. Mayes and R.W.
Clough - 1978

"Response of K-Braced Steel Frame Models to Lateral Loads," by J.G. Bouwkamp, R.M, Stephen and
E.P. Popov - 1978

"Rational Pesign Methods for Light Equipment in Structures Subjected to Ground Motion." by
J.L, Sackman and J.M. Kelly - 1978 (PB 292 357)A04

"Testing of a Wind Restraint for Aseismic Base Isolaticon,™ by J.M. Kelly and D.E. Chitty - 1978
(PB 292 833)A03

"APOLLO - A Computer Program for the Analysis of Pore Pressure Generation and Dissipation in Horizontal
Sand Layers During Cyclic or Earthguake Loading," by F.P. Martin and H.B. Seed - 1978 (PB 292 835)A04

"Optimal Design of an Earthguake Isclation System,” by M.A. Bhatti, K.$. Pister and E. Polak - 1978
(PB 294 735)A06

"MASH - A Computer Program for the Non-Linear Analysis of Vertically Propagating Shear Waves in
Horizontally Layered Deposits,” by P.P. Martin and H.B. Seed - 1378 (PB 253 1Cl)A05

"Investigation of the Elastic Characteristics of a Three Story Steel Frame Using System Identification,”
by I. Kava and H.D. McNiven - 1978

"Inve;tigat§0n of the Nonlinear Characteristics ©f a Three-Story Steel Frame Using System
Identification," by I. Kaya and H.D. McNiven - 1978

“Studies of Strong Ground Motion in Paiwan," by Y.M. Hsiung, B.A., Bolt and J. Pengien - 1978
"Cyclic Loading Tests of Masonry Single Piers: Volume 1 - Height tec Width Ratio of 2," by P.A. Hidalgo,
R.L. Mayes, H,D. McNWiven and R.W. Clough - 1978

"Cyclic Loading Tests of Masonry Single Piers: Volume 2 - Height to Width Ratio of 1," by 5.-W.J, Chen,
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M.A. Manrique, V.V, Berterc, and E.P, Popov - 1979

"Static Tilt Tests of a Tall Cylindrical Liguid Storage
Tank,”™ by R.W. Clough and A. Niwa - 19879
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Their Incorporation Into Nuclear Power Plants for
Enhanced Safety: Volume 1 - Summary Report,"” by

.P.N. Spencer, V.F. Zackay, and E.R. Parker - 1979

"The Design of Steel Fnergy Absorbing Restrainers and
Their Incorporation Into Nuclear Power Plants for
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for Reactor System Piping,” "Simple Systems" by

M.C. Lee, J. Penzien, A.K. Chopra, and K. Suzuki,

"Complex Systems” by G.H. Powell, E.L. Wilson, R.W. Clough
and D.G. Row - 1979

"The Design of Steel Energy Absorbing Restrainers and
Their Incorporation Tnto Nuclear Power Plants for
Fnhanced Safety: Volume 3 - Evaluation of Commercial
Steels," by W.5. Owen, R.M.N. Pelloux, R.0O. Ritchie,
M. Faral, T. Ohhashi, J. Toplosky, S5.J. Hartman, V.F.
Zackay, and E.R. Parker - 1979

"The Design of Steel Energy Absorbing Restrainers and
Their Incorporation Into Nuclear Power Plants for
Enhanced safety: Volume 4 -~ A Review of Enexrgy-Absorbing
Devices,”" by J.M. Kelly and M.S5. Skinner - 1979
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R.L. Mayes, H.D. McNiven, and R.W. Clough -~ 1979

"Cyclic Behavior of Dense Coarse-Grained Materials in
Relation to the Seismic Stability of Dams,” by N.G.
Banerjee, H.B. Seed, and C.K. Chan - 1979

"Seismic Behavior of Reinforced Concrete Interior Beam
Column Subassemblages," by 8. Viwathanatepa, E.P. Popov,
and V.V. Bertero - 1979

"Optimal Design of Localized Nonlinear Systems with
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by M.A. Bhatti - 1979

"OPTDYN - A General Purpose Optimization Program for
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M.A. Bhatti, E. Polak, and K.8. Pister - 1979

"ANSR-II, Analysis of Nonlinear Structural Response
Users Manual," by D.P. Mondkar and G.H. Powell - 1979

"Soil Structure Interaction in Different Seismic
Environments," A. Comez-Masso, J. Lysmer, J.C. Chen,
and H.B. Seed - 1979

"ARMA Models for Earthquake Ground Motions," by M.K.
Chang, J.W. Kwiatkowski, R.F. Nau, R.M. Oliver, and
K.S. Pister - 1979

"Hysteretic Behavior of Reinforced Concrete Structural
Walls,” by J.M. Vallenas, V.V. Bertero, and E.P. Popov -
1979

"Studies on High-Fregquency Vibrations of Buildings I:
The Column Effects," by J. Lubliner - 1979

"Effects of Generalized Loadings on Bond Reinforcing
Bars Embedded in Confined Concrete Blocks," by S.
Viwathanatepa, E.P. Popov, and V.V. Bertero - 1979

- "Shaking Table Study of Single-Story Masonry Houses,

Volume I: Test Structures 1 and 2," by P. Gulkan,
R.L. Mayes, and R.W. Clough - 1979

"Shaking Table Study of Single-Story Masonry Houses,
Volume 2: Tests Structures 3 and 4," by P. Gulkan,
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Gomez~Masso, and R. Grant de Ascoli - 1979

"Infill Panels: Their Influence on Seismic Response of
Buildings," by J.W. Axley and V.V. Bertero - 1979
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by D.P. Mondkar and G.H. Powell -~ 1979
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Theory) for the ANSR-II Program,” by D.G. Row, G.H.
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by S. Singh, H.B. Seed, and C.K. Chan -~ 1979
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and W.N. Houston - 1979
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Hydrodynamic and Foundation Interaction Effects,” by

A.K, Chopra, P. Charkabarti, and 8. Gupta - 1980

"Rocking Response of Rigid Blocks to Earthquakes," by
C.8. Y¥im, A.K. Chopra, and J. Penzien - 1880
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